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ABSTRACT
Is There a Relationship Between Freezing and ExecEtinetion In People Living with

Parkinson6s Disease?
LeahJ. Steinke

Freezing is a debilitating phenomenon that reduces quality of life for people with
Par ki nsonds).this stedg teses thé IBypothd3is that: 1) freezing is linked to
executive dysfunction; 2) freezing is a global motor phenomenon, not limited to gait. We
compared 14 PwPD to 16 controls. Several aspects of executive function were measured
using pre and ati-saccade tasks under gap and overlap timing conditions, where the gap
effect is defined as the reduction in saccade latency associated with the removal of
fixation before target presentation. As predicted, results showed largenacdide gap
effectsin PwPD with than without FOG, and that theygaxcade gap effect predicted
FOG severity in PwPD with FOG. PwPD also demonstrated impaired performance on
reaching and walking tasks designed to elicit freezing. These findings strengthen the
evidence thatxecutive dysfunction, measured by saccade tasks, is linked to freezing in

PwPD

KeywordsPar ki nsonds disease, freezing of wupper

function, eye movements
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Is There a Relationship Between Freezing and Executive Function In People Living
with Parkinsoné6és Disease?

Parkinsonds disease (PD) is a neurodege
distressing motor symptoms suchbaadykinesia, postural instability, rigidity, and
resting tremofMazzoni et al., 2012Although motor features are a defining aspect of
PD, nonmotor symptoms, such as cognitive deficits can be highly debilitatargkovic,

2008) PD leads to the loss of dopaminergic neurons in the substantia nigra pars

compacta (SNc), resulting awidespread decrease of dopamine in the surrounding

structures of the braifVandenbossche et al., 2013his disruption contributes to the

diverse symptoms of PD, which can have a considerable influence on quality of life
(Mazzonietal.,2012) Par ki nsonés affects over 10 mil |
currently, there is no known cure. Therefore, understanding the underlying mechanisms

of PD is essential for managing symptoms.

One notable feature a@idvancing®D isfreezingof gait, a symptom often
described by people with Parkinsonds disea
glued to the groun(Bloem et al., 2004)Freezing is a troubling symptom that leads to
increased falls and reduced quality of [i[kerr et al., 2010; Moore et al., 200%Yhile
several explanations for freezing have been proposed, there is still no consensus on the
underlying cause. Previous research suggestshthalecline in executive function, the
cognitive skills required for initiating, inhibiting, planning, and organizing behaviours,
due to PD, may play ey role in freezing A mb o n i et al ., 2008; Kos
Wal t on e tUsiag perform@&€ebrbeye movement tasks as a measure of

executive function, researchers have found that PwPD who experience freezing show



higher levels of executive dysfunction in comparison to PwPD who do not experience
freezing(Amboni et al., 2008¢allea et al., 2021; Nemanich & Earhart, 2016; Walton et
al., 2015) Exploring the connection between executive function and freezing using
saccadeasksmay help elucidate the pathology of freezing.

The motivation fotthis study stems from the profound impact of freezing on
PwPD, limiting their mobility and independence, and the lack of clarity surrounding its
mechanisms. Emerging evidence suggests that freezing may not be limited to gait but
could represent a broad®iotor phenomenon affecting upper limbs, speech, and eye
movements (Ackermann et al., 1993; Heremans et al., 2019; Likitgorn et al., 2021). By
focusing on executive dysfunction, assessed through saccade tasks, and comparing
freezing acrosmotor domains, this study seeks to help uncover shared mechanisms. This
could lead to novel assessments for freezing, ultimately improving quality of life for
PwPD.The goal of this study is to help provide greater insights into the mechanisms of

freezingby using saccadic eye movementgvwaluaé executive function

Parkinsonds Disease

Stages, Signs and Sympt oms

Parkinsonds disease is highly individua
identified to help quantify disease progresdidoehn & Yahr, 1967)In the early stages
of Parkinsonds disease, symptoms can be mi
apparent. Once the disease advances, people commonly experience resting tremors and
rigidity. It becomes increasingly difficult to initiate movent; movements that are
initiated will be noticeably slower than usual. Within stage 1, only unilateral impacts are

present; functional impairment is low. Stage 2 can be characterized by bilateral



impairments and decreased balance. Stage 3 begins with notable unsteadiness; the disease
becomes moderately disabling. Stage 4 is marked by significant disability, but the patient
maintains the ability to walk. The initiation of stage 5 is confirmed wherpatient
becomes confined to a bed or wheelchair; they are not able to move without assistance.
The symptoms of Parkinsondés dimnoterase can
symptoms. Primary motor symptoms include bradykinesia, postural instability, rigidity,
and resting tremagiMazzoni et al., 2012Bradykinesia refers to slowness of movement,
people experiencing bradykinesia may have difficulties initiating movements. Postural
instability commonly occurs within the advanced stages of PD. This feature can be
affirmed through tests that assess raitsipn and propulsion. Rigidity refers to stiffness
of movement, people may show increased resistance to passive movement. Resting
tremors are tremors that occur when a person is attempting to be still, they tend to occur
at a frequency of-4 Hz (Jankovic, 2008)Additionally, PwPDmay experience
hypomimia, more commonly referred to as facial masking. Facial masking is often
characterized by reduced eye moveméttkosaka et al., 2000PwPDtend toexhibit a
shuffling gait with reduced arm swinging while walki@@nkovic, 2008)
Nomrmot or symptoms of Parkinsonds disease
(Jankovic, 2008)Cognitive impairment is frequently observed in PWER2s et al.,
2016) Bradyphrenia (slowness of thought) and difficulties with word retrieval are
prevalent experienc€sankovic, 2008)Psychiatric symptoms range from depression and
anxiety to fatigue and apathy. Sensory symptoms include anosmia (loss of olfactory
ability), ageusia (reduced gustation), and paresthesia. PwPD often experience a reduced

ability to control certain bodily foctions, which can lead to symptoms such as



hypotension, constipation, sexual dysfunction, and urinary dysfunction. In addition,
PwPD may experience vivid dreams, REM disorder, restless leg syndrome, and
fragmented sleep.

The Movement Disorder Society Unified P
(MDS-UPDRS) was created to assess the diseas:
diseas€Goetz et al., 2008)The MDSUPDRS consists of 4 parts; participants are
assessed based on their fmator experiences of daily living, motor experiences of daily
living, and motor complications. The MB3PDRS also includes a motor examination
(Part Ill) where the participans 6 mot or signs and symptoms a
moderate, or severe in response to performance on specified test items. Each item is
scored on a Likert scale from 0 to 4, corresponding to the severity levels (O = normal, 1 =
slight, 2 = mild, 3 = roderate, 4 = severe). The higher the total MDFDRS score, the
higher the severity of PD.

These symptoms andstages ovi de a foundation for wund
but freezing stands out as a particularly debilitating feature that warrants focused
investigation. The variability in symptom presentation and progression underscores the
need to explore specific mechsms, such as those underlying freezing, to help develop

targeted assessments.

Neuropathol ogy

The direct cause of Parkinsonods disease
dopaminergic neurons in the substantia nigra pars compacta; one of the basal ganglia
nuclei(Vandenbossche et al., 2013he basal ganglia, located at the base of the

cerebrum, form a critical neurgystemfor regulating voluntary motor control. It is



comprised of the caudate nucleus, putamen (collectively termed the striatum), globus
pallidus (external segment, GPe, and internal segment, GPi), substantia nigra (pars
compacta, SNc, and pars reticulata, SNr), and the subthalamic nucleuqksdsaka

et al., 2000) These structures coordinate motor function through three primary pathways:
the direct, indirect, and hyperdirect pathways, each characterized by distinct anatomical
connections and functional contributions to motor behaviour. These pathways are shown
in Figure 1.

Figure 1

Projections of the Basal Ganglia

Cerebral cortex

‘ )

Striatum
(caudate/putamen)

Subthalamic
nucleus

+Nigrostriatal
bundle

Note.This figure demonstrates the connections between the basal ganglia and the
cerebral cortexBanich & Compton, 2023)

The direct pathway originates in the striatum, where the caudate nucleus and
putamen receive excitatory inputs from the thalamus and the cerebral cortex. These
signals are transmitted to the GPi and SNr, which project inhibitory outputs to the

thalamus andhotor regions of the brain stem such as the superior colliculus. By reducing



inhibitory output to the thalamus, the direct pathway disinhibits thalamocortical
projections, thereby facilitating the selection and initiation of purposeful voluntary
movementsln PD, the degeneration of dopaminergic neurons in the substantia nigra pars
compacta reduces dopamine | evels in the st
to disinhibit thalamocortical projectioridlbin et al., 1995) This disruption contributes
to motor symptoms such as bradykinesia and difficulty initiating voluntary movements.
The indirect pathway also begins with striatal inputs from the thalamus and
cerebral cortex but involves additional structures, including the GPe, which connects to
the STN, and subsequently to the GPi and SNr. This pathway enhances inhibitory output
to the thalamus, effectively suppressing unintended or competing motor actions. This
mechanism ensures movement precision by preventing extraneous movements that could
interfere with the intended motor pldn.PD, the loss of dopaminergic modulation in the
striatum over activates the indirect pathway, leading to excessive inhibition of
thalamocortical projection@lbin et al., 1995) This overactivity contributes to motor
symptoms such as rigidity and difficulty suppressing unwanted movements.
Thehyperdirectpathway is characterized by direct cortical projections to the
STN, which in turn innervates the GPi and SNr. This pathway provides rapid inhibitory
control over motor output, functioning as a brake to suppress ongoing or premature
movements. By enablingwift modulation of motor activity, the hyperdirect pathway
enhances the accuracy and timing of motor control, ensuring precise termination or
adjustment of actions. Collectively, these pathways integrate cortical and thalamic inputs,
modulding basal ganglia output to achieve coordinated motor behaviour essential for

voluntary movement contrdin PD, degeneration of dopaminergic neurons disrupts the



balance of excitatory input to the STN, leading to excessive STN activity and
overactivation of the GPi and SNr, which i
modulate motor contr@Albin et al.,1995) This dysfunction contributes to motor
symptoms such as akinesia and difficulty adjusting ongoing movements.

The disruption of these pathwaysovides a critical link to understanding
freezing, as the impaired balance between initiation and inhibition in motor control may
contribute to the episodic failures seen in freezing across motor domains. This
neuropathological framework motivates ouplexation of executive function, which

relies on similar basal gangl@rticalsystemsas a potential driver of freezing.

Freezing

Of particular interest for this projecttise debilitatingtype of gait dysfunction
known as freezing of gait (FO@)ankovic,2008) FOG has been defined
episodic absence or marked reduction of the forward progression of the feet despite the
i nt ent i of@iladi &Niewegbbek 2008; Nutt et al., 201 BwPD commonly
describe FOG as being akin to having their feet glued to the(Bdoem et al., 2004)
The individual becomes stuck in place despite wanting and trying to move. As
Parkinsonds di sease pr ogr dkelg, eamproxinfatele59% i ng o
of PWPD experience FO&iladi et al., 1997)Freezing episodassually last between 3
T 30 seconds and occur more frequently in some scenarios compared t@§Ndtiees
al., 2011) For example, PwPD often freeze when turning or passing through narrow
spaces like doorways, making these situations helpful for observing FOG in clinical
settings(Cowie et al., 2012; Mancini et al., 202Notably, freezing is not solely the

complete cessation of movement. FOG has been characterized by difficulties initiating



movement, reduced step length and amplitude, along with trertdentpg movements
in frequency bands of-8 Hz.

Even though the majority of literature investigates freezing of gait, there have
been some reports of freezing in otbeordinated movementBreezing is not restricted
to gait;similar motor blocks have been observed in upper limb movements, speech, and
eye movementgAckermann et al., 1993; Delval et al., 2017; Heremans et al., 2019;
Likitgorn et al., 2021)Freezingof upper limbs (FOUL) can manifest as difficulties
performing actions such as writing, stirring, or reaching for a doorh@ddlemans et
al., 2016) In experimental settings, FOUL has been observed in tapping tasks and using a
freezing detection tool called the Funnel Té3klval et al., 2017; Heremans et al.,
2019) During theFunnel task, the participant simulates handwriting by making
alternating upand downstroke movements between two horizontal, symmetrical lines.
The lines vary in their distance from one another, forming wider spaces, and narrower
spaces (funnels). The eschers who developed this freezing detection tool claimed that
the larger movements made in the wider spaces resemble walking with long strides, while
smaller ones in the narrow spaces mimic taking short steps through a narrowing passage
(Heremans et al., 2020%imilar to how narrow spaces can trigger FOG, the Funnel task
tends to provoke similar difficulties in handwriting.

Past research has shown that during FOG, there can be the failure to produce
normal amplitude in step leng(Nieuwboer et al., 2001PwPDwith FOG walk with a
smaller step lengthieducedvelocity, and have greater step length variability compared to
PwPDwithout FOG andneurologically healthyantrols(Chee et al., 2009 hese

characteristics of gait freezing overlap with the characteristics of upper limb freezing.



Research has demonstrated that during FOUL, there can be a decrease in movement
amplitude, and an increaseviariability of movement amplitudeéuring writing tasks
compared to PwPwithout FOUL andcontrols(Heremans et al., 2016)hese deficits
were nore pronounced in alternatigized [large (1 cm) or small (.6 cm)] letteriting

tasks Greater overall handwriting difficulties, particularly in fluengyere observed, as
indicatedby higherscores on th8ystematic Screening of Handwriting Difficulties test
(Heremans et al., 2016)herefore FOUL seems to share common kinematic patterns to
those of FOG, especially the reduction in movement ampl{tddeemans et al., 2016)
Further exploringhese common characteristics between FOG and FOUL may help
provide greater insight into the underlying mechanisms of freezing.

A study conducted by Heremans et al. (2019) investigated FOUL in PwPD by
utilizing the Funnel Task and examining its relationship with task demands such as speed
and movement size. Additionally, they aimed to explore the correlation between FOUL
and cognitve function, disease severity, and FOG. The researchers hypothesized that
increasing movement speed would lead to more frequent and longer FOUL episodes.
Forty-nine participants with PD and BOntrols completed the Funnel task at two
subjectively defined speeds: a comfortable pace (normal funnel task) and maximum
speed (fast funnel taskjOUL was defined as an interruption or absence of effective
movement for at least one second, and data on movement amplitude, speed, and freezing
episodes were collecteResults showed that FOUL episodes were significantly more
frequent during the fagtunnel task for PwPDV = 2.5 + 4.2 episodes per person)
eliciting more freezing episodes and longer freetimgscompared to the normal

Funnel taski = 1.2 + 2.8 episodes per persoffhe majority of freezing occurred when
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writing at smaller or gradually decreasing sizes, while larger or gradually increasing sizes
provoked fewer freezing episodes. The study also found that individuals with more
frequent FOUL episodes had lower cognitive performance, measured using theaMontre
Cognitive AssessmeliMOCA). The researchers highlighted the need for further
understanding of FOUL in PD to improve therapeutic strategies for managing upper limb

motor impairments.

Further supporting the idé¢hatfreezingis a global motor phenomenart
restricted to gait, is a study that explored its occurrence during sppeeehing of speech
has been observed at the initiation of speeftbn presenting as a stut{&ckermann et
al., 1993) A study conducted by Ackermann et al. (1993) tested®@wBD, KBA and
HWA, by having them repeat the syllable /pa/ at different speeds, both on their own and
with external pacing cues. BoflwPDdemonstrated smaller and slower lip movements
compared t€ControlsK BA & s a n dgpeatiVias rot only slower but also less
coordinated, with their lip movements becoming less precise as the speed increased. The
authors inferred th&wPDmay experience speech "freezing" in the form of hastening
(speeding up), ficulty maintaining a consistent pace, and smaller movement ranges.
The study emphasized that speech freezing in PD can result in both overly fast speech

and difficulty with smooth, consistent speech flow.

Additional support of freezing as a global motor phenomenon stems ftasea
report by Likitgorn et al. (2022yho assessed a patient with Parkinson's disease who
experienced episodic "freezing of saccadaghenomenon not previously reported in

PD. The researchers wanted to address whether freezing of saccades could be a
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manifestation of PD and how it relates to dopaminergic treatment. Methods included
neurological and eye movement examinations, which revealed difficulty in initiating
saccadesand episodes of freezing during saccadic eye movenidrgdreezing

episodes were documented and treated with increased caredopapa dosage.

Freezing of saccades resolved with the medication adjustment, supporting the hypothesis
that it was related to dopaminergic degenerat@posed to incorrect diagnosis of PD or
medicatio side effectsThe authors interpreted these findings as evidence that eye
movement abnormalities, particularly freezing of saccades, can occur in PD and may be
responsive to dopamine therapy.

The combination of these findings suggest that freezing is a multifaceted
phenomenon that extends beyond gait, affecting various domains such as upper limb
movements, speech, and eye movements. The fact that freezing can be triggered by
specific task demats and spatial constraints, and is associated with poorer cognitive
performance, points to the involvement of higlexel processes, namely executive
functions. Understanding how cognitive abilities contribute to freezing may provide
deeper insights intids underlying mechanisms and open new avenues for intervention.
This motivateur focus on saccadic eye movements as a means togxetigive

function and exploréhe shared mechanisms of freezing

Executive Functi on

Executive function is an umbrella term for the cognitive abilities that are
responsible for planning, organizing, initiating, and inhibiting behaviourssand
associated with the frontal cortéoustafa & Poletti, 2013)There are important neural

connections between the striatum and the frontal cortex. It has been postulated that the
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cognitive deficits PwWPD experience are related to the disruption of these connections
(Vandenbossche et al., 2013)

Degeneration of the basal ganglia leads to reduced dopamine levels, impairing
movement control and executive functions due to disrupted connections within motor and
prefrontal cortex aregdloustafa & Poletti, 2013Executive dysfunctiomanresult from
damage within the dorsolateral frontostriatal loop linking the basal ganglia to the cortex.
Specifically, this pathway links the dorsolateral prefrontal cortex, dorsolateral caudate
nucleus of the striatum, dorsomedial globus pallidus, andrthe. All of these
structures contribute to working memory, the ability to plan, the ability to switch between
tasks, and the ability to inhibit behaviours. It is evident that assessing executive function
can help evaluatethema essi on of Parkinsonds disease
symptomgDubois et al., 2000)

Building on the understanding of executive dysfunction in PD, research has
explored how it impacts specific motor symptoms, such as Retucci et al. (2021)
investigated whether sedictivated sensory cuesuich as pressing a button to trigger a
sound omechanicahnkle supportwere as effective as externally triggered cues in
facilitating gait initiation in PwPD with FOG& heresearchers hypothesized thalf-
triggered cues would be lesffectivedue to difficulties initiating movemenis PwPD
Theytested PwPD with FOG, older adult controls, and younger adult controls using
auditory cues oaportable powered ankioot orthosisa device thaprovided
mechanical assistance to the ankle to aid walking. These cues were triggered either by the
participant or an experimenierd the researcherseasue d p a r tanticipaprg nt s 6

postural adjustments with force plates. Results showed that externally triggered cues
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improved movement preparation (845% higher force generation) in PwPD and the

older adult controlsbut self triggered cues did not help these groups, though younger
controlsshowed improvemer{24-25% higher force generation). Taathorsinferred

that external cues can effectively release FOG by overcoming executive function blocks
butself-triggered cuefail due to impaired planning or multitasking in PwPD. The

authors concluded that thefsedings highlight the challenges with horhased device

relying on selftriggering and suggest a need for new strategies, like external cues, to help
PwPD move with greater eaeetrucci et al., 2022)

To further explore the assessment of executive dysfunction, which is critical for
understanding its impact on symptoms like FOG, tools such as the Frontal Assessment
Battery (FAB) have proven valuabEExecutive functioning can be difficult and time
consuming to assedsut the FAB, devised byubois et al. (200Q)offers a practical
solution. This tool evaluates tipeesence and severity of executive dysfunction affecting
both motor and cognitive behaviours. The FAB is tfiective and easy to administer
it takes approximately 10 minutes to compl@ebois et al., 2000)The FAB includes
six items that assess each participant's abilities to plan, avoid distraction, and inhibit
themselves. Low scores on the FAB are indicative of executive dysfunction. The FAB
has been utilized extensively to assess executive functionRDPDas et al., 2016;

Koerts et al., 2011; Lima et al., 2008oerts et al. (2011) used the FAB to assess
executive function in 3®wPDand 24control participants. The UPDRS and the Hoehn
and Yahr scale were used to assess disease severity. Based on the FAB, PwPD
demonstrated significant impairments of executive function in comparison to the

controls
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Past research demonstrates a relationship between executive function and
freezing. PWPD who are experiencing executive dysfunction tend to freeze more often;
this connection has been observed in gait freezing and freezing of uppe¢Aimibsni
et al., 2008; Gallardo et al., 2018; Heremans et al., 2048judy conducted by Amboni
et al. (2008) aimed to compare cognitive functions in PwibD and without FOG. The
researchers hypothesized that FOG is associated with cognitive deficits, particularly
executive function. They predicted that PwPD with FOG wolblinlower scores on
tests of executive function comparedP@PDwithout FOG.Twenty-eightPwPD (13
with FOG and 15 withoutOG) completedhe UPDRS, Mini Mental State Examination
(MMSE), and various executive function tests (e.g., FAB, phonemic verbal fluency, ten
point clock test (TPCT), and Stroop test). FOG severity was measiingdthie Freezing
of Gait Questionnairelhe esults showed that PwPD with FOG performed significantly
worsethanPwPD without FOGn the FAB, phonemic verbal fluency, TPCT, and the
Stroop test, indicating deficits in executive funcirap Correlation analysescross all
participants further showed that higher FOG severity was negatively correlated with
performance on testssessingxecutive function, reinforcing the link between FOG and
executive dysfunctioiVhen decomposing the FAB into single subitems, sensitivity to
interference and conceptualization were significantly negatively correlated with FOG
scores. The authors interpreted these findings as evidence that FOG in PD is related to
frontal lobe dysfunabn. They inferred that fezing may be more than just a motor
symptom and could involve impaired executive control over move(amboni et al.,

2008)
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Gallardo et al. (2018nhvestigated whether PwPWBith FOG exhibit distinct
neuropsychological and neuroimaging differences compared to those without FOG. The
researchers hypothesized that PwPD with FOG would show greater executive
dysfunction and more pronounced hypometabolism in brain regions asdouvitite
movement and cognition. They predicted that these deficits would be particularly evident
in the circuits connecting the frontal lobe and the basal ganglia. The study included 17
PwPD (9 with FOG, 8 without FOG) and 6 controls. Cognitive assessmeatsating
executive functions such as sensitivity to interference, set switching, working memory,
spatial construction, generative fluency, cognitive flexibility, and inhibjtddong with
neuroimagingwere conducted on all participanGreater executive dysfunction was
observed in the PwPD with FOG compared to PwPD without, D& both groups
performed more poorly than controlhe study utilized fluorodeoxyglucose positron
emission tomography/computed tomography to measure brain glucose metaiootism
groups. The results indicated that PwPD with and without FOG exhibited significant
hypometabolism in the parietal, occipital, and frontal brain regions compared to controls.
PwPDwith FOG showed significant hypometabolism in the motor cortex compared to
PwPD without FOG. The authors interpreted these findings as evidence that FOG in PD
is linked to impaired connectivity between the frontal lobe and basal ganglia, potentially
contributirg to movementleficitsand cognitive deficit¢Gallardo et al., 2018)

This research suggests the need for further exploration of the relationship between
executive function and freezing. A promising avenue for further investigation involves
analyzing eye movements, which have also been shown to be influenced by executive

dydunction. Eye movements require key components of executive function, such as
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response initiation and inhibition. Therefore, studying how these processes interact in
Parkinsonds disease could provide valuabl e
difficulties experienced by individuals. Understanding how disruptions in eye movement
patterns relate to executive function and freezing may open new patasygted

assessment$he consistenink between executive dysfunction and freezing across

studies provides a compelling rationale for using eye movement tasks to examine these

mechtanisms further.

Eye Movements

Saccades are quick, ballistic eye movements that shift the focus of the fovea from
one point of interest to anoth@la et al., 2022)A saccade requires an initial movement
from a point of fixation to a point of interest. The initial movement covers most or all of
the distance between the fixation point and the target, followed by a smaller corrective or
secondary saccade if necessi\ia et al., 2022)Past research has demonstrated the
usefulness oéye movementm exploring the functions of the basal ganglia, which are
involved in the initiation and suppression of saccdtisosaka et al., 2000; Pretegiani
& Optican, 2017) When the dopaminergic cells within the substantia nigra pars
compacta are |l ost, an inevitable component
decreasefPretegiani & Optican, 20177 his results in increased inhibitory output from
the internal globus pallidus and the substantia nigra pars reticulata. Consequently, PwPD
may experience various eye movement abnormalities such as slow, imprecise saccades
and impairednitiation (Pretegiani & Optican, 2017)

Analyzing eye movements can be used to assess executive fuheigim &

Kennard, 2004)In fact, researchers have been exploring how disruptions in executive
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function are linked to freezing through the analysis of eye mover{eatiea et al.,

2021; Nemanich & Earhart, 2016; Walton et al., 20P%PD experience both gait and
saccadic dysfunctiofBrivastava et al., 2018pften, people with PD experience

hypometric step lengtAindsaccadesPro-saccade and argaccade tasks are commonly
used to assess peopleds eye movements and
pro-saccade task, participants fixate on a point and then look at a target when it appears.
In an antisaccade task, participants must inhibit the automatic reflex to ldbk target

and instead direct their eyesitomirrored positio. This requiresboththe suppression of

a reflexive respong® thepresentedargetand voluntary generation oh@ye movement

to the mirrored positionThree brain areas are primarily responsible when completing an
antisaccade task. The dorsolateral prefrontal cortex is involved in the suppression of
reflexive movement (inhibiting the urge to look at the presented stimulus). The posterior
parietal cortg is responsible for generating an eye movement to the mirrored position of
the stimulus, and the frontal eye field is responsible for eye movement latency. The anti
saccade task requires the executive function of inhibiting attomesponses and

generating voluntary actions, making it a valuable tool for evaluatiegutivecontrol

(Miyake et al., 2000)

PwPD often show impaired performarmeantisaccade taskgValton et al.
(2015)examined eye movements to explore the link between executive function and
FOG in PWPD It was hypothesizethat FOG could be explained by deficits in executive
function. The researchers predictbdt peoplevith FOG would show greater deficits in
the antisaccade task due to dampened cognitive control in comparisonRuvEig

without FOGandthe control group. Three groups of participants were recruited, PwPD
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with FOG (=15), PwPDwithoutFOG (=11), and controlsn=10). The participants
complete pro-saccade and argaccade task3he researchers identified PwPD with
FOG as those who exhibited freezing duringMDS-UPDRSevaluation The results
revealedhat PwPDwith FOG showedsignificant deficits when completing arstaccade
taskscompared to PwPD without FOG and contrdlkis result supports the hypothesis
that PwPDwith FOG experiencehibitory control deficits more severely than PwPD
without FOG.

Nemanich and Earhart (2016) examined the impact of FOG on executive function
through the analysis of reflexive and voluntary eye movements in PwPD. The study
compared PwPD with FOG to PwPD without FOG and controls. The researchers
hypothesized th&@wPD with FOG would exhibit executive dysfunction, demonstrated
by slower eye movements and prolonged latencies during bogapoade and anti
saccade tasks. Twengyx PwPD (= 13with FOG,n = 13 without FOG) and controls (
= 12) completed prsaccade and argaccade tasks. The results revealed that PwPD with
FOG had significanthgreatersaccade latencies and greater variability in saccadic
velocity compared to PwPD without FOG and contraisboth tasksPwPD with FOG
showed challenges in executing asdccades, demonstrated by the significagutbater
antisaccade response latencies compare to PwPD without FOG and cdieols.
researchersuggested that the difficulty in performing aséiccades in PwPD with FOG
couldbe due to an inability to release inhibition in the oculomotor circuit when a
voluntary response to the mirrored target location is required. The researchers further
inferred that FOG reflects broader motor dysfunction, affecting both gait angaiton

movementsincluding eye movements.
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A study conducted by Gallea et al. (2021) aimed to identify predictors of FOG in
PwPD, focusing on the relationship between oculomotor parameters; particularly anti
saccade laten¢ynd the onset of FOG. Peaccades were not assessed in this study; anti
saccade latency was measured as the time between target appearance and saccade
initiation for trials where the participant successfully inhibited the reflexive saccade,
instead initiding a voluntary eye movement in the opposite direction. The researchers
hypothesized that arsiaccaddatencycould predict FOG onset, as several bsistems
involved in both gait and saccadic movements may contribute to FOG development. The
mesencepHhie locomotor region (MLR)located in the midbraimndthe supplementary
motor area (SMA)situated in the frontal lobaye key in gait initiation, supporting
anticipatory postural adjustments before stepgiregrucci et al., 2022; Sherman et al.,
2015; Tanji, 1994)The SMA also facilitates voluntary saccade initiation. The study
followed PwPD anaontrolsover a 5year period, assessing clinical and oculomotor data
attwo assessment time poink&seline and follovwup. FOG was assessed usqugstions
thatfocused on walking distance, walking speed, and frequency of freezing from the Gait
and Balance ScalewPD wereassigned to FOG (score > 0) andFOG (score = 0)
groups depending on the outcome of this assessiherats found that higheneananti
saccade latencyt baselingredicted theeventualbccurrence of FOG, with meanantk
saccade latenoyalue greater than 300 ms being especially discriminative. Moraaver,
the FOG groupincreasedntisaccade latenayas associated with more severe disease
progressionln this prospective year study, using restirgtate functional MRI, baseline
analysis revealed a&ited connectivity between the MLR and frontal brain areas in PwPD,

particularlyin those who developed FOG by follewp. The results suggest thatpaired
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executive function, specifically a slowed ability to suppress reflexive saccades and
generate voluntary saccadean serve as a marker for FOG onset, and may play a
significant role in predicting and assessing its developijtesitea et al., 2021)

Executive functions can be effectively assessed usinggocade and anti
saccade tasks, with the agiccade task in particular providing insight into inhibitory
control and cognitive flexibility. PwPD with FOG show greater impairments on anti
saccadeasks than PwPD without FOG, suggesting a relationship between executive
dysfunction and FO®Nalton et al., 2015Nemanich and Earhart (2016) found that
PwPD with FOG exhibited slower eye movements and greater variability in saccadic
velocity on saccade tasks, suggesting executive dysfunction affecting both gait and non
gait motor controlSupporting this, Gallea et al. (2021) found that increaseesaotiade
latency predicts FOG onset and is associated with altered connectivity between the
mesencephalic locomotor region and frontal cortical areas. These findings indicate that
executive fustions, as measured by esiccade performance, are closely related to
FOG and may serve as valuable markers for its prediction and progrdsssa.
consistenfindings across studies build a strong case for using saccade tasks to measure
the executive dysfunction underlying freezing, setting the stage for examining more

specific aspectdike the gap effect.

The Gap Effect

Saccadeéatency is strongly impacted by the presence or absence of a visual
fixation (Kingstone & Klein, 1993)To maintain fixation, the viewer must actively
inhibit eye movements toward other potentially interesting stimuli in their visual field. In

this way, fixation serves as a form of oculomotor inhibition, requiring the suppression of
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reflexive responses to maintain fixatidkemoving the fixation before a target stimulus
appears (gap condition) results in shostercad latencies than when the fixation
remains while the target is presented (overlap condition). Eye movements with extremely
short latencies (8220 m3 are known as express saccades. citange in latencthat
resuls from the removal of a fixation prior to the onset of a target is known as the gap
effed (Bekkering et al., 1996)The gap effect can be calculated by looking at the
difference in response latencies between(fjaation-removed conditions and overlap
(fixation-remain$ conditions It is a measure of executive functiasit measures the
time costassociated witineeding to release from fixation when initiating a response.
PwPD with FOGexhibitincreased saccadic latency and velocity variability in
both presaccade and ardaccade tasks. NemaniahdEarhart(2016)further
demonstrated that the specific challenge in PwHB FOG lies in executing anti
saccades, as evidenced by significantly longersatcade latencies compared to PwPD
without FOG andontrols(Nemanich & Earhart, 2016 he researchers inferred that the
impaired antisaccade execution in PwPD with FOG may stem from a failure to release
inhibition within the oculomotor circuivhen they need to generate/oluntary response
to the mirrored target locatioStemming from this, it could be inferred tifatPD with
FOGwill exhibitlarger gap effects thaPwPD without FOGince thesize of thegap
effect representsme needed to release from the fixatidio our knowledge, there is no
literature exploring gap effects in PwRiXh FOGversus thosaithout FOG By
exploring gap effects in freezers and Aogezers, we may help reveal the underlying
mechanisms of freezing and help to solidify the connection between freezing and

executive function.
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Freezing is an extremely debilitating
there is limited consensus on the pathology of freedihgre appears to be a multifactor,
higherlevel mechanism contributing to freezing, with executive function potentially
playing a key roleSince eye movemeetaluationcan reflect executive control
processes that depend on basal garggliical circuits, examining theirelationship to
freezing may help clarify how disruptions in sgesystemsontribute tathe initiation
failures and inhibitory control deficits characteristic of freezkgrthermore, freezing
like episodes have been observed in upipgns; however, it is unclear whether these
occurrences are directly related to FOG. Utilizing stimuli known to induce FOG within
an upper limb reaching task will further the investigatiorarding whether freezing is a
more global motor phenomenon, not restricted to gait.

Previous literature consistently revealgg association between executive
dysfunction and freezing, coupled with evidence of freezing across multiple motor
domains, motivates this study. By utilizing pend antisaccade tasks to measure
inhibitory control, and by introducing the gap effecti@ asur e a per sonés
disengage, we aim to pinpoint how executive dysfunction contributes to freezing.
Additionally, by designing tasks that replicate F@@ucing conditions in both walking
and reaching, & seek to support the idea of freezing as a global motor phenomenon.
Therefore, th@verallpurpose of this work was to help provide greater insights into the
mechanisms of freezing.

The objective of this study was to use the gap effect to evaluate executive
function and explore its relationship with freeziAglditionally, we aimedto investigate

the characteristics of FOUL and FOG using tasks designed to elicit H@Grimary

a
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research question was: Is the gap effect related to freezing in PwPD? We hypothesized
t hfatreezing is the result .bf#xeathesfenctioniisng e x e c L
underlying freezingwe predict thathe gap effect will be larger f&twPDwith FOG

compared to PwP®ithout FOG, reflecting impaired executive contrédditionally, we
predictthat freezing will have a positive relationship with the gap effecgreater

executive dysfunction should correspond to more sdueezing episode©ur second
hypothesis ighat freezing is a more global motor phenomenon, not just restricted.to gait
We designed owstudy so that the reaching and walking tasks included the same inducing
conditions(e.g., reversals, corners, tunneld)e predicted that conditions known to
induceFOG would effectivly elicit FOUL, andthat we would find a relationship

between subjectivEOG, objective FOGFOUL measuresand executivelysfunction
observed in eyenovement tasks, suggesting a shared underlying mechanism.

To test these hypotheses, two groups of participants were recruited. The
experimental group consisted of PwPD at various stages of disease progression. The
control group consisted ofeurologicallyhealthy participants who were sex and-age
aligned with the participants in the experimental gr&Rgoticipants were instructed to
complete tests that assess executive function, eye movements, reaching, and walking.
Parkinsonds di sease pr ogr-B6RDRS motor ewatuationa s s e s s
Part 1ll. Executve function was assessed using the Frontal Assessment Battggoand
antisaccade eye movement taskith both gap and overlapming conditions.Reaching
and walking task#hat involved asking participants to perform reversals, corners, and to

move through tunnelgere performe@dndkinematic datavere recorded for analysis.
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Met hods

The Research Ethics Board of Trent University approved this redg@@036)

Written informed consent was obtained from all participants.

Participants

People with and without Parkinsondés dis
study. All participants needed to have normal or corretig@tbrmal vision and hearing
to participateParticipants could not have a current diagnosis of depression, anxiety, or
dementia. Thenembers of the control grouygeded to have no history of neurological
dysfunction. There were no age or gender exclusions.

There were two groups of participantentrols(n=16) and PwPn=14). PwPD
were recruited from Parkinsondés support gr
Ontario. All participants reported normal or corrected to normal vision and hearing. None
of the participants reported receiving a diagnosis of depressigigty, or dementia.
None of the participants reported a history of neurological dysfunction aside from a
diagnosis of Parkinson's disea€entrolswere recruited in a manner that aligrveith

the age and sex tfie PwPD.
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Project Overview

The data collection was organized into task blocks (Figure 2). Task details will be
presented belowl heparticipant completed the general questionnaires, cognitive tests,
motor evaluation and the eye movement tasks sequentially; the reaching tasks and
walking tasks were counterbalanced.

Figure 2

Testing Administration Order

Questionnaires Cognitive Tests Motor Evaluation Eye Movement Tasks Reaching & Walking Tasks

! L I | !
T T T T

Health and Wellness Montreal Cognitive Unified Parkinson’s Pro- VS Anti-saccades Reversals

Questionnaire Assessment Disease Rating Scale
(Part III)
Hospital Anxiety and Frontal Assessment Overlap VS Gap Turn
Depression Scale Battery
Dutch Handedness Doorway/Virtual Tunnel

Questionnaire

New Freezing of
Gait Questionnaire

Note.Both groups of participants completed all the questionnaires, evaluations, and tasks.

Gener al Questionnaires

The following questionnaires were administered using Qua(@ositrics LLC,
Provo, Utah) Theparticipant completed a survey that asked about their overall well
being. ltems included questions about the
lifestyle behaviours.

We used the Hospital Anxiety and Depression Scale (HADS) to screen for anxiety

and depression (Zigmond & Snaith, 1983). There is a subscale for anxiety and a subscale
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for depression; each contains seven items. Each item is scored on a scale from 0 (no
problem) to 3 (severe problem); higher scores indicate higher levels of anxiety and
depression. Scores above 7 on each subscale indicate that further testing for anxiety o
depression is required. This scale does not screen for suicidal ideation.

The Dutch Handedness Questionnaire was used to identify the stretiggh of
part i ci-praighthansledhessf(Man Strien, 2002). The questionnaire consists of
16 items. The scoring for each item ranges from 0 (left hand), 1 (both hands), to 2 (right
hand). Total scores vary from 0 to 32. Scores-éfiddicate strong lefhandedness and

28-32 indicate strong rigktandedness.

Parkinsonds Disease Assessments

Subjective Freezing Assessment

Freezing of gait was assessed using the New Freezing of Gait Questionnaire
(NFOGQ), developed by Nieuwboer et al. (2009). The NFQ@skshe participant to
report on the presence, frequency, severity, and impact of any freezing episodes they
experienced. In part onthe participant vasasked whether they had experienced freezing
episodes in the past month. The final NFQGcore is the sum of part two and three,

higher scores indicate more severe experiences of freezing.

Mot or Eval uati on

The Movement Disorders Society Unified
[l (Goetz et al., 2008), was used to assess motor severity and progression. This
examination wasideo-recorded ora labdedicatedPhone 10 (Apple Corporation,

Cupertino, CA), to allow two certified raters to assbheparticipant. The participant was
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rated on 24 items that pertained to their motor symptoms. Each item was rated on a Likert
scale of &4 representing normal performance to severe impairmdrare severe

impairment is defined as being unable to or only barely able to perform thel'hem.

higher the MDSUPDRS score, the greater the severity of PD. The NUPBRS

i ncludes a measure of ParkinsonosHoghnage wus
& Yahr, 1967) The International Parkinson and Movement Disorders Society approved

the use of this test for this study.

Cognitive Tests

The Montreal Cognitive Assessment (MOCA) was used to screen for dementia
(Nasreddine, 2005). This assessment uses eight items to evaluate attention, concentration,
memory, language skills, problesolving abilities, and awareness of time and space. For
exanple, some items ask the participant to name types of animals and recall words. The
MOCA is scored out of 30 points. A score below 26 indicates further testing for dementia

IS required.

Executive Function Assessment

We used the Frontal Assessment Battery (FAB) to assess executive function
(Dubois et al., 2000). The FAB wuses six it
distraction, and inhibit themselves. This test produces a single score, and lower scores
indicate impaired executive function. A score of1l2 (out of 18 total) distinguishes

executivempairment fromexecutively normal controls (Goh et al., 2019).
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Ey-Mlovement Tasks

Tomeasureghep ar t i c i -pmaventerdss weaigesh eyetrackercomposed
of two infrared cameras mounted on protective glasses (ViewPoi6OPArrington
Research Inc, Scottsdale, Arizona). The device was worn like a pair of glasses (over the
participantds own prescriptionthgl asses, wh
participantés head with an adjustable stra
personal computer (Bolen Distributing Inc., London, ON) on a 60 cm x 34 cm LCD
monitor with 1920 x 108@resolution (Hanns.G, HannStar Display Corporation, Taipei,
Taiwan). To ensure consistent viewing distarice participant was seated 57 cm away
from the monitor, with their head stabilized by a chin rest (Lafayette Instrument
Company, LafayettdN). The tasks were performed with the room lights off. The
participant completed a brief otte-two-minute calibration where the participant was
instructed to look a& series ofargets presented on the computer screen; this allowed us
to align eye position wht screerlocaion.

Theparticipant completed a series of apevement tasks designed to evaluate
their ability to perform presaccades and argaccades under two counterbalanced
fixation-timing conditions: gap anoverlap(Antoniades et al., 201Bekkering et al.,

1996. These conditions combined to create foureygement tasks: prsaccade

overlap, presaccade gap, ardaccade overlap, and asiccade gap. Each task consisted
of 12 practice trials and 20 experimental tridlse visual display for eaclagkwas
composed bfour unfilled black circles on a white background and a central black
fixation cross (Figure 3). Targets wezgually-spacedacross four positionslefined

relative to the fixationleft-far, left-near, rightnear, rightfar. Their presentation was
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pseudorandomized; there was an equal number of targets presented in each position

across conditiongAn auditory warning tone was used to isolate the gap effect by

providing a consistent alerting signal across all trials, ensuring that reduced saccade

| atencies were not due to a generalized wa

Figure 3

Pro-Saccade Task: Overlap Condition and Ad¢iccade Task: Gapondition

Note.This figure demonstrates the layout and timing of thesaacade task for the
overlap condition (left) and arsiaccade task for the gap condition (right). The cross is
the fixation. When the task begins, a target will appear; one of the four outlinks cir

will become filled.

The displayand timingfor the presaccade and arsiaccade tasks were identical.
The only difference between these tasks were the instructions that the participant
received. For pr@accade tasks, the participant was instructed to look at the fixation
cross, then, when the tpat appeared, make an eye movement to the target as quickly and
accurately as possible. For the esdccade tasks, the participant was instructed to look at
the fixation cross, then, when the target appeared, make an eye movement to the mirrored
positionof the target as quickly and accurately as possible. In the overlap timing

condition, the fixation remained on screen while the target was presented. In the gap
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timing condition, the fixation was removed 200 ms before the presentation of the target.
The instructions for the preaccade and argaccade tasks in both timing conditions

were the same as presented above.

Objective Freezing Assessments

Reaching Tasks

Thepatrticipant was seated at a table with a height of 84 cm, and a glass top (107
cm x 183 cm). A onavay mirror was situated 28 cm above the table and an iinGitor
(LG, LG DisplayCorporation Seou) South Koreameasuring 60 cm x 33 cm was
situated 25 cm aboveacemeay mi rror . The participantds d
positioned on top of the table. The participant saw the reflected display screen through
the oneway mirror. The participant could not seeithown hand resting on the table. A
motion tracker (Polhemus, Colchester, Vermont) was used to measure reaching
movements. The motion trackerarkerwas attached to the tip of
finger on their dominant hand with medical tape. Théionaracker was calibratednd
the participant received continuous visual feedlmactheir fingertip position on the
display throughout the experimeifthep ar t i ci pant 6s fingertip | o
the display by a green dot cursor (0.6 cm diameter). The reaching tasks were performed
with the room lights offThe participant completed three reaching tad&signed to
mimic the conditions that trigger FOG: reversal, corner, and tunnel (Myufée same
distance (15 cm) was covered for tivstfreaching movement in each task.
In the reversal task, the display was composed of a red start circle (1.5 cm
diameter) on a static, random gileyel dot backgroun¢Figure 4A) The participant was

instructed to move the green cursor to the center of the start circle. When the
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experimenter was satisfied that the participant was ready, she pressed any key on the
keyboard; the target appeared immediately and the motion tracker began recording. The
target was a blue circle (1.5 cm diameter) placed 15 cm in front of the startrcircle

depth. The participant was instructed to reach to the target as soon as it appeared and then
returnbackto the start as quickly as possible.

The corner task used the same display features and timing (Figure 4B), except that
when the keyboard was pressed, two blue circle targets appeared. One target appeared 15
cm in front of the start circle in depth, and the second appeared 15 cm to thei¢gft o
of the first target. The second target was
dominant hand. The participant was instructed to reach straight out to the first target as
soon as iappeared anchake a 9@egree turn without stoppirtg continue to the second
target, coming to a complete stop on the second target. They were instructed to complete
this task as quickly as possible.

The tunnel taskised the same display features and timing as the reversal task
(Figure 4C), except that when the keyboard was pressed, the first target appeared and an
orange virtual tunnel (1.6 ciiighx 3.1 cmwide) appeared, at the 75% point along the
straight path between the start circle and the target. The participant was instructed to
reach straight out to the target by passing through the tunnel and then come to a complete
stop on the target as quickly as pbks The green cursor representing tHigiger
disappeared as it crossed the path of the orange rectangle, satisfying the criterion of
passing under a tunndlhe participant completed 9 practice trials for whichever task
they were assigned to complete first. Thie participant completed 10 trials for each of

the three tasks, for a total of 30 experimental reaching trials.
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Figure 4

Reaching Task: Reversal, Corner, and Tunnel

Note.This figure demonstrates the layout of the reaching task. The red circle was the starting
point for all tasks. The green circle represen
not see their arm and hand. Each trial began when the bluedmcgetippeared. Afop. B:

Center. CBottom Participants could use their right or left hand for thegask



Wal ki ng Tasks

In the walking blockthe participant completed three walking tasks. Their
walking was videotaped using two iPhdizdevicesthat served as latbedicated
recording cameras (Apple Corporation, Cupertino, California). The iPhones were set up
to record higkdefinition video (1080p Full HD, 60 Hz). Bluetooth inertial measurement
units (IMUs, WitMotion, Shenzhen, Guangdong) were calibrated to acgeteveth a
return rate of 200 Hz (functional sampling rate of 100Hz) and acceleration data were
recorded on a personal computer (Microsoft Surface 2, Redmond, Washington). The
IMUs were attached to the dorsal surface of the fmatr the shoelhe participant was
asked to wear dark clothing, and white mar
(over the acromion), elbows (over the lateral epicondyle), hips (at the top of the iliac
crest), knees (lateral to the patella), and ankles (lateral malleolus)eiokilzmatic
analysis.

Theparticipant completed three walking taslesigned to represent situations
that trigger FOG: reversal, corner, @ndnel (Figureb). Theparticipant completed one
practice trial fothetaskto whichthey were assigned first. Then, they completed three
trials for each task, for a total of 9 experimental walking trials. The order in which the
participant completed the three walking tasks (reversal, corner, tunnel) was
counterbalanced and matched theeolid which they completed the reaching tasks. The
same distance (1.8 m) was covered for the first walking movement in each task.

In the reversal task, the participant saw a red circle (23 cm diameter) on the floor
that acted as the start location. A blue target circle (23 cm diameter) was 1.8 m straight

ahead of the start in depth. The participant was instructed to stand in teatehe
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start circle, thenvalk from the start, out to the target and then back to the start (Figure

5A). The task began when the researcher provi
In the corner task, the participant saw the same start circle and target, but we also

brought their attention to a second blue target circle (23 cm diameter) positioned 1.8 m to

the left of target. The participant was instructed to stand in the center sifairt, then

walk from the start to the first target, make ad#@ree turn without stopping and

continue to walk to the second targaiming to a complete stop on the second target

(Figure5B).The t ask began when the cuesearcher pr
In the tunnel taskhie participant saw the same start circle and target as for the

reversal taskAn orange freestanding door jamb (210 cm tall X 104 cm wide X 14 cm

deep) was positioned at the 75% point between the start and target. The participant was

instructed to stand in the center of the start circle, then walk from the start, pass through

the aange tunnel, and come to a complete stop on the target (FigureheQask began

when the researcher provided a verbal Agoo
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Figure 5

Walking Task: Reversal, Corner, and Tunnel

Note.Thisfigure demonstrates the layout of the walking task. The red circle is the

starting point for all tasks. A: Left Image. B: Center Image. C: Right Image.

Procedur e

The PwPDfollowed their normal medication schedule during the day of testing.
However, an attempt was made to manage the effects of medication by testing the
participants within the same relative period of their drug cycle; appointments were
scheduled 15 minutester their last dose of medicatioBonsent was obtained in one of
two ways. If the participant elected to begin the study by completing the questionnaires at
home before their appointment, the participant read the consent form alone and was
encouraged teend us any questions they had. The consent form was always completed
before the online questionnaires. If the participant elected to complete the questionnaires
in the lab, they completed both the consent form and the online questionnaires upon

arrival atthe lab.The mrticipant wasinstructed to complete the questionnaires honestly
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without dwelling on the questions too long. Altogether, the questionnaires took
approximately 30 minutes to complete.

After the participant provided writteconsenta small microphone was attached
totheparti ci pantdés shirt, and their natur al
study; this data will be analyzed at a later date.

Theparticipant completed the FAB (10 minutes) and the MOCA (10 minutes), in
this order.The participant was told that they would be asked several questions and be
asked to perform several tasks: some easy and some challérigmpagrticipant was
instructed to try their best.

In the third blockthe participant was assessed using a motor evaluation, Part Il
from the MDSUPDRS. This block took approximately 15 minutes to complete. Two
raters, each certified in administering and scoring the NUP®RS laterscoredcthe
participanbé s p e r flothremmwas a @sagreement between raters, they would
attempt to settle it by revaluating the participant. If an agreement was still not reached,
the primary investigator assigned the final rating.

The fourth block consisted of eygovement tests. The participant completed pro
saccade tasks and then the -gaticade tasks, always in this order. This section took
approximately 20 minutes to complete. One ofRm€?Dwas unable to complete the eye
movement testing; however, they were able to complete the reaching and walking tasks
so their data was included in the data set.

In the fifth block, the participant completed reaching ta¥ke. order in which
the participant completed the thmeachingiasks matched the ordertbe walkingtasks.

The firstattemptof each task was manualjuided; the experimenter took the hand of

S



37

theparticipant and guided them through the correct movement before allowing the
practice or experimentélials to continueTheparticipant completed one practice trial;
the practice condition was the same as the first component that the participant was
assigned to complet&he participant was instructed to perform the tasks as quickly and
accurately as possibl&€he participant completed 10 reaches in each of the three
experimental tasks for a total of 30 experimental reaching trials. The reachimg secti
took approximately 15 minutes to complete.

In the sixth block, the participant completed walking tasks. The researcher
demonstrated each task to the participant as it was introdlicegarticipant completed
one practice trial; the practice condition was the same as the first component that the
participant was assigned to compléftae participant completed three walking trials in
each of the threealking tasks for a total of 9 experimental walking trials. This testing
took approximately 20 minutes.

After the six blocks were completed, the participant received their compensation
and a debriefing sheet that revealed infor
microphone was removed from the participant. The participant was encouraged to reach

out inthe future if they had any questions or concerns.

Data Processing

Eye Movement Tasks

For the eye movement tasks, the partici
time, and eye movement error were measured using the signal collected from the eye
tracking device. This signal was analyzed using a custom procedure programmed in

MatlabTh e Mat hwor ks, Ral eigh, NCpwsBadhadye s
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terworth filter wantdh dciuftfoefrfe nftrieaqtueedn ctyo =c
ement velocity. Saccade initiation was
eedendavld0 t er mi nati on was defined as the
ow this criterion.

Response | atency was measured as the ti
cade initiatiwat.heEytei meo vheentewmete n ismeec cade
mi nation. Eye movement error represente
e ndei nsttcaonvceer ¢ h ea bl @& 6 gaalhocneg t he | ater al ( x)
Itive values indicated that the partici
icated that the participant undershot t
er mi niimg otfhec orra ect eye movemewheasr d oa e a
rect eye movement was defined-sascadegye
to the mirrored-spos.atlehpen goafp tehfef etcatr gweats
tracting the response | atency in the ga

rl ap wddrmmdint iears la c cabnddie-kaeanctpipr de .condi ti ons

ching Tasks

For the reaching tasks, perfododrmanthemst
the (WwWersté¢wbwemased t hi s component was a
kkey metrics were obtained using the sic
ice. This signal was analyzed using a ¢
hwor ks, Ral ei gh, NChopw&acthuali gBalt eemawo
of f fregquwelnady f¥fe8 eHz) ated t o datadriminne

computed by di fsfi gRadticriattii atgi e mMewae | def
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fi-t stnel oci t y3 ecaohede ded mi nati on was defined

w h

re

ere velocity fekehkbekbwcihyswasi defiaerd
aching speed that was achieved during ea
the maxi mum rate of change of]) velocity
Reaction time was measured as the ti me
esentation and movement initiatiremchMove
itimedaceh micmati on. Di stance covered was n
vered bet w8egnrerboers ead toipityd)st e, mées mann

rection was moeveesmerngdd as t he rmeamgeditfifper er
cation at movemeatgeéee,r whartda omo aintdi u eh ev a |
rget odenshaoi seamal ue sT hree parbessoel nutt eu nvdael ruse

asure was aGhsoudat.gr Tnendddap tdh )dveevw ir atri on of

agwueaching precision in depth
Our goal was to capture freezing behavi
haviours may happen as participants init

rget where participants were asked to ma
ecific phases were identified within the
sed ORI ¢ uim@pehta)ses were of particular inte
itiation of the movement (time mhegt,ween m
ase 2 captured the time fphhamspedh kcapgtced &
me from peak velocity to peak decelerat.i
celeration to the end of the first movem

the first movement andf oretviedresdatic orfndrhe
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tasks o/mlryy)abil ity normalized to speed (coe
(%Ti meg and pern&Dnts twdeimsetegcnocnep ut e da ¢ moabsh ¢ o mp
phase and task.

Figure 6
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i nitiation an&haeadka patcwcred de rtalte otni me fr om pe
vel oRhiatsye 3 captured the time frPomnspedak vel
captured t hedetcientee rfartoinonp etack t hehBed 6f t he
captured the time between the end of the f
movement (for the r evAenrys aclo rarnedc tcnoa eneento vt eansekn

the tunnel task were captured in phase 5.



41

Wal ki ng Tasks

For the walking tasks, per flofrmamctehenes tr
to the (WwWereté¢wbwklewagmsed t hi s component was a
taskded® r ectohpedr hgss i wablnkive g eppas ki nt o a vi dec
and model ing t(o®hr icsatlilaendoeTte xadclk.2p 02 ;X k) t he |
and position data of t hEopdthleisswsp aanrted so nalnyk
presenting shoulder data to represent over

This data was analyzed using a custom p
Mat hwor ks, Ral ei gh, NC). Each signal was f
wal king velocity. The raw position data wa
zer o,i nfgooomns movement Ermaelhatsiivge atl o -ptalses f dthdaretr .
Butterwortchutfofdgeenwytfa 5 Hz) and differen
vel owalt kii.migt i ati on wa st idreef ivned do ca 8tnyh $eex cfeierdset
termination was defined as the next sampl e

Wal king time was defined as t he Wei fafl sroenc e

used the speed profile to i denttiof yt hteh & atrigne
This val ue, percent deceleration time, was
ti me
Statistical Analysis

All statistical analyses wer(d BiMer f or me d

Chi ca)jgmhi si Lexperi ment was designed to compeée
all sgpenheretore, in the absence of signif

comparisons were stild]l perfor med.
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Demographics

Independensampled-tests were used to compdte/PD tothe control group.
Demographic and clinical measures, including age, anxiety and depression scores
(HADS), <cognitive functioning (MOCA), &exec
motor symptom severity (MDSPDRS IIl), Hoen & Yahr stage, and subjectiueezing
of gait severity (NFOG)) were submitted to these analyseki-square test of

independence was used to compare the sex distribution of the two groups.

Eye Movement Tasks

We ai mevdaltumt e whether individuals with
perf or mamrcter dlhanon tasks englavgi mperdxe aatnic\e:
measur es, response | atency (Rwerad cmil laltiede
where proporti ams ddrer gait e op ods Eiomréede ctthe t o
trials

Data were preprocessadd trimmedo ensure validity: trials with response latency
(RL) < 50 mswere excluded, as this threshold reflects the minimum time for eye muscle
response to visual stimyAntoniades et al., 2013]Jrials with no eye movement (first
eye movement time = 0), incorrect saccade direction (indicative e€ompliance with
instructions), or eye movements exceeding 960 pixedicating that thgarticipant
looked at somethingff-screen) were also removed. For a#ccade tasks, trials with
reflexive rather than voluntary saccades were excluded to help ensure accurate
assessment of inhibitoA t ot al of 587 tri .Rlesphs.e206 %) ew
dat a, positivetlryamskfeavehe @ wea rod magl i t y. Pr o

data underwent arcsine transf o(riviaydlke dto al
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2 0 Q Poj the following analyses,f sphericity assumptions we
Gei cwarr ecaledes aMbmeapor esdwes emggmoallpy zed
(contPrwP)D btya 2k-s d pc @ad s aacrc aaket) mibryg 2condi t i on
or gap) mixed ANOVAs.

Additionally, we wanted to explore whet
predi ctsefvreereiztiyng First, a Pearson correlat.i
which questionnaire and eye movement measu
freezingssaeneasiurye d-Qby Neke, N&EOIGi near regres
for PwPD with freezing severThyg eatarlks af
anal ysis wild/l be provided as it is present

Wewanted to determine whether eye movVveme
categorize peopflreeaaserfg.eezerac lhirevent hi s,
was performed for PwPD with freezing categ

on datdected wld)t.h the NFOG

Reaching Tasks

We aimed ¢ evaluate freezing of uppkmbs and compare the reaching
performance of PwPD tGontrolsReact i on ti me data, -positive
transfor med t oOulierhwere daentified@amdmeanbvedtifyeaction time
(RT) was less than 100 ms, as this is the minimum time required for visually presented
information to influence arm and hand movemé@iastiello et al., 1991; Georgopoulos
et al., 1981; Paulignan et al., 199Tj}ials with RT, movement time (MT) or distance
travelled (Disf exceeding three standard deviati on:

given task were excluded. A total of 12 trials (1.33%) were remdradhe following
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analysesi f sphericity assumpt iGen scomarrec aviduoel sat e

ar e r égrfformdaneedneasures weyeu b mi ta-grdodumm (control or
Par ki nsothadsKk ,( rbegyv &8r sal , corner, tunnel), mi
Additionally, we wanted to explore whet

freezing severddryr.elFdatrisan an a&leyasissonwas per f
guestionnaire and reaching measures ,had a
as measur ed-QMNextthe sep@Gate | inear regressi
PwPD within each reaching task (reversal s,
entered as thdheudeotme | sawnifablhes anal ysis
presented in the results section.

Wewanted to determine whether reaching
categorize peopflreeaaserdfg.eezerac hhirewvent hi s, l
were performed for PwPD within each reachi

cat ewaoanyt ered as the outcome variable (base

Q) .
Wal ki ng Tasks

We aiomeav al uate freezing of gait and cor
P w P DCot not .rFor the following analyses,f sphericity assumpti o
Greendseuscoarr ecalededs aOepreporciPENtWaNs )t h
31 standarsd odvewainat ihenot hterenPwPBsedneet bhat
was added to the PD group from this partic

Two performance measures, overall wempeement
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submitgedupo(2ontrol -toaska(frke nsronadls, ,c dryn i

ANOVASs.
Additionally, we wanted to explore whet
freezing severity. First, a Pearson correl

guestionnaire and wal king measures had a s
(2@ measur ed -Qy. tNheex tNFGB&Eparate | inear regre
PwPD within each walking task (reversal s,
as thevautiabme

Wewanted to determine whether walking pc¢
categorize peopflreeamamserfg.eezerac lhbirewent hi s, |
were performed for PwPD within each wal kin

cat ewaoanyt ered as the outcomkl gatedbWwiet ibabe

Q) .

Results

Participants

All participants werés5-82 years of age and reported normal or corrected to
normal vision and hearing. Thirty participants in total were recruited to parti¢iite
controls and 1#PwPD, femalen=14, malen= 16).

Demographic and clinical measui@® presented imable 1 for controls and
Table 2 for PwPD. Continuous variables were submitted to an indepesadeptes-test
to compard>wPDwith the control group (Table 3pur goal was to align the PD group

with the control group by age and s&kegroups did not differ in terms of sex
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distribution ¢ 1,(N=30) =1.27, p = .261, (i = .21 or mean agg(28) =-1.85,p = .075,d
=-.68 The PD group exhibited significantly higher mean depression s@odisating
greater experiences of depressja@reater motor symptom severity, more advanced
Hoehn & Yahr stage, and higher freezing of gait scores compared to the cdifiteols.
control group demonstrated significantly higher MOCA scores. No significant

differences were observed for age, anxiety, or FAB scores.



Table 1
Control Participants Demographic Information

Participant  Age Sex Handedness HADS-A HADS-D MOCA FAB NFOG  MDS-
Number (years) (female/male) (left/right) (z-score) (z-score) (z-score) (z-score) Q UPDRS
Total 1
Total
4 73 F R -.84 -.55 1.21 -41 0 0
7 65 F R -.84 .10 1.54 -1.09 0 0
10 71 F R -1.37 -1.20 1.21 .26 0 11
12 81 F R -.04 43 .88 -3.79 0 7
14 61 F R -.84 43 1.21 .94 0 10
16 80 M R 49 .76 1.21 -3.79 0 18
17 57 M L -.57 -.55 -.43 .26 0 0
18 55 F R -.57 -1.20 1.54 .94 0 0
19 67 M R -1.63 -.87 .55 .26 0 8
21 76 F R 1.56 43 -.43 -1.76 0 0
23 58 M R -1.10 -.55 .22 -1.76 0 2
24 57 F R .76 -.55 1.21 .26 0 24
26 69 M L -.57 -.87 1.21 -1.09 0 5
27 70 M R -1.63 -1.20 .55 -1.09 0 2
28 61 F R -.84 -.87 .55 -41 0 1
30 62 M R -1.37 -1.20 .22 -3.11 0 0
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Table 2
Parkinsonbds Participants Demographic I nfor mat
Participant Age Sex Hand HADS-A  HADS-D MOCA FAB NFOG MDS- H&Y
Number (years) (female/  (left/ (z-score)  (z-score)  (z-score) (z-score) Q Total UPDRS Stage
male) right) Il Total
1 67 M R -1.38 -.46 -1.09 -1.09 0 50 2
69 M R -.90 -.22 -.43 -3.79 25 58 4
3 80 F R -1.38 -.94 .88 -2.44 3 28 2
5 63 M R -.19 -.22 .88 -1.76 18 35 2
6 67 M R -.67 -.46 .55 .26 4 59 2
70 F R .05 -.22 .88 -41 18 28 2
9 67 M R -43 -.70 -43 -41 0 43 3
11 79 F R -.67 -.22 -11 -1.76 0 52 3
13 58 M R -.19 -1.42 1.87 .94 0 44 2
15 82 M R -1.38 .26 -11 -1.09 0 29 2
20 82 M R -1.85 -.70 -1.75 -1.76 8 37 2
22 78 M R 0.28 .97 -1.09 -1.76 2 59 2
25 71 F L -.90 -.46 .88 -1.09 24 52 3
29 72 F R -1.14 -.46 .55 -1.09 1 29 2
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Tab3d e
Demographic Comparisons

Control PwPD
n=16 n=14
Measure M SD M SD 1(28) p Co h edn

Age (years) 66.4 83 71.8 7.4 -1.85 .075 -.68
HADS-a (zscore) -59 .89 -114 1.14 -57 572 .21
HADS-d (zscore) -.47 .68 -.393 551 -2.63 .014* -.96
MOCA (z-score) .78 .63  .106 .99 2.24 .033* .82
FAB (z-score) -96 1% -1.23 1.16 .54 .595 .20

MDS-UPDRS Il 5.5 7.2 431 121 -10.17  <.001* -3.84
H & Y Stage 1.2 1.0 2.4 .6 -3.75 <.001* -1.33

NFOGQ Total 0 0 6.8 9.8 -2.59 .022* -1.02

Note.Means M) and standardeviations §D) for each group of participant&roup
comparisonafter beingsubmitted to an independédrtiest. * Represents a significant
difference between the controls @aa/PD. HADS control normgCrawford et al., 2001)
HADS PD normgRodriguezBlazquez et al., 2009MOCA norms(Rossetti et al.,

2011) FAB norms(Coen et al., 2016)

Eye Movement Performance

Eye movement data were collectedn 29 participantg16 controls, 13PwPD),

one PD participant#2) wasunable tacomplete the tasks due to motor limitations.
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Do PwPD Perform Differently Than Control s

Response LatencyT he anal ysi s ofevremd paingei f atamnmcyef
gr o(p». 0 i gni f i c amwtasmdion aaeksfipepants e | at enci es
signi fi cfasrhperywafc atsadgirs2 5rAsSD= @9t hhar anthi
saccadM=t 88D &9, F( 1, 27) p<. Bl 46Ase4 9 nd
mai n e fffoeundriwvacsogd,igsipaanse | atenciesiwere s
t hgeapondi(M+ o2MBs®S D= MmMYcompar eadvdarol aphegMendi ti on
33mMsSD= @9 F( 1, 27) ps. ®df)1 0=9.,50 1

Asi gnigfriocugpri timiyomigdi t i on iorbtseerravcetd) o nFTiegaus e
hel p decompose thisthet ga(pocwd rblaacg wel ocuas cgud [
each paadrilwmsitghamtd esaanctciade @ md ds d B metsat sewdr e
(the gapoerady ch ¢stumbejeenct s ANO¥ & onhfeghc tgorro u p
The amealveailPevwP @ Hh88nsSD= 74haaks) gni ficantly | a

ef fsecan theM=GdmsSDOINF( 1, 27)p== 08875, 15
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Figure 7
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epi sode of freediinfg panr ttihcei ypymaastth eomaehc?at e d
categorizeihasgapfekkteerumwiasarsiubtnet AR@YHS O
with groupF@&E)OGa sort meo Tohnel yaehasdaytlsserdg ni f i cant

gr oup,PenPibe ctO@ x hi bi ted signifi(Mamnh3msy DIl ar ger

9Mm9compar edwi o FBEOUBRI B3 InsS D= 9v9,F( 1, 151.)7 9=

p=03,§f] 345.

The -sparcocade gap effect allowed us to mea:
needing to release from fi xaddommnadvehegnap ndaftf
adds an additional aspect of the tieme cost
saccade and initiate a voluntary saccade.

from the time cost of both releas&@caade i nh
gap effectsaazmdadteh @ agpnteif f esca c csaedifeer cptat pewl a&ys. Th

submi tatedvaoi ater AR@PA, with-FOGups( FOE on

—h

act orrh-gapr efHveRR HD@M= ™WMWSSD Wm8di d not diffe

—

r ®mwPWwi t FOWM= &S§SD= Wm3,no significaretregroup

o

bseFve,dl B)p==8d®, =ThO5aasnddade gap effect wa:

c

ni vari ate ANGWA fFawg thhveRIB pupF @& OGasort meo on

—

act orhsaactide gap wif F@EM= floTs® BwHRMBI8va s

(7))

ifgnificaompgygr édwige FBEOUE B-2 3nsSD= 1n398F( 1, 1 1)

8p9. 0@3,=.388
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Figure 8
Response LatendyYGrsouap ,Bualdacsiki mhngf Condi ti on
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f or tciomidingptoinchiapdamt sgyr eater propomthieon of ¢
overcloamgl (Mo D10 ompar eglag oc d M t%, B8 D s
= %)2F( 1, 27) p<=. Al ,05.,37 3

Asi gnigfriotugprats kt e rwaacst i cobrisFeir @ @rcvePad a | ower

proportion ofi whhe-sarcttia dsHp2e 8 B=d %), compar ed

to theM=d#tIDBYYF 1, 27)p==8@K,=. 173
Figure 9
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Cabky Movemerntf or RPrandHecte Se ngr ity for PwPD?

We wantedpteoflnoeayne emootnamé& st whi ch meas:!
certain elements of executive f unccotuilodn suc
explfaierzi ngRPwPWietrh tVlRO@r edi ct ed that the ma
effect would be associated with freezing s
with | arger gap effects wdulrdtex i PPietargroma
analysis was performed to observe which qu
a significant r el atyi dmsh inpe awiutr BJf. rbefenzeihreg NsF
results reveal ed a si gnisfuibcjadnatailntedg art atvien @ o
percentage and( ft-pe@j ng 0sbe v ernidtiyc,cat i ng a | a
anad significant posi tpirsoeccadeétgapi andbet ever
severfdltdy,p= .®20, indicatingaahl arlgiercehaert atk i
regressi on wiatshk gletrif orranteidng per cemv argieateent er
Al t hough health rating percentage was not
with FOG would report | ower &redattvhhe eladt ngrms
reported above suyuppborreftohies ceoepaeehtieded i
prsaccaedéefvwgaasp i nocnl utdheed s.e cFornale 4 iemars| seenteari @ dy
the outcome variabl e.

The overall mo d eA( 2w d DI, pe=d 528 idgrciofuind 4 mtg, f
33% of the var i anR2e.35D.forthe iedvidual prgdictersdalthr i t y (
rating percentagehowed a nosignificant relationship with freezing severit{]10) =-

1.668,p = .062, partiak =-.449. The presaccade gap effect also demonstrated a non

significant relationship with freezing severit{l0) = 1.524p = .080, partialr = .434.
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However , pwbhaenc aedéef gap was ernhemadadwason it ¢
significantF( 1, 1 ¥)Yp=38, accounting for 52% of the
s e v e R?F B1Y) sée Figure 10The presaccade gapffectdemonstrated a significant
relationship with freezing severiti(,10) = 2.322p = .034, partial = .720.

Figure 10

Pr-&accoagffect Accounts for Freezing Sever.
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certain el ements of executi ve f unccotuiladn bseu c
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used to categori zef rPevdEerrasst. , f rae eéSzpeeras nmarn 0rso Ic
analysis was performed to observe which qu
a significant rel atiP@®GhpOBviatshs ifgrneeedz iunsg ncg
NFOQ@ . The results revealed a significant |
sacoadge effect and( Il)kegd nggld2at eignodriyc,at i ng

rel at Nenohtihpr significant correlations wer

We ran a hierarchical binary logistic r
freezers waicecgdehgapneif fect. However, the
significant predictors, indicatin@sthat ou

see Aplpendi x

The oddduds att h @t sax ctaldee a@ratpi ef f ect i ncrease
in the odds of being raeefzreadzars (1r. Bt6hrer Ytohuad
be a freezer than matcciafdey gwu phavd ea tl. arHgpevre
s ac gadge evfafsemtot a si gmihfeitchaenrt ap rpeadritcitcoi rp aonft

or -hoeezer, becFELR) DD, Wal=d. 999.

Reaching Performance

To assesspperlimb freezing inPwPD, we usedhree reaching taskreversal,
corner and tunnel to mirror conditions known to elicit freezing of daging hese tasks
we aimed toproducefreezinglike behaviourghat we could detect within the data.

Reachinglata were collected for 30 participafi$ control, 14 PwPD).

Do PweDf ®ir fmf ethear@® h ty oroRe & ¢ hTa s § s ?

ReactonTimeThe anal ysis of ar esacgtniiofni ctainnie grreo\

I nterRRdAdt 2&8)p==6@8, 7 stellFNeguwreecomposed this
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interaction by calcub&atgnguphétosi empbkchava
showddhat (MwPDESSD ®™mdhad siggrttaareant |l gn t i me:
than cMdatd3nesbs&= ™M4di nhhe reversal task compare
graok(pl, 28)p==8@9B3s.Th22& were no differences
the other two tasks.

Figure 11
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NotTeh.i s graph shows reaction time as a function

(reversal, corner, tunnel). Significant group
with asteriskBhg *Hhoxes trheprgasagprht. t he i nterquar/
extend 'ho dtHoeér cleOnt i l es of the data, the |ine di

and mean scores from individual participants a
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MovementTime The analysis of mevegmerdt ctainme mae
effectMovfemarstk igirmeas ewdree (M=Brodl, Snibs2a 6 &) ms
compared t oM=t6Be8, rm8WD8 B Jaanksd c(Mdrh2lHsSD=219
m9t assFK 1, 28 )p==0@ 2 85.No2i0An infaiicnanetf f ect or I nt e
i nvolbgyv oogf owan d

Distance Travelled The anal ysis of distance reveal
ta®Plrticipants under shdWM=1t4h.e6 PA&mPecamm n t he
compar i sroerv efvics atlile 9 c¢cm,arBdd cfd«x r6g 4c.WD=Cc mb
cm)asHKK 4, 28)p==04 8 25. oBlid@n infaiicnanetf f ect or 1 nt «
i nvobvomg was found.

AccuracyinDepth.The anal ysi s of aa@cuwragany fiircahdp
effect eé& BrohwkR®E . 6SDm, 4hacdn)l ower accur ac
cont(Mal s3SDem, 4dacrny)ss ,FAlll, 28apsk8d)8 45.A. 142
seconcefrhaeicn was &oundi pant sabBtdd greater ac
M= .4 cm, &rDd =c(d#HHn 48 m, 4 assnkcompared t o th

tunneM=t askc@ecmpBDL,=28)p==8@)375. . 161
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Figure 12
Accur acyas na Deprndti on of Group and Task
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NotTeh.i s graph shows accuracy in depth as a func
task (reversal, corner, tunnel). Significant g
with asteriskBhg *Hhoxes trheprgasagrht. t he i nterquar/
extend ‘o dthoeér cleOnt i l es of the data, the |ine di
and mean scores from individual participants a
PrecisioninDepthThe anal ysi s of prae csiisgimoani incra nde

ef f eccrtaPofPM™M= . 7SDEm, 2hadn)lpowed Baonncidnatrbdl s

cmSD . 2acrm)ss FAllLl 28 k8@2,=. . 155
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Amar ggmaup ibryt draemdst if(Een FigRweM™ME . 9
cmSD . 4t rdemddowar ds gr e@oeperrevairmiadom)e i t ynnel
compared toM=t h.eSS@om,t4Fdln3)28 )p==A@B 15. . 088
Figure 13

Precisioasia Pempdcthi on of Group and Task
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NoteThi s graph shows precision in depth as a fur
task (reversal, corner, tunnel). Significant g
with asteriskBhg *Hhoxens trheprgasaegrht. t he i nterquar/
extend ' ditH9eér cleOnt i l es of the data, the |ine di
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Transitiomiaé Rbaskisng Tasks

Our goal was to capture freezing behavi
behaviours may happen as paarntdi cniepaarn tosr ianti tt
target where participants were asked to ma
Specific phases were identified within the
based oni tfoumghdsgs,were analyzqihase 1 (initiationfrom movement
start to peak acceleratiophase 3 (transition preparatidnom peak velocityo peak
deceleration)phase 4 (start of transitiofrom peak deceleration to end of first
movement), anghase 5 (transitiarfrom end of first movement to start of second
movement)Variability normalized toeach a r t i cpepddcodffibient of variation,

CoV), percerdge oftime spent(%Time), and percemige ofdistancecovered

(%Distancg were computed for each phase and tB$lase 2 was added in post hoc for
the analysis o%Distanceand %Time tdelp solidifymodel findings. Phase 2 was
defined as the period between peak acceleration to peak velocity.

We expectednain effects ophaseor every measurdue to the weldocumented
speed profile of reaching movements. For this reason, below we neportffects @
interactions involvingask orgrouponly; phase main effects will not be broken down

%T ime. The analysis revealed a significant main effedt @ s k, par ti ci par
a greater percent ageM=024 %B,D=M8& iam dt hteh er & wenrnse
M=23%D=10P compared tM=RI0&5,0® phR(elr, 28)s k (
=167,p6.20@J1885.A. second main feghdsegFCc L, B&p 7R2ound

p<. 0@l ,%1.. 6
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A si gntiafsikc abiyn tpehraasscet i o nF( Wa 8B4, p<s@tdv e d
=32@s ee FiWeurdee clodmp cnsteed atchhda on by | ooking at
within elaphtasgplsase.and 3, there wepse <no si mp
. 20ANs mal |l er perwasg armghea &feo ricio nhée & @k-2 o,

SDE3%) compared toMtTBeSbDgvmmsialt ut(lh=3b %t as k
SDE7%F( 1, 224,.p2 1,0 )] 84.8. smal |l er percentage of
phase 4 f ara@ikh 28 Dr8%e b mpared to (MeR0Rever sa
SD=6%and cor(M=e22% BSKHF( 1, 58 )p3¢6,d] 15.7.
Participants spent aphg@rsaehtbd re [petrhdes nrtredavgesy sodf |
ta@Mk32%D=13Wompared to (Mh&28Drligand atsikknn e |
t a@kc2 498 D=8 %F( 1, 28)p==0d8,= . 147.

Pl anaedwpse compari sons shegthwdadarmr agirto s n
ofgr oiunp p hPavsR M 2 9%,S D=5 %wer e spesdahbger percent
ti mpha&erompared t M=a3BeSB-6MptFf D] A8 PpA=Q0Q@)7
=14We found a marginalphasewP@® E 480D of gr ou
% )wer e trendipmgnadt gwaanter tperpbaska@agrarodd t o
the c@MMrtI209D54%),F( 1, 28)p==0@)R 95. Nol 00X her group

effects were observed.
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%DistanceThe amdl perircentreaye ad gt @ncsant mai n
ot aplarticipants covered a small eM=percent a
118 D=5%compared thM=ROYEDRr4HPdnd atski(iM=1 t ask
208 D=7%F( 1, 28) p<30091L.,52A. $@tond main effect
f oprh aB(el , BB, p5.70PL, 2. . 92

Asi gnigfriocuapn th yn t pehrwaacs i oobnseesr Fa shPuw PeD 1
covered a greater perasemtBb. YIS Dolf ¥%Pdohasande w
M=19%85D4 .9%3 @mas@®@ =8 .%38SD=2.9%)i n comparison to
contphalsg=4 %]SD=-1.9%pphas@®=24%,% D=4 .96 pmas e 5
M=2 %/SD=2 UWF( 1, 28)p==6@P,=. .PABDered a small e
percentage pods@+239% & 0-d Y%anpghas@®=39%&D
=3.9%3compared tohabs@=288%85D04.%Jphas@®=3
30%,8D=3 YWBF( 1, 28)p==6d@9, =Pl a2 edwpse compari s
bet ween grosipgnreiveah®dmaipn i abfwpddsts eo 4,
19 . ,8%4. 3¢overed a significantliyphgdeater pe
compared t M=tlMe  SWAOt FHIls 28)p==606@9,=. . 125

Addi ti osnghi ¥ as &n biyntpeirasscet i opF( Wa228dpbser ve
=16.13,p< . Q@J1 36=5We ed o mp 0 ¢ @ kt tbign tpehrasocet i on by | oc
t ask diwiftehrienn cegdescshi prhiafsiecant mai n ppasectt of

F( 1, 2 8 ¥ p<= 3009.J11,

ph &bsle 12, 28)2,p<10@|124 phas e 3

F( 1, 2 8 B, p<= 5039.]12,

ph @656 14, 2 8 ¥, p<=. 1080.]11, = a n(@ % sk e
5F( 1, 28) p<=100.]219,G,A. 2@l lopmoorft idoimsa sa nccoever ed i n

corner task across tahbd hphasasksn compari so
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Figure 15
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CoV.The amdl tdhies coef fr ev etalt eetd fp avratrii caitp aomt
significant| phansoer el v(aM i=a b7pBeflosienSDHD EM13 %Y 0 %,

9 %) ,phaarsce 5 (M = 64%, PDase lB %) Mcos mp(alve dSDo
28) HAlp480@]1,=No84g2o0up effects were observert

Phase5We anal yzed phas etcdpturedany secondarg | v b e c al
corrective movements made after the first movement ended and, for the reversals and
corners, included the time participants dwelled on the target, a period we considered
particularly important for identifying freezinlike behaviours.

A significant main effect of task was found the analysis ophase 5
Participants had | onger 1(M3&OmMedbs2d Binens i n
compared to (M$u3el 3c,6MsMeOr6 ) amessd kt u (vi=e2 5 Ot, Snbsk
=8 Ing,F( 1, 283)p==6@6, =A. M&T7 gi nal simple effect
observed in PwWEPM=eviaggsSsbal 2@ swvker e trending t
greatansmavemant times in the revédr=sal t as|

30@sSD= 2Wy7F( 1, 28Pp==8@5,=. . 102

DodesachFemd or PrasndHeete 5S¢ n @ foiPtwP?D

We wantedangthnayge aixiho mtg per dbor maevecer s al
corner, andoudluchnedediacstksfreezing severity f
correlation analysis was performed to obse
relationship with freezingQ)Newveroft yoymksr ena
variables were correlated with freezing se

would be futile.
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CaReachFemd or BeUs etdCat egor i asBr ePevtteNO & r eez er s ?

We wanted to know if reaching perfor man
tasks could be used t o cfarteegzoerisz.e RPiwPsDt ,a sa
correlation analysis was performed to obse
measudea &aagnificant rel atF®&rsHMOwWs wi th fre.
assigned usQ)n.g The rINFOUGE t snegakarvreal aat isamgni
bet weebesnol ut e emr drhei m edfepdsdazli ntge Dka-taénpdd r vy ,
= 470 i ndincoadteirnagt eat IAcdmds hiiywen afldug dgni fi cant ne
correlation between reaction tr(mMe-)idn85,he c
p= .047, indicating a moderate relationshigj
observed.

We hamr ar chlicaqil stbii marggressions for eac
separately to catfergeoaz eres .f retewev er ,antdh en orne s
without si gnijifnidd a&ratt i porge d ihatorour model s wer

Pl ease sele Appendi x

Wal king Performance

To assess freezing of gaitlhwPD, we used three tasks known to elicit freezing
of gait: reversal, corner and tunnel. These tasks aimed to detect freezing behaviours,
primarily characterized by hesitations ayalt variability. Walking data were collected

for 30 participant¢16 control, 14PwPD).
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Do PweDf @ir fimf e thear@® h ty ooWad k Tamsgk s ?

Walking time. Th e an aMayl siiisnmge f rrevealged fi cant eff
HoweyPewPD wer e trendwalgktitimigdas8 ds$S DE.oSspy e r
compared toMz2h eSeso bspOwRWPD WHAza5)Nnot ably sl o
than the andeirs PmoPtD i ncl udeM=1N. 3 hse) ;a btolveey n
31 standard deviDateitohnesc séassednogerhat .  was
PD group from this participant,, avhseing ntihfeiyc a
mai n ef f eancats of(fesegnr@oiGégpu rPefNPiB3 . 1ISDs., 5 Pwesr e
significantly sl ower across dW#32 .we8Dsk,i ng t a

. 5RF(sl, 23Fp=.9QpB7T= .1909
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Figure 16
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DoaMa| kiPenrgf or RraendHeecte Se g foirt yPWwPD?

We wanted to know if anything about wal
corner, and tunnel tasks could predict fre

correlation anal ysiwhiweadd kp enrgf aremesds rtecs dhbasde

-

el ationship with freezing))seWVersiitgyni fas ame
correlation was waduwWktnidhngp ed we einr € dz iliv8@ sever.i
= 02 indicating Asignigkei cehatpomd Bioppeadcorr e
bet weemnwatlkkiimeé and frEdzi=snqp=5&®erndiycati ng

| arge relationship.

For the regression analyses, hierarchic
predict freezing severity in PwPD. Heal th
covariate in all/l model s to account for its
and -spesc&ki fitci was kweamge entered on | evel 2 .

Corner. Mo d e | 1 wa$( 5, Oh)ipf= cIRWD35063, health
rating percentage explained 46% of the variance in NlEDE8ealth rating percentage
demonstrated a significant relationship with freezing seve(ity) =-3.082,p = .010,
partialr =-.681. In model 2, the addition of cornera | ktimewggR| =p=.189 9,

did not significantly improve the model

Tunne. The only aspect of the tunnel anal ys
of corner wal king ti me wintmbdelt2uheadeitonatal ki ng

tunnelw a | ktimewggR# .012p=.639di d not significantly i mp
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Cawd kiPagf or BeUs etdCat egor i asBr ePevtteNO & r eez er s ?

We wanted to know if walking performanc
sks couktdtbgoumsd fP®mRRAerrese zoerr snorFi r st , a
rrelation analysis was performed to obse
asures had a significantFOG@r -&rOdGonshi p wi
signed usQ)ng The INdFOUWG ts revealed a signi

t wehpee r a g attiohipent deicneltehreatcionrgner task and

cat egdr2y, p= .508B6, indicating a | arge relat

Pl

pe
be

ignificant nweasatfbeewnehpar alg att ioBb@me nt

cel emndti ngnnel task rl@anha)7 58= @20 n g dd atad g org
mede ati onship. No ot her significant <corre
We ran hierarchical binary |l ogistic reg

parately to catfergeoaz eres . f rtewever ,antdh er orne s

i thout significant predictors, eirmpdiweateidng

ease seke Amppendcdiex cohreneod dsabréa tmodme | a s t

rcentage of timecspearstedi mMydeac alnernatitdr c
ing a freezefrr azadth)e Mostultlh.ek amoyeho be a f
an nepeind yyoue t.i midowtehceedpeerracteinntgage of ti
cel ei @t inmgg significantly predict whether

eezel?24Wa|=62) 85 50 94
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| SheaRel at i Bentsvhébenf or maby @& v e m&m@atc,hi ng, and

Wa | k Tansgkosr PwPD?

Wewanted to know i f performance across ¢
tasks weWexr omdluatted. a Pear s oenx anoirnree | caot mpoanr aal
metriceyacmogement, r etaacshkisngp omna Iwatl &n mige s
ti mes, mo vaenmle m € e tsitpraént ntee c T lee artiedoaml ttisf 1 ed t
significant positive correlations, both in
| atencies iwB3actkcadexpreaks mproe positively ¢
i n the reatcahs(kid)r epveb®@48Blecond, response | at
expressacanatdte task were positively correlat
corner( 1tl1gs ks . 5@FM4hese f i nddlIngme sspuogngsees tl a theant
i n express saccade eyd movemsehobweaskesaat eo
reaching tasks désisg hwaln tvweed etlo ckintow QUL t he
related to perfor mance sa.c rTohses rreesauclhtisn gi daenndt
significant positive correlations, each in
positively correlated with wa(kiMbp-moy emen
D7, the qdripéem=t2X,k,and t h(el )7 Pp=e.R80t as k
Additionally, the gap effect was positivel
decel erating i n fHAd )Wkt kOiPB.g Tchoersnee rr etsauslkt s s
| arger gap ef fietch sslaoweraswalck ian g¢ dt iwmes and

ti me spent in deceleration in tasks design
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Di scussi on

The purpose of this study wastuse the gap effect to evaluate executive function
and explore its relationship with freezirigye movement tasks were used to examine the
executive functions of release and inhibition, demonstrating how these processes
contribute to freezing in other motor tasRkslditionally, we aimed tanvestigate the
characteristics of FOUL and FOG using tasks designed to elicit FRiSstudy builds
on prior research demonstrating impaired oculomotor control, tippemotor deficits,
and gait disturbances in PD, particularly in task®lving executive functiorfBloem et
al., 2004; Das et al., 2016; Mazzoni et al., 20P2¢vious researdmasdemonstrated the
relationship between freezing and executive function by evaluating performance on pro
and antisaccade task®mboni et al., 2008; Gallea et al., 2021; Walton et al., 2006)
findings indicate that PwPD exhibited significantly larger gap effegisanand anti
saccade tasksompared to controls, with PwPD with FOG showing greatersaattade
gap effects than PwPD without FOG. Additionally, saxcade gap effects were
significant predictors of FOG severity. These results suggest that executive dysfunction,
as measured by dhprosaccade and argaccade tasks, are closely associated with FOG
in PWPD, supporting their potential as objective markers for assessing FQ®/s8ye
including gap and overlap timing conditions within pand antisaccade tasks
effectively utilizing the gap effectye were able to further support the relationship
between freezing and executive function.

We assessed participant demographics and used questionnairectiaiekttor
expected likenesses and differences between the control and PwPD Graujvgo

groups showed no significant differences in age or sex distribution, indicating similar
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basic profile metrics. Howevespmenotable differences between growpsre observed
Consistent with the clinical profile of PD, PwPD exhibited greater motor symptom
severity, more advanced Hoehn & Yahr stages, greater FOG seaadtgreater
experiences of depressioompared to the contrgkoup(Jankovic, 2008)Additionally,
thecontrols exhibited significantly higher MOCA scormsmpared to the PwRBmong

the PwPD, results from the NFO@ allowed categorization into freezers and-hon
freezers, with freezers exhibiting interesting variability in freezing severity, which proved

useful for analyzing the relationship between freezing and executive dysfunct

Executive Function and Freezing

The results of this study indicatieat PwPD ghibit significantly lower

performancehan controlon eyemovement tests axecutive functionreaching, and
gait, with ®memeasuregredicting FOG severity and differentiating freezers from-non
freezers, underscoring their potent@lserve as valuable markers for FOG prediction and
progression.

Our first hypothesis statethatfreezing is the result of advancing executive
dysfunction. We predicted that if executive function is underlying freettieggap effect
would be larger foPwPDwith FOG compared to PwPD without FOThe results
revealedhatP wPWi FOD®@® x hi bi ted signi f iccoamptalrye dl aroger
PwPWi t HdWGt

This rel ati oalsdanwidfewadwyef wsretplaarat ed- t he gafy
saccadesandaadaaetgap effects. By completing
di sent aredlemastethe omp-saencadadefgapeeptrect from

contr ol demands rsagwdadcd. gaih-safgfceadite gapi ef
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eals the advantage gained when particip
ation. By-saooadaesgapthéefaotirefl ects wh
| onger neefd xtao sroenll dbaustu sftrsambabetandegen
-sarctciade, which may be even more chall en
bilizing idhkuabsesenckt bDfxatsognificant

cade gap effect between PwPD witl and w
efgagne fi xation alone is rel aftheveadnyt ipres
cade gap effect revealed a marked diffe
i bited signsddcocadd |gyapfval yfewc talnatthaFOG. F
h FOG experienced a greater time cost w
gener at e aunvdoelru ngtaapr yt i.snaiTritgagices rediutl it o mgd i ¢

sting | it that RPMPD, pasticutanlyghgse with FQGg exhibit deficrts |

inhibitory control and voluntargaccade generatigfsallea et al., 2021; Nemanich &

Earhart, 2016; Walton et al., 2015)

dy s

cor

The proportion cionmdiecdt edchad ymewst gweeadeo
funouir oRafr ki nsonosPwpPdatdi @ai p @amwters pmmplpe.r t

respomaneaccade tasks, parcomparaed yt ont lyg

Cc 0 n t Anb-$ascade tasks require suppressing reflexive eye movements, a cognitively
demanding process reliant on intact frositakal ganglia connectivity (Munoz &

Everling, 2004). The reducgmtoportion of correct responsesPwPDsuggests that these
participants experienced greater difficulty inhibiting a raftexssaccadeThis finding

aligns with priorliterature demonstratinipat PwPD exhibit greater deficits in anti

saccade performance, reflecting compromisescutivecontrol (Walton et al., 2015;
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Nemanich & Earhart, 2016Ad di t i onalpryo p orhtei dnowoefri cmorrect
t haen-s accade gap comcidtuicerds pmay amr aftlog gt t i me
reflexive saccade due to therthek bighl kgh
executive f unct These resulksfsuggest tisaccadeasksinaldrliing

those involving gapiming conditions, may serve as sensitive, fiovasive markers for

assessing the relationship between executive dysfunction and freeBwg .

Taken together, these findings suggest that while oculomotor release mechanisms
(pro-saccade gap effeanay beintact, the added demand of inhibiting automatic
saccadic responséantisaccade gap effea@veals a significant deficit in PwPD with
FOG.These deficits likely stem from the disrupted basal gasigalamocortical circuits,
particularly those involving the direct and indirect pathways, which impair inhibitory
control and voluntary movement initiationhese findings have potential implications for
understanding the neural mechanisms underlying FOG, implicatstgmshat are
involved in both saccadic inhibition and gait regulation. Additionally, these results
contribute to a growing body of ikence that FOG is not merely a motor phenomenon,
but may stem from broader executive impairméAtaboni et al., 2008; Gallardo et al.,

2018; Gallea et al., 2021; Nemanich & Earhart, 2016; Walton et al.,.2015)

These results can be linked to the neuropathological changes in PD, particularly
the degeneration of dopaminergic neurons in the substantia nigra pars compacta, which
di srupts the basal gangliabés motor control
striatum, globus pallidus, subthalamic nucleus, and substantia nigra pars compacta,

regulate voluntary motor control through the direct, indirect, and hyperdirect pathways.
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Il n PD, the | oss of dopaminergic iIinput to t
to disinhibit thalamocortical projections, which are critical for initiating voluntary
movements, such as voluntary saccades insacttade task&lbin et al., 1995) This
impairment likely contributes to the observed difficulties in generating voluntary
saccades in PwPD with FOG. Additionally, theightened activity withithe indirect

pathway resulting fromreduced dopaminergic modulationgreasesnhibitory output to

the thalamusThis elevated inhibitiofurther suppressvoluntary motor actions and
contributes taleficits in inhibitory contro(Albin et al., 1995)Such dysregulatioaligns

with the larger antsaccade gap effects observed in Pwi FOG, reflecting

challenges in suppressing reflexive saccades. The hyperdirect pathway, which provides
rapid inhibitory control over motor output via cortical projections to the subthalamic
nucleus, may also be disrupted by excessive subthalamiaswadavity in PD,

impairing the ability to modulate ongoing movements and contributing to the executive

deficits observed in the ardaccade task@\lbin et al., 1995)

PrediFcteielSg ngls it BgMo ve mRermrtf or mance

Our predicton thatthe gap effect woulte positively correlatd with FOG
severitywas supported. Thewasa si gni fi cant posi tpirrwe corre
saccadéfgap andikROGcaeveaegi tyhwat individual s
experienced morehisevahehdamlerze qirge s sTihhen anal
supported t;thepsosaceatlegapifeot acedunted fdd2% of the variance
in FOG severityThese findings suggest that deficits in disengaging frisomal fixation,
as captured by the gap effect, are closely linked to FOG severity. Thiswligns

previous literaturewhich suggests th&OG arises froncomplexdisruptions in neural
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systemsparticularly thosénvolving the basal ganglidrontal cortexand their associated
pathways, such as the cortibasal ganglidhalamacortical loop. These regions are
critical for coordinating motor planning, execution, and modulation, as well as executive
function,which are critical fogait andoculomotor contro(Lewis & Barker, 2009; Nutt

et al., 2011) Thepro-saccade gapffecis predictive power malyereflecting shared
mechanisms between oculomotmpairments (indicating executive dysfuncti@md

gait impairments, as both require efficient initiation and inhibition of moven{&atiea

et al., 2021)Freezing may arise from difficulty releasing from a current motor state,
whether that state is a sustained oculomotor fixation or a partghéage ofjait While
earlier analyses indicated that only the @aitcade gap effect differentiated freezers
from nonfreezers, the predictive role of the paccade gap effect suggests that both
pro- and antisaccade measures may capture distinct but complemespagta of
freezing.Difficulty with inhibitory control, as reflected in the argaccade gap effect,

may tip individuals toward developing freezing in the first place, whereas variations in
motor release, indexed by the yaccade gap effect, may helpatetine the severity of
freezing once it is presemoth the presaccade and argaccade gap effectiserefore

differ between freezers and nimneezers but indistinct waysThis relationshigurther
supports th@otential of eye movemertdsks which assess executive functi@s, tools

for assessing FOG severity, consistent with prior studies linkingsaotiade latency to

FOG onse(Gallea et al., 2021)

Freeasng Gl obal Mot or Phenomenon

Our seconchypothesisthatfreezing is a more global motor phenomenon, not just

restricted to gait, was partially supported.
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ReacliPe mfgor ma nrceee zainndg lFo imbYdpper

The reaching tasks revealed significdifterences betweeRwPDandcontrols
across multiple masuresincluding reaction time, accura@ndprecision,along with
%Time and %Distancia thetransitional phase PwPDshowedgreaterreaction times
than controls on the reversal task, suggesting ity havehesitationsvheninitiating
movements, particularly when tasks require directional changesfiddiigg is
reminiscent othestart hesitationsbserved in FOG, where hesitations are common
during gait transitions (Nutt et al., 2011). These findings align with prior research
indicating that PwP[2xhibit impairmentsvith movement initiation under complex task
demandsSuch impairments are thought to arise from dysfunction within the basal
ganglia, which normally help coordinate and select motor actions based on cognitive
context. When dopaminergic | oss disrupts t
coordinate iformation between frontal executive regions and motor circuits is
compromised. As a result, PwPD may struggle to switch between, or initiate movements
when tasks place higher demandsoth cognitive control and motor execution.
(Mazzoni et al., 2012; Heremans ampid al ., 20
directional shift likely exacerbates these deficits, supporting the notion that FOUL may

sharecommonmechanisms with FOG.

In ourtasks, PwPD showed lower accuracy and precision in deptipared to
thecontrols Previousstudies repdrincreased movement variabiligsa defining aspect
of FOUL (Heremans et al., 2016)he variabilityshown byour PDparticipantamay
indicatethe successful induction of freezitige behaviours in an uppdimb reaching

taskthat wasdesigned based on conditions known to elicit FA@Ghe level of analysis
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presented in this thesis, we have not yet identified which specific trials participants
exhibited freezing behaviours. However, the aggregate results suggest that such freezing
behaviours were present. Moving forward, analyses that categorize trialsiegdorthe
presence of freezing will provide more precise insights €d&p in this direction is the

examination of movement phases, which is discussed in the following section.

In analyzingthe reaching phases, our primary intereaswhether PwPD
exhibiteddifferences in reaching movemenlisring transitional periodgat the beginning
or end of the movementpmpared to control§ince PwPD are more likely to
experience FO@uringtransitiors, observing freezinglke behaviours inthetransitional
phases of mupperlimb reaching task may heldentify instances of FOULHowever, at
this stage, these observations are descriptive; only analyses that explicitly attempt to
correlate FOG with FOUL or use FOUL measures to explain FOG (as will be presented
in the following section), can help to formally establish a link betwtbe two

phenomena.

Analysis of the percentage of time spent in each phase revealadjgal group
by phase interactigisuggesng that PwPD may differ from controls in hawey allocate
time across movement phases, such as initiating, executing, and terminating reaching
movements. This indicates that PwPD may spend relatively more or less time in specific
phases, reflecting subtle differences in motor planning, executitransitions between
movement stateg\lthough ths interaction did not reach conventiotedels of
significance pairwisecomparisons revealed meaningful differences within specific task

phases that aligned with our theoretical expectations. During Zhasperiod of



82

acceleration, PwPD speatsmaller percentage of timempared to the controlg phase

4, a periobf decelerabn andpreparation for either reversing direction, turning a corner,
or passing through thartual tunnel, PwPDcovered a greater percentage of distance
compared to control§ hese findings are indicative of movement hesitations and
freezinglike behaviours during periods of transition. Togethieey suggest that FOUL

may manifest ascreasednovement variabilityanalogous to gait hesitatioasenn

FOG (Cowie et al., 2012T.hese results support the idea that freezing is a more global
motor phenomenon, not restricted to gait alone, and that conditions known to elicit FOG
also appear to trigger freezitige behaviours in the upper limbs, potentially indicating

shared mechasins between FOG and FOUL.

Wal king Perfroemanang aorfd Gait

OnparticiDawnwbays tnhot abhsghel owkPue Pw®D.
t hvear iiamtcreoduced by this individuah, their
significant mamwml &f g cTthii eakighightsihe pn g
heterogeneity of motor symptoms in Rihereextreme variability can obscure group
differences in smaller samples (Chee et al., 2009). The task desigmorating
directional changes and spatial constraialisng withthe prolonged walking times
suggestshat these taskmay havesuccessfullyprovoked FOGCowie et al., 2012).
Significant correlations between walking movement tinmethe corner and tunnel tasks
and freezing severitjurther support thigpotentiallyreflectingimpaired executive
control over gait initiation and modulati¢@allea et al., 2021; Petrucci et al., 2022)

Future analyses will aim to identify specific trials that are more likely to exhibit freezing,
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allowing for more precise examination of the relationship between movement hesitations
and freezing behaviours.

The hierarchical linear regression models did not show significant improvement
with the addition of walking times$iealth rating percentage wasonsistensignificant
covariate showing a significanhegative correlation with FOG severiguggesting that
selft-perceived health status reflects underlying motor anehmator impairments (Giladi

et al., 1997).

Thihterseé&tdMowne msgRetac hi n@gi tand

Ourfinal prediction that FOUL, FOG, and executive function defigiteasured

using saccadtasks would be relatedas partially supported.he corr el ati on a
bet ween eye, hand, raemnvdtaWwatdkrsehggpveeres d olr antaenrc @i
pr-and -saanctciade tasks were associated with s
corner reaching saggesstiregpelcanreel mot or or
deficits i n PwHDwgnTh etstee E Raomtdlii onrg stchhaitn g i mp a
i n PD may stem from common deficits in mot
driven by dysfunction in the (INasal egamgl i a
Thgap ti mi nsga cccoanddel ttiaosnk st i wéi dbsésgobae mente
requtio erdel eva skuial anbanyont ap i nt o csoinmirboldl b smee c h a
i hhe reachhegalsaerksd adfiltoenshvegr | ap ti ming coc
S uggtelstaid isseng ageo®mersts k migy citm@rdae risntga@ed z i ng

ot huepper Fluirmbhetrhpeo e 8 em e lea tosi dmostthiagp d eant |
saccade gapndcidchadiitetsiionng i ati on and inhibitio

assiensgreadbsi | ity ftacc ciapdrugege bymaprowygiagge candi
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mor e complHeotwee vpeirc,t grhesuigdf d e RwmR R swi tth FOG vs
PwPD without B@G)X afder gtalpe egf®ct suggests f
relatisnetNodgad!| ysactcbadprgap effect is corr
severity, indicating that even in the abse
variabi-satgade pgpap performance may refl ect
| mpair ments.

Theorrel at ben waral vyyes hand, and wal kin
reveal ed signifi chet wehees igtaipv ee frfeelcatt iaonnds hw ap
time in the reversalddicagromdar,| gampd etf drerce | wta
correlated with the percent agal ktfiandgi me s pe
These results suggest t hbaottwhltahr gselro wgearp wed Ifkei
times and a greatedeperematiaggsofiesi maedpe
This may indicate that executive dysfunct:i
contribute to expgeridrcadmsckdtrofFretiGatdlelspi acr
three domains (eye movepreauvisgu g elaictha majt, u rae
notofonfreezi-thgmaisn ap me@Galimeenao net al ., 2021;
2019; Nemanich & Ear harTthebz2@rt&edWaloror| att i
bet weenm veyneead g, hianngd pvearl fka mmgagmeest t hat defic
visuomotor integration may contribute to m

Il nvestigation into the neural mechanisms o

Strengths

This study has sever-prosbkengthask3hére

corner enhameceldpgi ckaymi vianbge-dd t lyd chal |l enges
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PwPD. The boghpsaond ovVvVerilthp chbadghkhsieaddedn
granul arity to the assessment of executive
(Kingstone &i Klddhleay ;tholh®8%i3n) .assmessement ¢ ey e
reachigoafiftgr ed mpr e hensoifv stohteo n |l dm f P,wiR D s
aligning with calls for idtregrzatnigv(dNedpyri omau

et al., 2011)

Limitations

Several limitations should be considered when interpreting the findings of this
study. First, the small sample si2¢=£ 30) restricted statistical power and. Second,
reliance on the NFO® as a measure of FOG severity introduces potential recall bias
andinaccuracies due the subjective nature of the questionnaire \nging symptom
awareness among participaffseuwboer et al., 2009 hird, theuse ofshoulder data
for walking analysis, while practical, may have missed critical ldim@p kinematics,
thatcould haveprovidel deeper insights into FOG. Finallgithoughthe reaching and
walking tasks were designed to simulate FQr@voking conditions, freezing is
notoriously difficult to elicit in labratorysettings potentially reducing the ecological
and construct validity of our objective measures ansliservedreezinglike
behavioursEncouragingly, the current dataset provittesopportunity to address these
limitationsby evaluating the ankle and accelerometer data collected in this study but not
analyzed for this thesisukire analyses are planned to examine both reaching and

walking kinematics in greater detalil.
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Future Directions

Building on the current findings, the n
| ongerm anal yses. Il n the short term, we pl:
detail to identify slpiekefbhbehaviadmrss i oc ovinn c

mormpe eci se characterization of FOWmhadrydeits
both ankl e awdl Bt noglndeboaveet eorur measur ement s
i mpai Achdnt itohnealrleyv,er sal and corner tasks ea
i nitmavement from the start position to ta
from target one to target two. ToOoO ensure cC
movement was anaHuwtzuerde isatnoaulhydsseeskx pé ®r €. t he s
movemiemtt he reversal and corner tasks for |
reveal addi-ltiikoen ailmasfttr aeneczmitsti ghelssn st he | onger t
anal yzi ng tchoel |sepceteecdn idoaltaah iubnydseorusdtya nndayng of
f r eg z if nusrutphpentghteo n codf prte e zp anrgt g dosf b aal mot or

phenomewntonr. e srheosuedadr cahi m t o replicate these

di ver se ismonpdtaastei so i ¢ al power and generali z

Conclnusi o

This study is among the first &xaminethe interplaybetweereye movement,
reaching, and gait performance in PwPD compé&pexbntrols, with a focus on the
relationshipbetween freezingnd executive function. Our most notable findmasthat
PwPDexhibited significantly larger gap effects than contrafgjthatPwPDwith FOG
exhibitedsignificantlylargerantisaccade gaeffects than PwPvithout FOG.

Furthermorethepro-saccade gagffect significany prediced FOG severityThese
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findingssuggest thadaccadeéasksmay serveas a nofinvasive tool for assessing motor
andexecutive functioreficits in RvPD. This studyalsoprovides evidence of significant
differences in reaching performance between PwPD and controls, particularly in reaction
time, movement time, accuracy, and precisitasks involving directional changes and
spatial constraints eli@tlthe most pronouncetifferencesin addition PwPDdisplayed
distinctdifferences irgait measure tasks designed farovokeFOG. Time spent
deceleratingn the corner and tunnel tasks showed promisdassdyingfreezers,
althoughfurther analyseare needed trefinethese findings.

Consistent with prior literature, these results underscore the importance of
incorporating mulidomain motor assessments in the evaluation of HD&.
relationships between eye movemeaaching and walkingasks suggest shared deficits
in motor andexecutive functionofferingpromisingavenues for further researdespite
its limitations, this study contributes tmr understandin@f the complex interplay
betweermrmotor and cognitive deficits IROG.While the relationship between eye
movemens, FOUL, FOG, and executive functiomarrantsfurther explorationpur
findings highlightthe need for thorough, integrative assessmaeittimately aimed at

improving outcomes foPwPD.
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Appendi x A

Letter of Information & Consent Form

Action & Cognition @ Trent (ACT) Lab : I :
actlab.trent@gmail.com -

Lizna E. Brown, Ph.D. UNIVERSITY
Associate Professor, Psychology

Telephone: (705)-748-1011 x7238

Fax: (705)-748-1580

Email: lianabrown(@trentu.ca

Letter of Information

Project Title: Bridging the Gap: Exploring Freezing Using the Gap Effect In People Living with Parkinson's
Disease

Graduate Student Investigator: Leah Steinke, B.Sc.

Faculty Investigators: Liana E. Brown, Ph.D.

0. Purpose:

The purpose of this study is to measure if and how eye movements in people living with Parkinson’s Disease who
experience freezing are different from people living with Parkinson’s Disease who do not experience freezing.

1. Participation inclusion/exclusion criteria:

‘We will be recruiting two different groups of participants. The first group will consist of individuals living with
Parkinson’s Disease who are free from other neurological diagnoses. The second group will consist of people
without Parkinson’s disease. You must have normal or corrected-to-normal vision (i.e., vision that is normal with
glasses or contacts), and normal or corrected-to-normal hearing. Healthy controls must be free from a history of
neurological dysfunction.

2. Procedures to be followed:

All of the procedures described here have been reviewed and approved by the Trent Research Ethics Board (REB
#29036). You will be asked to complete questionnaires that ask about your current health, psychological well-being,
and your cognitive abilities. We will also ask you to complete several eye-movement tasks, and tasks testing your
thinking skills. The eye-movement tasks will assess your ability to make a quick eye movement to a target. You will
wear an eye-tracking camera that will be mounted on a set of safety glasses. You will look at targets on a computer
screen and we will measure the speed and accuracy of your eye movements. You will also complete tests assessing
how quickly you can generate words, switch between two tasks, and how well you can withhold a response. All of
the tests will have easy components and difficult components — they are designed to challenge you and to eventually
be difficult for everyone. You will be given clear instructions and an opportunity to practice each test before
beginning.

3. Duration of study:

Your participation in this research will involve a single, 2 hour session.

4. a. Benefits to you:

There are no direct benefits to you . Please understand that we are not clinicians; the data we collect will not be used
to inform your medical case or your treatment. We will not be able to share a summary of your performance with
you. We will provide you with a report describing the outcome of the study when it is complete.



b. Benefits to society:
Vision and mo are key comp of life. Our ability to care for ourselves and for our families is dependent
upon our ability to move. This research may help us better understand the experiences of people living with
Parkinson’s Disease.

5. How the data will be used:

The researchers declare that they have no potential conflicts of interest: we will not experience any specific personal
or financial gain or loss from the results of this experiment. In the future we may publish the data in a scientific
journal and present it at a scientific conft We may ize the results in a 5-10 minute podcast and on
other social media channels.

6. Voluntary participation:

Your participation is entirely voluntary. You are free to stop participating in the research at any time or to decline to
answer any specific questions or perform any tasks without consequence or loss of promised comp ion. You
may ask questions at any time to determine whether you would like to proceed or not. We will ask you if it’s OK to
proceed before each test and this will serve as a reminder of your right to decline or withdraw. To withdraw from the
experiment, you simply need to inform the investigator of your wish to withdraw. If you withdraw, all of your
digital data will be deleted and your paper data will be shredded and discarded.

7. Statement of confidentiality:

Your participation in this research is entirely confidential. Only the person(s) in charge will have access to
identifying information. To make sure that participation is confidential, individuals’ data will be distinguished by a
code number and only Leah Steinke and Liana Brown will have access to the materials that link names to the code.
In the event that this research is published, only summaries of demographic information will be included and no
personally identifying information will be disclosed. Movement tracking and reaction time data will be encrypted
and stored indefinitely on a cloud storage. Deidentified data - data from which all identifying information is
removed or only averages are provided - may be uploaded to a data sharing site that can be accessed by other
scientists for analysis. It will not be possible for others to identify any of the participants from these data sets.

8. Discomforts and risks:
Some of the questionnaires will ask for sensitive information about your current health and behaviours. You may

find these questions stressful. You are free to decline to answer any or all of these questions without consequence or
loss of compensation.

The tests you will be p d with are designed to measure your strengths and weaknesses and may be
challenging. This experience may be uncomfortable temporarily but challenging in an i ing way. Some
individuals may find them frustrating; however, the risks involved are no more than those involved in performing
your daily activities. There is a risk of falling throughout the experiment. You are, as always, free to withdraw from
the study if you wish.

9. Post-experiment feedback and right to ask questions:

You will be given an opportunity to ask any questions that you may have, and all such questions or inquiries will be
answered to your satisfaction. After you have finished participating, you will receive a more detailed explanation of
the study and any questions that you have at that time will be answered. If you have questions in the future, you are
welcome to contact Leah Steinke at leahsteinke(@trentu.ca or Liana Brown at 705-748-1011 x7238 or
lianabrown(@trentu.ca

10. Compensation:

In return for your participation, you will receive $20 per hour ($10 for each half-hour of participation up to $40
total). For example, if you withdraw after 40 minutes, you will receive $20.
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Action & Cognition @ Trent (ACT) Lab P ’ C’g

actlab.trent@gmail.com T KE T “ y
. UNIVERSITY

Liana E. Brown, Ph.D.

Associate Professor, Psychology

Telephone: (705)-748-1011 x7238

Fax: (705)-748-1580

Email: lianabrown@trentu.ca

Consent Form

Project Title: Bridging the Gap: Exploring Freezing Using the Gap Effect In People Living with Parkinson’s
Disease

Grad Student Investigator: Leah Steinke, B.Sc.

Faculty Investigators: Liana E. Brown, Ph.D.

I have read the letter of information and have had the nature of the study explained to me. All questions have been
d to my satisfaction. I understand that all of the procedures for this study have been reviewed and received
clearance from the Research Ethics Board at Trent University, (REB #29036). If I have comments or concerns
resulting from my participation that I do not feel comfortable talking about with the Faculty Investigator, I can
contact the Coordinator, Research Conduct and Reporting Officer, Anna Kisiala at 705-748-1011 ext. 7896,
researchintegrity@trentu.ca.
By signing below, I consent to participate in this study and acknowledge the potential risk. I understand that I may
withdraw this consent at any time without penalty or loss of compensation by telling the researcher.

Q Iagree to be videotaped
Q Iagree to have my speech recorded

Participant:

Signature Date

Print Name

Experimenter:

I certify that the informed consent procedure has been followed and that I have answered any questions from the

participant above as fully as possible.

Signature Date

Print Name



Appendi x B

Hospital Anxiety and Depression Scale

Hospital Anxiety and Depression Scale (HADS)

Tick the box beside the reply that is closest to how you have been feeling in the past week.

Don’t take too long over you replies: your immediate is best.
D |[A D A
| feel tense or 'wound up': | feel as if | am slowed down:
3 Most of the time 3 Nearly all the time
2 A lot of the time 2 Very often
1 From time to time, occasionally 1 Someti
0 Not at all 0 Not at all
1 still enjoy the things | used to I get a sort of frightened feeling like
enjoy: ‘butterflies’ in the stomach:
0 Definitely as much 0 Not at all
1 Not quite so much 1 Occasionally
2 Only a little 2 Quite Often
3 Hardly at all 3 Very Often
| get a sort of frightened feeling as if
something awful is about to I have lost interest in my appearance:
3 Very definitely and quite badly 3 Definitely
2 Yes, but not too badly 2 I don't take as much care as | should
1 A little, but it doesn't worry me 1 | may not take quite as much care
0 Not at all 0 | take just as much care as ever
| can laugh and see the funny side | feel restless as | have to be on the
of things: move:
0 As much as | always could 3 Very much indeed
1 Not quite so much now 2 Quite a lot
2 Definitely not so much now 1 Not very much
3 Not at all 0 Not at all
Worrying thoughts go through my I look forward with enjoyment to
mind: things:
3 A great deal of the time 0 As much as | ever did
2 Alot of the time 1 Rather less than | used to
1 From time to time, but not too often 2 Definitely less than | used to
0 Only occasionally 3 Hardly at all
1 feel cheerful: 1 get sudden feelings of panic:
3 Not at all 3 Very often indeed
2 Not often 2 Quite often
1 Sometimes 1 Not very often
0 Most of the time 0 Not at all
| can sit at ease and feel relaxed: | can enjoy a good book or radio or TV
program:
0 Definitely 0 Often
1 Usually 1 Sometimes
2 Not Often 2 Not often
3 Not at all 3 Very seldom
Please check you have answered all the questions
Scoring:
Total score: Depression (D) Anxiety (A)

0-7 = Normal

8-10 = Borderline abnormal (borderline case)

11-21 = Abnormal (case)
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Dutch Handedness Questionnaire

Dutch Handedness Questionnaire (Van Strien, 2002)

Instructions: A pumber of activities in which you can use either your left or your right hand are specified below.
Indicate which hand you usually use for these activities. Visualize the activity in question if you are not immediately
sure of an answer. If you don’t have a clear preference, indicate that you use both hands. For tasks that require both
hands, please indicate the hand that does the primary action. For example, when unscrewing a water bottle one hand
does the primary action of unscrewing, and the other hand secondary action of stabilizing/holding the bottle.

Q1 Hold scissors Q7 Throw a ball
Left (1) Let (1)
Right (2) Right (2)
Both {3} Both (3)
Q2 Drawe. 08 Hold a hammer
Left (1) Left (1)
Right (2) Right (2)
Both 3) Bath (3)
Q3 Screw the top off boule 0 Wite your name
Lefi (1) Left (1)
Right (2) Right (2)
Both (3) Both (1)
04 Deal eards Q10 Hold & racket when playing tennis
Left (1) Left (1)
Right (2) Right (2)
Q5 Hold ot when brushing ieeth (!]ITWI::}:;UI
Left (1) Leit 1)
Right (2) Right (2)
Both (3} Bath (3)
6 Use a bostle opener Q12 Cut with a knife (withaut a fork)
Left (1) Left (1)
Right (2) Right (2)
Both {3} Bath (3)
QI3 Stir with 3 spoon Q15 Strike a maich
Ledl (1) Lett (1)
Right (2) Right (2)
Boh (3) Both (3)
Q14 Use an eraser on paper Q16 Opena bus ki
Lefl (1) Left (1)
Right (2) Righ (2)

Both (3) Both (3)
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New Freezing ofGait Questionnaire

New Freezing of Gait Questionnaire

Part I — Distinction Freezer — non-Freezer, over the past month

1. Did you experience “freezing episodes” over the past month?

Without video

Freezing is the feeling that your feet are transiently glued to the floor while trying to
initiate walking, making a turn or when walking through narrow spaces or in
crowded places? Sometimes it can be accompanied with trembling of the legs and

small shuffling steps.

Additional instructions with video

We will watch a short video together to see the many ways in which freezing can
occur. Also, look carefully for how long these episodes last, as you can expect some

questions on this later. (tester points out the clock on video clip)

0. I have not experienced such a feeling or episode over the past month

1. I have experienced such a feeling or episode over the past month

If the answer is 1 (patient is a freezer) complete part II and III. The sum of part 11

and I11 is the final NFOG score.

10z
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4. Very long, unable to walk for more than 30 s.

5. How frequently do you experience episodes of freezing when initiating the

first step?

0. Never

L. Rarely, about once a month

2. Not often, about once a week

3. Often, about once a day

4. Very often, more than once a day

If the answer 1 or more go to question #6. If the answer is 0, go directly to #7.

6. How long is your longest freezing episode when initiating the first step?

1. Very short, 1s.
2. Short, 2-5 s.
3. Long, between 5 and 30 s.

4. Very long, unable to walk for more than 30 s.

Part III — Freezing impact on daily life

7. How disturbing are the freezing episodes for your daily walking?
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Part II — Freezing severity

2. How frequently do you experience freezing episodes?

0. Less than once a week
1. Not often, about once a week
2. Often, about once a day

3. Very often, more than once a day

3. How frequently do you experience freezing episodes during turning?
0. Never

1. Rarely, about one a month

2. Not often, about once a week

3. Often, about once a day

4. Very often, more than once a day

If the answer is 1 or more go to question #4. If the answer is 0, go directly to #5.

4. How long is your longest freezing episode during turning?

1. Very short, 1 sec
2. Short,2-5s.

3. Long, between 5 and 30 s.




0. Not at all
1. Very little
2. Moderately

3. Significantly

8. Do the freezing episodes cause feelings of insecurity and fear
of falling?

0. Not at all

L. Very little

2. Moderately

3. Significantly

9. Are your freezing episodes affecting your daily activities?
(Rate the impact of freezing on daily activities only. Not the impact of the

disease in general)

0. Not at all, I continue doing things as normal

1. Mildly, I avoid only few daily activities

2. Moderately, I avoid a significant amount (about half) of daily
activities

3. Severely, I am very restricted in carrying out most daily activities

10t
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Frontal Assessment Battery

C instructi and ing of the FAB

1. Similariti

“In what way are they alike?”

A banana and an orange (In the event of total failure: “they are
not alike” or partial failure: “both have peel,” help the patient by
saying: “both a banana and an orange are...”; but credit 0 for the
item; do not help the patient for the two following items)

A table and a chair

A tulip, a rose and a daisy

Score (only category responses [fruits, furniture, flowers] are
considered correct)

Three correct: 3

Two correct: 2

One correct: 1

None correct: 0
2. Lexical fluency (mental flexibility)

“Say as many words as you can beginning with the letter ‘S,
any words except surnames or proper nouns.”

If the patient gives no response during the first 5 seconds, say:
“for instance, snake.” If the patient pauses 10 seconds, stimulate
him by saying: “any word beginning with the letter ‘S.’ The time
allowed is 60 seconds.

Score (word repetitions or variations [shoe, shoemaker], sur-
names, or proper nouns are not counted as correct responses)

More than nine words: 3

Six to nine words: 2

Three to five words: 1

Less than three words: 0
3. Motor series (programming)

“Look carefully at what I'm doing.”

The examiner, seated in front of the patient, performs alone
three times with his left hand the series of Luria “fist—
palm.” “Now, with your right hand do the same series, first with
me, then alone.” The examiner performs the series three times
with the patient, then says to him/her: “Now, do it on your own.”

Score

Patient performs six correct consecutive series alone: 3

Patient performs at least three correct consecutive series alone: 2

Patient fails alone, but performs three correct consecutive se-
ries with the examiner: 1

Patient cannot perform three correct consecutive series even
with the examiner: 0
4. Conflicting instructi itivity to interfe

“Tap twice when I tap once.”

To be sure that the patient has understood the instruction, a
series of three trials is run: 1-1-1. “Tap once when I tap twice.” To
be sure that the patient has understood the instruction, a series of
three trials is run: 2-2-2. The examiner performs the following
series: 1-1-2-1-2-2-2-1-1-2.

Score

No error: 3

One or two errors: 2

More than two errors: 1

Patient taps like the examiner at least four consecutive times: 0
5. Go-No Go (inhibitory control)

“Tap once when I tap once.”

To be sure that the patient has understood the instruction, a
series of three trials is run: 1-1-1. “Do not tap when I tap twice.”
To be sure that the patient has understood the instruction, a
series of three trials is run: 2-2-2. The examiner performs the
following series: 1-1-2-1-2-2-2-1-1-2.

Score

No error: 3

One or two errors: 2

More than two errors: 1
Patient taps like the examiner at least four consecutive times: 0
6. Prehension behavior (envi g N
“Do not take my hands.”

The examiner is seated in front of the patient. Place the pa-
tient’s hands palm up on his/her knees. Without saying anything
or looking at the patient, the examiner brings his/her hands close
to the patient’s hands and touches the palms of both the patient’s
hands, to see if he/she will spontaneously take them. If the patient
takes the hands, the examiner will try again after asking him/her:
“Now, do not take my hands.”

( lization)

)

Score

Patient does not take the examiner’s hands: 3

Patient hesitates and asks what he/she has to do: 2

Patient takes the hands without hesitation: 1

Patient takes the examiner’s hand even after he/she has been
told not to do so: 0

10¢€
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Montreal Cognitive Assessment

NAME :
MONTREAL COGNITIVE ASSESSMENT (MOCA) Education : Date of birth :
Sex : DATE:
VISUOSPATIAL / EXECUTIVE Copy Draw CLOCK (Ten past eleven)
cube (3 points)
End o
Begin
[ ] [ ] [ ] [ 1] [ ] |7
Contour Numbers Hands
_/3
MEMORY Read list of words, subject FACE VELVET | CHURCH DAISY RED
must repeat them. Do 2 trials. - No
Do a recall after 5 minutes. st trial i
2nd trial points
ATTENTION Read list of digits (1 digit/ sec.). Subject has to repeat them in the forward order [ ] 21854
Subject has to repeat them in the backward order [ ] 742 _/ 2
Read list of letters. The subject must tap with his hand at each letter A. No points if 2 2 errors
[ ] FBACMNAAJKLBAFAKDEAAAJAMOFAAB N
Serial 7 subtraction starting at 100 [ ] 93 [ ] 86 [ ] 79 [ ] 72 [ ] 65
4 or 5 correct subtractions: 3 pts, 2 or 3 correct: 2 pts, 1correct: 1 pt, o correct: 0 pt _/3
LANGUAGE Repeat : | only know that John is the one to help today. [ ]
The cat always hid under the couch when dogs were in the room. [ ] _ /2
Fluency / Name maximum number of words in one minute that begin with the letter F [ ] (N =1 words) _/ 1
ABSTRACTION Similarity between e.g. banana - orange = fruit [ ] train-bicyde [ ] watch - ruler /e
DELAYED RECALL Has to recall words FACE VELVET CHURCH | DAISY RED Points for /5
UNCUED —
WITH NO CUE [ ] [ ] [ ] [ ] [ ] recall only
Category cue
Optional Multiple choice cue
OR ATIO [ ]pate [ ]Month [ ]vear [ ]pay [ ]Pace [ lcity /6
© Z.Nasreddine MD Version November 7, 2004 Normal 2 26 /30 TOTAL _/30
www.mocatest.org Add 1pointifS12yredu  J
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Uni fied Parkinsonds Disease

Part lll: Motor Examination

Overview: This portion of the scale assesses the motor signs of PD. In administering Part Ill of the MDS-UPDRS
the examiner should comply with the following guidelines:

At the top of the form, mark whether the patient is on medication for treating the symptoms of Parkinson's disease
and, if on levodopa, the time since the last dose.

Also, if the patient is receiving medication for treating the symptoms of Parkinson's disease, mark the patient's
clinical state using the following definitions:

ON is the typical functional state when patients are receiving medication and have a good response.

OFF is the typical functional state when patients have a poor response in spite of taking medications.

The investigator should “rate what you see.” Admittedly, concurrent medical problems such as stroke, paralysis,
arthritis, contracture, and orthopedic problems such as hip or knee replacement and scoliosis may interfere with
individual items in the motor examination. In situations where it is absolutely impossible to test (e.g., amputations,
plegia, limb in a cast), use the notation “UR" for Unable to Rate. Otherwise, rate the performance of each task as the
patient performs in the context of co-morbidities.

All items must have an integer rating (no half points, no missing ratings).

Specific instructions are provided for the testing of each item. These should be followed in all instances. The
investigator demonstrates while describing tasks the patient is to perform and rates function immediately thereafter.
For Global Spontaneous Movement and Rest Tremor items (3.14 and 3.17), these items have been placed
purposefully at the end of the scale because clinical information pertinent to the score will be obtained throughout the
entire examination.

At the end of the rating, indicate if dyskinesia (chorea or dystonia) was present at the time of the examination, and if
so, whether these movements interfered with the motor examination.

3a Is the patient on medication for treating the symptoms of Parkinson’s disease? Ono O ves

3b If the patient is receiving medication for treating the symptoms of Parkinson'’s disease,
mark the patient's clinical state using the following definitions:

D ON: On is the typical functional state when patients are receiving medication and have a good response.

O oFF: offis the typical functional state when patients have a poor response in spite of taking medications.

3c Is the patient on levodopa ? D No D Yes

3.C1 If yes, minutes since last levodopa dose:

Last updated August 13, 2019 | Copyright © 2008 International Parkinson and Movement Disorder Society. All rights reserved Page 17
This scale may not be copied, distributed or otherwise used in whole or in part without prior written consent of the International Parkinson and Movement Disorder Society
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SCORE

3.1 SPEECH

Instructions to examiner: Listen to the patient’s free-flowing speech and engage in conversation if
necessary. Suggested topics: ask about the patient’s work, hobbies, exercise, or how he got to the
doctor’s office. Evaluate volume, modulation (prosody), and clarity, including slurring, palilalia (repetition
of syllables), and tachyphemia (rapid speech, running syllables together).

0: Normal: No speech problems.

1: Slight: Loss of modulation, diction, or volume, but still all words easy to understand.

2: Mild: Loss of modulation, diction, or volume, with a few words unclear, but the overall
sentences easy to follow.

3: Moderate: Speech is difficult to understand to the point that some, but not most, sentences are
poorly understood.

4: Severe: Most speech is difficult to understand or unintelligible.

3.2 FACIAL EXPRESSION

Instructions to examiner: Observe the patient sitting at rest for 10 seconds, without talking and also
while talking. Observe eye-blink frequency, masked facies or loss of facial expression, spontaneous
smiling, and parting of lips.

0: Normal: Normal facial expression.

1: Slight: Minimal masked facies manifested only by decreased frequency of blinking.

2: Mild: In addition to decreased eye-blink frequency, masked facies present in the lower
face as well, namely fewer movements around the mouth, such as less
spontaneous smiling, but lips not parted.

3: Moderate: Masked facies with lips parted some of the time when the mouth is at rest.

4: Severe:  Masked facies with lips parted most of the time when the mouth is at rest.

Last updated August 13, 2019 | Copyright © 2008 International Parkinson and Movement Disorder Society. All rights reserved Page 18

This scale may not be copied, distributed or otherwise used in whole or in part without prior written consent of the International Parkinson and Movement Disorder Society
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3.3 RIGIDITY

Instructions to examiner: Rigidity is judged on slow passive movement of major joints with the patient in
a relaxed position and the examiner manipulating the limbs and neck. First, test without an activation
maneuver. Test and rate neck and each limb separately. For arms, test the wrist and elbow joints
simultaneously. For legs, test the hip and knee joints simultaneously. If no rigidity is detected, use an
activation maneuver such as tapping fingers, fist opening/closing, or heel tapping in a limb not being
tested. Explain to the patient to go as limp as possible as you test for rigidity.

0: Normal: No rigidity.

1: Slight: Rigidity only detected with activation maneuver.
2: Mild: Rigidity detected without the activation maneuver, but full range of motion is easily
achieved.

3: Moderate: Rigidity detected without the activation maneuver; full range of motion is achieved
with effort.

4: Severe: Rigidity detected without the activation maneuver and full range of motion not
achieved.

3.4 FINGER TAPPING

Instructions to examiner: Each hand is tested separately. Demonstrate the task, but do not continue to
perform the task while the patient is being tested. Instruct the patient to tap the index finger on the
thumb 10 times as quickly AND as big as possible. Rate each side separately, evaluating speed,
amplitude, hesitations, halts, and decrementing amplitude.

0: Normal: No problems.

1: Slight: Any of the following: a) the regular rhythm is broken with one or two interruptions or
hesitations of the tapping movement; b) slight slowing; c) the amplitude decrements
near the end of the 10 taps.

2: Mild: Any of the following: a) 3 to 5 interruptions during tapping; b) mild slowing; c) the
amplitude decrements midway in the 10-tap sequence.

3: Moderate: Any of the following: a) more than 5 interruptions during tapping or at least one
longer arrest (freeze) in ongoing movement; b) moderate slowing; c) the amplitude
decrements starting after the 1st tap.

4: Severe:  Cannot or can only barely perform the task because of slowing, interruptions, or

decrements.
Last updated August 13, 2019 | Copyright © 2008 I ional Parki and M Disorder Society. All rights reserved
This scale may not be copied, distributed or otherwise used in whole or in part without prior written consent of the I ional Parki and M
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SCORE
3.5 HAND MOVEMENTS
Instructions to examiner: Test each hand separately. Demonstrate the task, but do not continue to
perform the task while the patient is being tested. Instruct the patient to make a tight fist with the arm
bent at the elbow so that the palm faces the examiner. Have the patient open the hand 10 times as fully
AND as quickly as possible. If the patient fails to make a tight fist or to open the hand fully, remind him/
her to do so. Rate each side separately, evaluating speed, amplitude, hesitations, halts, and
decrementing amplitude.
0: Normal: No problems.
1: Slight: Any of the following: a) the regular rhythm is broken with one or two interruptions or
hesitations of the movement; b) slight slowing; c) the amplitude decrements near
the end of the task. R
2: Mild: Any of the following: a) 3 to 5 interruptions during the movements; b) mild slowing;
c¢) the amplitude decrements midway in the task.
3: Moderate: Any of the following: a) more than 5 interruptions during the movement or at least
one longer arrest (freeze) in ongoing movement; b) moderate slowing; c) the
amplitude decrements starting after the 1st open-and-close sequence. L
4: Severe: Cannot or can only barely perform the task because of slowing, interruptions, or
decrements.
3.6 PRONATION-SUPINATION MOVEMENTS OF HANDS
Instructions to examiner: Test each hand separately. Demonstrate the task, but do not continue to
perform the task while the patient is being tested. Instruct the patient to extend the arm out in front of
his/her body with the palms down, and then to turn the palm up and down alternately 10 times as fast
and as fully as possible. Rate each side separately, evaluating speed, amplitude, hesitations, halts, and
decrementing amplitude.
0: Normal: No problems.
1: Slight: Any of the following: a) the regular rhythm is broken with one or two interruptions or
hesitations of the movement; b) slight slowing; c) the amplitude decrements near
the end of the sequence.
2: Mild: Any of the following: a) 3 to 5 interruptions during the movements; b) mild slowing; R
c) the amplitude decrements midway in the sequence.
3: Moderate: Any of the following: a) more than 5 interruptions during the movement or at least
one longer arrest (freeze) in ongoing movement; b) moderate slowing; c) the
amplitude decrements starting after the 1st supination-pronation sequence.
4: Severe: Cannot or can only barely perform the task because of slowing, interruptions, or L

decrements.
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3.7 TOE TAPPING

Instructions to examiner: Have the patient sit in a straight-backed chair with arms, both feet on the floor.
Test each foot separately. Demonstrate the task, but do not continue to perform the task while the
patient is being tested. Instruct the patient to place the heel on the ground in a comfortable position and
then tap the toes 10 times as big and as fast as possible. Rate each side separately, evaluating speed,
amplitude, hesitations, halts, and decrementing amplitude.

0: Normal: No problems.

1: Slight: Any of the following: a) the regular rhythm is broken with one or two interruptions
or hesitations of the tapping movement; b) slight slowing; ¢) amplitude
decrements near the end of the ten taps.

2: Mild: Any of the following: a) 3 to 5 interruptions during the tapping movements; b) mild
slowing; ¢) amplitude decrements midway in the task.

3: Moderate:  Any of the following: a) more than 5 interruptions during the tapping movements
or at least one longer arrest (freeze) in ongoing movement; b) moderate slowing;
c) amplitude decrements after the 1st tap.

4: Severe: Cannot or can only barely perform the task because of slowing, interruptions or
decrements.

3.8 LEG AGILITY

Instructions to examiner: Have the patient sit in a straight-backed chair with arms. The patient should
have both feet comfortably on the floor. Test each leg separately. Demonstrate the task, but do not
continue to perform the task while the patient is being tested. Instruct the patient to place the foot on the
ground in a comfortable position and then raise and stomp the foot on the ground 10 times as high and
as fast as possible. Rate each side separately, evaluating speed, amplitude, hesitations, halts and
decrementing amplitude.

0: Normal: No problems.

1: Slight: Any of the following: a) the regular rhythm is broken with one or two interruptions
or hesitations of the movement; b) slight slowing; ¢) amplitude decrements near
the end of the task.

2: Mild: Any of the following: a) 3 to 5 interruptions during the movements; b) mild
slowness; c) amplitude decrements midway in the task.

3: Moderate:  Any of the following: a) more than 5 interruptions during the movement or at
least one longer arrest (freeze) in ongoing movement; b) moderate slowing in
speed; ¢) amplitude decrements after the 1st tap.

4: Severe: Cannot or can only barely perform the task because of slowing, interruptions,
or decrements.
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3.9 ARISING FROM CHAIR

Instructions to examiner: Have the patient sit in a straight-backed chair with arms, with both feet on the
floor and sitting back in the chair (if the patient is not too short). Ask the patient to cross his/her arms
across the chest and then to stand up. If the patient is not successful, repeat this attempt up to a
maximum of two more times. If still unsuccessful, allow the patient to move forward in the chair to arise
with arms folded across the chest. Allow only one attempt in this situation. If unsuccessful, allow the
patient to push off using his/her hands on the arms of the chair. Allow a maximum of three trials of
pushing off. If still not successful, assist the patient to arise. After the patient stands up, observe the
posture for item 3.13.

0: Normal: No problems. Able to arise quickly without hesitation.

1: Slight: Arising is slower than normal; or may need more than one attempt; or may
need to move forward in the chair to arise. No need to use the arms of the
chair.

2: Mild: Pushes self up from the arms of the chair without difficulty.

3: Moderate: Needs to push off, but tends to fall back; or may have to try more than one time
using the arms of the chair, but can get up without help.

4: Severe: Unable to arise without help.

SCORE

3.10 GAIT

Instructions to examiner: Testing gait is best performed by having the patient walking away from and
towards the examiner so that both right and left sides of the body can be easily observed
simultaneously. The patient should walk at least 10 meters (30 feet), then turn around and return to
the examiner. This item measures multiple behaviors: stride amplitude, stride speed, height of foot lift,
heel strike during walking, turning, and arm swing, but not freezing. Assess also for “freezing of gait”
(next item 3.11) while patient is walking. Observe posture for item 3.13.

0: Normal: No problems.
1: Slight: Independent walking with minor gait impairment.
2: Mild: Independent walking but with substantial gait impairment.

3: Moderate: Requires an assistance device for safe walking (walking stick, walker) but not a
person.

4: Severe: Cannot walk at all or only with another person’s assistance.
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3.11 FREEZING OF GAIT

Instructions to examiner: While assessing gait, also assess for the presence of any gait freezing
episodes. Observe for start hesitation and stuttering movements especially when turning and reaching
the end of the task. To the extent that safety permits, patients may NOT use sensory tricks during the
assessment.

0: Normal: No freezing.

1: Slight: Freezes on starting, turning, or walking through doorway with a single halt during
any of these events, but then continues smoothly without freezing during straight
walking.

2: Mild: Freezes on starting, turning, or walking through doorway with more than one halt
during any of these activities, but continues smoothly without freezing during
straight walking.

3: Moderate: Freezes once during straight walking.

4: Severe: Freezes multiple times during straight walking.

3.12 POSTURAL STABILITY

Instructions to examiner: The test examines the response to sudden body displacement produced by a
quick, forceful pull on the shoulders while the patient is standing erect with eyes open and feet
comfortably apart and parallel to each other. Test retropulsion. Stand behind the patient and instruct
the patient on what is about to happen. Explain that s/he is allowed to take a step backwards to avoid
falling. There should be a solid wall behind the examiner, at least 1-2 meters away to allow for the
observation of the number of retropulsive steps. The first pull is an instructional demonstration and is
purposely milder and not rated. The second time the shoulders are pulled briskly and forcefully towards
the examiner with enough force to displace the center of gravity so that patient MUST take a step
backwards. The examiner needs to be ready to catch the patient, but must stand sufficiently back so as
to allow enough room for the patient to take several steps to recover independently. Do not allow the
patient to flex the body abnormally forward in anticipation of the pull. Observe for the number of steps
backwards or falling. Up to and including two steps for recovery is considered normal, so abnormal
ratings begin with three steps. If the patient fails to understand the test, the examiner can repeat the
test so that the rating is based on an assessment that the examiner feels reflects the patient’s limitations
rather than misunderstanding or lack of preparedness. Observe standing posture for item 3.13.

0: Normal: No problems. Recovers with one or two steps.

1: Slight: 3-5 steps, but subject recovers unaided.

2: Mild: More than 5 steps, but subject recovers unaided.

3: Moderate: Standg safely, but with absence of postural response; falls if not caught by
examiner.

4: Severe: Very unstable, tends to lose balance spontaneously or with just a gentle pull on

the shoulders.
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3.13 POSTURE
Instructions to examiner. Posture is assessed with the patient standing erect after arising from a chair,
during walking, and while being tested for postural reflexes. If you notice poor posture, tell the patient to
stand up straight and see if the posture improves (see option 2 below). Rate the worst posture seen in
these three observation points. Observe for flexion and side-to-side leaning.

0: Normal: No problems.

1. Slight: Not quite erect, but posture could be normal for older person.

2: Mild: Definite flexion, scoliosis or leaning to one side, but patient can correct posture
to normal posture when asked to do so.

3: Moderate: Stooped posture, scoliosis or leaning to one side that cannot be corrected
volitionally to a normal posture by the patient.

4. Severe: Flexion, scoliosis or leaning with extreme abnormality of posture.

11¢
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3.14 GLOBAL SPONTANEITY OF MOVEMENT (EODY BRADYKINESIA)

Instructions to examiner: This global rating combines all observations on slowness, hesitancy, and
small amplitude and poverty of movement in general, including a reduction of gesturing and of crossing
the legs. This assessment is based on the examiner's global impression after observing for
spontaneous gestures while sitting, and the nature of arising and walking.

0: Normal: No problems.

1: Slight: Slight global slowness and poverty of spontaneous movements.

2: Mild: Mild global slowness and poverty of spontaneous movements.

3: Moderate: Moderate global slowness and poverty of spontaneous movements.

4: Severe: Severe global slowness and poverty of spontaneous movements.

3.15 POSTURAL TREMOR OF THE HANDS

Instructions to examiner: All tremor, including re-emergent rest tremor, that is present in this posture is
to be included in this rating. Rate each hand separately. Rate the highest amplitude seen. Instruct the
patient to stretch the arms out in front of the body with palms down. The wrist should be straight and
the fingers comfortably separated so that they do not touch each other. Observe this posture for 10
seconds.

0: Normal: No tremor.

1: Slight: Tremor is present but less than 1 cm in amplitude.

2: Mild: Tremor is at least 1 but less than 3 cm in amplitude.
3: Moderate: Tremor is at least 3 but less than 10 cm in amplitude.

4: Severe: Tremor is at least 10 cm in amplitude.
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