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POPULAR SCIENCE SUMMARY OF THE THESIS

Parkinson’s Disease is a common disorder of the brain that affects, however, the whole body.
Patients are mainly identified by their tremors and walking difficulties, but Parkinson’s Disease
is more than that. Apart from motor symptoms, patients suffer also memory difficulties, stress
and depression as well as problems that are related to functions that are not under their
voluntary control, like constipation, urinary urgency, and sleep problems. Vision changes and
reading difficulties are among the most common complaints.

During my PhD studies, | tried to describe these changes in vision with the help of technology.
We used modern devices called eye trackers that measure eye movements. Together with my
coauthors, we calculated how fast and accurate these movements are, and how long it takes to
initiate them. We also calculated the speed by which Parkinson’s patients read a simple text
and compared it to that of healthy volunteers. Last, we asked the patients to look steadily at a
target and tried to identify if they get distracted more easily than healthy participants, by
computing the number of eye movements they do during the task.

Overall, we found that patients make shorter, and slower eye movements, make more
directional errors when asked to look in the opposite direction of a target, and that medication
affects some of these characteristics. We also noticed that medication is not effective against
reading difficulties and that patients read slower than normal, probably because they need to
spend more time on each word. Last, we noticed that Parkinson’s patients get easily distracted
when trying to focus on a visual target.

In addition to our eye-movement studies, we examined a small but very interesting population
of ten people who live in the area of Norrbotten, in Northern Sweden, and are diagnosed with
arare variant of a well-described metabolic disease with eye movement difficulties, namely the
Norrbottnian type of Gaucher Disease 3. According to our findings, these patients suffer
memory and attention difficulties but seem to have good language and visuospatial skills.

We concluded that eye tracking can assist our clinical evaluation by providing objective
calculations of eye movements. This could help physicians when giving a diagnosis but also
while following up patients. Additionally, we pointed out the need for a better understanding
of the mental functions of Norrbottnian Gaucher Disease type 3 patients, in order to provide
better care and a better quality of life.
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ABSTRACT

Heterogeneity in Parkinson’s Disease (PD) phenotype and genotype is probably the main
reason why, despite the abundance of biomarkers, we still lack a robust method for diagnosis
and prognosis, besides clinical evaluation. Subjective changes in vision and objective measures
in eye movements have been extensively studied, but the results are mainly used to better
understand the pathophysiology of PD and are not integrated into the clinical praxis.

The aim of this doctoral project was to examine if eye movements could serve as useful
biomarkers for PD diagnosis and prognosis, and investigate their association with motor
function, cognition, and medication effect. In addition, we aimed to examine cognition in a
group of patients with a rare metabolic disorder and prominent eye-movement difficulties, the
Norrbottnian Gaucher Disease 3 (GD3).

Saccades, reading, and sustained fixation were examined in PD patients and healthy controls
(HC) in the first three studies. Recruitment took place at Karolinska University Hospital
Huddinge for the first two studies, and for the third study at Academic Specialist Center in
Stockholm. Three different eye trackers were used, a head-mounted and two screen based, and
the assessments were performed in a clinical setting. In the first two studies patients were
examined in ON and OFF medication status, in order to evaluate the role of levodopa. In study
1, we examined saccadic parameters in 20 HC and 40 PD patients; study 2 involved reading
assessments for 13 HC and 19 PD patients; in study 3 we examined sustained fixation in 43
HC and 50 PD patients. Recruitment for study 4 took place at Sunderby Regional Hospital, in
Luled, and we examined 10 patients with the Norrbottnian type of GD3. Cognitive evaluation
was done with the Repeatable Battery for Assessment of Neuropsychological Status (RBANS).

PD participants had worse saccadic performance, a slower reading speed, and deficient fixation
control. Saccadic gain was associated with motor performance, while latency was related to
cognition. Levodopa had no effect on saccadic gain, it worsened latency for the horizontal
visually guided saccades and ameliorated the latency of antisaccades, but not the error rate or
reading performance. We assumed that reading difficulties were attributed to cognitive, rather
than oculomotor deficits. Fixation was more easily interrupted in PD compared to HC, and PD
participants’ pupils did not dilate to the same extent as HC, in response to the cognitive effort
put during sustained fixation. In study 4 we found that patients with the Norrbottnian type of
GD3 have an overall worse cognitive performance compared to that of healthy population,
scoring worse in memory and attention tests, present however with preserved language and
visuospatial skills.

The eye-tracking studies led to the conclusion that this method could be integrated into the
clinical praxis as part of the clinical evaluation. It is easy to perform and provides reliable
results that enable the understanding of motor, cognitive, and behavioral changes in PD. In
order to do so, we would need a common protocol of assessment, so that the results would be
comparable between different populations. The last study identified RBANS as a useful and
easy-to-use tool for the cognitive examination of Norrbottnian GD3 patients.
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1 INTRODUCTION

Parkinson’s Disease (PD) is considered a neurological disorder, but it is more than that.
Alterations in the brain with loss of dopaminergic cells in the substantia nigra and accumulation
of Lewy bodies in the neurons are the main pathological findings (1). These changes alone,
however, cannot explain the signs and symptoms of PD, nor the phenotypical heterogeneity
between patients. Diagnosis can therefore be challenging, and it is mainly based on clinical
examination and medical history.

Oculomotor alterations in neurodegenerative disorders are a commonly neglected sign during
everyday clinical evaluation. Eye movements are usually hard to examine in the clinical setting,
both because of inexperience and lack of knowledge on behalf of the examiner, but also due to
difficulties in cooperation with patients, especially those that are cognitively affected. Eye
trackers, on the other hand, can measure eye movements in a quick and simple manner, making
the evaluation of the oculomotor system easy. They have, extensively, been used to understand
the pathophysiology of the oculomotor system in primates and humans. Whether this technique
could easily be integrated into the outpatient clinic, though, is a matter of question. Are the
results reliable? What are the practical difficulties of such assessments in a clinical setting?
From a clinician’s perspective, it would be interesting to have an objective method for assessing
patients and obtain information regarding their diagnosis and prognosis, and eye-movement
assessments with eye trackers could serve as such.

The main idea for this PhD project was to examine whether eye tracking is a feasible and
reliable method in the outpatient clinic.

In Northern Sweden, there is a subpopulation of the rare metabolic disorder Gaucher Disease
(GD) type 3 that shares some similarities with a genetic subtype of PD. This subpopulation
presents with gaze palsy. We added a cognitive examination of these patients to the project.
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2 LITERATURE REVIEW

2.1 PARKINSON'S DISEASE

PD is one of the most common neurodegenerative diseases with a higher prevalence in older
populations. It comprises motor and non-motor symptoms, while subclinical signs and
symptoms occur long before the diagnosis is established (2). PD has multifactorial
pathogenesis; age, genetic alterations, environmental factors, concomitant disease, and
medication account for some of the risk factors for developing the disease (3). Nevertheless,
we are still far from identifying why not all individuals with similar risk factors develop the
disease. The variability in motor and non-motor symptoms combined with variable disease
progression makes each patient unique.

According to the United Kingdom Brain Bank Criteria (4), PD diagnosis is based on key
features of the motor system: bradykinesia combined with rest tremor, rigidity, and postural
instability are the basic clinical characteristics along with a number of exclusion and supportive
criteria. However, PD is far from a pure movement disorder, and this is the reason why the
Movement Disorders Society (MDS) has established a new set of diagnostic criteria that also
involve the non-motor component of the disease (5).

Non-motor symptoms may present far in advance, and most often they are not related to any
neurological diagnosis, not until they are recognized as prodromal symptoms of PD when
motor symptoms occur. Anosmia, sleep disorders such as insomnia and rapid-eye-movement
behavior disorder (RBD), depression, constipation, autonomic dysfunction, cognitive
impairment, and speech problems are some of the non-motor symptoms that add to the list of
motor symptoms (Table 1) (2). Clinical diagnosis is supported by imaging, wet biomarkers in
cerebrospinal fluid (CSF) and blood, as well as genetic testing (6). However, post-mortem
pathological examination is the only way to confirm the clinical diagnosis, and this highlights
the need for diagnostic biomarkers as early as possible during disease progression.

2.3 COGNITIVE CHANGES IN PD

Alterations in cognition are recognized early during PD, even at early stages in non-medicated
patients (7). Diagnostic criteria have been established for PD dementia (PDD) and mild
cognitive impairment (MCI) (8, 9). The risk for dementia increases with disease progression,
which also affects quality of life (10). Several parameters have been identified as risk factors
for cognitive impairment in PD such as the akinetic-rigid type of the disease, older age,
presence of hyposmia, and RBD (11). Additionally, genetic variations play an important role
in the patients’ cognitive profile: mutations in catechol-O-methyltransferase (COMT),
microtubule-associated protein tau, apolipoprotein E, glucocerebrosidase (GBA), and a-
synuclein genes have been associated with a higher risk for PDD (12).
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Table 1. Motor and non-motor symptoms of Parkinson’s Disease.

Motor symptoms

Non-motor Symptoms

Bradykinesia

Tremor (mainly rest tremor 4-6
Hz)

Rigidity

Postural instability

Gait disturbances/Freezing
Camptocormia

Dystonia

Hypomimia

Cardiovascular symptoms: orthostatism, decreased
heart rate variability

Psychiatric symptoms: hallucinations, depression,
apathy, anxiety, impulse control disorders

Cognitive impairment
Sleep disorders, insomnia
Fatigue, daytime somnolence

Gastrointestinal tract problems: dysphagia, sialorrhea,
delayed gastric emptying, constipation

Genito-urinary tract problems: impotence, reduced
libido, overactive bladder

Anosmia, hyposmia
Dysarthria, hypophonia

Visual and ocular abnormalities: diplopia, reading
difficulties, eye-movement abnormalities, reduced
blinking

Sensory complaints, paresthesias, pain, peripheral
neuropathy, restless legs syndrome

Weight loss

Hyperhidrosis, hypohidrosis
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Two distinct clinical types of cognitive decline in PD have been suggested: one that is mostly
frontal/executive, related to dopaminergic deficits, and a second that involves more posterior
cortical areas, leading to a deterioration of attentional and visuospatial memory functions,
mainly attributed to cholinergic and other neurotransmitter deficits (13). Studies on functional
brain connectivity have revealed patterns that relate the striatum to the prefrontal cortex with
connections that are affected in PD (14). Degeneration of the raphe nucleus and locus coeruleus
(LC) alters the connections of these nuclei with the cortex and results in the depletion of
serotonin and noradrenaline in respective cortical areas. Similarly, acetylcholine reduction in
the nucleus basalis and pedunculopontine nucleus (PPN) has been described in demented but
also in non-demented PD patients (14).

MCIl in early PD patients might implicate progression to PDD, but many patients remain stable,
while others return to normal, especially after treatment optimization (14). The clinical
phenotype of cognitive impairment that presents with global memory deficits is related to a
more severe prognosis (15). Typical frontal-executive dysfunction can include difficulties in
planning, impaired inhibition, and working memory (16, 17). Visuospatial deficits, memory
and language impairment, functions that are controlled by more posterior regions of the cortex,
indicate a higher possibility for progression to PDD (18).

Attention is a complex function and as such, there are multiple areas of the brain that control
it, and several neurotransmitters that are involved (18, 19). It can be seen as a mechanism for
maintaining focus on a task, but also for switching between different tasks. It can be selective,
towards a specific goal, or non-selective, targeting a high-performance level across various
tasks. It can be driven by specific characteristics of the task or from factors that are internal
such as previous experiences, while it is also highly dependent on the level of arousal (19).
The main characteristic of attention is flexibility, which allows for shifting, prioritizing,
filtering, and selecting information and in close relation to working memory. It requires the
cooperation of subcortical and cortical areas that are controlled by neuromodulators. An intact
executive function involves recruiting both attention and working memory resources in order
to effectively achieve a goal (20). In PD, executive function deficits are attributed to the
disruption of the dopaminergic neural connections between the striatum and frontal and
prefrontal areas (14, 20).

Visual attention is necessary to filter the incoming information from the eyes and only select
data that are important and relevant during a task (21). In PD, visual attention is subject to a
strong top-down inhibition due to planning dysfunction that affects eye movements. On the
other hand, dysfunction of the oculomotor system is hypothesized to lead to excessive bottom-
up facilitation of visual attentional processes. This disequilibrium is reflected on altered eye
movements that are controlled both by fast bottom-up functions as well as top-down cognitive
processes during focusing and decision making (22, 23).
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2.4 VISUAL COMPLAINTS

Obtaining visual information from the environment requires combined cooperation of various
functions of the eyes and brain. Vision and gaze control, motion perception, working memory
and attention, memory processes that decide which information is further analyzed and which
is, temporarily or permanently, discarded, are some of the neural activities that are required to
reach optimal results (24). Visual problems are commonly reported by patients (25). Double
vision, alterations in visual perception, impairment in color vision and contrast, as well as visual
hallucinations, are usual complaints (24, 26). Clinical examination often reveals saccadic
hypometria, increased latency of voluntary saccades, hyperreflexivity, and saccadic intrusions
during smooth pursuit (27).

Visual dysfunction seems to affect overall perception and motor function in PD, and reports of
visuospatial impairment in PD are not new (28, 29). These symptoms are not specific for PD
although they may appear early in the disease course. Visual changes and lower-level visual
dysfunction seem to explain some of the visuospatial deficits in PD (30), while some of the
functional visual disturbances could be attributed to impaired saccade or smooth pursuit
performance (24). Some of the deficits are predictive of cognitive decline in the disease course
(31).

2.5 EYE MOVEMENTS

Apart from an intact visual pathway, we need eye movements to acquire visual information.
The aim of the oculomotor system is to stabilize the gaze and shift it fast and accurately when
needed, so that images can be focused on the fovea (32). Various involuntary and voluntary
movements are involved for this purpose. Saccades, smooth pursuit, fixation, vergence, and
vestibulo-ocular movements, namely vestibular and optokinetic nystagmus, share many
similarities and differ in various ways, but most importantly, the eyes shift between these
movements in a continuous manner (32).

2.5.1 Saccades

Saccades refer to the eye movements that shift the gaze between two different targets, or
fixation points (33). Normally they are fast and accurate. They can be elicited voluntarily or in
a reflexive manner. Saccadic velocity and amplitude are similar for reflexive and volitional
saccades, and these parameters are mainly controlled by the superior colliculus (SC), the
cerebellum, and the saccade generator in the brainstem, the parapontine reticular formation
(PPRF) for horizontal saccades and the rostral interstitial nucleus of medial longitudinal
fasciculus for vertical saccades. Latency, however, defined as the time required for the onset
of a saccade, is determined by the complexity of the task; during this delay, the brain has to
compute the rest of the saccadic characteristics, such as amplitude and velocity, and it depends
on various external parameters i.e. characteristics of the stimulus and possible distractors, as
well as internal ones, i.e. cognitive and arousal state (34). Internal processes for the initiation
of a saccade include analysing the stimulus in the cortex and the transmission of the signal via
more complex pathways (32, 33). Voluntary saccades require internal planning, and they don’t
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necessarily need an external stimulus. They can be purely intentional, memory-guided, or in
response to a command: look towards a target or opposite from a target, called antisaccades
(AS) in that case. Contrary to that, reflexive saccades, looking towards a sound source, for
example, require less planning, and their initiation is subject to less control (33). Reflexive
saccades are most often visually guided (VGS) in the clinical setting of examining eye
movements.

2.5.2 Fixation

The role of fixation is to maintain the image of the object of interest in the fovea which is the
area of the retina where the visual acuity is best (35). The decision to move the eyes, generate
a saccade, and pause fixation, requires an evaluation of the need to maintain fixation but also
of the significance of the stimulus towards which the eyes shall move. Therefore, fixation is
closely related to attention and other cognitive functions. It requires the involvement of
multiple brain structures; cortical, frontal and parietal, and subcortical, such as the nucleus
raphe interpositus and SC. A fine balance between excitatory signals that stabilize the gaze,
and inhibitory ones that prevent the generation of unwanted eye movements, is necessary for
successful fixation (35). Small regulatory movements, ocular tremor and drift, microsaccades,
and small saccades, are, nevertheless, required to avoid blurring of the image as well as to
compensate for small head movements (36, 37).

2.5.3 Pupil responsivity during fixation

Pupil-size changes depend on different kinds of stimuli: constriction to light, namely the
pupillary light reflex (PLR), constriction to accommaodation, focusing that is to a near target,
namely the pupil near response (PNR), and dilation due to cognitive load, namely the
psychosensory pupil response (PPR) (38). The role of the autonomous nervous system (ANS)
in pupil function is cardinal, but pupil size, is subject to adjustments controlled by multiple
brain areas, and modulations by cognition, emotion, and arousal (38).

2.5.4 Reading

Reading is a complex process that involves not only oculomotor planning but also cognitive
and linguistic processes. From an oculomotor function perspective, reading comprises
alternating saccades and fixations. The goal of saccadic eye movements, forward (progressive)
or backward (regressive), is to bring the words of interest to the fovea, where visual acuity is
optimal, although information from the periphery influences the reading process as well. Words
are then fixated in order to be interpreted, and fixation duration is determined by various
factors, such as linguistic properties of the text as well as cognitive characteristics of the reader
(39, 40). Hence, fixation duration represents a temporal measure and indicates processing load,
while fixation position and saccade amplitude are measures of space that describe the direction
and sequence of processing (41). Brain structures that are involved in natural reading and
correlate to fixation duration have been identified in functional magnetic resonance imaging
(fMRI) studies and they include cortical areas that are associated with attention, language
processing, and oculomotor control, as well as striate and peristriate regions (40). Variations in
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eye-movement patterns during reading are to some extent attributed to individual differences
in working memory (42).

2.6  NEUROANATOMY OF THE EYE MOVEMENTS

In order for the eye to initiate a movement, towards or in the opposite direction of a stimulus,
the signal must be first perceived by the visual cortex in the occipital area of the brain. This is
done via the afferent visual pathway that leads from the retina to the thalamus, the geniculate
body more specifically, and to the primary visual cortex.

2.6.1 Cortical areas of interest

From the visual cortex, the signal is redirected towards the frontal and parietal areas, the frontal
eye fields (FEF) and parietal eye fields (PEF). Both FEF and PEF are involved in saccade
generation and define its latency in variable grade, depending on the type of the saccade. The
FEF are responsible for decision making and target selection, and therefore generate a motor
response in the form of a saccade based on an internal or external command. Hence their
contribution to the highly volitional saccade (longer latency) generation is crucial (33). The
PEF’s role lies mostly in the visuospatial regulation of the saccadic movement, and therefore
their role is more important during reflexive saccades (shorter latency). Processes that involve
attention take place in the generation of eye movements at this level. The dorsolateral prefrontal
cortex (DLPFC), together with the anterior cingulate cortex, both considered important in
executive control (43), act as filters that cancel unwanted eye movements by delaying the
latency of a saccade while protecting against distractors. Control of a higher level is further
achieved by the supplementary eye field (SEF), in the frontal lobe (32, 33).

2.6.2 Subcortical areas of interest — The role of the basal ganglia

Although there are direct projections from the FEF and SEF towards the brainstem generator,
saccade generation requires the activation of the SC (44). The SC in the brainstem plays an
important role in the oculomotor pathway as it connects the brainstem saccade generator with
the cortex. It is directly connected with the PEF. Connections with the FEF are both direct and
indirect via the basal ganglia (BG), more specifically the substantia nigra pars reticulata (SNr)
(44, 45). For the generation of saccades, the cortex (FEF, SEF, DLPFC) stimulates the caudate
to inhibit the SNr (which normally exerts tonic inhibition on the SC) in a phasic way, thus
resulting in disinhibition, and initiation of a saccade (45). There are, however, additional
connections with the globus pallidus external (GPe), as part of the indirect pathway (45).
Therefore, the BG participate in the modulation of volitional saccades while more reflexive
saccades are thought to bypass the BG. Their generation requires the activation of parietal
cortical areas that project directly to the SC (33, 44). The BG do not generate saccades; their
role lies mainly in filtering the appropriate movements through inhibition. It is important to
note that the SC receives mainly excitatory input, with the exception of the BG which send
inhibitory signals. This inhibition from SNr is further modulated by the caudate, which can
remove the SNr effect, thus disinhibiting the SC, while the GPe and the subthalamic nucleus
(STN) add to this modulation, depending on behavioral parameters, like attention and working
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memory (45). Inhibitory input is also sent directly to the brainstem generator from the cortex
(46). The SC is involved in various parts of the generation of eye movements, from processing
of the visual signal to preparation of the motor command of saccade generation, fixation, and
microsaccades. It projects to the brainstem generator, to the cerebellum, and sends ascending
fibers to the FEF via the thalamus (47). A simple illustration of the aforementioned pathways
is illustrated in Fig 1.
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Figure 1. Schematic illustration of the connections between various brain structures for the
generation and control of saccades. Signaling from the retina travels to the visual cortices.
From there, signals reach the parietal and frontal eye fields to initiate saccades. The BG are
mainly involved in controlling voluntary saccades, together with the prefrontal cortices and
the frontal eye fields. Reflexive saccades are mainly controlled by the parietal eye fields.
Projections from the BG to the SC for saccadic control follow a similar pattern like the ones
to the thalamus for movement control: Inhibition from the SNr and the GPi is finely adjusted
by the direct and indirect pathways. Imbalance of the direct and indirect pathway in PD due
to dopamine depletion leads to excessive inhibition of the SC and saccadic abnormalities.
Inhibitory projections are demonstrated in red and excitatory ones are demonstrated in black.
BG: Basal ganglia, SC: Superior colliculus, SNc: Substantia nigra pars compacta, SNr:
Substantia nigra pars reticulata, GPe: Globus pallidus external, GPi: Globus pallidus internal,
STN: Subthalamic nucleus

Diagram created by Josefine Waldthaler (translated in English), published under permission
of the creator.
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2.6.3 Brainstem saccade generator and cerebellum

The brainstem saccade generator consists of two separate cell populations, one for the
horizontal (pontine tegmentum) and one for the vertical saccades (pretectal tegmentum). The
neurons that are involved in saccadic control are further divided into two groups. One group
consists of omnipause cells, controlled by the SC. They are inactive during saccades but burst
during fixation, and inhibit saccades towards any direction. The second population comprises
excitatory burst neurons responsible for the initiation of the planned saccade, and inhibitory
ones that inhibit the generation of unwanted saccades. The fine balance between these cell
populations is necessary for the generation of fast and accurate saccadic movements (32, 33).

Regarding fixation, it is believed that omnipause neurons in the nucleus raphe interpositus of
the PPRF, fire in a tonic manner during fixation in order to inhibit the firing of saccade
generators of the mesencephalic and pontomedullary reticular formations, canceling unwanted
vertical and horizontal saccades. They stop firing when a saccade starts and pass the signal to
the motor neurons of the extraocular muscles (35). A similar mechanism of action has been
described for neurons at the rostral end of the SC, where firing during fixation and pausing
during saccades takes place, the mechanism though not being entirely similar to that of
omnipause neurons (35). The SC neurons appear to stimulate fixation and saccades in a
synergistic, rather than an antagonistic manner, so that the visual field is represented as a virtual
map where all potential target locations are represented by active neurons (48).

The vermis, the caudal fastigial nucleus as well as lateral areas in the cerebellar hemispheres
are involved in the fine adjustment of saccades, mostly their amplitude, and consequently their
accuracy (33). The vermal lobules Vic-VII and the caudal fastigial nuclei have been indicated
as areas of control of gaze accuracy during fixation (35).

2.6.4 Neuroanatomy of the pupil reflex

The iris sphincter muscle, innervated by the parasympathetic ANS, is responsible for
constriction. Dilation is achieved by the iris dilator muscle, innervated by the sympathetic ANS.
The constriction/parasympathetic pathway that uses acetylcholine as the main neurotransmitter
is relatively short and mainly responsible for the PLR: fibers from the optic nerve and chiasma
reach the Edinger-Westphal nucleus (EWN) via the pretectal nucleus; from there, signaling
proceeds to the ciliary ganglion via the oculomotor nerve and innervates the sphincter muscle.
Contrary to that, the dilation/sympathetic pathway uses catecholamines and is significantly
longer and less understood. This complex pathway involves the frontal cortex along with
subcortical domains such as the hypothalamus (projecting inhibitory signals to the EWN), and
the LC. The ophthalmic branch of the sympathetic nerve descends to the spinal cord (C8-T2)
and through the superior ciliary ganglions innervates the iris dilator muscles (38, 49). The role
of LC in arousal and cognition has been extensively discussed and studies on how pupil dilation
is affected by mental processes shed light on this aspect of the pupillary response (49, 50).
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2.7 NEUROTRANSMITTERS

2.7.1 The role of dopamine

Dopamine is abundant in the nervous system. Its presence in the visual pathway and its role in
the genesis of visual dysfunction in PD have been discussed (24). Dopamine can be found in
the eye, in the amacrine cells of the retina, with projections towards the striatum. Dopaminergic
pathways in the brain are numerous: the striatonigral pathway originating in the substantia nigra
and terminating in the striatum (caudate nucleus and putamen), the mesolimbic and
mesocortical pathway (from the ventral tegmentum to the nucleus accumbens and limbic
system, and frontal cortex respectively), pathways within the hypothalamus (involving the
pituitary gland, the amygdala, hippocampus, cingulate gyrus, and olfactory bulb), and within
the cortex (mainly frontal and limbic areas, and less in the visual cortex) (24). Dopamine’s role
in the ANS has also been described. It can be found in the sympathetic and visceral ganglia as
well as the artery walls. Dopamine depletion in the BG and the frontal cortex in PD may affect
the function of the SC and, therefore, oculomotion, while its presence in the ANS could explain
defects in pupil reactivity (24).

2.7.2 The role of other neurotransmitters

Apart from dopamine denervation, signaling with other neurotransmitters is affected in PD.
Studies on the LC focusing on the malfunction of noradrenergic neurotransmission (51), on the
role of the dorsal raphe nuclei affecting the serotoninergic neurotransmission (52), and the
cholinergic brainstem nuclei, especially the basal nucleus of Meynert that leads to
dysfunctional cholinergic transmission (53), explain some of the symptom variability in PD.
The role of acetylcholine in cognition, balance, and freezing of gait has been depicted in various
studies (13, 53). On the other hand, the LC which is affected in PD, is mainly a noradrenalin-
producing nucleus that plays an important role in cognition, attention, and learning, behavioral
flexibility, pain modulation, arousal, and wakefulness, as well as pupil reactivity, among other
functions (54).

2.8 OCULOMOTOR CHANGES IN PD

2.8.1 Saccades

Saccades can be used to differentiate between various neurological syndromes such as PD and
atypical Parkinsonian syndromes (55-57). Hypometric saccades in multiple system atrophy,
prolongation of saccadic latency in corticobasal syndrome, and slow saccades together with
alterations in their latency in progressive supranuclear palsy, are usually described (58). The
most common finding in PD is hypometria of both VGS and voluntary saccades (59) which
results in multiple corrective saccades when trying to reach a visual target, described as gaze
fragmentation (60, 61). Saccadic latency and amplitude worsen with disease progression (62).
A higher error rate in AS is expected in PD (63). The AS task has been studied with functional
and imaging methods and it seems to serve as a possible marker of executive function in
different populations (64, 65) as well as in early-diagnosed PD patients (66). Study results on

24



the effect of levodopa administration on the latency of voluntary saccades, such as AS, saccadic
amplitudes, VGS latency, and AS error rate, are inconsistent (66-68).

2.8.2 Fixation and pupil reflex

During fixation PD patients have more saccadic intrusions, most of them being square wave
jerks (SWJ). The SC and the fastigial oculomotor region of the cerebellum appear to play a role
in the control of these movements (69). The PLR has been suggested to be impaired in PD and
this can be attributed to both pre-and postganglionic changes (70-72). However, pupil response
during fixation in stable light conditions in PD has not been extensively studied.

2.8.3 Reading

Reading difficulties in PD have been studied to some extent, and the role of cognition seems
to be important (73-75). Slower reading is a common finding in the existing studies, but
whether it is a result of longer fixations, shorter progressive saccades, or multiple regressive
saccades is not completely clear.

2.9 GAUCHER DISEASE, THE NORRBOTTNIAN GAUCHER DISEASE TYPE 3
AND THE LINK TO PD

Among the different genes and mutations that are related to PD, homozygous and heterozygous

GBA gene mutations have been confirmed as risk factors (3, 76-78). The GBA gene that is

located on chromosome 1g21, encodes the lysosomal enzyme, glucocerebrosidase (GCase),

which metabolizes glycosylceramide into glucose and ceramide. The most common lysosomal

storage disorder, GD, is caused by homozygous mutations in the GBA gene (3).

GD is characterized by decreased enzyme activity that leads to the broad accumulation of
glucosylceramide in monocytes-macrophages (79, 80). Despite its heterogeneity, three clinical
subtypes are featured: a non-neuronopathic form (GD1), an acute neuronopathic form (GD2),
and a chronic neuronopathic form (GD3) (80). GD1 is characterized by hematological, visceral
and bone manifestations, while clinical phenotypes GD2 and GD3 present with symptoms from
the central nervous system (CNS), including oculomotor disturbance (80). In GD2, signs can
be found very early, in utero and infancy but they usually come later in life in GD3 (79). The
Norrbottnian subtype of GD3 is found with a high prevalence (1:17.500) in northern Sweden
(81). The majority of these patients are homozygotes for the missense mutation L444P
(c.1448T>C) in the GBA gene (82), receive enzyme replacement therapy (ERT) and they have
an longer life expectancy compared to other neuronopathic forms of GD (83). Norrbottnian
GD3 patients present with visceral, bone, and hematologic features as well as a saccadic
supranuclear gaze palsy (84, 85). Ataxia, myoclonus, and epilepsy, as well as dystonia-like
hyperkinetic symptoms have been described with great variability between individuals (83).
To date, ERT and Substrate Replacement Therapy (SRT) are the most common treatments,
with no effect against neurological symptoms, whatsoever (79, 80). Splenectomy and
allogeneic hematopoietic stem cell transplantation (allo-HSCT) were previously among the
therapeutic options but are no longer applied.
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Epidemiological studies on GD3 have indicated a broad spectrum of neurological symptoms,
including cognitive deficits. Little is known about the pathological processes that cause those
signs and symptoms from the CNS but it is speculated that, although glucosylceramide
accumulates rarely in neurons (80), perivascular accumulation of Gaucher cells (86), and
mechanisms that involve glucosylsphingosine (80, 87), could be responsible. It is, therefore,
interesting to examine to a greater extent the neurocognitive profile of adult patients with the
Norrbottnian type of GD3 with respect to their therapeutic management, surgical and medical.
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3 RESEARCH AIMS

During this PhD project, the aim was to study eye movements in PD and detect possible
relations between cognitive and clinical aspects of the disease (Studies 1, 2, 3). Additionally,
we investigated a special population of GD patients that shares some similarities with PD,
regarding their genetic profile and their clinical manifestations. The purpose was to examine
their cognitive profile, and control for possible correlations with their eye-movement pattern,
along with other clinical parameters (Study 4).

More specifically:

Study 1 aimed to investigate the differences between saccadic movements in PD patients and
HC, with respect to various disease parameters.

Study 2 aimed to identify differences in the reading pattern between PD and HC.

Study 3 aimed to study gaze parameters like stability and pupil size during sustained fixation
and compare them between PD and HC.

Study 4 aimed to characterize the cognitive aspects of a special sub-population of GD patients
tht live in the area of Norrbotten, Sweden.
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4 MATERIALS AND METHODS

For the purposes of the first two studies, PD patients and healthy volunteers were recruited at
the Outpatient Neurology Clinic of Karolinska University Hospital, in Huddinge, Stockholm,
Sweden. Recruitment for the third study took place at the Centre of Neurology, Academic
Specialist Centrum in Stockholm, Sweden. In studies 1 and 2 patients were clinically assessed
in OFF and ON medication status. In study 3 assessments were only done in ON. Cognition
was always assessed in ON, in all three eye-movement studies.

During our last project, Study 4, Norrbottnian GD type 3 patients were recruited at Sunderby
Regional Hospital of Norrbotten County in Lulea, Sweden.

4.1 CLINICAL EVALUATION

4.1.1 Movement Disorders Society Unified Parkinson’s Disease Rating Scale

The PD cohorts of the first three studies were clinically assessed by neurologists who were
trained and certified by the MDS to perform clinical evaluations of PD. The MDS-revised
version of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) (88) which was used
in Studies 1 and 2, consists of four parts. The first two parts aim to describe the non-motor and
motor experiences of daily living. Part IB and part 11 can be answered by the patient with our
without the aid of caregiver. Part 1A, however, requires a clinical interview, and so does the
last part, IV, which assesses the motor complications of PD. Part 111 comprises examination of
the motor symptoms.

The UPDRS (89) that was used in Study 3 is a previous version of the MDS-UPDRS that also
comprises four parts: part | investigates mental dysfunction and mood; part Il addresses the
motor disability as it affects the activities of daily living; part 11l describes the motor
examination, and part IV describes the treatment-related motor and non-motor complications
of PD. In the first two studies, clinical assessments were performed in both ON and OFF
medication status. During the third study, evaluation was done only in ON medication status.
Patients in OFF had omitted their dopaminergic medication for at least 12 hours. ON status
was assessed approximately one hour after the dopaminergic medication intake.

4.1.2 Hoehn and Yahr scale

The classification of PD progression according to disease severity was done with the Hoehn
and Yahr (H&Y) (90, 91) scale (Studies 1 and 2) and its modified version (study 3). The H&Y
scale classifies PD patients into 5 stages (7 stages in the modified version) according to their
motor symptoms. Unilateral symptoms are characterized as stage 1, progression to stage 2
describes patients with bilateral symptoms but without impairment of balance. Stage 3 refers
to the presence of postural instability. Loss of physical independence is classified as stage 4,
while confinement to wheelchair or bed describes patients at Stage 5, according to the H&Y
scale. In the modified version of the scale, stages 1.5 that includes unilateral and axial
involvement, and 2.5 that includes recovery on pull test, were added.
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4.1.3 Schwab & England activities of daily living scale

The Schwab & England activities of daily living scale was used for the quantification of the
level of patients’ independence. The scale can be rated by either the patient or the examiner
and it uses percentages between 0% for fully dependent and bedridden individuals to 100% for
patients totally unaffected in their everyday activities (92).

4.1.4 Levodopa equivalent daily dose

Dopaminergic medication can include levodopa, dopamine agonists, monoaminoxidase-B
(MAO-B) inhibitors, and COMT inhibitors. In the first three studies, we converted PD
participants” medication, using the most common conversion factors according to the levodopa
equivalent evaluation (93). The equation provides a value called ‘levodopa equivalent daily
dose’ (LEDD) that allows for comparisons between treatment effects.

4.1.5 Modified severity scoring tool

The Norrbottnian GD3 population was clinically evaluated with the modified severity scoring
tool (mSST) (94) (study 4), an assessment method that is used to rate the neurological
manifestations in neuronopathic GD populations.

4.2 COGNITIVE EVALUATION

4.2.1 Montreal Cognitive Assessment

One of the most common tools for the evaluation of the cognitive status of PD patients is the
Montreal Cognitive Assessment test (MoCA) (95). It is a quick screening tool, which takes
about 10 minutes to apply, that is used in various clinical settings, PD among others. It
comprises seven steps that reflect seven cognitive domains with a maximum score of 30 points
and a cut-off score of 26 or more to be considered normal (plus one point for less than 12 years
of education). MoCA is translated into Swedish and widely used in the clinical praxis. MoCA
was used in studies 1, 2, and 3.

4.2.2 Frontal Assessment Battery

The Frontal Assessment Battery (FAB) is a short 10-minute test, consisting of six parts, used
to assess frontal functions. It is particularly useful for the cognitive and behavioral evaluation
of patients with neurodegenerative diseases that involve the frontal lobes (96). It was used in
studies 1 and 3 as a way to quantify executive function and control for association with eye
movements that require activation of frontal areas for the evaluation of their generation, such
as in the AS and the sustained fixation task.

4.2.3 Mini Mental State Examination

The Mini Mental State Examination (MMSE) is a commonly used screening tool for dementia
(97). As the other assessment tools used in our projects, MMSE is not specific for any disease;
it serves rather as a brief measurement of different cognitive domains, focused more on verbal
skills than visuospatial and/or constructional praxis.
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4.2.4 Repeatable Battery for Assessment of Neuropsychological Status

The Repeatable Battery for Assessment of Neuropsychological Status (RBANS) (98) was used
for the evaluation of Norrbottnian GD3 patients. It separately assesses immediate memory,
visuospatial and constructional function, language, attention, and delayed memory, and
provides a total index score as an estimate of global cognition. It has the advantage of providing
index scores and normative data from the Swedish population, computed according to age,
easily comparable between different age groups. While it takes almost 30 min to complete, it
covers many cognitive domains and is therefore an adequate tool for neurocognitive evaluation.

4.3 EYE MOVEMENT EVALUATION

During the first project, the EyeBrain T2 was used (medical device with CE label for clinical
use Class Ila, 1ISO 9001, ISO 13485). It is a head-mounted binocular eye tracker that uses near-
infrared light and has an acquisition speed of 300Hz. Oral instructions were given, and the
paradigms included horizontal and vertical VGS, and horizontal AS. We measured latency,
mean and peak velocity, and gain for all saccades, along with the error rate for AS. Gain is a
measure of saccadic accuracy, computed as the ratio of the saccadic amplitude and the distance
from the target. A similar protocol was used for the assessment of eye movements in the
Norrbottnian GD3 group (study 4), thus at a previous time point than that of the clinical and
neuropsychological assessment (results published 2017) (85). For the assessment of text
reading in Study 2, we used the RED250 eye tracker (manufactured by SensoMotoric
Instruments, SMI; Germany) which is portable and has a capability of 250 Hz. Quantity and
quality of fixations and saccades, progressive and regressive, were assessed during silent
reading of a text. Last, during the third study, the eye tracker that we used was the Tobii Pro
Spectrum, which is screen-based and has a sampling rate of 1200Hz (manufactured by Tobii
Pro AB). The participants were orally instructed to focus on a black dot that was presented on
a white screen, for eight trials, 15 sec each. During the task we attempted to quantify the ability
of the eye to maintain stable fixation both in time and space. Additionally, with the same eye
tracker we measured pupil size during the sustained fixation task.

4.4 STATISTICAL ANALYSIS

For studies 1 and 2, Prism 8 (Graph Pad) was used. Normality was checked with the Shapiro-
Wilk test, (two-tailed p-values and significance level of < 0.05). Depending on whether the
distribution was parametric or not, comparisons between >2 groups were evaluated using
ANOVA and Dunn’s post-hoc test with Bonferroni correction, or Wilcoxon rank test. Student’s
t-tests between HC and PD groups, and paired t-tests for comparison within PD subjects in ON
and OFF medication states, were used. The Mann Whitney test was used when normal
distribution criteria were not fulfilled, and for nonparametric data. Associations between the
eye-movement parameters and cognitive/clinical ones were assessed using Pearson’s
correlations with false-discovery rate correction for multiple testing.

For the purposes of studies 3 and 4, we used the IBM SPSS 25 Statistic Data Editor. Non-
parametric tests were used because normality criteria were not fulfilled, as well as for

30



nonparametric data. The significance level was defined at 0.05. The Mann Whitney test was
used for comparisons; Spearman correlation was used to investigate the association between
various parameters; logistic regression analysis was performed to investigate the strength of
association of clinical and cognitive parameters to those of eye movements, as predictors of
diagnosis (HC vs PD). When the final model was decided, Receiver Operating Characteristic
(ROC) curve was plotted to visualize its separation potential between the two groups (PD vs
HC). The study sample of study 4 allowed for simple descriptive analysis of the population’s
data along with a between-group Mann Whitney comparison for small groups.

4.5 ETHICAL CONSIDERATIONS

All studies include participants, patients and healthy populations that underwent clinical and
cognitive testing. Written and oral informed consent was obtained according to the Helsinki
declaration regulations. It was important to explain the process but also take care of the
participants when there were unexpected, pathological findings or complications. Participants’
data were treated anonymously, all subjects were given a code name, and the key to the files
was archived for all studies.

We have applied and received approval for all studies included in the research project. In detail:
Study 1: Diarienummer 2016/348-31/4

Study 2: Diarienummer 2016/19-31/2

Study 3: Diarienummer 2018/437-31/2

Study 4: Diarienummer 2016/19-31/1 and amendment 2017/1957-32/1.
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5 RESULTS
51 STUDY1

5.1.1 Participants

Demographics and clinical characteristics of our study groups are shown below. In total 60

participants were included, 20 in each group, HC, PD H&Y2, and H&Y 3 (Table 2).

Table 2. Clinical and demographical characteristics of PD patients and HC in Study 1.

HC PD p H&Y?2 H&Y3 p
n 20 40 20 20
Gender, Male/Female 12/8 28/12 15/5 13/7
Age, years 65.9 65.6(9.1) 0.2 62.2 69.2 (7.7) 0.01
(7.6) (9.0)
MoCA 26.9 25.3(3.7) 0.04 26.0 24.6 (4.1) 0.3
(1.9) (3.1)
FAB 16.7 155(2.7) 0.045 15.8 15.3(2.5) 0.6
(1.4) (2.8)
Disease duration, 4.9 (3.4) 35(25) 6.3(3.6) 0.007
years
LEDD, mg/day 528 (235) 479 580 (227) 0.2
(231)
MDS-UPDRS I11 38.4 34.1 42.9 0.02
OFF (11.6) (9.8) (11.6)
MDS-UPDRS I11 ON 255 210  305(9.8) 0.004
(10.8) (9.6)

Values are reported as means (standard deviations). Comparisons between HC and PD were

done with the t-test, while the ones between H&Y 2 and 3 were done with the paired t-test.

Statistically significant differences at the level of <0.05 are marked with bold. HC: Healthy
Controls, PD: Parkinson’s Disease, H&Y: Hoehn & Yahr, MoCA: Montreal Cognitive

Assessment, FAB: Frontal Assessment Battery, LEDD: Levodopa Equivalent Daily Dose,

MDS-UPDRS: Movement Disorders Society Unified Parkinson’s Disease Rating Scale.
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5.1.2 Saccades

PD participants performed horizontal and vertical VGS with a significantly smaller gain,
irrespective of H&Y stage (p<0.0001). Gain was not computed for AS. Although the horizontal
VGS latency did not differ between groups, vertical VGS latency was prolonged in the PD
group. AS latency was also prolonged in the PD group. Interestingly, H&Y 2 patients performed
less directional errors than the H&Y3 patients in the AS task. A summary of the results is
presented in Table 3.

Table 3. Results of ANOVA comparing HC and PD patients in H&Y stage 2 and 3 (in OFF
medication state) in Study 1.

HC PD H&Y?2 PD H&Y3 p
Step horizontal
Latency, ms 254.7 (40.3) 284.7 (58.6) 279.5 (34.1) 0.1
Gain 0.96 (0.03) 0.90 (0.07)* 0.88 (0.04)* <0.0001
Step vertical
Latency, ms 245.3 (27.3) 303.8 (68.0)* 3035 (42.8)* 0.0002
Downwards 0.98 (0.09) 0.89 (0.10)* 0.85 (0.10)* 0.0005
gain
Upwards gain 0.87 (0.11) 0.71 (0.11)* 0.69 (0.13)* <0.0001
Antisaccades
Latency, ms 282 (39.2) 3745 (107.2)*  387.3(58.1)* 0.0002
AS error rate 0.18 (0.17) 0.25(0.14)a 0.47 (0.32)*a 0.0003

Values are reported as means (standard deviations). Between-group differences compared to
HC are shown as * using Dunn’s post hoc test with Bonferroni correction with a significance
level of p < 0.05. aindicates a significant between-group difference between H&Y2 and H&Y3.
Statistically significant differences at the level of p<0.05 are flagged with bold. HC: Healthy
Controls, PD: Parkinson’s Disease, H&Y: Hoehn &Yahr, AS: antisaccades.

Further analysis to recognize possible correlations between saccadic performance and the
clinical and cognitive characteristics of PD patients, revealed a negative correlation between
the vertical VGS gain and the MDS-UPDRS score (upwards: p = 0.01, downwards: p = 0.02).
AS latency correlated with the axial MDS-UPDRS (p=0.043), AS error rate correlated
negatively with MoCA (p= 0.018) and FAB (p= 0.0041). ROC analysis revealed the greatest
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AUC for upwards gain among the other saccade parameters for the discrimination of PD
patients from HC individuals (0.85; 95% CI: 0.75-0.95, p<0.0001).

5.1.3 The effect of levodopa

Eye tracking in ON and OFF yielded some interesting results. First, medication had no effect
on VGS gain, neither horizontal (p=0.6) nor vertical (downwards p=0.4, upwards p=0.8).
Levodopa significantly prolonged the latency of the horizontal (p=0.03), but not the vertical
VGS (p=0.2). Despite some prolongation of the vertical VGS latency in ON compared to OFF,
the difference did not reach statistical significance (p=0.2).

Contrary to VGS, AS latency was shortened after levodopa intake (p=0.04), but error rate was
not affected (p=0.5). A more detailed analysis by H&Y staging revealed that only H&Y?2
patients performed the AS task with a shorter latency after levodopa intake (p=0.02), but not
H&Y3 patients (p=0.6). Instead, the H&Y3 group had improved AS error rate after levodopa
intake (p=0.03). Results are presented in summary in Table 4.

Table 4. Within-subject comparisons with OFF and ON medication state in Study 1.

PD OFF PD ON p
Step horizontal
Latency, ms 282.2 (48.6) 291.9 (54.7) 0.03
Gain 0.89 (0.06) 0.88 (0.08) 0.6
Step vertical
Latency, ms 303.7 (57.2) 310.6 (60.3) 0.2
Downwards gain 0.87 (0.10) 0.72 (0.13) 04
Upwards gain 0.70 (0.12) 0.69 (0.13) 0.8
Antisaccades
Latency, ms 372.0 (83.6) 352.8 (86.6) 0.04
Express saccade 0.07 (0.11) 0.08 (0.15) 0.4
rate
AS error rate 0.35(0.27) 0.32 (0.23) 0.5

Values are reported as means (standard deviations). PD: Parkinson’s Disease, AS:
antisaccades. Statistically significant differences at the level of p<0.05 are flagged with bold.
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5.2 STUDY 2

5.2.1 Participants

Participants in our second pilot study on reading comprised two groups: 13 HC and 19 PD
patients in H&Y<3. Patients were assessed in both OFF and ON medication status. Their
clinical and demographical characteristics are presented in table 5.

Table 5. Clinical and demographical characteristics of PD patients and HC in Study 2.

HC PD D
n 13 19
Age, years 69.4 (3.9) 66.1 (8.4) NS
Education, years 14.1 (2.9) 13.7 (3.6) NS
Disease duration, years 4.8 (3.7)
LEDD 547 (207)
MDS-UPDRS 11l OFF 41 (11)
MDS-UPDRS I11 ON 27 (10)
MoCA 26.3 (1.7) 25.4 (3.9) NS

Values are reported as means (standard deviations). HC: Healthy Controls, PD: Parkinson’s
Disease, LEDD: Levodopa Equivalent Daily Dose, MDS-UPDRS: Movement Disorders
Society Unified Parkinson’s Disease Rating Scale, MoCA: Montreal Cognitive Assessment.

NS: Non-significant.

5.2.2 Reading parameters

PD patients read fewer words per minute than HC, performed more regressive saccades and
had longer mean fixation durations. In the OFF state, cognitively impaired patients (MoCA
<26) presented with longer fixation durations compared to HC and PD with normal MoCA
score. Only the mean fixation duration correlated with MoCA score in PD (p=0.002, R?=0.46).
Further, disease duration correlated with words per minute in OFF (p=0.01; R?=0.3). Levodopa
did not affect the reading parameters. Results are presented in Table 6.
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Table 6. Reading parameters for HC and PD patients in ON and OFF medication status and
comparisons between groups in Study 2.

PD ON PD OFF HC HC- HC- ON-
ON OFF OFF

Words per minute 185.6 195.9 243.4 *1 *1 NS?
(67.27)  (63.31)  (58.37)

Number of fixations 156.9 156.7 131.5 NSt NSt NS3
(46.38)  (57.73) (26.2)

Mean fixation 269.1 256.5 229.6 *2 *2 NS*
duration (56.45)  (38.64)  (30.41)
Number of saccades 108.5 106.7 91.92 NSt NSt NS3

(30.7) (4262)  (21.07)

Mean saccade 1.709 1.803 2.12 *2 NS? NS*
amplitude (0.65) (0.71) (0.87)
Number of 34.89 35.05 22.92 *1 *1 NS3
regressions (20.07) (21.33) (13.14)
Mean regression 0.976 1.032 1.137 NS? NS? NS*
amplitude (0.39) (0.65) (0.43)
Ratio saccades / 68.34 66.64 75.45 NS? NS? NS*
regressions (14.81) (14.19) (10.52)

Values are reported as means (standard deviations). Comparisons between HC and PD in ON,
and OFF and paired comparisons between PD in ON and OFF.  Mann Whitney test, 2 Student's
t-test, 3 Wilcoxon rank test, 4 paired t-test. NS: non-significant. SD: standard deviation, PD:
Parkinson’s Disease, HC: Healthy Controls. * flags statistical significance p<0.05.

5.3 STUDY 3

5.3.1 Participants

For the third study, 43 HC were included along with 50 PD patients of H&Y<3. Assessments
were only performed in ON. Participants’ characteristics are summarized in Table 7.
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Table 7. Clinical and demographical characteristics of PD patients and HC in Study 3.

HC PD D
n 43 50
Gender, Male/Female 16/27 33/17 0.006
Age 63 (16) 64 (10.5) 0.728
Education, years 15 (5) 16 (4) 0.895
Age at diagnosis 62 (11.5)
Years since diagnosis 2 (2.5)
LEDD 545 (523.75)
UPDRS part 1 1(2)
UPDRS part 2 10 (6)
UPDRS part 3 21 (15.5)
UPDRS part 4 2 (3.25)
UPDRS total 36.5 (21.75)
Schwab & England 90 (10)
MoCA 27 (3) 27 (3) 0.2
MMSE 29 (2) 28 (2) 0.4
FAB 18 (2) 17 (3) 0.1

Values are reported as medians and interquartile ranges (IQR), number of participants and
gender ratio reported in absolute values. Differences at the level of p<0.05 are flagged with
bold. HC: Healthy Controls, PD: Parkinson’s Disease, LEDD: Levodopa Equivalent Daily
Dose, UPDRS: Unified Parkinson’s Disease Rating Scale, MoCA: Montreal Cognitive
Assessment, MMSE: Mini Mental State Evaluation, FAB: Frontal Assessment Battery.

5.3.2 Fixation

During the fixation task, HC maintained a more stable gaze while focusing on a target and the
task was less interrupted compared to PD patients. In more detail: fixation duration, mean
(p=0.007) and median (p=0.016), were shorter in the PD group compared to HC, and the same
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was indicated when comparing the longest fixation period between the groups (p=0.008), with
less saccades that interrupted the task (p=0.015). Additionally, while fixating on a target in
stable light conditions, PD patients presented with smaller pupils than those of HC, as indicated
by smaller mean (p = 0.002) and median (p=0.003) pupil diameters. For details see Table 8.

Table 8. Comparisons of eye-movement parameters in PD and HC in Study 3.

HC PD P

n 43 50

Mean pupil size 2.5025 (0.3) 2.3527 (0.31) 0.002
Median pupil size 2.4925 (0.29) 2.3625 (0.31) 0.003
Mean fixation duration 3.026 (4.25) 1.321 (3.93) 0.007
Median fixation duration 2.55 (4.48) 0.7336 (5.09) 0.016
Longest fixation period 6.0954 (5.46) 4.346 (5.34) 0.008
Saccade rate 0.4448 (0.97) 1.1126 (2.49) 0.015

Values are reported as medians and interquartile ranges (IQR). Statistically significant
differences at the level of p<0.05 are flagged with bold. HC: Healthy Controls, PD:
Parkinson’s Disease; Longest fixation period: The maximum period of fixation uninterrupted
by saccades, blinks or noise (sec); Mean and median pupil size computed in mm; Mean and
median fixation duration computed in sec; Saccade rate: The number of detected saccades per
second.

Additional analysis with univariate models was performed to explore predictors of diagnosis.
The multivariate model with the best predictive ability included the median pupil size (OR
0.811; 95% CI 0.666-0.987; p=0.037), longest fixation period (OR 0.798; 95% CI 0.691-
0.921; p=0.002), sex (OR 4.35; 95% CI 1.516-12.483; p=0.006), and visuospatial/executive
score in MoCA (OR 0.422; 95% CI 0.233-0.764; p=0.004). The area under the curve of the
model in the subsequent Receiver Operating Characteristic (ROC) analysis was 0.817; 95% ClI
0.732-0.901 (Fig 2).
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Figure 2. ROC curve of the multivariate model that includes longest fixation period, median
pupil size, sex, and visuospatial/executive subscore of the Montreal Cognitive assessment test.
AUC: Area under the curve; CIl: Confidence interval, ROC: Receiver Operating
Characteristic.

5.4 STUDY 4

5.4.1 Participants

Ten patients diagnosed with the Norrbottnian type of GD3 were included in Study 4. The
patients varied phenotypically, and this is indicated not only by the variability in their disease
characteristics (history of epilepsy and mSST score), but also by the different treatments they
received (ERT, allo-HSCT, splenectomy) (Table 9). It is important to notice that, although the
majority of patients were homozygous for the most common L444P mutation in the GBA gene,
there was one patient with the L444P/A341T genotype.
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Table 9. Clinical and demographical characteristics of Norrbottnian GD type 3 patients in
Study 4.

Sex Age  Mutation Age at SPC/Age Epilepsy/ Therapy/Age mSST

Diagnosis Age at
Diagnosis

1 F 32 L444P/L444P 2 Y/2 Y/16 allo-HSCT /2 7.5
2 F 39 L444P/L444P 7 Y/10 N ERT 5
3 M 29 L444P/L444P 2 Y/3 Y/17 ERT 115
4 M 52 L444P/L444P 5 Y/13 Y/45 ERT 14
5 F 44 L444P/L444P 2 Y/8 Y/23 allo-HSCT /9 18
6 M 30 L444P/L444P 3 N Y/14 ERT 15
7 F 51 L444P/L444P 1 Y/10 N ERT 5.5
8 F 57 L444P/L444P 3 Y/3 N ERT 125
9 M 51 L444P/L444P 1 Y/10 N ERT 135
10 M 24 L444P/A341T 1 N N ERT 1.5
Median 415 2(3) 9(7) 12
(IQR) (21.5) (8.88)

Values are reported as medians and Interquartile Ranges (IQR). Age is presented in years.
SPC: splenectomy, ERT: enzyme replacement therapy, allo-HSCT: allogeneic hematopoietic
stem cell transplantation, Y: yes, N: no, F: female, M: male, mSST: modified severity scoring
tool.

5.4.2 RBANS

The phenotypical variability among patients was reflected on their cognitive results. Individual
assessments are schematically shown in Fig 3. At a group level, cognitive evaluation of
Norrbottnian GD3 patients showed that they performed better on domains like
visuospatial/constructional, language, and delayed memory domains, reaching scores at the
lower part of the average, according to qualitative criteria provided by the manufacturer.
However, performance on the immediate memory tests was clearly below average, whereas
attention, and the total index score, were significantly below average (Fig 4).
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Figure 3. Individual assessments for each cognitive domain, and the total index score of the
RBANS test.
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Figure 4. Boxplots of the RBANS index subscores and the total index score for the Norrbottnian
GD3 population. * : extreme outlier, o: mild outlier.
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6 DISCUSSION

One of the most common problems regarding PD is the difficulty to provide early diagnosis
and accurate prognosis, and thereby be able to plan appropriate clinical care and support. This
PhD project examined whether eye movements can be used as a tool to differentiate between
HC and PD patient groups that vary clinically in terms of cognition and disease progression/
H&Y stage. We managed to identify differences between PD and HC, and found that some of
the eye-movement parameters were related to disease parameters. This opens the avenue for
examining eye movements in persons with very early signs and symptoms of PD thereby
facilitating earlier diagnosis. In addition to the traditional assessment of horizontal saccades,
our studies indicate that examination of vertical saccades and AS, reading, and sustained
fixation, can provide potential biomarkers for PD. We assessed patient groups of different
H&Y stages but prospective studies could enable the exploration of oculomotor changes over
time, to examine the use of these biomarkers in PD prognosis.

6.1 STUDY1

Summarizing our results, of all VGS parameters, gain was significantly reduced in PD
compared to HC in both horizontal and vertical VGS, and it was correlated with motor
performance. Latency was prolonged during vertical VGS and AS in PD compared to HC. The
error rate was only worse in the H&Y3 group of PD patients but improved after levodopa
intake. Levodopa treatment did not affect the gain, prolonged latency in reflexive saccades,
mainly the horizontal ones, and shortened it for AS, in the less affected PD group.

6.1.1 Gain and the BG-SC connection

The hallmark of PD pathology is dopamine denervation in the brain, the imbalance between
the direct and indirect pathways, and the subsequent inhibition of movement via the thalamus.
It has been suggested that, in a similar way that the dopamine deficit in PD affects motor
performance, it also dysregulates the direct and indirect pathway in the BG, and consequently
enhances the inhibition on the SC, thus producing saccades with shorter amplitude (45, 99).
Implications of a direct projection from zona incerta to the SC support the idea of further
dopaminergic control on the SC (100). Our results are in accordance with this hypothesis,
because gain was smaller in the PD group in all saccadic movements. Additionally, it was the
upwards gain that could discriminate between HC and PD. The fact that gain was correlated
with motor performance is not surprising, given that BG function worsens with disease
progression, affecting at the same time the SC function.

6.1.2 Latency and the cortex - The antisaccadic movements

Latency control involves the cortex. Before initiating a saccade, multiple processes need to take
place, engaging cortical areas like the FEF, PEF, and DLPFC (33). Attention needs to be shifted
towards the target, and this takes longer in the case of volitional saccades because the brain
needs to inhibit other unwanted eye movements. The eyes need to be disengaged from fixation
and compute the amplitude and velocity of the eye movement to reach the target as accurately
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as possible (101). The complexity of the process was, therefore, expected to lead to a prolonged
latency, mainly in the AS, in the PD group. In our population, latencies of the reflexive saccades
were also prolonged in the PD group, although only the difference in vertical reflexive saccade
latency between PD and HC was statistically significant.

We also found that the error rate in the AS task was higher for PD patients in a later disease
stage. Higher error rates and longer AS latencies in PD have been confirmed with
magnetoencephalography studies that showed altered activation of frontal areas during the AS
task (102). Additionally, we found that AS latency tended to correlate with the axial MDS-
UPDRS subscore, suggesting a common mechanism between postural stability and the AS
task. Indeed, this has also been suggested before. The role of the PPN and cuneiform nucleus
has been discussed in this context. These nuclei are involved in postural and oculomotor control
networks, receive projections from the frontal cortex and project to the SC (103). Last, it is
important to mention the correlation of error rate in AS with FAB, which measures executive
function and attention, emphasizing the role of cognition in the AS task.

In summary, our finding of affected gain in all saccadic movements in PD while latency is
prolonged in the volitional ones, and to a lesser extent to VGS, is in accordance with existing
literature that supports that the BG are mainly involved in the volitional saccade generation,
which in our studies was tested with AS. Reflexive saccade generation bypasses the BG (44,
99). In addition to previous study results, we found that vertical saccadic gain is a promising
marker for diagnosing PD, but this should be further confirmed with studies at earlier stages of
the disease.

6.1.3 The role of levodopa

Another important finding was the effect of levodopa on saccadic performance. More
specifically, levodopa did not affect the gain, but was associated with prolonged horizontal
VGS latency. Contrary to that, AS error rate improved after levodopa intake, while latency
only improved in the H&Y?2 group but not in the more advanced patients. Our results are in
accordance with previous studies that support that levodopa enhances inhibition on the SC and
consequently worsens the performance of the reflexive saccades, while it ameliorates volitional
saccadic performance due to the reduced inhibition of the frontal cortex by the BG (67). AS
generation requires activation of complex pathways: Inhibition of unwanted reflexive saccades
from the DLPFC, activation of the FEF and SC with direct FEF-SC projections but also the
FEF-BG-SC loop. This last loop is reciprocal and leads to inhibition of frontal areas from the
BG during AS in PD, so that eye movement generation is delayed (104). After levodopa intake,
the process is facilitated due to the partial removal of inhibition of the frontal areas, leading to
a shortening of AS latency. A possible mechanism that could explain the prolongation of the
reflexive saccadic latency, is the restricted control of BG-mediated frontal evaluative processes
on the PEF, and consequently generation of reflexive saccades with short latencies. In ON,
frontal control on the PEF is more effective, and latency is prolonged thus restricting, in a way,
their reflexive character.
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Vertical saccades, on the other hand, are more complex and their generation and control employ
different brain areas than those of the horizontal ones (55). Our results could imply that non-
dopaminergic signalling is involved in their initiation since levodopa did not affect their
latency, contrary to that of horizontal VGS.

6.1.4 Strengths and limitations

Literature on horizontal eye movements is abundant, probably because their oculomotor
pathway is simpler, making results easier to explain. Our study on reflexive and volitional
saccades is among the few that examine vertical saccades in PD. In addition to that, we studied
AS that seem to serve as a promising marker of frontal function. Last, contrary to most studies
on oculomotion, we performed assessments in OFF and ON. Assessments in OFF are
practically difficult and require a better planning and cooperation from the patients, therefore
literature on the effects of levodopa on ocular motor control is restricted. Our aim was to
examine the role of dopaminergic medication on the regulation of neural circuits in the brain.
Indeed, our results are very interesting, but need to be confirmed by similar studies.

Study 1 has several limitations. First, our groups did not only differ in PD stage but also in age
and cognition. Second, we only included patients with a relatively narrow spectrum of
symptom severity. Patients with PDD were not included, nor patients in late stages of the
disease (H&Y 4 and 5). This would possibly provide interesting results, however, planning
such a study would be more resource consuming given the practical difficulties of OFF
evaluation in patients with advanced disease, along with the difficulties expected to be
encountered in following instructions and using a head-mounted eye tracker. Nevertheless,
more modern, screen-based eye trackers are more comfortable. Furthermore, detailed
neuropsychological evaluation was not part of the study, but it could provide important insights
for the interpretation of our results regarding the role of cognition on the saccadic generation.
Regarding evaluation in ON and OFF, patients that used dopamine agonists and MAO-B
inhibitors, agents that have a long half-life, were instructed to refrain from their use for at least
12 hours, as they were instructed to do with levodopa. Consequently, the OFF assessment for
these patients might not have been true OFF. Practically, though, it would have been impossible
to ensure a total lack of dopaminergic medication in our PD patients for the purposes of our
study. Last but not least, a larger sample size that would include patients with prodromal
symptoms, at risk for PD, would have provided more robust conclusions.

6.2 STUDY 2

During this small pilot study, we examined differences in eye movements between HC and PD
in @ more pragmatic environment during reading. In summary, fixation duration was
significantly longer in PD compared to HC, especially when cognition was impaired,
regression frequency was higher in PD, and fixation duration correlated with MoCA score. The
medication state did not seem to make any difference in the reading performance of PD
patients.
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6.2.1 Reading

Reading is a demanding task that requires a sequence of fixations and saccades to see the words,
but also cognitive processes to understand the text. While the eyes fixate on a word, cognitive
processes take place in order for new information to be acquired (39). Studies that compared
pseudo-reading with natural reading have shown that, in natural reading saccades are less
reflexive, fixation is under greater control, and a high automatic phonological processing is
employed, requiring less attentional resources compared to pseudo-reading (105). Longer
fixation duration during reading could be related to deficits in decision-making processes,
attention, and working memory, which are known to be affected in PD, thus reflecting the
cognitive load that prolongs word processing (106). Moreover, sentence comprehension is
impaired in PD, probably due to deficits in working memory (107). Interestingly, reading in
Alzheimer’s disease is slower due to longer fixation durations, short saccadic amplitudes while
the eyes move to the next word, as well as a higher number of regressions both to the previous
words and within the same word (108). In conclusion, our results suggest that PD patients’
reading difficulties might be attributed to cognitive deficits, rather than pure oculomotor
impairment.

6.2.2 Strengths and limitations

At the time of the recruitment of participants for this project, literature on reading in PD was
extremely limited. Since then, a few more studies have been published describing reading
assessments in PD patients. Our study is, therefore, among the first that examined reading in
PD in ON and OFF.

Our results have to be interpreted while keeping in mind the limitations of the project. This was
a pilot study and due to the small sample size, our results have limited generalizability.
Additionally, given that cognition plays an important role, a more detailed evaluation and
characterization of the cognitive status of the participants would add to the strength of our
conclusions.

6.3 STUDY 3

Our third project aimed to describe the features of stable gaze and the differences between PD
and HC. Our main findings indicate that PD patients make more interruptions during sustained
fixation as indicated by the higher saccade rate and the shorter fixation durations in the PD
group compared to HC. Additionally, we found that while focusing on this simple task, PD
participants did not dilate their pupils to the same extent as HC.

6.3.1 Sustained fixation and attention

Sustained fixation has been discussed as an indicator for attention and cognition, as well as
visual perception, and mechanisms that control it do not differ from those of saccadic and
smooth pursuit control (35). Both gaze stability and corrective movements are important
parameters of sustained fixation, and the extent to which HC and PD succeed in maintaining
focus or break this process can contribute to PD diagnosis. This was obvious in our study where
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PD patients interrupted the task more easily than HC participants did. Saccadic intrusions are
well documented in PD, usually identified as square wave jerks (SWJ), attributed both to
impaired inhibition of unwanted movements from the DLPFC, but also from a compensatory
FEF activity due to excessive inhibition of the SC (27, 69, 99). The nature of the movements
that interfered with sustained fixation in our study was not studied, therefore we can only
speculate that they were SWJ, although they could also have been microsaccades or express
saccades. Whether these deficits in fixation control are attributed to attentional deficits in the
PD group cannot be concluded from our results as PD and HC did not differ in any cognitive
test. A more thorough cognitive evaluation focused on attention, though, might have answered
this question.

6.3.2 Pupil size during sustained fixation

Pupil size was smaller in PD than in HC, a finding that possibly reflects deficits in cognitive
processes related to attention, as previously suggested (109). We hypothesize that the role LC
as a regulatory for the ANS nucleus which is affected in PD and is also related to cognitive
impairment, can partly explain our findings (54, 110). Recent research in mice suggests that
LC alone cannot be accounted for the pupil diameter during stable luminance, but the role of
arousal and attention is equally signfficant (111). It would be oversimplifying to attribute our
findings solely to the LC degeneration in PD. Other parameters, that include both pre- and
postganglionic defects of the pupil innervation (112), along with cognitive processes, should
be taken into consideration.

6.3.3 Can the sustained fixation task identify PD?

Our study suggests that, fixation duration, pupil diameter, sex, and the visuospatial score in
MoCA can serve as discriminators between PD and HC, when put together in a model.
However promising, this model is not optimal. The visuospatial score in MoCA is a simple
measurement, and the only one that differed between PD and HC groups. Our group of
participants was tested clinically and cognitively with MoCA, FAB, and MMSE and we could
only identify weak correlations between fixation parameters and the MMSE score. Our
explanation for this finding, apart from the fact that MMSE is not optimal for the cognitive
assessment of PD and its ceiling effect (113), was that we only included participants with
overall good performance in cognitive tests and none that was diagnosed with dementia. There
are previous studies that have also pointed out that gaze distractibility in PD is common,
without identifying any direct dependence on disease stage and cognition, discussing however
the role of executive dysfunction (114). Using the fixation task alone to identify PD, is rather
optimistic, it could, nevertheless, together with other parameters, serve as a possible biomarker.

6.3.4 Strengths and limitations

Although studying eye movements has been popular in the field of neurodegenerative diseases,
studies on fixed gaze are scarce. The same applies to studies on the psychosensory pupil reflex
where luminance conditions (examining PLR) are stable and the need for accommodation
(examining PNR) is minimal. Moreover, pupils are usually studied using pupilometers and not
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eye trackers. Our study has the advantage of studying both parameters, gaze stability and pupil
response at the same time. We used a simple paradigm that requires minimal cognitive and
emotional effort, excluding, to a large extent, distractors and factors that can affect pupil size.

Despite its strengths, however, this study has some limitations. As already discussed in our
publication, differences in sex distribution between HC and PD may have an effect on our
results regarding pupil size, although there is inconsistency in previous study findings on the
topic (115, 116). Additionally, we only examined our patients in ON medication status, and
didn’t identify correlations between LEDD and performance on the task. Assessment in OFF
would have been interesting because it cannot be excluded that our results were affected by
medication side effects. These can include affection of the sympathetic or parasympathetic
systems that may affect pupil size. Our study groups did not differ in the cognitive testing,
which was only investigational and not thorough. MMSE correlations with some of the
parameters are problematic as the test is not optimal for evaluating PD patients, due to a lack
of adequate executive function evaluation. Finally, our study did not include characterization
of the eye movements that interrupted fixation. Given that eye movements were recorded with
a screen-based tracker and that patients were allowed to move their heads to some extent, it is
questionable whether this setting would allow for the discrimination of the type of eye
movements that disrupted fixation.

6.4 STUDY 4

Our last project studied cognition in a special subpopulation of GD, namely the Norrbottnian
GD3 patients. This special, small group of patients (only ten patients in our study) has a
relatively good quality of life and life expectancy, partly due to new therapeutic options.

6.4.1 Cognitive profile of Norrbottnian GD3

The results of Study 4 indicate that Norrbottnian GD3 patients have a relatively spared
language and visuospatial ability, while they present deficits in immediate memory and
attention domains. Similar results have been published on young GD3 patients (117) where
language performance was intact, but processing speed was affected. Their findings however
also included visuospatial deficits, while our group performed well on visuospatial testing. Age
and methodology differences could explain this discrepancy. Attentional deficits and overall
good language skills were also described in a large longitudinal study on GD3 (118), despite
methodological differences between this and our study. We also tested for differences between
patient groups based on previous splenectomy, antiepileptic medication, and previous allo-
HSCT or ERT, but the small number of patients and heterogeneity of their symptoms did not
allow for safe conclusions.

6.4.2 How is Norrbottnian GD3 linked to PD?

Norrbottnian GD3 patients share a common genetic background with some PD patients who
carry mutations in the GBA gene. The missense mutation L444P, which is the most common
for Norrbottnian GD3, is associated with worse cognitive performance for PD patients that
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carry it, especially regarding performance in working memory and executive function (119).
Our findings confirmed worse attention and executive function in the Norrbottnian GD3 group,
but did not confirm the visuospatial deficit. A direct comparison, however, between PD and
the Norrbottnian type of GD3 is impossible and not important.

6.4.3 Strengths and limitations

The greatest advantage of our study is the characterization of an interesting population that is
impossible to find elsewhere. These patients have been followed up longitudinally concerning
other disease parameters, and information on their genetic background, comorbidities, and
treatment is registered in detail. Neurocognitive evaluation adds to their detailed follow-up.

At the same time, our results are difficult to generalize, not only because the population is so
small but also very unique. Such rare conditions present with distinct phenotypes. Similarities
with other conditions, like PD in our case, may, however, provide insights into
pathophysiological mechanisms that concern these clinical entities. A cross-sectional
evaluation of cognition is rather indicative of the patients’ profile at the time of the assessment
than informative regarding their overall cognitive performance in time. Longitudinal
assessments with RBANS would add a lot to the results of the present study.
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7/ CONCLUSIONS

Our studies on eye movements were mainly focused on examining oculomotor alterations, a
feature that is commonly described in PD but not routinely assessed on a clinical basis. The
main challenge since the beginning of the project was to examine if these assessments could
be done in a practical and easy manner, comfortable for both the participant and the examiner,
and still provide useful data. Our results confirm most of the already known findings, which
confirms the initial idea of reproducibility in the clinical setting. Most important though, they
have highlighted novel aspects of eye movement examination, using paradigms that have not
been used to a great extent that provided interesting results. We can, therefore, hypothesize that
eye tracking could safely be integrated in the overall clinical examination of patients with PD
and other neurodegenerative disorders. Further studies that would examine patients of various
disease stages and cognitive states are needed to confirm our results. Longitudinal assessments
can reveal the usefulness of these results in evaluating PD prognosis.

Studies on rare disorders are of great importance, despite small patient groups and limited
generalizability. GD has been an important source of information for PD mechanisms, and the
longitudinal follow-up of Norrbottnian GD3 patients is very valuable in terms of shedding light
to the evolution of neurological and cognitive symptoms of patients. In addition, these patients,
as previously mentioned, live longer compared to other neuronopathic forms of GD. A deeper
understanding of their disease would help ameliorate their quality of life with appropriate
interventions.
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8 FUTURE PERSPECTIVES

8.1 EYE TRACKERS

Literature on the field of eye movements is vast, especially regarding saccades, and less
regarding fixation and reading. Hence, it is surprising that eye tracking is not popular in the
clinical setting. One of the reasons is that older eye trackers are impractical to use and they
require a lot of calibration. In addition, the patient’s cooperation is necessary: patients often
need to wear a rather uncomfortable head-mounted device (like the one used in Study 1), or
even stabilize the head using other techniques. Then, the recorded data need to be analyzed,
and this is time- and effort-consuming.

New-generation eye trackers are usually screen-based (like the ones used in study 2 and 3),
more comfortable for the patient, have higher acquisition speed, which provides better data
quality, and they need less calibration. However, filtering and analyzing the enormous amount
of recorded data, remains a basic problem. The use of artificial intelligence might help resolve
this problem, and efforts are already made towards this direction.

In our third study, apart from evaluation of eye movement, we also evaluated pupil size, without
using a pupilometer, but with a high-end eye tracker. Our results seem to agree with previous
studies on pupil reflex that used pupilometers. In the future, and if our results become replicated
by similar studies, pupil evaluation and eye movements could be integrated in the same
examination.

8.2 A DIFFERENT APPROACH OF THE ASSESSMENT OF READING

Literature regarding reading in PD is rather restricted, and for this reason not conclusive. More
studies in the field are needed as reading difficulties are a commonly expressed problem, and
its assessment provides conclusions on the oculomotor function during a complex but natural
task. Combination with functional neuroimaging studies for PD would add to our knowledge.
Eye movements during reading could also be assessed using a more linguistic approach,
controlling for specific parameters, like fixation duration on words with different semantic
value, regressions in areas of the text with conflicting information etc. Eye tracking while
reading numbers, musical notes, and symbols, comparisons between different languages with
different reading patterns and nonsense texts would also be of great interest.

8.3 INTEGRATION OF EYE TRACKING IN EPIDEMIOLOGICAL STUDIES

To date, there are multiple PD databases on national and international level, uni- or
multicentric, that include PD patients at various clinical and cognitive stages: de novo,
untreated patients, or medicated under various treatments, pharmacological or surgical, and at-
risk individuals that carry known mutations or suffer prodromal symptoms. Most of these
studies assess the participants clinically and cognitively, gather information on wet biomarkers,
for example from blood and CSF, as well as imaging biomarkers. The evaluation of eye
movements with a modern eye tracker takes less than 30 minutes (including calibration and
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multiple paradigms). It is non-invasive and comfortable and can be done at the clinic, as part
of a clinical assessment, even by non-medical staff. It could, therefore, easily be considered as
an additional biomarker to be included in the thorough assessments of study participants. This
would provide large-scale data including longitudinal evaluations of high importance.
Common eye-tracking protocols among the databases and careful characterization of the
groups are, however, prerequisites for comparable results. This would be the best way to
confirm the usefulness of eye tracking in PD diagnosis and prognosis, and consequently use it
as an everyday tool in the assessment of patients, even at a primary-care level.

8.4 WHAT ABOUT THE REST OF EYE MOVEMENTS?

There are multiple paradigms of eye-movement examination. Smooth pursuit, horizontal and
vertical, vergence, and nystagmus can be integrated in the assessments, along with the pupil
examination of the PLR and PNR. Fixational movements like ocular drift, SWJ and
microsaccades can also provide interesting information.

More than simple tasks, though, oculomotor assessments can reveal a lot during more complex
tasks. Eye-movement examination during visual scanning of faces, scenes, or during
presentation of auditory stimuli are some of the examples. Moreover, simultaneous evaluation
of cognition together with oculomotor assessments, performed on screens rather than paper,
could reveal differences between PD and HC that cannot be solely explained by the
discrepancies in the numerical scores in cognitive testing. The same can obviously be done not
only in PD but other diseases, or even healthy populations with different characteristics.

8.5 LONGITUDINAL EVALUATION OF NORRBOTTNIAN GD3

Follow-up of cognition in Norrbottnian GD3 patients should accompany their regular clinical
and biochemical follow-up. Longitudinal assessments are more representative of a disease
profile, and they help us reach safer conclusions. In addition to that, the effect of older and
novel treatments, can only be evaluated in time by regularly repeated assessments. Our group
is planning to re-evaluate cognition with RBANS in the same group of patients five years after
the initial evaluation.
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