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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by tremor,
rigidity, bradykinesia and postural instability. A major complication is that mild cognitive
impairment is commonly associated with PD and about 80% of patients will eventually
develop dementia. Biomarkers are needed to follow and help predict the cognitive progression
of PD for improved disease management and prognosis. It is suggested that saccades (rapid
eye movements) may provide a direct measure of the oculomotor pathways and associated
control systems that degenerate in PD and thus a possible biomarker for cognitive impairment
in this disorder.

In the first and major study, one hundred and one patients with PD and 47 healthy age and
education matched controls were recruited. Comprehensive neuropsychological testing
classified PD patients as either cognitively normal (PDN, n = 59), with mild cognitive
impairment (PD-MCI n = 25), or with dementia (PDD, n = 17). Eye movements were
recorded with a video-based iView X Hi-Speed tracking system. Each participant completed
reflexive, predictive, self-paced, memory-guided and antisaccade oculomotor paradigms.

In all tasks, PDD patients exhibited prolonged latency, reduced gain (accuracy) and increased
errors relative to PD-MCI patients. PD-MCI patients in turn exhibited prolonged latency,
reduced gain and increased errors relative to control and PDN groups, who did not differ.
Regression analysis showed that cognitive status significantly influenced latency and primary
gain in each saccadic task, percent of predictive saccades, percent of memory-guided errors
and percent of antisaccade errors. These saccade measures all highly correlated with cognitive
status even after controlling for motor function, age, education and sex.

Study 2 examined whether saccades could be used to assess changes in cognitive function
resulting from amantadine or anticholinergic treatment. Study 2 used the same paradigms as
in study 1, in a pre-post treatment design, using recently (less than five years) diagnosed
patients (n=36) without cognitive impairment initiated on either amantadine (n=22) or
anticholinergic (n=14) treatment as their first antiparkinson medication. Pre and post
treatment test scores in these patients and a control (n=26) group were compared using
ANOVA. Anticholinergic treatment reduced neuropsychological scores, and increased
memory-guided errors. Amantadine treatment showed a small, but significant improvement in
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general cognitive performance and saccade primary gain in the predictive and self-paced
tasks.

In conclusion, a cross sectional study (Study 1), showed that a range of saccade measures was
strongly associated with cognition in PD indicating that they may prove to be a unique
biomarker of PD status and progression. Study 2 assessed the use of saccade measures to
track cognitive changes associated with two drug treatments in early PD. In future a
longitudinal study is desirable to determine whether saccadic parameters (including latency,
accuracy and error rate) may faithfully reflect PD progression.
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3, 4-dihydroxy-L-phenylalanine

LN

Lewy nitrates

MDS
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PD

Parkinson’s disease

PDD

Parkinson’s disease with dementia
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Parkinson’s disease with mild cognitive impairment

PDN

Parkinson’s disease with normal cognition
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The Parkinson’s disease Questionnaire
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parietal eye field

SC

superior colliculus

SEF

supplementary eye field
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Unified Parkinson’s Disease Rating Scale

UPDRS III

Unified Parkinson’s Disease Rating Scale, Part 3

VTA
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1.

Introduction

1.1. Cognitive impairment in Parkinson’s disease

Parkinson’s disease is characterized by bradykinesia, rigidity, tremor and in some cases,
postural instability (Hughes et al., 1992). These core symptoms may be accompanied by non
motor features including cognitive impairment, autonomic dysfunction and psychiatric
problems (Emre et al., 2007). Perhaps most relevant to their quality of life, about 80 percent
of patients with PD will eventually develop dementia (PDD) (Buter et al., 2008; Hely et al.,
2008). Prior to the onset of PDD, patients with PD will develop mild cognitive impairment
(PD-MCI). Patients with PD-MCI have relatively normal everyday activities of daily living,
but have noticeable deficits below expected levels affecting one or more cognitive functions
including memory, attention, executive or visuospatial functions (Nasreddine et al., 2005;
Dubois et al., 2007; Emre et al., 2007; Hoops et al., 2009; Dalrymple-Alford et al., 2011;
Litvan et al., 2011).

Patients with dementia in PD (PDD) experience significant loss of multiple cognitive
functions including, executive function, working memory and attention, information
processing speed, episodic memory, visuoperception and visuoconstruction (Troster et al.,
1998; Woods & Troster, 2003; Dubois et al., 2007; Emre et al., 2007). PDD was previously
considered a subcortical dementia affecting the ability to generate and use information
processing strategies (Woods & Troster, 2003), but recognised as also involving distributed
changes across the cortex and its functions (Troster, 2008, 2011). By definition, PDD has a
significant impact on activities of daily living, resulting in early nursing home placement,
reduced quality of life and increased caregiver stress (Aarsland et al., 2000; Bosboom et al.,
2004). With new criteria recently established by the Movement Disorders Task Force (Emre
et al., 2007), PDD is defined as impairment in at least two out of the four cognitive domains
of attention, executive function, visuospatial function and memory. The dementia syndrome
must represent a decline from premorbid level and be severe enough to impair daily life
(social, occupational or personal care), independent of previously established motor
symptoms or autonomic dysfunction (Emre et al., 2007). PD motor symptoms need to be
present for at least one year prior to dementia onset, otherwise dementia with Lewy bodies
(DLB) is likely.
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PDD generally involves extensive cell loss and α-synuclein deposits, subcortical and cortical
atrophy and in many cases this pathology extends from the midbrain to parietal and frontal
regions (Braak et al., 2004; Braak & Del Tredici, 2008; Weintraub et al., 2011b). In
Parkinson’s disease with normal cognition (PDN), atrophy is presumed to be restricted
predominantly to the substantia nigra and related pathways.

The Movement Disorders Task Force provided a detailed description of each of the cognitive
features that may be present in PDD (Emre et al., 2007). The cognitive features of PDD for
impaired attention may include impairment in spontaneous and focused attention, poor
performance in attentional tasks, slowed information processing and fluctuations in
performance. Working memory is often included as an example of attention (working
attention), although it is sometimes included as an executive function measure. The cognitive
features of impaired executive function may include impairment in tasks requiring initiation,
planning, concept formation, rule finding, set shifting or set maintenance. Impaired
visuospatial function may include impairment in tasks requiring visuospatial orientation,
perception or construction. Impaired cognitive features of memory associated with PDD may
include impairment in free recall of recent events or in learning new material. Memory
usually improves with cueing and recognition is often better than free recall. Language core
functions are largely preserved, although word finding difficulties and impaired
comprehension of complex sentences may be present, which are often regarded as due to
executive impairments. Since language is largely preserved this domain is generally not used
to assess cognitive function, beyond verbal recall and word finding tasks used to assess the
memory and executive function domains.

According to the Movement Disorders Task Force, the typical profile of PDD includes the
presence of at least one behavioural (i.e. psychiatric) symptom, but lack of behavioural
symptoms does not exclude a diagnosis. Behavioural features associated with PDD may
include apathy, changes in personality or mood, hallucinations, delusions or excessive
daytime sleepiness (Emre et al., 2007).

Features which make a PDD diagnosis uncertain include the co-existence of any other
abnormality which may itself cause cognitive impairment, such as the presence of vascular
disease, or when the time between motor and cognitive symptom onset is unknown. When
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present, other features such as systemic diseases or abnormalities which cause mental
impairment including drug intoxication and major depression, do not permit a PDD diagnosis.

Epidemiology of PD, PD-MCI and PDD
PD has an increased mortality rate and an increased rate of dementia relative to the agematched population. In a prospective population-based study Posada et al. (2011) found that
PD was an independent predictor of death (Posada et al., 2011). After twelve years, 81.5% of
PD patients had died (mean baseline age 73 years) where as 51.3% of matched controls had
died. Mortality rates were highest among those with dementia (Posada et al., 2011). In their
longitudinal community study, in which Aarsland et al., (2001) reported that 80% of PD
patients eventually develop dementia, there was a 5.9 times increased risk of developing
dementia compared with those in the general community without PD (Aarsland et al., 2001).
In the Sydney multicenter longitudinal study, patients were all newly diagnosed at baseline
and their age ranged between 39 to 79 years. The mortality rate among PD patients was 74%
after 20 years follow up, much higher than expected (a standardized mortality ratio of 2.5
between years 3-20) compared to the age-matched population (Hely et al., 2008). Of the
survivors, 83% had been diagnosed with dementia and of those who died, 75% had received a
diagnosis of dementia before death. The median survival after PD dementia diagnosis was
54 months. Patients were in a resthome for a mean of 3.4 years (SD 2.25 years) prior to death.
A 12 year follow up study by Aarsland's group found that 60% of people with Parkinson’s
disease had developed dementia (Buter et al., 2008). Their mean disease duration at baseline
was 9 years (range 1 to 34 years) and mean age at baseline was 75 (range 37 to 94 years)
(Buter et al., 2008).

Dementia onset has been observed to be the most consistent predictor of time to death (mean
3.3 years), in addition to the development of visual hallucinations (5.1 years), regular falls
(4.1 years) and rest home placement (3.3 years), which were also significant predictors of
time to death. (Kempster et al., 2010). Age at diagnosis (61.9 + 10.7 years) and disease
duration (mean 13.7 + 7.1 years) were not significant predictors of time before death
(Kempster et al., 2010).

Many demographic and clinical features have been identified as potential risk factors for the
development of dementia in PD, but the most consistent risk factors in longitudinal studies are
older age at disease onset, severity of motor symptoms, (particularly rigidity, postural
1-3

instability and gait disturbance) and cognitive impairment (Emre et al., 2007). When
bradykinesia and rigidity predominate, dementia and cognitive deficits tend to occur more
frequently, whereas the disease course tends to be more benign when tremor predominates
(Alves et al., 2006; Burn et al., 2006; Katzen et al., 2006). Emre et al’s. (2007) review
reported inconsistent study results for other features that may be potential risk factors for
PDD, including male gender, low educational attainment, depression, and visual
hallucinations. Patients over 70 years have an increased risk for developing a rapid disease
progression, with age at disease onset having a compounding influence on cognitive
vulnerability in PD (Katzen et al., 1998; Burn et al., 2006; Emre et al., 2007).

Variations in the reported frequency of PD-MCI are due at least in part to the lack of
consistent PD-MCI criteria (Aarsland et al., 2011; Litvan et al., 2012) and different
populations examined (Barone et al., 2011). A meta-analysis of 1346 patients from a large,
pooled, multicenter study was conducted from community and clinic based settings, and
included eight different cohorts and identified 25.8% of PD patients as having MCI (Aarsland
et al., 2010). Another study among PD patients with ten or more years of symptoms identified
55% of non-demented patients as having MCI (Janvin et al., 2003). Foltynie et al. (2004)
reported that 36% of recently diagnosed patients had MCI. In an incident community study
Aarsland et al. (2009) found that 18.9 percent of PD subjects met criteria for PD-MCI. PDMCI is a risk factor for a shorter time to progression of PDD compared with PDN (Janvin et
al., 2006; Hely et al., 2008). With so much variation in diagnostic criteria and study
populations examined, however, there is a potential for under or over diagnosis of PD-MCI
(Barone et al., 2011).

PD-MCI is perceived as a transition stage between PDN and PDD (Aarsland et al., 2011;
Dalrymple-Alford et al., 2011; Litvan et al., 2012). Unlike the recent PDD criteria, studies
differ substantially on the criteria used for PD-MCI. Three of the eight studies reviewed by
Aarsland et al. (2011) defined PD-MCI as 1.5 standard deviations (SD) below the normative
mean in at least one cognitive domain (Aarsland et al., 2009; Mamikonyan et al., 2009;
Aarsland et al., 2010) while the other five defined PD-MCI using different criteria: Foltynie et
al. (2004) used 1 SD below the normative mean on one of two tests; Muslimovic et al. (2005),
2 SD below the normative mean on three of 28 tests; Janvin et al. (2003) used 2 SD below the
normative mean on one of three tests; Elgh et al. (2009), 1.5 SD below the normative mean on
> 50% of tests in one cognitive domain out of four; Hoops et al. (2009), 1.5 SD in at least two
1-4

cognitive domains out of four and Sollinger et al. (2010), 1.5 SD below the normative mean
on at least two tests in one cognitive domain out of four.

A Movement Disorders Task Force (Litvan et al., 2012) has recently defined PD-MCI as
1 to 2 SD below the normative mean on at least two tests in one cognitive domain, or in one
test each in two different cognitive domains, when at least two tests for each of the cognitive
domains (attention and working memory, executive function, language, visuospatial and
memory) are assessed (Litvan et al., 2012). Abbreviated assessment criteria have less
diagnostic certainty and use recommended cut off guidelines on a test of global cognitive
assessment (any of the MoCA, Montreal Cognitive Assessment; PD-CRS, Parkinson’s
Disease-Cognitive Rating scale; SCOPA-COG, Scales for Outcomes of Parkinson’s disease–
Cognition; or MDRS, Mattis Dementia Rating Scale). Primary explanations for cognitive
decline must not be due to other comorbid conditions and cognitive impairment must not
significantly interfere with functional independence (Litvan et al., 2012).

A study by our group (Dalrymple-Alford et al., 2011) examined PD-MCI criteria in 143 PD
patients and 50 matched controls on 20 measures across 4 cognitive domains (executive
function, attention and working memory, learning and memory, visuoperception). We
compared the influence of different neuropsychological criteria on the distribution of global
cognitive (Montreal Cognitive Assessment, MoCA) scores in the PD-MCI groups relative to
control and PDD groups. Different criteria provided substantial variation in the proportion of
PD-MCI cases identified. Criteria of 1 SD or 1.5 SD below the normative mean in one
cognitive domain, classified too many patients with high MoCA scores as MCI and too many
controls as MCI (Dalrymple-Alford et al., 2011). We defined PD-MCI as 1.5 SD below the
normative mean in two or more tests in any one or more cognitive domains and demonstrated
that this may be an optimal criterion for defining PD-MCI. Accordingly, throughout this
thesis, the criterion of 1.5 SD in two or more tests from at least one cognitive domain is used
to classify patients as having PD-MCI.

Pathology of cognitive impairment in PD
Several neuropathological correlates have been associated with cognitive impairment in PD.
These include the presence of Lewy bodies and Lewy neurites, reduced noradrenergic
projections, reduced cholinergic projections and reduced dopaminergic function (Aarsland et
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al., 2011). These multiple neurotransmitter systems mediate behavioural, motor and cognitive
functioning.

One of the most important neuropathological hallmarks of PD is dopaminergic cell loss in the
substantia nigra pars compacta (SNpc). Destruction of the melanin-containing projection
neurons (Braak et al., 2003) is accompanied by α-synuclein-immunoreactive Lewy bodies and
Lewy neurites (Braak et al., 2003). Lewy bodies in other neurons and accompanying
Alzheimer type pathology may also contribute to cognitive dysfunction (Boller et al., 1980;
Jellinger, 2011). Neural destruction in PD generally follows a predictable course along limbic
and nigrostriatal pathways with loss of both striatal and extrastriatal dopamine (Hu et al.,
2000). With time, PD pathology develops in cortical regions, including the sensory motor and
limbic systems (Braak et al., 2004). PD may ultimately progress to involve widespread
cortical areas, often resulting in dementia (Braak et al., 2006; Hawkes et al., 2010; Melzer et
al., 2011b; Weintraub et al., 2011b).

Burke et al. (2008), however contends that there is no relationship between Braak stage and
clinical severity of PD and many aged individuals with an absence of neurological signs have
brain synucleinopathy ranging up to Braak stages 4 to 6 at postmortem. Although others have
also demonstrated that lewy body progression does not always correlate with clinical severity
(Colosimo et al., 2003; Jellinger, 2007; Weisman et al., 2007; Parkkinen et al., 2008), Braak
staging theory still provides a framework for disease progression (Halliday et al., 2011).
Although the Braak staging scheme is contentious and there has been a subsequent failure to
consistently correlate neurological signs with disease progression, there is overwhelming
evidence that extranigral pathology is widespread in PD and both affects the peripheral and
central nervous systems (Stern et al., 2012).

Loss of dopamine-containing neurons in the SNc predominantly results in motor dysfunction,
especially bradykinesia and rigidity (Emre, 2003). Observations of animal models using 1methyl-4-phenyl-1,2,3, 6-tetrahydropyridine (MPTP) to lesion dopaminergic neurons in
monkeys, show that reduced dopamine function is associated with cognitive impairment
including reduced attention, executive dysfunction and prolonged reaction time (Schneider &
Kovelowski, 1990; Slovin et al., 1999; Decamp & Schneider, 2004). The general lack of
cognitive improvement with dopaminergic treatments in PD suggests, however, that PD
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associated cognitive impairment is not prominently mediated by the loss of dopamine
activation (Emre, 2003).

Several brain areas and networks associated with cognitive function may, however, be
indirectly affected by the loss of dopaminergic cells. The mesocortical dopaminergic pathway
has an indirect connection with the serotonergic system which projects from the ventral
tegmental area (VTA) to the orbitofrontal cortex (Bosboom et al., 2004). Disruption of the
serotonergic VTA in PD has been associated with hallucinations, delusions, depression and
apathy (Zgaljardic et al., 2004). PD-related dopamine depletion in the putamen affects motor
function, but in ventral striatum and mesocortical regions affect and mood are impacted
(Swainson et al., 2000; Lichter, 2001; Bosboom et al., 2004). The anterodorsal region of the
caudate nucleus is a structure with connections to the dorsal lateral prefrontal cortex
(Rosvold, 1972; Kish et al., 1986; Zgaljardic et al., 2004) and dopamine depletion in the
caudate nucleus has been associated with cognitive impairment (Lewis et al., 2003; Carbon et
al., 2004).

The noradrenergic brainstem nuclei in the locus coeruleus and the serotonergic raphe nuclei
are also affected prior to nigral striatal degeneration and have been implicated in change in
cognition and mood (Braak et al., 2003; Aarsland et al., 2011). Noradrenergic projections to
the frontal cortex have been found to be depleted in PD and may affect attention, executive
function and information processing (Bedard et al., 1998).

Cognitive impairment in PD has often been associated with cortical cholinergic loss and
prompted studies on the efficacy of cholinesterase inhibitors (Reading et al., 2001; Aarsland
et al., 2003). In PD, a reduction of cholinergic projections from the basal forebrain and
reduced choline acetyltransferase (ChAT) has been found (Perry et al., 1985). Cortical
cholinergic deficiency has been linked to degeneration of the nucleus basalis of Meynert
(Candy et al., 1983; Bosboom et al., 2004) and associated with reduced cognitive function
(Dubois et al., 1983; Perry et al., 1983; Perry et al., 1985; Stern et al., 1993; Reading et al.,
2001; Emre, 2003) impaired attention, executive dysfunction (Bosboom et al., 2004) and
episodic memory deficits (Bohnen et al., 2010).
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Neuroimaging and cognitive impairment.
Neuroimaging has the potential to track motor and cognitive progression in PD. The
following examples demonstrate how different imaging modes have been used in this way.
Structural imaging studies have demonstrated temporal and frontal lobe atrophy in PD and
particularly PDD patients compared to controls (Hu et al., 1999; Beyer et al., 2007). NaganoSaito et al. (2005) employed voxel-based morphometry (VBM) to compare grey-matter
volume between PD and control patients. PD patients with moderate to advanced motor
disability showed atrophy in the limbic/paralimbic areas (including the cingulate gyrus,
inferior frontal gyrus, and parahippocampal gyrus) and the prefrontal cortex (Nagano-Saito et
al., 2005). Burton et al. (2004) used VBM to investigate brain volume loss in PD and PDD
patients compared with controls. PD patients showed a significant decrease in frontal lobe
grey matter relative to controls and PDD patients additionally showed significant occipital
lobe atrophy relative to controls. The PD group had significant clusters of grey matter volume
loss compared with controls in the superior, middle and inferior frontal gyri on the right
hemisphere (Burton et al., 2004) and grey matter volume loss was observed in PDD patients
in the occipital lobe, the middle and inferior frontal gyri on the right side, the superior and
inferior parietal lobes, and atrophy in the caudate tail, the putamen on the right side and
hippocampus (Burton et al., 2004). Melzer et al. (2011b) used VBM to assess grey matter
volume in PDD, PD-MCI and PDN patients relative to a control group. No differences were
found in grey matter volume between PDN and control groups. In PD-MCI patients, Melzer et
al. (2011b) observed grey matter atrophy in the bilateral caudate hippocampus, amygdala,
right putamen, temporal cortex, parietal cortex and frontal cortex. In PDD, atrophy in these
regions was more severe and was additionally observed in the intracalcarine and lingual gyri,
posterior cingulate gyrus, frontal regions and bilateral caudate (Melzer et al., 2011b).

Weintraub et al. (2011b) used a regions of interest (ROI) approach and voxel-based
morphometry (VBM) analysis to identify diffuse patterns of cortical gray and white matter
atrophy in PDN, PD-MCI and PDD patients. There were no significant differences between
PDN and control groups. PD-MCI and PDD patients demonstrated hippocampal atrophy,
prefrontal cortex gray and white matter, occipital lobe gray and white matter, and parietal lobe
white matter atrophy. PDD patients had additional medial temporal lobe atrophy. Weintraub
et al. (2011b) concluded that regional brain atrophy does not occur in PD in the absence of
comorbid cognitive impairment.
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Ibarretxe-Bilbao et al. (2009; 2011) conducted a review of MRI studies and the cortical
correlates of cognitive impairment in early PD. They found that PD related impairments in
memory, visuospatial, visuoperceptual function and verbal fluency correlated with cortical
structural changes assessed by MRI. Memory deficits may be associated with medial temporal
lobe atrophy (Riekkinen et al., 1998). Visuospatial function in early PD patients has been
associated with grey matter atrophy in the superior parietal lobules and the superior occipital
gyrus; and visuoperceptual function with grey matter atrophy in the fusiform, the
parahippocampus, and the middle occipital gyrus (Pereira et al., 2009a). Semantic verbal
fluency was associated with atrophy in the temporal, frontal and cerebellar areas (Pereira et
al., 2009b).

Diffusion tensor imaging (DTI), which measures the diffusion of water molecules, provides
an index of the organization of axons and fibre tracts (Basser et al., 1994). Fractional
anisotropy (FA) measures how much the flow of water is constrained by axons and white
matter structures (Basser et al., 1994). White matter pathology can disrupt this flow of water
resulting in decreased tissue FA (Basser & Pierpaoli, 1996). This analysis of white matter
integrity allows the detection of white matter abnormalities before volume loss becomes
apparent (Basser et al., 1994). Lee et al. (2010) compared periventricular and subcortical
white matter integrity using voxel-based analysis of FA values in 18 healthy controls with 19
patients with PDD and 18 patients with dementia with Lewy bodies (DLB). They found
similar FA values, but more severe white matter abnormalities in DLB patients compared
with PDD patients. Reduced FA values were observed in the PDD group relative to controls
in the bilateral orbitofrontal, anterior and middle portion of cingular, right dorsolateral
prefrontal, left anterior temporal and left parietal white matter. Hattori et al. (2012) assessed
FA in patients with PDD, PD-MCI, DLB and cognitively unimpaired PD, but general
cognitive status was only assessed using Mini Mental Status Exam (MMSE) and Clinical
Dementia Rating (CDR) scores. Hattori et al. (2012) found decreased FA values in many
major tracts in patients with PD-MCI and PDD, compared with control and unimpaired PD
subjects, who did not differ. They also found that MMSE scores correlated with FA white
matter values in several areas including the corpus callosum, the substantia nigra, and
especially the bilateral parietal cortex. All PD patients had occipital and posterior parietal
hypoperfusion relative to controls and those with PDD additionally had diffuse grey matter
atrophy. Hattori et al. (2012) suggest that white matter damage underlies cognitive
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impairment in PD, and that PD progresses with functional alteration (hypoperfusion) followed
by white, then grey matter structural alterations.

Functional magnetic resonance imaging (fMRI), arterial spin labeling (ASL) and positron
emission tomography (PET) are able to assess the functional integrity of different brain
regions. Bohnen et al. (2006) conducted a PET study using N-[C]methyl-piperidin-4-yl
propionate ([C]PMP), a radioactive tracer to detect AchE. They found greater cholinergic
denervation in the bilateral frontal, parietal, and lateral temporal association cortices in PDD
than in Alzheimer’s disease. In a SPECT study, Colloby et al. (2006) used a radio-active
tracer (R,R)123 I-QNB, a ligand with selectivity for the muscarinic acetylcholine receptors
(mAChRs), M1 and M4 subtypes. For PDD patients relative to controls, reduced I-QNB
binding (mAChR status) was found in the right inferior frontal gyrus, bilateral middle
temporal and left fusiform gyri, demonstrating reduced cholinergic activity. Arterial spin
labelling (ASL) can quantitatively measure cerebral blood flow per unit tissue mass without
the need for radio tracer based imaging. Melzer et al. (2011a) used grey matter ASL perfusion
to assess changes in cerebral blood flow reflecting motor and cognitive changes in PD. A
characteristic PD ASL network was identified, revealing large decreases in perfusion in the
parieto-occipital cortex, cuneus, precuneus and middlefrontal gyri including the DLPFC.
Motor and cognitive impairments were strongly associated with reduced perfusion in these
areas and preserved perfusion in globus pallidus, putamen, anterior cingulate and post- and
pre-central gyri.

Event-related functional magnetic resonance imaging (fMRI) has been used extensively in PD
cognition studies to look at the neurophysiology underlying the cognitive involvement in PD.
FMRI during cognitive tasks is able to measure blood oxygenation level-dependent (BOLD)
activation. Images are compared between rest and/or across cognitive tasks to determine the
activation pattern during each task. Monchi et al. (2007) compared the BOLD activation in
early PD patients and healthy controls (without dementia, MMSE > 27), during a set shifting
task which required planning and executive function. Monchi et al. (2007) found decreased
caudate nucleus activation in the PD group relative to controls. This activation pattern also
involved prefrontal regions and posterior cortical areas in the parietal and prestriate cortex
(Monchi et al., 2007). During a go/no-go response suppression task, Farid et al. (2009) found
increased rostral cingulate cortex and bilateral caudate activation in PD patients without
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cognitive impairment (Mattis-score > 130). In another fMRI study using the go/no-go task,
Baglio et al. (2011) found increased activation in the prefrontal cortex and in the basal ganglia
and reduced activation in the occipital cortex of PD patients without cognitive impairment.
PD patients were within the normal range in cognitive domains covering attention, executive
function, memory and visuoperceptual function, but had reduced memory recall and verbal
fluency relative to controls. Baglio et al. (2011) concluded that specific cortico-subcortical
functional changes, involving not only the fronto-striatal network but also the temporaloccipital cortex are already present in PD patients without cognitive impairment.

In an event related fMRI study, PD patients showed reduced BOLD activation during a
working memory-task in the ventrolateral, prefrontal cortex, putamen and dorsolateral
prefrontal cortex (Lewis et al., 2003). Harrington et al. (2011) found striatal dysfunction and
abnormal activation in the lateral cerebellum, the middle-frontal cortex and parietal cortex in
PD patients during encoding for a time keeping task, requiring working memory and
attention. During the decision making and executive function components of the task, striatal
dysfunction and abnormal activation in the parahippocampus and posterior cingulate cortex
were present (Harrington et al., 2011). These PD patients were unimpaired and did not
significantly differ from controls on cognitive speed/flexibility, working memory span,
sustained attention and general cognition (Mini-Mental Status Exam; MMSE) (Harrington et
al., 2011).

Another fMRI study used a 2-back working memory task and found underactivation in the
caudate nuclei, putamen and globus pallidus of de novo PD patients (Marklund et al., 2009).
FMRI studies in PD cognition have typically resulted in reduced BOLD activation in
networks previously associated with each cognitive task, including parahippocampal/
hippocampal areas when memory was involved (Harrington et al., 2011) and PFC areas and
frontal-striatal networks when executive function was involved (Monchi et al., 2007). Hu et
al. (1999) used multivoxel proton magnetic resonance spectroscopy in PD patients to obtain
NAA/Cr ratio and assess neuronal integrity. Reduced temporoparietal NAA/Cr ratio was
found, which correlated with cognitive impairment in PD after correction for motor
impairment.

In summary, these imaging studies show the neuropathological and neurophysiology of PD
including micro and macro structural changes, atrophy, reduced blood flow, receptor changes
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and altered cholinergic function. These findings have repeatedly demonstrated that the
progression of PD physiopathology is strongly associated with cognitive status. It is therefore
expected that eye movement tasks, which probe the extensive oculomotor pathway function
(Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2005; Nachev et al., 2008; Terao et al.,
2011), may also be associated with reduced cognitive status in PD (Mosimann et al., 2005).

Impact, treatment and prognosis of PD, PD-MCI, and PDD
As mentioned previously, dementia in Parkinson's disease increases caregiver burden (Spottke
et al., 2005), and reduces caregiver and patient quality of life (Aarsland et al., 2005; MartinezMartin et al., 2005). PDD is progressive and eventually leads to total disability (Knopman et
al., 2003), nursing home placement and ultimately death (Levy et al., 2002). At present there
is no known cure to halt its progression once diagnosed (Knopman et al., 2003). It is therefore
crucial that clinicians and researchers study potential biomarkers that may provide early
detection for those at greatest risk for dementia in Parkinson's disease, so that any
neuroprotective agent discovered in the future can be employed at the most appropriate time.

Rivastigmine is a cholinesterase inhibitor commonly prescribed for the treatment of cognitive
impairment in PD (Reading et al., 2001; Emre et al., 2004). In a double-blind placebocontrolled trial, Rivastigmine was found to reduce hallucinations, anxiety, apathy, delusions
and improve mental speed (McKeith et al., 2000). Cholinesterase inhibitors may assist in
compensating for the cholinergic deficit and improve the availability of acetylcholine. In
PDD, and probably also PD-MCI patients, it is important to remove anticholinergic treatments
which may contribute to worsening of dementia symptoms and contribute to drug induced
psychosis in PD (Emre, 2003; Perry et al., 2003). Donepezil is another cholinesterase
inhibitor which has been found to improve dementia symptoms in PD, including confusion,
psychosis and cognition without any deterioration in motor symptoms except for a slight
worsening of tremor (Aarsland et al., 2002; Bergman & Lerner, 2002; Fabbrini et al., 2002).
L-dopa and other dopaminergic treatments may assist with set shifting and some attentional
deficits, but generally do not reduce cognitive symptoms (Jubault et al., 2009; Au et al., 2012)

Atypical antipsychotics may be used as an adjunct treatment to reduce hallucinations and
delusions in PDD. Clozapine is considered to be effective and to have an acceptable safety
profile (Fernandez et al., 1999; Morgante et al., 2002), despite the potential for
agranulocytosis which requires regular blood checks. Quetiapine is commonly prescribed for
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the reduction of psychotic symptoms in PD dementia (Weintraub et al., 2011a), without an
associated reduction in motor function (Morgante et al., 2002; Wood et al., 2010). Quetiapine
failed in double blind placebo controlled trials and had no demonstrated efficacy (Friedman,
2010), but open label trials were positive and most clinicians will try quetiapine before
clozapine, due to its superior safety profile. Olanzapine is not recommended as it has been
shown to worsen gait and bradykinesia and yet produce no significant reduction in delusions
or hallucinations (Goetz et al., 2000).

Non-pharmacological treatments for PD dementia may include cognitive training. Sammer et
al’s. (2006) cognitive training included picture completion tasks, progressive matrix
reasoning tasks, puzzles and story telling. These thirty minute, weekly training sessions over
ten weeks, were designed to improve short-term memory, speech production, problem solving
and executive function. The authors compared two groups, a standard treatment group and the
executive function training group who were matched for age, cognitive levels and motor
function. For the executive function training group, the training tasks were matched to
individual performance level and were derived from the Wechsler Intelligence test for
children. They used different tasks for the training sessions than those used during the
baseline and post-testing sessions. PD patients in the training group improved when tested on
executive function performance after treatment relative to those receiving standard treatment.

The cognitive and motor control of eye movements involves widely distributed networks that
interconnect, and incorporate working memory, attentional, executive, and visuospatial
processes (Sawaguchi & Goldman-Rakic, 1994; Hikosaka et al., 2000; Kennard et al., 2005;
Pierrot-Deseilligny et al., 2005; Gurvich et al., 2007), as discussed later in this chapter. Thus
the examination of eye movements, and particularly saccades in PD is important as it permits
objective assessment of the functionality of these cognitive and motor networks.

The following definition of cognition indicates why eye movements can be a closely related
proxy measure of the processes it involves:
“The neural systems that bridge the gap between sensation and action
provide the substrates for ‘intermediary’ or ‘integrative’ processing. The
behavioural outcome of intermediary processing is known as ‘cognition’,
and includes the diverse manifestations of memory, emotion, attention,
language, thought and consciousness. The synaptic volume dedicated to
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intermediary processing shows a marked increase in phylogeny and
occupies the great majority of the cerebral cortex in advanced primates
and cetaceans. These intermediary areas of the brain enable identical
stimuli to trigger different responses depending on the situational
context, past experience, present needs and contemplated consequences.”
(Mesulam, 1998).

1.2. Saccades in Parkinson’s disease
Saccades (rapid eye movements) can be used to study the nature of motor and cognitive
dysfunction in PD (Nachev & Kennard, 2005). Saccadic parameters are precise allowing the
capture of motor and cognitive function with excellent assessment accuracy. Saccades can be
externally triggered by the sudden onset or movement of an external stimulus (reflexive
saccades) or internally triggered (voluntary saccades) towards, for example, a previously
remembered target location (memory-guided), or away from a target (antisaccades). It is well
established that voluntary saccades are abnormal in PD with increased latencies and reduced
gains consistently reported for both memory-guided and antisaccade tasks (Lueck et al., 1990;
Nakamura et al., 1994; Hodgson et al., 1999; Crevits et al., 2000; Armstrong et al., 2002;
Crawford et al., 2002; MacAskill et al., 2002a; Yoshida et al., 2002; Chan et al., 2005; Le
Heron et al., 2005; Mosimann et al., 2005; Gurvich et al., 2007; Hood et al., 2007; RivaudPechoux et al., 2007).

Types of oculomotor measures
Reflexive gap, step and overlap latency
In reflexive paradigms, participants follow a target that jumps randomly in space and in time.
The relative timing of stimuli affects saccadic latency (Saslow, 1967; Hallett, 1978;
Kalesnykas & Hallett, 1987). The ‘gap’ task typically has a 200 ms interlude between the
offset of the currently fixated target and the onset of the next; in the ‘step’ task, meanwhile,
fixation offset and target onset occur simultaneously, and in the ‘overlap’ task, the target
appears typically 200 ms prior to fixation offset. Latency in the overlap task is usually longer
than in the step, which is itself longer than in the gap task (Saslow, 1967). The difference in
timing of the stimulus offset between tasks may influence the release of attentional fixation
from the stimulus to the target and allowing a saccade to be launched to the target location
(Chan et al., 2005; Leigh & Zee, 2006).
1-14

Predictive saccades
The predictive saccade task measures the ability to initiate eye movements voluntarily rather
than simply to respond reactively to a stimulus. In this task, two targets are repeatedly and
predictably presented one after the other at two separate locations left and right of center. The
offset of one target is simultaneous to the onset of the next and there is a constant inter
stimulus interval (ISI). This task allows predictive saccades to occur as the target is expected
at a specific location and time even when it is not yet visible (Pierrot-Deseilligny et al., 1995).
Measures in the predictive task include latency, the percent of predicted saccades and gain
(saccade amplitude divided by target amplitude). Unlike the reflexive task, the predictive task
can require attentional control and executive function (Fielding et al., 2006b). In order to
make predictive saccades, an individual has to shift the focus of attention away from the
current fixated location to another anticipated target location. Furthermore, different ISIs
affect the ability to predict when a target will occur, resulting in different degrees of
prediction. Greater prediction occurs with ISIs of 1000 ms than with ISIs of 2000 ms (Isotalo
et al., 2005).

Self-paced saccades
In a self-paced voluntary saccade task, two stationary targets are presented on a screen and
participants are required to look back and forth between them as fast as possible for, say, 30
seconds. Measures in the self-paced task include the total saccade count and gain. Redirecting
gaze in the self-paced task entails repetitive movements, shifts in attention, and initiation and
execution of voluntary movement (Winograd-Gurvich et al., 2006).

Memory-guided saccades
Memory-guided saccades are made toward a remembered target position that was perceived a
moment before, on the peripheral part of the retina (Pierrot-Deseilligny et al., 1995). In the
memory-guided task, at some point in time during fixation on a stimulus, a peripheral target is
briefly presented at another location. Fixation offset occurs sometime later, sometimes
simultaneous to a tone, cueing the participant to shift gaze to the remembered target location.
Measurements include latency of the saccade relative to fixation offset, primary gain, final
gain (i.e. the total initial and corrective saccade amplitude divided by target amplitude) and
the number of erroneous saccades made to the peripheral target during what should be the
fixation period. The memory-guided saccade paradigm requires the subject to maintain an
accurate internal representation of the target location during the delay before the generation of
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the saccade to the remembered target location. Correct performance of saccades therefore
requires short-term or working memory, attention, visuospatial functions, the ability to
maintain an image perceived on the periphery and inhibition of reflexive glances to the
peripheral target (Shaunak et al., 1999).

Antisaccades
Antisaccades are intentional saccades made in the direction opposite to a suddenly appearing
visual target (Hallett, 1978; Pierrot-Deseilligny et al., 1995; Everling & Fischer, 1998). A
central fixation stimulus is presented then an antisaccade stimulus appears at a random
location to one side of the central fixation. Participants are required to make an antisaccade to
the mirror opposite location of the stimulus. To make an antisaccade, a participant is required
to inhibit a reactive saccade toward the antisaccade stimulus in favour of generating a
voluntary saccade in the opposite direction. The antisaccade task thus requires three
processes, the inhibition of a reflexive saccade to the non target, the programming of a
voluntary saccade to the opposite side of the non target and working memory to remember the
non target location and the instructions to look to the opposite mirror location (Everling &
Fischer, 1998; Amador et al., 2006). Performance of a correct antisaccade requires
motivation, attentional control, visuospatial perception and working memory (Everling &
Fischer, 1998; Pierrot-Deseilligny et al., 2004). Inhibition of the reflexive saccade requires the
response inhibition component of executive function (Pierrot-Deseilligny et al., 2004).

Reflexive saccades in PD
Prior studies on reflexive saccades in PD have found inconsistent latencies compared to
controls. Some have shown that PD patients exhibit longer latencies (White et al., 1983;
Vidailhet et al., 1994; Chen et al., 1999; Mosimann et al., 2005; Sauleau et al., 2008; Terao et
al., 2011), while others have reported that PD patients exhibit faster (Nakamura et al., 1991;
Kingstone et al., 2002; Chan et al., 2005) or indistinguishable (White et al., 1983; Crawford et
al., 1989b; Ventre et al., 1992; Kitagawa et al., 1994; Briand et al., 1999; Shaunak et al.,
1999; Bekkering et al., 2001; Yoshida et al., 2002; Crevits et al., 2004; Rivaud-Pechoux et al.,
2007) reflexive latencies compared to controls (Chambers & Prescott, 2009). This variability
in study results may be due to the heterogeneity of PD and the different cognitive and motor
impairments in participants in the different studies. In their meta-analysis, Chambers and
Prescott (2009) also concluded that, compared to controls, PD patients exhibited longer
latencies in the step task, a non-significant increase in the gap and negligible difference in the
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overlap task. The most consistently reported oculomotor abnormality in PD subjects is
hypometria (reduced gain), whereby the primary saccade comparatively undershoots the
target (Lueck et al., 1992b; Rottach et al., 1996; Le Heron et al., 2005; Nachev & Kennard,
2005). In PD patients, hypometria has most frequently been found in voluntary (especially
memory-guided) rather than reflexive saccades. Mosimann et al.(2005), however, found that
PDD subjects in gap and overlap paradigms exhibited consistently lower gains than controls,
while PD subjects without dementia showed normal gain. Therefore, it is possible that the
timing and amplitude of saccades might be differentially affected by cognitive and motor
aspects of PD.

Predictive saccades in PD
PD patients often have difficulty with attentional control and initiation of movement
(Crawford et al., 2002; Fielding et al., 2006b) and these aspects can be directly measured
using the predictive task. PD patients produced more saccades which were reactive to
stimulus onset and initiated fewer saccades that were predictive of stimulus onset relative to
controls (Bronstein & Kennard, 1985; Crawford et al., 1989a). Bronstein and Kennard (1985)
reported that PD patients had prolonged latencies and greater variation in latency relative to
controls. Crawford et al. (1989a) reported that both PD and controls were eventually able to
anticipate the predictive targets, but PD patients were slower at learning to anticipate targets
than controls. PD and controls had similar latencies once PD subjects had learned to anticipate
targets. Although some predictive studies have shown differences in PD latency, other studies
have found similar latencies between PD and control groups (Ventre et al., 1992; O'Sullivan
et al., 1997) and no differences between PD and control subjects’ ability to anticipate
predictive targets. Hypometria has, however, been repeatedly demonstrated in predictive
saccades in PD (Bronstein & Kennard, 1985; Crawford et al., 1989a; Ventre et al., 1992).

Self-paced saccades in PD
The self-paced saccade task is one of the few tasks that allow measurement of endogenous
saccades that must be generated in the absence of a reflexive trigger (Winograd-Gurvich et
al., 2006) making this task more sensitive to difficulties in movement initiation and the
termination of sustained movement. Unlike the hypometria found in reflexive saccades and in
other voluntary saccades in PD, self-paced saccades tend to be hypermetric and overshoot the
target in both PD and controls (Winograd-Gurvich et al., 2006). Self-paced saccade latencies
are directly related to the total saccade count, thus the greater the total number of saccades
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generated, the shorter the mean latency between target fixation to saccade initiation.
Winograd-Gurvich et al. (2006) reported that PD patients tend to show an increased total
saccade count compared to controls.

Memory-guided saccades in PD
In the memory-guided task, PD patients with normal cognition tend to show reduced primary
gain, followed by corrective saccades and accurate final gain (Hodgson et al., 1999; Nachev
& Kennard, 2005). Although hypometria of the primary saccade in memory-guided saccades
could reflect a spatial memory or cognitive deficit, final eye position following corrective
saccades is usually accurate, suggesting a primary motor deficit of saccadic gain (Hodgson et
al., 1999; Nachev & Kennard, 2005). Terao et al. (2011), however, found that PD patients
with more advanced disease had reduced accuracy (primary and final eye position). Memoryguided final eye position is sensitive to deficits in visuospatial processing, attention and
working memory, while hypometria of the primary saccade has been associated with a
primary motor deficit (Hodgson et al., 1999; Nachev & Kennard, 2005). Other saccade
parameters, including latency and percent of errors in the single target memory-guided
paradigm, are usually normal (Hodgson et al., 1999; Nachev & Kennard, 2005), although
Terao et al. (2011) found that patients with advanced PD had prolonged latencies and more
errors, relative to controls. Fixation errors are sensitive to executive function, attention, and
working memory (Pierrot-Deseilligny et al., 2004; Nachev & Kennard, 2005) and disruption
of striatal projections to the prefrontal cortex in PD has been reported to underlie these frontal
cognitive deficits (Shaunak et al., 1999). Hypometria in PD has more consistently been found
in voluntary (e.g. memory-guided) rather than reflexive saccades (Lueck et al., 1992a;
MacAskill et al., 2002a; MacAskill et al., 2002b).

Antisaccades saccades in PD
The antisaccade task is highly sensitive to executive dysfunction (Kitagawa et al., 1994),
which is a significant component of cognitive impairment in PD. Frontal and parietal areas are
involved in the preparation of a correct antisaccade (Ford et al., 2005), so frontal and parietal
disruption in PD is likely to impair voluntary saccade initiation and response inhibition in
cognitively impaired PD patients. Thus, prolonged latency and an increase in antisaccade
errors has been found in PD patients with dementia compared with unimpaired patients
(Mosimann et al., 2005). PD patients without dementia have been found to produce similar
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latencies, errors rates and primary gain to controls (Lueck et al., 1990; Mosimann et al.,
2005).

Functional neuroanatomy of saccades
A combination of animal work, human lesion studies and imaging have been used to study the
oculomotor system and the processes that integrate visual information in order to prepare,
initiate and execute a saccade. Human lesion and imaging studies by those such as PierrotDeseilligny et. al., (1995; 2003a; 2004) have been particularly useful in outlining the main
cortical pathways and areas involved in saccade control (and are shown in figure 1-1). The
intraparietal area (IPA) is important for visuospatial integration of stimulus information and
visuospatial attention (Pierrot-Deseilligny et al., 2004). The posterior parietal cortex (PPC)
within the parietal lobe participates in attention and execution of saccades and includes the
intraparietal sulcus (IPS), which extends from the post-central sulcus to the parieto-occipital
sulcus (Pierrot-Deseilligny et al., 2004). The IPS separates the superior parietal lobule (SPL)
from the inferior parietal lobule. The inferior parietal lobule contains the supramarginal gyrus
(SMG) and the angular gyrus. The SMG is critical for covert shifts in spatial attention (Perry
& Zeki, 2000).
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Figure 1-1: Main cortical areas and pathways involved in saccade control.
SEF, supplementary eye field; sfs, superior frontal sulcus; CEF, cingulate eye field; cs, central sulcus; DLPFC,
dorsolateral prefrontal cortex; pcs, precentral sulcus; FEF, frontal eye field; ips, intraparietal sulcus; ifs, inferior
frontal sulcus; SMG, supramarginal gyrus; PCC, posterior cingulate cortex; SPL, superior parietal lobule; IPA,
intraparietal areas; ls, lateral sulcus; AG, angular gyrus; PEF, posterior eye field; sts, superior temporal sulcus;
pos, parieto-occipital sulcus; PHC, parahippocampal cortex; HF, hippocampal formation; SC, superior
colliculus; RF, reticular formations.
Figure used with permission from: Eye movement control by the cerebral cortex. By C. Pierrot-Deseilligny, D.
Milea and R. M. Muri, 2004, in Current Opinion in Neurology , 17(1), 17-25 ( © 2004 Wolters Kluwer Health).

Information for initiating externally-driven saccades is processed in the parietal eye field
(PEF), while information for internally driven saccades is ultimately processed by the frontal
eye field (FEF) which is critical to the initiation and triggering of voluntary saccades (Leigh
& Kennard, 2004; Pierrot-Deseilligny et al., 2004). The pathways and cortical areas involved
in externally and internally driven saccades are outlined in figure 1-1. For externally-driven
saccades, information is also processed by the posterior cingulate cortex (PCC) which is
involved in the preparation, attention and control of saccades prior to reflexive saccade
initiation by the PEF (Small et al., 2003; Pierrot-Deseilligny et al., 2004). For internallydriven saccades, information may pass from the SPL to the FEF via the dorsolateral prefrontal
cortex (DLPFC) (Pierrot-Deseilligny et al., 2004). The DLPFC is involved in decision
making, inhibiting unwanted saccades, and maintaining memorized information for memoryguided saccades (Pierrot-Deseilligny et al., 2003a; Munoz & Everling, 2004).
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The supplementary eye field (SEF) participates in oculomotor learning of saccadic sequences
(Chen & Wise, 1995a, b) and initiating the control of oculomotor plans following resolution
of conflicting responses (Kennard et al., 2005). Internally-driven saccade information may
also be transmitted to the DLPFC via SEF and pre-SEF for motor programming and to the
cingulate eye field (CEF). The CEF has a controlling influence over the DLPFC and may be
involved in preparation of intentional saccades (Pierrot-Deseilligny et al., 2004). For memoryguided saccades, information is relayed to and from the DLPFC and parahippocampal
formation (PHC), the latter being important in the storage of short-term information. From the
DLPFC, saccade information is then transmitted to the FEF and the SC to initiate and trigger
the internally-driven saccade (Hanes & Wurtz, 2001; Pierrot-Deseilligny et al., 2004). The
basal ganglia is intricately involved in saccade generation and the substantia nigra pars
reticulata (SNr) has reciprocal connections to the superior colliculus (SC) (Hikosaka et al.,
2000). The SNr directly affects saccade execution by exerting powerful tonic inhibition on the
SC (Hikosaka et al., 2000).

Horizontal saccades are driven by a pulse of innervation which projects to the ipsilateral
abducens motorneurons by excitatory premotor burst neurons located in the paramedian
pontine reticular formation (PPRF) (Strassman et al., 1986). This ‘pulse’ is held in position by
a sustained ‘step’ of activity from the neural integrator, a gaze holding network with neurons
which origniate in the medullary nucleus prepositus hypoglossi and adjacent medial vestibular
nucleus (NPH/MVN) (Leigh & Kennard, 2004). The 'step' of innervation from the neural
integrator still allows some reduced firing from the burst neurons to maintain gaze. The size
of each saccade is proportional to the firing rate of the burst neurons, which are silent at all
times except during saccade firing (Leigh & Kennard, 2004). This ‘pulse’ and ‘step’ process
influences gain and determines saccade duration and speed (Leigh & Kennard, 2004).

Thus, reflexive, externally-driven saccades involve visuospatial integration by the IPA,
attentional motivation by the PCC, saccade initiation from the PEF and saccade triggering by
the SC, the latter being involved in the triggering of all saccades. Internally-driven predictive
saccades involve the IPA, with contribution from the SMG and PCC for visuospatial
integration and attention (Pierrot-Deseilligny et al., 2004). The FEF and SC are involved in
the initiation and triggering of predictive saccades. In the self-paced task, in addition to the
IPA, SMG, PCC, FEF and SC involvement, the CEF, pre SEF for motor learning and SEF for
motor programming are active (Winograd-Gurvich et al., 2006). The CEF, pre SEF and SEF
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provide intentional motivation and initiation of motor programming which are required due to
the repetitive ongoing nature of the saccades and the consistent speed required to constantly
change vector and direction.

The memory-guided task depends on DLPFC activation in order to suppress an unwanted
reactive saccade to the peripheral stimulus and maintain fixation (Pierrot-Deseilligny et al.,
2003a). The PHC is active in maintaining memorisation of the target location and the SEF is
important for motor programming and preparation of the memory-guided saccade in addition
to IPA, FEF and SC involvement in saccade attentional processing, triggering and execution
respectively (Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004).

Antisaccade performance engages the DLPFC to inhibit an unwanted reactive saccade to the
target in favour of initiating an antisaccade in the mirror opposite location (Everling &
Fischer, 1998; Pierrot-Deseilligny et al., 2005). The FEF and SC are predominantly
responsible for determining latency (Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004),
although some conflicting studies have found the FEF to be responsible for antisaccade error
rates and changing vector (Munoz & Everling, 2004; Barton et al., 2006). Meanwhile,
DLPFC, pre-SEF and SEF function is likely to be the key determinant of error rates during
the memory-guided and antisaccade tasks, where response inhibition, decision making and
changing vector are required (Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004).

In addition to the activity of the SC, primary and final gain during memory-guided tasks are
influenced by the FEF, PPC, SEF and DLPFC. These areas active in attention, visuospatial
integration, motor planning and memory, are involved in determining saccade accuracy
(Leigh & Kennard, 2004). The FEF contains populations of visual neurons which hold a
visual response in memory until a saccade is required. The PPC and SEF are also required for
short term memorisation of a saccade and the DLPFC has been found to be involved in
saccade accuracy to a previously remembered location (Leigh & Kennard, 2004).

Functional neuroanatomy of saccades in PD.
Saccades are able to reflect the cortical and subcortical degeneration in PD as demonstrated
by previous eye movement research and discussed above. Furthermore, the areas affected by
cholinergic and dopamine depletion in PD patients also involve the oculomotor network
(Oliva et al., 1993; Kato et al., 1995; Mosimann et al., 2005). In PDD, neuroimaging of
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patients has shown hypoperfusion in the DLPFC (Nagano-Saito et al., 2005), which is a key
component of saccade planning, decision making and response inhibition (Pierrot-Deseilligny
et al., 2003a). Decision making and the preparation of intentional saccades may be affected by
frontal involvement of PDD. Parietal involvement in PDD also affects attention and control of
saccadic activation. The resulting impaired facilitation of saccadic activation could increase
saccadic latency.

Cortical networks in frontal and parietal areas tend to be disrupted in PDD patients (Braak et
al., 2006), so saccade measures involving the frontal and parietal cortex would be expected to
be abnormal in such patients. Impaired saccade initiation by the FEF and decision making
from the DLPFC should prolong latency, increase errors and reduce final gain. Primary gain
might also be affected if attention, visuospatial integration, and motor planning are disrupted.
Parahippocampal disruption is likely to reduce memory-guided saccade accuracy. Parietal
disruption is likely to result in impaired attention and visuospatial control, thereby reducing
accuracy, prolonging latency and increasing errors in tasks requiring attention and
visuospatial control such as the memory-guided, antisaccade task and predictive tasks.

Even in early PD, when frontal and parietal areas are still intact and cognition is normal,
dysfunction in the basal ganglia may result in eye movement impairments due to changes in
the activity of the connections between the basal ganglia and the SC. Basal ganglia
dysfunction results in an impaired ability to initiate movement or to suppress involuntary
movements (Hikosaka et al., 2000). PDN patients have reduced primary gain in voluntary eye
movement tasks (Leigh & Kennard, 2004) and perhaps because basal ganglia disruption
affects saccade execution, they show prolonged voluntary saccade latencies.

1.3. Effects of Parkinson’s disease treatment on cognitive function and
saccades

There is evidence that amantadine and anticholinergic medications, which are commonly
prescribed for their reduction of movement-related symptoms, may lead to alterations in
cognition (Crosby et al., 2003; Perry et al., 2003). By comparing neuropsychological
performance before and after initiation it should be possible to gain an understanding of the
manner in which these medications affect cognition in PD. The addition of oculomotor
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measures, might capture functional characteristics associated with any cognitive changes due
to amantadine or anticholinergic administration.

With the exception of a study by Mosimann et al.(2005), cognition has seldom been directly
addressed in PD oculomotor studies. Although one can infer from eye movement tasks that
changes

have

occured,

one

needs

to

carry

out

accompanying

comprehensive

neuropsychological assessments. Evidence from mild head injury research has shown that
measures of saccadic responses provide highly precise and accurate measures related to
diffuse cerebral pathology and cognitive function (Heitger et al., 2009). Previous oculomotor
studies of patients with Parkinson’s disease without dementia have shown an increase in
timing and directional errors, and have demonstrated impaired inhibitory responses associated
with poorer working memory compared with controls (Chan et al., 2005). This evidence
shows that oculomotor measures can reflect altered cognitive functioning in non-demented
patients with PD. Given that oculomotor, particularly saccadic measures may reflect both
motor and cognitive function in PD, it seems reasonable to consider their application to the
overall effects of medications used to treat PD.

The effects of L-dopa and dopamine agonists on cognition and saccades in PD
L-dopa (3, 4-dihydroxy-L-phenylalanine) is a naturally occurring amino acid, which is
metabolized to dopamine by aromatic L-amino acid decarboxylase. L-dopa is usually
administered with a dopa decarboxylase inhibitor to prevent synthesis of dopamine in
peripheral tissue.

Adverse side effects can include hypotension, arrhythmias, nausea, disturbed respiration,
confusion, anxiety, vivid dreams, visual and auditory hallucinations, impaired working
memory, sleepiness and sleep attacks. Long-term effects of chronic L-dopa administration
include end-of-dose deterioration of function, on/off oscillations, freezing during movement,
dose failure, dyskinesia at peak dose, addictive or compulsive behaviours (which are
associated with dysregulation of the dopamine reward system, resulting in self-control
problems, including gambling and hypersexuality).

In early PD at least, some neurocognitive functions may improve with L-dopa while others
worsen (Michell et al., 2006). Functions relating to the DLPFC can improve with dopamine
while ventrolateral prefrontal cortex and orbitofrontal functions deteriorate (Swainson et al.,
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2000). In patients without dementia, L-dopa has been found to increase latency of reflexive
saccades and to reduce antisaccade error rate, enabling patients to better plan and execute
voluntary saccades, indicative of improved function of the frontostriatal system (Hood et al.,
2007).

Amantadine
The clinical utility of amantadine in treating Parkinson’s disease arises primarily from being a
weak non-competitive NMDA antagonist, while exerting secondary anticholinergic,
dopaminergic and noradrenergic effects. Amantadine releases stored catecholamines
presynaptically, and also exhibits dopamine (DA) re-uptake inhibition, though this direct
dopaminergic effect normally occurs at a dose that is much higher than the maximum amount
prescribed (Bitsios et al., 2005). Amantadine also exerts a dopaminergic agonist action
indirectly via the NMDA receptor system (Bitsios et al., 2005) since there are functional
interactions between NMDA receptor and dopaminergic activity in the basal ganglia
(Rammsayer, 2006). By antagonizing NMDA receptor mediated choline acetyltransferase
release, amantadine may also increase the availability of acetylcholine (Wenk et al., 1995;
Inzelberg et al., 2006). Thus, amantadine may have a secondary indirect action as a functional
cholinesterase inhibitor when administered clinically to treat Parkinson’s disease (Wenk et al.,
1995; Blanpied et al., 2005; Inzelberg et al., 2006).

Amantadine acts in a manner unlike other NMDA antagonists, such as ketamine, which have
been shown to produce a reliable deteriorating effect on prefrontal executive and working
memory (Morgan et al., 2004; Rammsayer, 2006). Amantadine may be an NMDA channel
gater and able to rapidly, partly unblock during the brief depolarization of an action potential,
thereby reducing the deleterious effects associated with NMDA channel blockers (Blanpied et
al., 2005). This unique combination of kinetic effects on channel gating and the voltage
dependence of amantadine may enhance its clinical safety and effectiveness (Blanpied et al.,
2005).

Amantadine in the treatment of Parkinson’s disease
Originally prescribed as an antiviral medication, amantadine continues to be a widely used
and well-tolerated drug in the treatment of Parkinson’s disease (Davies et al., 1964; Blanpied
et al., 2005). It is effective in reducing extrapyramidal symptoms of PD, improving muscle
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control, ameliorating akinesia, and reducing bradykinesia, rigidity, and tremor. More recently
it has gained favour as an effective drug for levo-dopa-induced dyskinesias (Bandini et al.,
2002). Even though animal studies have not demonstrated direct anticholinergic activity,
anticholinergic-like side effects such as dry mouth, urinary retention, and constipation not
infrequently occur. These side effects provide support to the notion of an indirect
anticholinergic action.

Potential benefits of amantadine treatment
A considerable amount of evidence from non-controlled trials demonstrates the effectiveness
of amantadine, especially in parkinsonian conditions other than idiopathic Parkinson’s disease
(Crosby et al., 2003). In Parkinson’s disease, amantadine can be used to delay the need for Ldopa treatment and has demonstrated some improvements on cognition (Bandini et al., 2002).
Amantadine improved vigilance in mildly demented patients as measured by EEG and digit
span compared to placebo treatment (Saletu et al., 1992). Amantadine may possess
neuroprotective properties in PD. In a large scale prospective study, Inzelberg et al. (2006)
compared 263 clinic patients treated with amantadine with 330 patients who had not received
amantadine treatment. Inzelberg et al. (2006) found that patients on amantadine had a delayed
time to dementia onset and that it was also associated with an attenuated occurrence and
severity of dementia. It has also been found to improve visuo-cognitive processing in PD
patients (Bandini et al., 2002). A modest to significant improvement in motor function has
been found in 12-79% of PD patients on amantadine treatment (Bandini et al., 2002). For
some, but not all patients, therefore, amantadine may be of significant benefit, but it needs to
be tailored to individual needs (Factor & Molho, 1999).

The NMDA antagonist action properties of amantadine have led to the suggestion that its
putative neuroprotective properties arise from a reduction in glutamate toxicity (Weller et al.,
1993; Inzelberg et al., 2006). Its NMDA antagonist action leads to a blockade of glutamate
which has been found to enhance dopaminergic release in the prefrontal cortex and striatum,
increasing cortical and striatal dopamine concentrations (Peeters et al., 2003). Glutamate is
the primary neurotransmitter of the efferent fibers from the subthalamic nucleus (Blandini et
al., 1996; Goetz, 1998).
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Potential side effects of amantadine treatment
A Cochrane review of amantadine as a treatment for PD reported neuropsychological risks
associated with its use, including delirium, confusion, and impairments in working memory
(Crosby et al., 2003). In healthy control subjects, it can induce deficits in episodic and
semantic memory performance, as well as behavioural and cognitive disturbances, reduce
response inhibition and induce dissociative states (Goff & Coyle, 2001; Rammsayer, 2006).
Many PD patients report visual hallucinations (Campbell & Williams, 1972; Penders, 1972;
Crosby et al., 2003; Nishikawa et al., 2009; Gondim et al., 2010). Adverse reactions to
amantadine can also include myoclonus, and may be more common in the setting of renal
dysfunction due to elevated serum blood plasma concentration levels (Campbell & Williams,
1972; Penders, 1972; Crosby et al., 2003; Nishikawa et al., 2009; Gondim et al., 2010) as it is
renally excreted.

Eye movement changes associated with amantadine treatment
Amantadine effectively results in an increase in dopamine availability and this is associated
with modest benefit in improving muscle rigidity and bradykinesia in Parkinsonian disorders
(Rajput et al., 1997). It follows therefore, that saccadic function, including saccade initiation,
latency and gain might also benefit from amantadine treatment. Very few studies have
addressed the effects of amantadine on eye movements, although it improved right lateral
gaze paralysis in a patient with supranuclear palsy and reduced convergence spasm during
right lateral gaze in a patient with portosystemic encephalopathy (Parkes et al., 1971). Rajput
et al. (1997) found that amantadine did not improve clinical measures of extra-ocular
movements in progressive supranuclear palsy (PSP) and multiple system atrophy (MSA),
though the authors did not use eye movement recordings to detect more subtle changes.
Amantadine improved visuo-cognitive information processing accuracy and speed in patients
with PD (Bandini et al., 2002). This was determined using visual evoked potentials during a
visual discrimination eye movement paradigm. The task was similar to an antisaccade
paradigm in that 80% of trials used antisaccade non-targets and 20% of trials used prosaccade
targets. Amantadine shortened the latency of the event-related potential.

The oculomotor system is highly sensitive to changes in neural processing. Dopamine and
cholinergic availability will thus likely affect the functioning of all processes involved in the
triggering and firing of a saccade. Amantadine has been associated with changes to cognitive
function. Yablonskaya et al. (2011) reported a significant improvement in general cognitive
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scores (using the MMSE, the Frontal assessment battery and the Mattis dementia scale),
including memory, inhibitory control and attention subtests at six months, following
300mg/day of amantadine treatment in 25 PD patients (10 with dementia and 15 with
moderate cognitive impairment). Antisaccades, memory-guided saccades and predictive
saccades rely on processes of attention, executive function and visuocognitive function to
attend to the saccade task, fixate on the cue, inhibit unwanted reflexive saccades, memorize
the position to move to and prepare for the next saccade. Any changes in cognitive or motor
function as a result of amantadine medication is likely to affect any or all of these saccade
processes.

While voluntary saccade performance could assess any potential functional changes to the
cortex-SC pathways as a result of amantadine treatment, saccades could also assess frontalbasal ganglia and basal ganglia-SC pathway function. The frontal projections to the basal
ganglia rely on dopamine and reduced dopamine in the frontal cortex contributes to increased
latencies (Michell et al., 2006; Ratmanov et al., 2006; Hikosaka, 2007). Thus, increased
dopamine availability due to amantadine therapy might improve voluntary saccade latency.
The basal ganglia provide tonic inhibition to the SC so that reflexive saccades are suppressed
in favour of voluntary predictive, memory-guided or antisaccades. Any changes affecting
tonic inhibition of the SC from amantadine may alter the number of erroneous saccades in
these tasks (Hikosaka et al., 2000; Pierrot-Deseilligny et al., 2003a; Leigh & Kennard, 2004).

Anticholinergics
Anticholinergics block neurotransmission in the cholinergic system, which primarily consists
of three projection pathways and one intrinsic local circuit in the central nervous system.
These pathways comprise the brainstem thalamocortical circuit from the pons to thalamus and
cortex, the magnocellular forebrain pathway to the cortical mantle and the septohippocampal
pathway. The first cholinergic system projects rostrally to thalamus from the
pedunculopontine nucleus and dorsolateral tegmental nuclei in the brainstem, the second from
the basal nucleus of Meynert to widespread cortex; and the third from the medial septal
nucleus to the hippocampus and adjacent neocortex. Tonically active acetylcholine local
interneurons are also abundant in the striatum (Gotti et al., 2006). A fourth cholinergic system
involves nuclei in the prepositus hypoglossi (PH), which are necessary in the generation of
saccade and vestibular eye position signals (Marquez-Ruiz et al., 2007).
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The cholinergic deficit in Parkinson’s disease contributes substantially to dementia (Aarsland
et al., 2003) and its loss parallels the degree of dementia present (Perry et al., 1993; Aarsland
et al., 2003). The cholinergic deficit occurs as a result of cell loss and a reduction in cortical
nicotinic receptor binding resulting from the neural degeneration in PD (Perry et al., 1993;
Fujita et al., 2006). The cortical cholinergic deficit in PDD may be of greater severity than
that associated with AD and is of similar severity to that of dementia with Lewy bodies (Perry
et al., 1993). There is a significant correlation between dementia severity in PD and cortical
choline acetyltransferase (ChAT) levels and acetylcholinesterase (AchE) activity (Bohnen et
al., 2006). Striatal and thalamic nuclei contain important functional interactions between
cholinergic nicotinic receptors and dopaminergic neurons (Aarsland et al., 2003). Nicotinic
receptors are located on presynaptic dopamine terminals and may facilitate dopamine release
in the striatum (Perry et al., 1998; Aarsland et al., 2003). This suggests that cognitive
performance outcomes due to variations in the dopaminergic and cholinergic systems may be
linked.

Anticholinergic drugs routinely prescribed for patients with Parkinson’s disease might impair
cognitive functions including memory and attention (Levin et al., 1991; Mizusawa, 1998;
Mishima et al., 2000; Katzenschlager et al., 2009; Ehrt et al., 2010; Kurtz & Kaufer, 2011;
Wawruch et al., 2012). Anticholinergic drugs can induce impairment of learning and memory
in a variety of tasks (Sadeh et al., 1982; Callaway et al., 1992; Mizusawa, 1998; Elvander et
al., 2004; Katzenschlager et al., 2009; Ehrt et al., 2010; Kurtz & Kaufer, 2011; Wawruch et
al., 2012). They significantly reduce cholinergic content in all brain regions, with the most
pronounced decrease occurring in the hippocampus, an effect particularly relevant to memory
deficits.

Anticholinergics in the treatment of Parkinson’s disease
The reduction of dopamine in the substantia nigra may create a relative imbalance between
dopamine and cholinergic pathways which can be corrected with anticholinergics in early PD
by reducing the neurotransmission mediated by neostriatal acetylcholine (Brocks, 1999).
When taken in conjunction with L-dopa, anticholinergics provide an adjunctive mechanism,
allowing for a reduction in the dose of L-dopa required, and in more advanced cases of PD the
combination may alleviate symptoms such as tremor (Brocks, 1999). Anticholinergics may be
prescribed early in the course of PD to improve motor function and to delay the onset of

1-29

fluctuations and dyskinesias associated with L-dopa (van Spaendonck et al., 1993; Brocks,
1999).

Potential side effects of anticholinergic treatment
Even though it has been established that there are risks of some cognitive alterations
associated with anticholinergic use, they still have an important role in the pharmacotherapy
of Parkinson’s disease. Anticholinergic medication is metabolized to an appreciable extent in
the liver, thereby decreasing the risk of toxicity (Beckett & Khan, 1971; Brocks, 1999).
Anticholinergics are generally avoided in older patients and especially in patients with
cognitive impairment or the propensity to have impaired cognition (Taylor et al., 1991;
Nishiyama et al., 1998; Lees, 2005; Merchant et al., 2009).

In PD patients, anticholinergic treatment may have adverse effects on attention, working
memory and executive function. Furthermore, anticholinergic use can induce a transient
dysexecutive syndrome in PD patients, but not in normal controls, indicating a specific
anticholinergic vulnerability (Bedard et al., 1999; Bohnen et al., 2006). In PD patients without
dementia, Bohnen et al. (2006) found significant correlations between cortical AChE activity
and test scores of working memory, attention (WAIS III Digit Span) (Wechsler, 1997) and
tests of executive function (Trail Making, Judgement of Line Orientation and Stroop Colour
Word) (Stroop, 1935; Reitan, 1958; Benton et al., 1978) relative to controls. This observation
is consistent with evidence that anticholinergic drugs have disproportionately adverse effects
on attentional and executive processes. Their use in patients with PD has led to impairment on
attentional and executive tests, such as the Digit Span test and the Wisconsin Card Sorting
Task (WCST) (Dubois et al., 1990; Bohnen et al., 2006) and can induce a confused state in
some (Bedard et al., 1999).

In a double-blind, placebo-controlled, randomised, cross-over study Wezenberg et al.(2005)
found that healthy elderly volunteers who were given an anticholinergic (biperiden) had
reduced episodic memory (wordlist and picture memory) scores compared to those given a
selective acetylcholinesterase inhibitor (rivastigmine). Visuospatial scores (using the tangled
lines and Symbol Digit Substitution Tests) and motor learning scores (a maze task and a
pursuit rotor task) were impaired by the anticholinergic and improved by the
acetylcholinesterase inhibitor. Van Spaendonck et al. (1993) compared set shifting (the ability
to shift cognitive set without prompting or guiding by external cues) using the WCST (Berg,
1-30

1948; Grant & Berg, 1948; Nelson, 1976), and with a verbal and spatial variation in PD
participants on anticholinergic monotherapy with de novo PD controls matched for disease
duration and clinical status. They found that patients on anticholinergics had similar scores on
general intelligence and attention, but lower memory scores, and performed significantly
worse on all tests measuring set shifting. There was no correlation between any measure of
memory and set shifting performance for either group, suggesting that each cognitive domain
was independently affected by the anticholinergic therapy (van Spaendonck et al., 1993).

Eye movement changes associated with anticholinergic treatments
PD patients treated with anticholinergics produce more antisaccade errors than those not
taking anticholinergics (Kitagawa et al., 1994). Cholinergic deficits have been implicated in
impaired PD saccade performance (Oliva et al., 1993; Kato et al., 1995; Mosimann et al.,
2005) in a addition to any dopaminergic deficit. The oculomotor system encorporates areas
that are likely to be affected by alterations in acetylcholine availability (Oliva et al., 1993;
Kato et al., 1995; Mosimann et al., 2005), including regions of the basal ganglia that provide
tonic inhibition to the SC, the DLPFC, FEF and neuronal projections from the frontal cortex
to the basal ganglia and can be assessed by different saccade measures (Hikosaka et al., 2000;
Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004). Saccade tasks are highly sensitive
to cognitive changes (Kennard et al., 2005; Mosimann et al., 2005; Heitger et al., 2009) and
thus any changes to cognitive status due to anticholinergic use are likely to produce changes
in eye movement tasks.

By using oculomotor measures as a biomarker to reflect cognition in addition to motor
changes in PD patients receiving anticholinergic and amantadine medication, the present
research may provide a high quality accurate mechanism for measuring adverse affects
associated with PD treatment and thereby enhance monitoring of treatment provision in
patients.

1.4. Hypothesis: Saccades are a valid biomarker for both cognitive and motor
status in Parkinson’s disease.
As discussed in this chapter, saccadic responses provide a highly precise and accurate measure
of cerebral dysfunction. Previous oculomotor studies of patients with PD have shown an
increase in timing and directional errors, and have demonstrated impaired response inhibition
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and poorer working memory compared with controls (Pierrot-Deseilligny et al., 2003a; Leigh
& Kennard, 2004; Pinkhardt & Kassubek, 2011). Few studies, with the notable exception of
Mosimann et al. (2005), have however, explored oculomotor measures as a reflection of
change in cognitive function in PD patients.

This thesis aims to determine whether eye movements could be used as a biomarker for both
cognitive and motor status in PD and to definitively investigate the relationship between
cognition and eye movements in PD. First, a large cross-sectional study using oculomotor
measures was conducted to compare patients with PD without cognitive impairment, with
mild cognitive impairment, and with dementia. Second, a group of treatment naive patients
was examined in a before/after study to investigate the effects of amantadine and
anticholinergics upon both cognitive and saccade performance and whether any changes in
oculomotor measures parallel any change in cognitive status.

Study 1 hypotheses
The study 1 general hypothesis is therefore that, (i) saccade latency, errors and gain will
correlate with disease status. I propose that; (ii) patients with PDD will have prolonged
latency, lower gain and more errors in saccade tasks than patients without cognitive
impairment (PDN), (iii) PDN subjects will have similar saccade latency, and percent of
express saccades, memory-guided errors, and antisaccade errors as matched controls, but gain
will be impaired in some paradigms. PD-MCI patients meanwhile will show a similar pattern
of impairment to that in PDD, but of a smaller magnitude, - i.e. an intermediate pattern.

Study 2 hypotheses
In the 2nd study the hypotheses are; (i) that patients on anticholinergic therapy will show a
reduction in general cognitive scores and produce more saccade errors, but demonstrate
improved motor function, relative to baseline, and (ii) that amantadine treated patients may
show improvement in general cognitive score, produce fewer saccade errors and demonstrate
improved motor function relative to baseline.

Substantiation of these study hypotheses would support the thesis global hypothesis - that
saccadic parameters are valid biomarkers of cognitive and motor status in PD.
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2.

Methods

2.1. Methods and Objectives
Participants

A convenient sample of 109 PD participants were recruited from the Movement
Disorders Clinic at the Van der Veer Institute for Parkinson’s and Brain Research,
Christchurch, New Zealand. A movement disorders specialist (TJA) confirmed PD diagnosis
and that subjects met the UK Parkinson’s Disease Society’s criteria for idiopathic PD (Hughes
et al., 1992). Forty-nine healthy control subjects matched for age, premorbid IQ and years of
education were also recruited. An initial interview to obtain participant demographics and
health history established whether they met study criteria. Exclusion criteria were previous
history of other neurological, psychological or medical conditions, including atypical PD,
moderate or severe head injury, stroke, major depression or learning disability; a history of
cranial neurosurgery, major heart disease, diabetes requiring insulin, medication other than
PD treatment known to have a significant effect on CNS, alcohol abuse, and corrected visual
acuity worse than 6/12 in best eye. A subset of 84 patients and 34 controls had MR imaging,
with imaging data unavailable for the remainder. Five PD and two control subjects were
excluded due to cerebellar infarcts (n=1), atrophy and ventriculomegaly (n=4) and thalamic
lesion (n=1) based on structural imaging. A further three PD subjects were excluded due to
technical difficulties in recording eye movement traces. For the antisaccade task a further 13
subjects from the total sample of 158 were excluded. Seven PD (1 PDN, 3 PD-MCI and 3
PDD) and two control subjects were unable to make more than one correct antisaccade, while
four PD subjects (2 PDN, 1 PD-MCI and 1 PDD) had missing antisaccade data due to
tiredness or poor recording quality. All subjects gave written consent and caregivers provided
additional consent for participants with cognitive impairment. The study was approved by the
Upper South A Ethics Committee of the New Zealand Ministry of Health.

Procedures
All participants attended a general and cognitive screening visit of 90 minutes duration,
followed by a second cognitive/neuropsychological testing visit of about 60 minutes duration
and an additional sole oculomotor testing visit lasting 60 minutes. Thus total time involved
for each PD participant was approximately 3 hours and 30 minutes. Participant caregivers or
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partners were engaged in a structured interview of about 60 minutes duration.
Neuropsychological testing and cognitive screening was conducted in an interview room
using standardized testing. Activities of daily living were assessed to screen for dementia
during caregiver interviews and participant screening. The screening and health
questionnaires for participants occurred prior to the neuropsychological testing. Vision and
motor function was assessed prior to the oculomotor recording session using the Snellen chart
and reading chart to assess vision and the UPDRS and Hoehn and Yahr scale to assess motor
function respectively.

2.2. Neuropsychological tests

Equipment and procedures

The neuropsychological tests were selected to assess abilities across four cognitive domains
(Emre et al., 2007; Dalrymple-Alford et al., 2011).
•

Attention and working memory

•

Executive function

•

Visuoperceptual/visuospatial perception

•

Learning and memory

General cognitive status was assessed by tests using a variety of general measures from across
these domains. Tests also assessed psychiatric status, activities of daily living, processing
speed, and provided an estimate of premorbid IQ. Some tests overlapped in terms of content,
others in terms of the type of processing required. All tests are described in detail by Lezak et
al. (2004) and Strauss et al. (2006).

Attention and Working memory
Attention and working memory functions were assessed using Digits forward and back, Digit
ordering test, the Test of Everyday Attention map search, Stroop colour, Stroop word and
Trails A.
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Digit Span (Forwards and Backwards) (Kaplan et al., 1991; Wechsler, 1997; Werheid
et al., 2002)
In the Digits forward task, subjects are presented with random numbers verbally presented by
the examiner and asked to repeat them ("Just say what I say"). For the digits backwards
section, numbers are presented in random order and subjects are asked to repeat them in the
backwards order. There are two trials for each digit span from two to nine digit strings. Scores
are obtained from the total number of items correct and the maximum digit span correct. Digit
span primarily assesses working memory and attention. Other functions tested include
efficiency of attention, (distractibility) and mental tracking. Digit span testing engages the
frontal lobes and left hemisphere and is sensitive to later stages of dementia (Kaplan et al.,
1991).

Digit Ordering Test (DOT) (Kaplan et al., 1991; Wechsler, 1997; Werheid et al., 2002)
Subjects are presented numbers in random order and asked to say them back in ascending
order. There are two trials for each digit span ranging from three to eight digits. Digit ordering
assesses working memory, attention and executive function. Digit ordering has a higher
sensitivity for working memory deficits than digits forwards and backwards. Lower digit
ordering performance than digits forwards in PD compared with controls would suggest a
dissociation of reduced working memory with intact short-term memory. Prefrontal cortex,
dorsal-lateral prefrontal cortex, posterior parietal cortex, inferior temporal cortex and caudate
nucleus are involved in performing the digit ordering test.
Test of everyday attention-map search (TEA-map search) (Robertson et al., 1996).
In the TEA-map search participants are presented with a map cluttered with symbols (e.g.
roads, hotels, restaurants, garages, rivers, car parks) and are required to circle as many
specific items (i.e. restaurant symbols) as possible within two minutes. The total number of
correct items circled within two minutes is scored. The TEA-map search is sensitive to visual
selective attention (including an ability to ignore irrelevant information) and speed of
information processing.

The D-KEFS Stroop (Word and Colour reading) (Stroop, 1935)
The D-KEFS Stroop task includes three sections: reading colour words printed in black ink
(Word reading), naming the ink colour of coloured squares (Colour reading) and the Stroop
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interference task. In the Stroop interference task colour words are printed in incongruent ink
colours and participants are asked to name the ink colour and suppress reading the colour
words. While Word reading and Colour reading are attention tasks, the Stroop task will be
further discussed later in the executive function section. Word reading is an assessment of
attention and processing speed. Participants are required to read sixty colour words written in
black ink. The time taken to complete and the number of errors are scored and compared with
age and education matched normalized scores. The Stroop is sensitive to frontal lobe
functions, severe dementia, traumatic brain injury and information processing. In the D-KEFS
Stroop (Colour reading) participants are required to name the ink colour of sixty coloured
squares. The D-KEFS Stroop (Colour reading) measures processing speed from completion
time and the number of errors against age and education matched normative data. It is also
sensitive to frontal lobe function, severe dementia and traumatic brain injury and information
processing.

Trails A (Reitan, 1958)
Subjects are instructed to connect consecutively numbered circles. Trails A assesses
processing speed and measures completion time and number of errors. Other functions
required for this task include; visuomotor tracking, visual search, sequencing, and motor
speed. Trails A is a sensitive measure of progressive deterioration in dementia, and severity of
traumatic brain injury. Frontal lesions and frontothalamic functioning have also been found to
affect outcome measures in this task.

Executive function
Tests measuring executive function included Letter fluency, Action fluency, Category
fluency, Category switching, Trails B, and Stroop interference.

Letter Fluency (FAS) (Delis et al., 2001)
In the Letter fluency task patients are instructed to say as many words as they can that begin
with a certain letter of the alphabet (F, A, or S), but not names, numbers, or places, or the
same word with a different ending. Letter fluency scores are obtained from the quantity of
correct words produced within one minute. Letter fluency is a type of word generation task
and primarily a measure of executive function. It has also been associated with mental
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flexibility, semantic processing, organization, (initiating a strategy) recall, short-term
memory, lexical-phonological functions. Lower scores have been associated with diffuse
brain injury, frontal lesions, left parietal lesions and left frontal lobe lesions anterior to
Broca’s area.

Action Fluency (action words) (Woods et al., 2005)
Patients are instructed to say as many action words they can. The words can start with any
letter and describe things that people do (action words). Scores are taken from verbal
responses and the quantity of correct action words produced within 1 minute. Action fluency
measures executive function. Other functions assessed include: word generation, semantic
processing, initiation, retrieval, recall, short-term memory, organization, and semantic
strategy initiation. Lower scores have been associated with diffuse brain injury, and frontal
lesions.

Category Fluency (e.g. animals, boys names) (Delis et al., 2001)
Patients are instructed to say as many words as possible in the allotted time (usually one
minute). These words may start with any letter, but must fit within a semantic category (for
example; animals, boys’ names, fruit, clothes or furniture). Category fluency is scored from
the number of correct responses produced within one minute and assesses executive function.
Category fluency also requires semantic category knowledge, semantic processing, initiation,
retrieval, semantic strategy initiation, retrieval, recall, short-term memory, and organization.
Lower scores have been associated with diffuse brain injury, and bilateral frontal lesions.

Category switching (Fruits and Furniture) (Delis et al., 2001)
Subjects are instructed to name a piece of fruit then a piece of furniture, then a piece of fruit
and so on. Category switching measures the number of correct words produced from verbal
responses and assesses set shifting as part of executive function. Other functions required
include, semantic category knowledge, initiation, retrieval, semantic strategy initiation,
retrieval, recall, short-term memory and organization. Frontal-lobe, left dorsolateral and
superior medial frontal areas are functionally important to optimal performance of this task.
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Trails B (Reitan, 1958)
Subjects are required to connect alternating numbers and letters. Trails B assesses set shifting
as part of executive function and measures completion time and number of errors. Other
functions assessed include visuomotor tracking, divided attention, conceptual tracking, and
cognitive flexibility. Trails B is sensitive to cognitive decline, is highly correlated with
caudate atrophy in Huntington’s, and to traumatic brain injury severity, as well as frontal
lesions and frontothalamic functioning.

D-KEFS Stroop (Stroop interference) (Stroop, 1935).
Subjects read aloud the ink colour of incongruent colour words. In order to correctly perform
this task, the automated process of word reading must be inhibited in favour of the less
automated process of colour naming. Time to completion and number of errors are measured
against age and education matched normalized comparison scores. Stroop colour word
interference test is a highly valid measure of executive function. Stroop interference is highly
correlated with bilateral superior medial frontal lesions and is sensitive to mild and moderate
dementia (Delis, Kaplan, and Kramer, 2001). Stroop interference requires skills of selective
processing, response inhibition, concentration effectiveness, information processing.

Visuospatial /Visuoperception
Tests measuring visuospatial/visuoperception included the Judgment of Line orientation,
Visual Object and Space Perception, and Rey copy from the Rey Osterrieth Complex Figure
Test.

Judgment of Line Orientation (JOL) (Benton et al., 1978)
For each item, patients are asked to identify 2 of 11 numbered lines that are in the same
position and point in the same direction as the two question items provided. Scores are out of
a possible thirty matched pairs. Judgment of Line Orientation provides a measure of
visuospatial perception and requires skills of visual recognition, perception of angulation and
visuospatial/visuoperceptual function. Scores have been associated with right hemisphere
function and bilateral temporo-occipital integrity. Failure has been associated with visual field
deficits and posterior or mixed anterior-posterior lesions.
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Visual Object and Space Perception (VOSP) (Warrington & James, 1991)
The VOSP is a visuoperceptual/visuospatial screening test and includes a shape detection test
and an incomplete (fragmented) letters test. The shape detection test requires a yes/no
response to a speckled X embedded in 10 out of 20 patterned cards. The fragmented letters
test asks subjects to identify the fragmented letter on each of 20 presented cards. Shape
detection requires visuoperception and both tests have been specifically designed to reduce
cognitive load from any other functions. A pass in this test demonstrates the ability to
correctly perceive visual information. This assessment can determine whether low scores
throughout an assessment battery might be affected by poor visuoperception. This test
primarily assesses functioning within the visual cortex.

Rey Osterrieth Complex Figure Test (Osterrieth, 1944).
The Rey Osterrieth Complex Figure Test (RCFT) is comprised of three sections, RCFT
(copy) assesses the ability to copy a complex pattern, RCFT (immediate recall) measures the
ability to draw the pattern from memory after a three minute break and RCFT (delayed recall)
measures the ability to draw the pattern from memory after thirty minutes. The RCFT (copy)
assesses visuospatial function, while RCFT (immediate and delayed recall) measure memory
function. In the RCFT (copy) a complex design is presented which participants are asked to
copy. The time taken to copy the drawing and the number and accuracy of elements copied
are scored according to a standardized system. The RCFT (copy) requires skills of
construction, organization of complex data, perceptual fragmentation and has been associated
with right medial temporal function.

Learning and Memory
The learning and memory cognitive function assessment battery included the Californian
Verbal Learning Test, and the Rey Osterrieth Complex Figure Test (immediate and delayed
recall).

The Californian Verbal Learning Test (Elwood, 1995)
In the immediate recall condition of the Californian Verbal Learning Test (CVLT),
participants are instructed to listen carefully to a list of words and then say as many of the
words as they can. The same list is repeated four times, followed by delayed recall (30 s), 10
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min long delayed recall, cued recall and a yes/no recognition trial of the wordlist. The CVLT
measures Learning and Memory from the number of items accurately recalled. Cognitive
functions assessed in the immediate recall condition include verbal memory, consolidation,
encoding, retrieval, conceptual ability, learning and retention. Later conditions also assess
recognition, cued recall, delayed recall, and long-term recall. Low CVLT scores have been
associated with Alzheimer’s disease atrophy in medial temporal lobes. CVLT performance is
also associated with activation in frontoparietal, left middle frontal gyrus, left medial
cerebellum, left angular/supramarginal gyrus, left anterior temporal lobe, and left prefrontal
cortex.

The Rey Osterrieth Complex Figure Test (Osterrieth, 1944)
The Rey Osterrieth Complex Figure Test (RCFT; immediate and delayed recall) measure
learning and memory from the number of elements correctly drawn from memory. Trials
follow a delay of 3 min for immediate recall and 30 min for delayed recall. Number and
accuracy of elements produced are scored according to a standardized system. The RCFT
(immediate and delayed recall) require skills of visuospatial function, memory construction,
memory storage, encoding and recall. RCFT performance (immediate and delayed recall) has
been associated with right temporal lobe function.

2.3. Health assessment and general measures
Visual acuity tests
Long distance eye sight Snellen chart
Both left and right eyes were tested seperately. Corrective lenses were worn if necessary
during oculomotor testing. Participants were excluded if they had a score worse than 6/12.

PD status including motor function
The Unified Parkinson’s Disease Rating Scale (Fahn & Elton, 1987)
PD status and especially motor function, was assessed with the Hoehn and Yahr (Hoehn &
Yahr, 1967) scale and the Unified Parkinson’s Disease Rating Scale (UPDRS, Fahn & Elton,
1987). The Hoehn and Yahr provides 5 stages of disease severity ranging from 1 (mild
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unilateral involvement) to 5 (representing a bedridden state). The UPDRS is the most widely
used and popular tool for assessing PD related impairment. The UPDRS has four sections
including part I, mentation, mood and behaviour (such as depression, hallucinations and
motivation) part II, activities of daily living, part III motor examination and part IV, clinical
complications (Goetz et al., 2003). The UPDRS part III objective assesses motor impairment
including tremor, bradykinesia, rigidity, gait and balance. Although some studies have found
total estimates of the UPDRS scores to have acceptable inter-rater reliability (Goetz et al.,
2003), parts I and II of the UPDRS can be influenced by reporting bias. One study has found
the UPDRS III to be dependent on the expertise and experience of the assessor with low to
good inter-rater reliability for nurses, neurology interns and movement disorder specialists
(Post et al., 2005). Some items in part III including speech, facial expression, posture,
bradykinesia, action tremor, postural stability have been found to have relatively poor interrater reliability (Goetz et al., 2003) and administration depends on experienced raters (Post et
al., 2005). The UPDRS has been found to be sensitive to change in clinical status (Goetz et
al., 2003) and remains an essential neurological tool for PD diagnosis and quick, reliable
assessment of motor and non-motor PD symptoms at the bedside or in the clinic.

General cognitive status
General cognitive status was assessed using the Wechsler Test of Adult Reading, the MiniMental Status Examination (MMSE), the Montreal Cognitive Assessment (MoCA), Dementia
Rating Scale-2 (DRS-2), the ADAS-Cog, the SCOPA-Cog and the Clinical Dementia Rating
(CDR) scale.

Wechsler Test of Adult Reading (Wechsler, 1997)
The Wechsler Test of Adult Reading (WTAR) provides a premorbid IQ estimate. Cognitive
functions measured include long term memory storage, verbal articulation, reading, and word
recognition. Patients are instructed to pronounce each word aloud even if they are unsure of
its pronunciation or meaning. Fifty words which occur in the English language with fairly low
frequency are presented. The number of correct word pronunciations is scored. The WTAR
has a lower sensitivity to neurological impairment than other measures of intellectual and
cognitive functioning. WTAR correlation with education was very similar for UK clinical and
standardization samples, suggesting a limited effect of clinical pathology on WTAR
performance.
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Mini-Mental Status Examination (Folstein et al., 1975).
The Mini Mental Status Examination (MMSE) is a screening test designed to assess general
cognitive status. Areas of cognitive functioning assessed include, orientation, registration,
attention, working memory, recall, language, and construction. It is effective in distinguishing
patients with moderate to severe cognitive impairment and total scores to verbal responses
have been associated with general progressive neural degeneration (Braak et al., 2003).

Montreal Cognitive Assessment (Nasreddine et al., 2005)
The Montreal Cognitive Assessment (MoCA) is a measure of general cognitive status. The
MoCA consists of 8 subtests designed to measure general skills of attention and
concentration, executive functions, memory, language, visuo-constructional skills, conceptual
thinking, calculation, and orientation. The MoCA is scored out of 30 and is more sensitive to
mild cognitive impairment than the MMSE (Nasreddine et al., 2005).

Dementia Rating Scale-2 (Mattis, 1976; Mattis, 1988)
The Dementia Rating Scale-2 (DRS-2) is designed to measure dementia severity from several
subtests designed to assess general attention, initiation and perseveration, construction, and
memory (including delayed recall, orientation, word recognition and design recall). The DRS2 tasks are targeted for those who have been identified as likely to have moderate to severe
cognitive impairment and healthy control subjects tend to receive high scores. Scores are
measured from the number of correct responses and encompass drawing, behavioural and
verbal responses. Lower memory scores have been associated with reduced cortical grey
matter volume and lower construction scores with subcortical impairment.

Alzheimer's Disease Assessment Scale (Rosen et al., 1984)
The Alzheimer's Disease Assessment Scale - Cognition (ADAS-Cog) includes several
subscales designed to assess language ability (naming, comprehension, expressive language,
word finding), memory (word recall, recognition), praxis (constructional and ideational), and
orientation. These are assessed from the number of correct responses, derived from drawing,
behavioural and verbal responses. The ADAS-Cog has high sensitivity to Alzheimer’s
dementia and differentiates moderate and moderately severe dementia. It is also sensitive to
decline in cognition in Alzheimer’s on retesting.
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Scales for outcomes of Parkinson’s disease-cognition (Marinus et al., 2003)
The Scales for Outcomes of Parkinson's disease - Cognition (SCOPA-Cog) is sensitive to the
specific subcortical and cognitive functions affected by PD. The SCOPA-Cog includes
several subtests designed to assess memory (working memory, visual retention, word recall,
delayed word recall), attention, executive function and visuospatial function. It requires
drawing, behavioural and verbal responses and is scored from the number of correct
responses.

The Clinical Dementia Rating (Morris, 1993)
The Clinical Dementia Rating (CDR) assesses general cognitive status from subtests designed
to measure memory, orientation, judgment and problem solving, community affairs, home
and hobbies and personal care. Scores are taken from patient response accuracy and a semistructured interview with a caregiver. The CDR summarises clinical status based on a fivepoint scale: 0 = normal, 0.5 = questionable or very mild dementia, 1 = mild dementia,
2 = moderate dementia and 3 = severe dementia.

Psychiatric status
Psychiatric status was measured using the Geriatric Depression Scale, the Neuropsychiatric
inventory, and the One Day Fluctuation Assessment.

Geriatric Depression Scale (Sheikh & Yesavage, 1986)
The Geriatric Depression Scale (GDS) provides a measure of psychiatric status and is an
effective screening tool for depression in older adults. This is important since depression
contributes to worsening scores in measures of cognitive functioning. Instructions are to
choose the best answer for how the respondent has felt over the past week. Measures are
based on total scores to Yes/No verbal responses to 15 questions.

Neuropsychiatric Inventory (Cummings et al., 1994)
The Neuropsychiatric Inventory (NPI) is a structured interview of a caregiver and is designed
to identify behavioural symptoms associated with AD, PD and other dementias. It includes
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several items to assess for delusions, hallucinations, dysphoria, anxiety, euphoria,
agitation/aggression, apathy, irritability/lability, disinhibition, and aberrant motor behavior.

One Day Fluctuation Assessment Scale (Ferman et al., 2004)
The One Day Fluctuation Assessment Scale is a structured interview with caregiver and is
designed to assess for fluctuating confusion, and disturbances of consciousness from seven
items of confusional behaviour including; falls, fluctuation, drowsiness, attention,
disorganized thinking, altered level of consciousness and communication. The One Day
Fluctuation Assessment scale has been strongly correlated with electrophysiological measures
of fluctuations in consciousness.

Activities of Daily Living
An assessment of the ability to function adequately in activities of daily living is a key
diagnostic tool in the assessment of dementia. Activities of daily living were assessed with the
Activities of Daily Living- International Scale (ADL-IS), The Parkinson’s Disease
Questionnaire (PDQ) and the Adaptive Behavior Assessment System (ABAS).

Activities of Daily Living- International Scale (Reisberg et al., 2001)
The Activities of Daily Living - International Scale (ADL-IS) is a structured caregiver
interview which has good screening accuracy for dementia in clinical settings but limited
screening accuracy for cognitive impairment (Reisberg et al., 2001). It is sensitive to decline
on cognitive and global measures associated with cognitive impairment. For example,
Galasko et al. (1997) found that impaired ADL functioning correlated with reduced MMSE
scores in AD patients.

Parkinson’s Disease Questionaire (Peto et al., 1995; Jenkinson et al., 1998)
The Parkinson's Disease Questionaire (PDQ-39) assessment is a self report questionnaire
designed to assess health-related quality of life specific to Parkinson’s Disease and assess the
impact of PD on individuals. The PDQ-39 covers 8 aspects of quality of life, including;
mobility, activities of daily living, emotions, stigma, social support, cognitions,
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communication bodily discomfort and driving ability (Peto et al., 1995; Jenkinson et al.,
1998).

Adaptive Behavior Assessment System (Harrison & Oakland, 2003)
The Adaptive Behavior Assessment System II (ABAS II) assesses activities of daily living
from an interview or form completion by a caregiver using verbal/written responses to a
behavior rating scale. General adaptive behavior is assessed in ten skill areas, including
communication, community use, functional academics (for example, counting change or
reading a newspaper), home living, health and safety, leisure, self-care, self-direction, social
and work.

2.4. Oculomotor testing
Equipment, software and procedures
Eye movements were recorded with a video-based iView X Hi-Speed (SMI, Berlin) a pupil
and corneal reflection tracking system which used infrared light and computer-based image
processing to acquire samples monocularly in the left eye at 1250 Hz. One PC ran the eye
tracking system and another PC generated the presentation of the stimuli. Subjects were
seated 1605mm from a 1092mm x 829mm screen, with the head resting on a height adjusted
chin rest. Targets were projected on a blank wall in front of the subject by a high-speed DLP
projector with a resolution of 800 x 600 pixels and refresh rate of 100 Hz. Red fixation and
target squares were 12 x 12 pixels subtending 0.75 deg against a grey background. The
luminance of the red fixation light (RGB, 255 0 0) was 17.68 cd/m2 and the grey background
(RGB, 192 192 192) was 40.28 cd/m2. In the antisaccade task a second green (RGB, 0 174 0)
fixation stimulus with a luminance of 26.85 cd/m2 was used. The iView X system was
calibrated before each session, then checked and recalibrated as required prior to each trial
block.

Oculomotor test paradigms
Oculomotor paradigms included reflexive saccades, predictive saccades, self-paced saccades,
memory-guided saccades and antisaccades. The cognitive loading of the paradigm increased
as the testing proceeded, with the simplest, reflexive saccade task, being administered first
and the most difficult task, the antisaccade paradigm, last.
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Reflexive saccades
Subjects fixated on a target presented pseudo-randomly at inter-stimulus intervals varying
between 550 and 1800ms, and which jumped horizontally by 5, 10, 15 or 20 degrees. In the
‘step’ task, the offset of the fixation target and the onset of the subsequent target were
simultaneous. In the ‘gap’ task there was a 200 ms gap between fixation offset and peripheral
target onset, while in the ‘overlap’ task the offset of the fixation target occurred 200 ms after
onset of the peripheral target (Figure 2-1). Participants were instructed to look at the red
square as quickly and accurately as possible. Responses to targets were examined in 108
mixed randomised trials.
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Figure 2-1: Example of the three reflexive saccadic tasks. (a) Step task; target illuminated simultaneuosly with
fixation target offset. (b) Gap task; target illuminated 200 ms after fixation target offset. (c) Overlap task;
fixation target remains on for a further 200 ms after target illumination.
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Predictive saccades
The target alternated between 10 degrees left and 10 degrees right of the centre in the
horizontal direction on the monitor screen (Figure 2-2a). For each block of trials, targets were
presented at a fixed inter-stimulus interval (ISI) of either 750, 1400, or 2050 ms. The offset of
one target was coincident with the appearance of the next, so that the target was completely
predictable, both spatially and temporally. Subjects were instructed to look at the target as
quickly and accurately as possible. This test was preceded by 8 calibration targets for later
verification of accurate calibration in the data file. There was also a practice trial using a fixed
interval stimulus of 1000 ms. The task included 3 blocks of 20 trials lasting from 55 - 69
seconds.

Because of the expected confounding influence of order effects due to practice on these three
predictive tasks of differing timing intervals, the order of these tests was counterbalanced
between three subgroups using a Latin-square design, yielding three different randomized test
orders (Table 2-1). Participants were allocated sequentially to each of these groups as they
became available for testing.

Table 2-1 Latin Square design for the Predictive Task

A

750 ms

1400 ms

2050 ms

B

1400 ms

2050 ms

750 ms

C

2050 ms

750 ms

1400 ms

Self-paced saccades
Two targets at ±10º in the horizontal plane were simultaneously and continuously illuminated
for 30 s (Figure 2-2b). The subject was instructed to look back and forth between the targets
as quickly and accurately as possible. This test was preceded by 8 calibration targets (2 each
at 0, ±5, ±10 ±15º) illuminated for 1000 ms each for later verification of accurate calibration
in the data file.
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Figure 2-2: (a) Example of the 1400 ms predictive saccade task where the target was illuminated 10 degrees
right of center for 1400 ms then 10 degrees left for 1400 ms and so on. (b) Self-paced task. Two targets were
illuminated simultaneously 10 degrees to the left and right of center for 30 seconds.
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Memory-guided saccades
The subject fixated on a stimulus at either 5, 10, 15, or 20 deg left or right on the horizontal
plane. Two seconds later a peripheral target flashed for 400 ms at the next target location,
while fixation was maintained. Fixation offset occurred 2.5 s later, coincident with a tone. The
peripheral target then reilluminated 3 s after fixation offset and became the next fixation
stimulus (Figure 2-3). Participants were instructed to gaze at the fixation target and wait until
the tone before looking to the remembered target ’flash’ location. The task included 2 blocks
of 17 trials, lasting approximately 134 s. A practice task incorporating 10 memory-guided
trials familiarized the subject prior to the test.
a

Amplitude (degrees)

R

correct trial
target
flash

15
10
5

final eye
position

0
-5
-10
fixation

L

-15

500ms

latency

b

Amplitude (degrees)

R

error trial
fixation
error

15
10
5
0
-5

target
flash

-10

target
reillumination

L

-15

500ms

Figure 2-3: Example of two memory-guided trials. (a) Correct trial. Participant maintained appropriate fixation
until fixation offset, signalling the command to look to the remembered target location. (b) Error trial.
Participant executed a reactive saccade toward the peripheral target flash.
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Antisaccades
A central green fixation stimulus was presented for 1500, 2000 or 2500 ms. Extinction of the
green fixation point was simultaneous to the onset of a red peripheral target (5, 10, or 15 deg
left or right of the fixation point) that was presented for 1500 ms. This cued the subject to
look to the mirror opposite location (i.e., in the opposite direction) of the target. Before the
start of the test, subjects were encouraged to correct directional errors (erroneous prosaccades)
as quickly as possible. Immediately after the extinction of the peripheral target, visual
feedback was produced by a green stimulus on the side opposite to the target for 1000 ms. All
trials started and finished with the central green fixation stimulus (Figure 2-4). The task
included 2 blocks of 36 trials lasting approximately 132 s. A practice task incorporating 10
antisaccade trials familiarized the subject prior to the test.
a

Amplitude (degrees)

R

correct trial
15

fixation
offset

antisaccade
latency

feedback at
target location

10
5
0
-5
-10

L

-15

500ms

non-target

b

Amplitude (degrees)

R

error trial
15

corrected
error

10
5
0
-5

antisaccade
error

-10
-15

L

fixation
offset

500ms

Figure 2-4: Example of the antisaccade task (a) Correct trial, subject looks in the opposite location of the nontarget (b) error trial; subject makes a reactive saccade toward the non-target, then corrects this error and makes a
saccade to the mirror opposite location.
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Analysis
Analysis of neuropsychological testing
PD patients were categorized into those with normal cognition (PDN; n = 59), mild cognitive
impairment (PD-MCI; n = 25) and dementia (PDD; n = 17). For all PD patients, Queen’s
Square Brain Bank criteria (Hughes et al., 1992) for PD was met and PD motor symptom
onset occurred at least one year prior to cognitive symptom onset, to exclude probable cases
of dementia with Lewy Bodies (DLB). The Movement Disorders Society (MDS) Task Force
criteria (Dubois et al., 2007) was used to define PDD. Thus, for PDD, MMSE score was
below 26 and patients failed on at least two of the following tasks; sevens backwards, clock
drawing, MMSE pentagons or three word recall. Caregiver interviews using CDS, ABAS and
ADL-IS were used to establish dysfunction in activities of daily living, and PDD patients
failed to meet criteria for functional activities of daily living. All PDD patients scored at least
-2.0 SD below the normative mean in any two cognitive domains and ADAS-Cog and DRS-2
were used as supporting evidence for cognitive impairment (Dalrymple-Alford et al., 2010).

Those classified as PD-MCI scored at least 1.5 standard deviations below the mean (using
standardized normative comparisons) on two or more measures, in at least one of four
cognitive domains (including executive function, memory, attention and visuoperception)
(Dalrymple-Alford et al., 2011). All PD-MCI patients failed to meet criteria for PDD and all
PDN patients failed to meet criteria for PD-MCI. All PD-MCI and PDN patients had intact
functional activities of daily living, with any cognitive deficits not being severe enough to
impair social or occupational functioning (Reisberg et al., 2001).

Z-scores for each cognitive domain were calculated as the mean of the normative standard
deviations for each test within that domain. Total z-score was measured as the mean z-score
across the four cognitive domains. The Montreal Cognitive Assessment (MoCA, Nasreddine
et al., 2005) was used as a measure of global cognitive status (Dalrymple-Alford et al., 2010)
and the Unified Parkinson’s Disease Rating Scale (UPDRS) part III (Fahn & Elton, 1987) was
used to assess motor function for PD participants.

Analysis of saccades
Measures of saccadic performance including latency, primary gain, final gain and velocity
were assessed on each trial (see Figure 2-1 to 2-4). Saccade latency was defined as the
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difference in time between the target onset and initiation of the primary saccade. Primary gain
was measured as the amplitude of the primary saccade divided by target amplitude. Final gain
was the total amplitude of the primary and all corrective saccades, divided by the target
amplitude. Other assessments included percent of express saccades in the reflexive gap task,
percent of predictive saccades in the predictive task, and percent of errors and corrected errors
in the memory-guided and antisaccade tasks.

In the reflexive task, latencies were subsequently classified as either anticipatory (less than 70
ms after target onset), express (fast responses, initiated 70-130 ms after target onset) or
reactive (between 130 ms and 1000 ms after target onset) (Smit & Van Gisbergen, 1989;
Pierrot-Deseilligny et al., 2003a). Anticipatory saccades were excluded from further analysis,
except in the predictive task. For the reflexive task, the percent of express saccades was
calculated as the number of express saccades divided by the total number of reactive and
express saccades from the ‘gap’ trials only (express saccades seldom occur in step or overlap
conditions).

For the predictive task, anticipatory saccades were renamed as ‘predictive saccades’ and the
percent of predictive saccades were calculated as the number of predicted saccades divided by
the total number of saccades from each predictive block (750ms, 1450 ms and 2050 ms). For
the memory-guided task, errors were any saccades (with gains greater than 0.2) that occurred
during fixation and after peripheral target onset, but prior to fixation offset. For the
antisaccade task, errors were measured as the percent of saccades made towards the target (i.e.
prosaccade errors). The percent of errors for the memory-guided and antisaccade tasks were
calculated as the number of error trials divided by the total number of correct trials plus error
trials. All error trials were excluded from analysis of latency and gain. Corrected errors were
any corrective saccades in the appropriate direction following an error made prior to target
onset in the memory-guided task or prior to the feedback stimulus in the antisaccade task. The
percent of corrected errors was calculated as the total number of corrected errors divided by
the total number of error trials.

Peak velocity was calculated as the maximum velocity (amplitude (degrees)/time (ms))
achieved during a saccade. Peak velocities were calculated for each participant for reflexive
saccades. Self-paced and predictive targets were always 10 deg from the center so peak
velocity would reflect only a limited range in saccade amplitude and so main sequences could
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not be reliably generated due to the lack of variation in saccade amplitude. Each saccade
measure within each task was analyzed independently for each participant and compiled by
group means and SD for further analysis.

A semi-automated, locally developed software program (‘Samara’) was used to capture and
record a large range of parameters for each saccade. ‘Excel’, ‘Statistica’, the statistical
environment program ‘R’ (R-Development-Core-Team, 2009) and the nlme package
(Pinheiro et al., 2009), were used to analyse the data. ‘R’ was used for the statistical
environment and lm functions. The nlme package (Pinheiro et al., 2009) was used within ‘R’
to analyse the data using lme.

The mean of each saccade measure (mean latencies, percent of express saccades in the gap
task, percent of predictive saccades, percent of errors, percent of corrected errors, primary
gain and final gain) were compared between groups using either mixed or fixed effects
models with p<0.05 as level of significance for all analyses. A mixed-effects linear model
(lme) (Pinheiro et al., 2009; R-Development-Core-Team, 2009) was used for repeated
measures tasks, including the reflexive and predictive tasks to compare group differences
across saccade tasks (Gap, Step and Overlap in the reflexive task; 750 ms, 1400 ms and 2050
ms stimulus intervals in the predictive task). A fixed effects linear model (lm) (RDevelopment-Core-Team, 2009) was used to compare groups on each saccade measure using
age, years of education and sex entered as covariates for all participants. To assess the
influence of motor status on saccades, each lme and lm analysis was repeated for PD patients
only so that UPDRS III score could be added as a covariate. Pearson correlations were used to
relate each saccade measure to total cognitive z-score and to general cognitive (MoCA) and
motor (UPDRS part III) status. Estimated maximal peak velocity from main sequence fits
between patient and control groups was compared using a student’s t-test. Each of the four
cognitive domains were highly correlated with each other (r = 0.69 to 0.9, all p<0.001), so
cognitive domains could not be compared simultaneously against saccades measures in
multiple regression.

Multiple comparisons for each saccade measure provided a p value estimate of differences
between each group and were based on individual participant mean scores. These p values are
provided in a table for each chapter beside the uncorrected group means and standard
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deviations. Multiple comparisons may differ slightly from the result sections describing
mixed and fixed effects models which account for all available variables and covariates.

Mixed-effects models were favoured in this analysis over traditional ANCOVA models. For
the reflexive and predictive tasks, a mixed-effects model for each saccade measure (latency,
primary gain, final gain or percent of predictive saccades) was able to simultaneously
compare differences between tests (gap, step, overlap in the reflexive task and 750 ms, 1400
ms, 2050 ms in the predictive task) and groups (control, PDN, PD-MCI, PDD). It was not
possible to use ANCOVA to model these comparisons. Relative to ANCOVA, mixed and
fixed effects models may obtain greater accuracy, eliminate potential outliers and minimize
bias (Gueorguieva & Krystal, 2004). ANOVA uses each subject's mean test score to calculate
group means to compare groups. By using an effects model in ‘R’, however, it was possible to
weight each subject's trial, so trials closer to that subject's group mean contributed more than
trials which were further from the mean, thereby minimizing bias and removing potential
outliers.

Mixed effects models
Comparison with controls
A first analysis compared the three PD cognitive groups relative to sacade parameters of an
average control participant while accounting for contributing factors such as age, education and
sex.

Comparison of PD-MCI and PDD with PDN
A second analysis compared PD-MCI and PDD groups relative to an average PDN patient
while accounting for contributing factors such as age, education, sex and motor severity
(UPDRS III) score.

Demographics
Demographic data is summarised in Table 2-2. I had attempted to match the control group for
the mean age and education level of the overall PD group. Inevitably, when the PD group was
subdivided, the PDN group tended to be younger than the more impaired groups. Bearing this
in mind, in pairwise comparisons, the mean age of controls was higher than PDN, but lower
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than PDD. All groups differed from each other in age except control and PD-MCI (Mann
Whitney-U test: Z = -0.73, p=0.47), and the PD-MCI and PDD groups (Z = -1.84, p=0.069),
with the PDD being older than PDN (Z = 4.02, p<0.001) and control (Z = 2.5, p=0.011)
groups and the PDN group being younger than all groups (PDN vs. control Z = -2.32, p=0.02;
PDN vs. PD-MCI Z = -2.67, p=0.007). All groups were similar for years of education and
estimated premorbid IQ, except for the PD-MCI group which had a lower premorbid IQ than
both the control (Z = -2.87, p=0.004) and PDN groups (Z = -3.38, p<0.001). All groups
differed from each other on MMSE and MoCA scores (Mann Whitney-U, p<0.001), except
control and PDN groups. All PDD patients had MoCA scores of 24 or below. There were
significant differences between each patient group for PD duration (PDN and PD-MCI
t [82] = -3.3, p=0.001; PD-MCI and PDD t [40] = -2.6, p=0.01) and UPDRS III (PDN and
PD-MCI t [82] = -3.4, p=0.001; PD-MCI and PDD t [40] = -4.4, p<0.001). There were
significant differences between the PD groups (one-way ANOVA) for PD duration
(F (2, 98) =19.85, p<0.001), motor score (UPDRS III) (F (2, 98) =32.9, p<0.001), and Hoehn
and Yahr (F (2, 98) =30.5, p<0.001).

Table 2-2 Demographics of participant groups. Mean (SD)
control
PDN
PD-MCI
(n=47)
(n=59)
(n=25)

PDD
(n=17)

Age, years

67 (9)

63 (9)

69 (10)

74 (7)

Sex (M:F)

30:17

38:21

17:8

14:3

Education, years

13.7 (3.0)

13.3 (3.1)

12.2 (2.9)

12.1 (2.8)

Premorbid IQ, (WTAR)

112 (10)

113 (8)

105 (10)

107 (12)

MMSE

29.1 (1.1)

29.2 (0.9)

27.7 (1.5)

23.5 (2.8)

MoCA

27.0 (2.0)

26.9 (2.0)

23.0 (2.4)

16.1 (4.1)

Disease duration, years

4.0 (3.6)

7.2 (4.9)

12.0 (7.3)

UPDRS III
Hoehn &Yahr, [range]

26.6 (13.0)
1.9 [1-3]

36.9 (12.8)
2.5 [1-4]

55.6 (14.8)
3.4 [2-4]
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I analysed the mean z-scores of the neuropsychological tests for each cognitive domain for
each group (Table 2-3). ANOVA reflected significant group differences between groups for
each domain.

Task

Table 2-3: Group mean z-scores for each test within each cognitive domain.
control
PDN
PD-MCI
PDD
(n=47)
(n=59)
(n=25)
(n=17)

Total all domains (SD)

0.63(0.4)

0.33(0.4)

ba**

Attention (SD)

0.30 (0.5)

0.04(0.4)

ba**

Executive Function (SD)

0.82(0.5)

0.49(0.6)

ba*

Visuospatial (SD)

0.50(0.5)

0.40(0.5)

Learning & Memory (SD)

0.90(0.8)

0.38(0.7)

-0.78(0.4)

ca***

-0.91(0.5)

ca***

-0.92(0.7)

ca***

cb***

da***

-1.95(0.6)

da***

-2.10(0.5)

da***

db*** dc***

cb***

db*** dc***

cb***

db*** dc***

-0.43(0.7) ca***

-1.34(0.8) da***

ca***

-1.78(0.6) da***

cb***
ba**

-1.79(0.5)

-0.85(0.7)
cb***

db*** dc***

db*** dc***

*

p<0.05. ** p<0.01. *** p<0.001.
PDN vs. controls.
ca
PD-MCI vs. controls, cb PD-MCI vs. PDN.
da
PDD vs. controls, db PDD vs. PDN, dc PDD vs. PD-MCI.
ba

Table 2-3 shows that all the control z-scores were above zero suggesting that they were
generally of higher cognitive capability than population norms. This could suggest that the
PD-MCI and PDD groups were actually cognitively normal relative to the super controls. All
cognitive groups, however, were defined based on z-scores derived from population norms, so
the PD-MCI and PDD cognitive scores are significantly reduced relative to population norms,
in addition to the control group. The PDN performance is also increased relative to the
population norms, suggesting that the control group is still representative of the general
population and not an isolated group of motivated higher intelligence controls. Differences in
education and pre-morbid IQ may influence cognitive decline, as those with more education
and higher premorbid IQ may have greater cognitive reserve and thus, are less likely to show
cognitive impairment compared to individuals with similar disease influences with less
education and premorbid IQ (Poletti et al., 2011). Since all groups had similar years of
education and premorbid IQ (apart from the PD-MCI group) cognitive reserve should not
have too much influence on group differences.
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Attention, executive function, visuospatial function and learning and memory were all
strongly correlated with each other among PD groups, so multiple regression could not be
used to compare each cognitive function simultaneously against saccade measures (Table
2-4).

Attention

Table 2-4: Correlation matrix of Attention, executive function,
visuospatial function and learning & memory for all PD groups.
Attention Executive Visuoperceptual Learning &
Function
Visuospatial
Memory
0.90
0.72
0.72
——

Executive
Function
Visuoperceptual
Visuospatial

(p<0.001)

(p<0.001)

——

0.74

(p<0.001)

0.73

(p<0.001)

(p<0.001)

——

0.69

Learning &
Memory

(p<0.001)

——

Motor score also highly correlated with general cognitive score (MoCA and total z score)
among PD groups (MoCA and UPDRS III, r = -0.62; total z score and UPDRS III r = -0.64,
both p<0.001). Therefore, those PD patients with greater motor impairment were also most
likely to experience reduced general cognitive function.
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3.

Reflexive saccades and cognitive status in PD

The influence of PD severity and particularly cognitive status on saccadic parameters has not
been satisfactorily elucidated to date. There are a number of possible explanations for this
failure. First, most published studies have comprised relatively small numbers of patients, on
average 14.2 (Chambers & Prescott, 2009) and too few to enable the severity of motor or
cognitive impairment to be correlated with saccade parameters. Second, cognitive status in the
participants has not usually been precisely measured and third, most studies have intentionally
excluded patients with dementia. In the sole study that examined saccades in PDD, Mosimann
et al. (2005) found prolonged latencies and reduced gains of reflexive saccades, increased
latency of predictive saccades, and increased antisaccade errors compared to non-demented
PD patients and controls. These findings are consistent with the notion that abnormalities of
saccades can usefully reflect PD motor and cognitive status and severity. However, PD is a
heterogeneous disorder, and in order to properly demonstrate that saccadic parameters closely
associate with the wide range of motor and cognitive deficits encountered in patients at
different stages of the disorder, a sufficient number of patients with PD, from early to
advanced disease, need to be examined. The present investigation therefore sought to address
this need by recruiting a much larger number of PD patients than hitherto examined in a
single study, and in particular, by specifically including those with normal cognition (PDN),
mild cognitive impairment (PD-MCI), and dementia (PDD).

The reflexive paradigm is the easiest of the various saccade paradigms to understand and
perform, especially for those with impaired brain function. Correspondingly it is the most
robust in terms of reliability, repeatability and variability (Iacono & Lykken, 1979; Versino et
al., 1993; Wilson et al., 1993). If reflexive saccades were shown to be normal in PD then this
would provide a good baseline to compare impairments in other paradigms. There is reason to
believe however, that reflexive saccades will be at least subtly impaired in PD, since
prolonged latencies have already been reported in studies using advanced or cognitively
impaired patients (Mosimann et al., 2005). I therefore chose to include this paradigm given
that I was including patients with MCI and dementia. I utilized three standard variations of the
reflexive paradigm including the ‘gap’, ‘step’ and ‘overlap’ tasks. The ‘gap’ task has a 200 ms
gap between the offset of the currently fixated target and the onset of the next; in the ‘step’
task, meanwhile, fixation offset and target onset occur simultaneously, and in the ‘overlap’
task, the target appears 200 ms prior to fixation offset (see Methods chapter, section 2.4,
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oculomotor testing, reflexive saccades, page 2-47, Figure 2-1a-c). Latency in the overlap task
is usually longer than in the step, which is itself longer than in the gap (Saslow, 1967). The
difference in timing of the stimulus offset between tasks may affect the release of attentional
fixation from the stimulus, which allows a saccade to move to the target location (Chan et al.,
2005; Leigh & Zee, 2006). In a meta-analysis, Chambers and Prescott (2009) concluded that,
compared to controls, PD patients had longer latencies in the step task, a non-significant
increase in the gap and negligible difference in the overlap task. The first large study of
saccades in PD (n = 66, Terao et al., 2011) found prolonged reflexive latencies and reduced
accuracy in PD patients with greater motor impairment relative to those with less advanced
PD. Unlike the current study, however, Terao et al. did not consider the influence of cognitive
function on reflexive saccades.

I hypothesise that reflexive gain and latency would be normal in patients with intact cognition
and only mild to moderate disease severity (as shown in previous studies), that gain would be
reduced in patients with more advanced disease and correlate with motor severity, and that
latency would be prolonged in patients with cognitive impairment (MCI and PDD) and
correlate inversely with global cognition measures. Such findings would then suggest that
these two reflexive saccade parameters - latency and gain - are promising biomarkers of PD
status that might be useful in tracking PD progression or even the response to novel
neuroprotective or neurorestorative therapies.
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3.1. Results

Group mean reflexive latencies, percent of express saccades in the gap task, primary gain and
final gain are provided in Table 3-1. The PDD and PD-MCI groups differed from controls in
reflexive latency, percent of express saccades in the gap task and primary gain. The PDD
group also differed from controls in the gap and overlap final gain. The PDN group differed
from controls in the step and overlap primary gain.

Table 3-1: Group uncorrected means (standard deviation) for saccade latency, percent of express saccades
in the gap task and primary gain measures of control and PD groups separated by cognitive status in each
reflexive task. P values represent group comparisons using the mixed-effects model, corrected for age,
education and sex.
Measure

Latency in ms
(SD)

Task
Gap

control
(n=47)
147ms (21)

PDN
(n=59)
149ms (23)

PD-MCI
(n=25)
ca*** cb**
181ms (41)

Step

207ms (23)

210ms (28)

249ms (43)

ca*** cb***

291ms (44)

da*** db***dc**

Overlap

233ms (35)

246ms (46)

292ms (57)

ca*** cb**

356ms (51)

da*** db***dc***

43% (20)

45% (20)

27% (20) ca*

Gap

0.91 (0.08)

0.89 (0.07)

0.86 (0.06)

Step

0.96 (0.05)

0.92 (0.08) ba**

0.87 (0.06) ca***

0.83 (0.13) da***

Overlap

0.94 (0.07)

0.89 (0.09) ba**

0.85 (0.09) ca***

0.81 (0.14) da***

Gap

0.99 (0.04)

0.99 (0.04)

0.98 (0.06)

0.92 (0.10) da* db*

Step

1.00 (0.03)

1.00 (0.04)

0.99 (0.05)

0.98 (0.07)

Overlap

1.01 (0.05)

1.00 (0.05)

1.00 (0.06)

0.92 (0.13) da** db** dc**

Percentage of
express
Gap
saccades (SD)
Primary gain
(SD)

Final gain
(SD)

cb*

ca*

PDD
(n=17)
da***
219ms (55)

21% (23) da*
0.76 (0.14)

db*** dc**

db*

da*** db*** dc*

db**

*

p<0.05. ** p<0.01. *** p<0.001.
PDN vs. controls.
ca
PD-MCI vs. controls, cb PD-MCI vs. PDN.
da
PDD vs. controls, db PDD vs. PDN, dc PDD vs. PD-MCI.
ba

Correlations between reflexive saccade measures and general cognitive function (MoCA and
total neuropsychological z score) and motor function (UPDRS III) for patient groups (PDN,
PD-MCI and PDD) are provided in Tables 3-2 & 3-3. All reflexive latency measures
correlated significantly with general cognitive function. All three final gain measures
correlated significantly with UPDRS III score and Gap and Overlap final gain were correlated
with MoCA and total neuropsychological z score.

3-61

Table 3-2: Correlations between MoCA, total z-score, UPDRS
measures when all patients were combined into a single group.
Gap
Step
Overlap
Latency Latency Latency
-0.66
-0.62
-0.61
MoCA
(p<0.001)
(p<0.001)
(p<0.001)
total z-score

UPDRS III

III and reflexive saccade
% express
(Gap)
0.43
(p<0.001)

-0.60

-0.64

-0.61

0.44

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

0.62

0.57

0.58

-0.55

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

Table 3-3: Correlations between MoCA, total z-score, UPDRS III and reflexive saccade
gain measures when all patients were combined into a single group.
Gap
Step
Overlap Gap
Step
Overlap
gain
gain
gain
final
final
final
gain
gain
gain
0.49
0.34
0.22
0.39
0.08
0.34
MoCA
(p<0.001)
(p<0.001)
(p=0.03)
(p<0.001)
(p=0.43)
(p=0.001)
total z-score

UPDRS III

0.41

0.38

0.26

0.29

0.13

0.26

(p<0.001)

(p<0.001)

(p=0.009)

(p=0.004)

(p=0.20)

(p=0.008)

-0.44

-0.43

-0.32

-0.31

-0.21

-0.34

(p<0.001)

(p<0.001)

(p=0.001)

(p=0.002)

(p=0.04)

(p<0.001)

Correlations between reflexive saccade measures and each cognitive domain (attention,
executive function, visuospatial function and learning and memory) when all patients were
combined into a single group are provided in Tables 3-4 & 3-5. Latency and percent of
express saccades were highly sensitive to all cognitive domains. Saccade primary gain was
also correlated with all cognitive domain scores other than in the overlap task, which did not
correlate with learning and memory. Final gain in the step task was not associated with any of
the four cognitive domains.
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Table 3-4: Correlations and significance values comparing each cognitive domain
and reflexive saccade measure when all patients were combined into a single group.
Gap
Step
Overlap %
Latency Latency Latency express
(Gap)
Attention

-0.56

-0.62

-0.55

0.35

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

Executive
Function

-0.58

-0.63

-0.61

0.43

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

Visuoperceptual
Visuospatial

-0.53

-0.54

-0.55

0.46

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

Learning &
Memory

-0.50

-0.53

-0.50

0.35

(p<0.001)

(p<0.001)

(p<0.001)

(p<0.001)

Table 3-5: Correlations and significance values comparing each cognitive domain
and reflexive saccade measure when all patients were combined into a single group.
Gap
gain

Step
gain

Overlap
gain

0.39

0.38

(p<0.001)

(p<0.001)

Executive
Function
Visuoperceptual
Visuospatial

0.37

0.35

(p<0.001)

(p<0.001)

0.42

Learning &
Memory

Attention

0.30

Gap
final
gain
0.25

Step
final
gain
0.11

Overlap
final
gain
0.26

(p=0.002)

(p=0.01)

(p=0.3)

(p=0.009)

0.25

0.22

0.08

0.23

(p=0.01)

(p=0.03)

(p=0.4)

(p=0.02)

0.36

0.24

0.33

0.17

0.28

(p<0.001)

(p<0.001)

(p=0.02)

(p=0.001)

(p=0.1)

(p=0.005)

0.33

0.28

0.16

0.26

0.12

0.20

(p<0.001)

(p=0.005)

(p=0.1)

(p=0.009)

(p=0.2)

(p=0.045)
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Comparison with controls
For all groups, latencies were prolonged in the overlap task and reduced in the gap task
relative to the step task. According to the analysis, the PD-MCI and PDD groups had
prolonged latencies in the Step task and the PDD group had prolonged latencies in the
Overlap task, relative to the control and PDN groups who did not differ (figure 3-1).
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350
300
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Control
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150
100
50
0
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Step

Overlap

Figure 3-1: Uncorrected mean latency in the reflexive task for
PD and control groups. According to the analysis, the PDN
group did not differ from controls, but PD-MCI and PDD
latencies were significantly prolonged in the Step task and PDD
latencies were prolonged in the Overlap task. Error bars = 1SD.

Reflexive latency
A mixed-effects model was used to compare the latency in each of the three reflexive tasks
(Step, Gap, Overlap) for all four groups (PDN, PD-MCI, PDD and control). The intercept,
corresponding to the latency in the Step task of a control subject of mean age, was 207 ms,
95% CI [197, 218]. Task was significantly associated with reflexive latency. Relative to the
Step task, latencies were reduced by 59 ms, 95% CI [-68, -51] in the gap task (p<0.001) and
prolonged by 29 ms, 95% CI [21, 36] in the Overlap task (p<0.001). The uncorrected group
mean values are shown in figure 3-1.

The same mixed-effects model compared the latency of all four groups using age, education
and sex as covariates (Table 3-1 and figure 3-1). Relative to controls, latencies were not
significantly different for PDN subjects in the Gap, Step or Overlap task. Age significantly
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prolonged latency (+1.1 ms per year, p<0.001), but Education and Sex did not. The Overlap
task was the most sensitive to cognitive group status.

Comparison of PD-MCI and PDD with PDN
A mixed-effects model in PD patients was then applied, with the control group removed, to
assess the effects of MCI or dementia status relative to PDN status, on saccade latency while
controlling for the influence of motor symptoms. The intercept, corresponding to the latency
of a PDN subject of mean UPDRS III and age was 221 ms, 95% CI [210, 232] in the Step, -63
ms, 95% CI [-70, -55] in the Gap and +36 ms, 95% CI [29, 43] in the Overlap task (all
p<0.001). Relative to the PDN group, latencies were prolonged in the PD-MCI group in the
Step task by 23 ms (p=0.01), but not in the Gap (-6 ms, p=0.5) or Overlap (4 ms, p=0.5) tasks.
Latencies were prolonged in the PDD group, relative to the PDN group in the Step (42 ms,
p=0.001) and Overlap tasks (29 ms, p=0.002), but not the Gap task (-10 ms, p=0.3). UPDRS
III significantly prolonged latency by 1 ms in each task per point on the UPDRS scale,
(p<0.001). Mean latency for each cognitive group differed even after controlling for motor
score. Thus, although (UPDRS III) motor score explained some of the change in latency,
cognitive status contributed an additional and independent influence.

The direct relationship between each subject’s mean latency and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 3-2 & 3-4, figure 3-2). Mean latency correlated very well with MoCA score, total
neuropsychological z score, and the individual attention, executive function, visuospatial
function and learning & memory domain scores. Latency also correlated with motor score
(UPDRS III).
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Figure 3-2: Scatterplots of mean reflexive latency (ms) vs. (a) general cognitive performance (MoCA score) and
(b) Total neuropsychological z-score for each individual. Controls were excluded from the analysis, but are
shown in the chart for visual comparison. (c) Mean saccade latency and motor score (UPDRS III) (controls not
assessed on this measure). Controls square, PDN triangle, PD-MCI diamond, PDD circle.
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Express saccades
Comparison with controls
A mixed-effects model was used to compare the percentage of express saccades (in the gap
task only) in all four groups, using age, education and sex as covariates. The intercept,
corresponding to the percentage of express saccades of a control subject of the mean age and
education, was 41%, 95% CI [34, 47]. Relative to controls, the percentage of express saccades
was not significantly different (0.76%, p=0.85) for PDN subjects, but reduced by 15% for the
PD-MCI group (p=0.004) and by 18% for the PDD group (p=0.003). The uncorrected group
mean values are shown in Figure 3-3. Age reduced the production of express saccades by 0.4% per year, p=0.05), but Education and Sex did not (Education, 0.11% per year , p=0.84;
Sex, +6% for females, p=0.09).

Comparison of PD-MCI and PDD with PDN
A mixed-effects model in PD patients was then applied with the control group removed to
assess the effects of MCI or dementia status, relative to PDN status, on express saccades
while controlling for the influence of motor symptoms. A PDN subject who had the mean
UPDRS III (motor) score and mean age across all PD patients made 39% express saccades.
Relative to this intercept PDN value, the percentage of express saccades was not significantly
different for the PD-MCI (-9%, p=0.07) or PDD groups (-0.8%, p=0.9). This analysis showed
that every point increase on the UPDRS III score was associated with 0.7% reduction in
express saccades in PD-MCI and PDD patients independently of their group status (p<0.001).
That is, UPDRS explained some of the change in percent of express saccades, but there was
no longer a significant contribution from cognitive status after accounting for motor score.

The direct relationship between each subject’s express saccade percentage value and a variety
of continuous measures was assessed via Pearson correlations, with all three PD groups
pooled together into one (Tables 3-2 & 3-4, figure 3-4). The mean percentage of express
saccades correlated with MoCA score, total neuropsychological z score, and with attention,
executive function, visuospatial function and learning & memory domain z scores. Express
saccade percentage also correlated with motor score (UPDRS III).
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Figure 3-3: Uncorrected mean percent of express saccades in the
reflexive Gap task for PD and control groups. According to the
model, the PDN group did not differ from controls, but PD-MCI and
PDD produced significantly fewer express saccades.
Error bars = 1SD.
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Figure 3-4: Mean percent of express saccades in the reflexive gap task vs. general cognitive performance (a)
Total neuropsychological z-score and (b) MoCA score for each individual (controls were excluded from the
analysis, but included in the chart for visual comparison). (c) motor score (UPDRS III) for each patient.

3-68

Reflexive primary gain
A mixed-effects model was used to compare the primary gain across each of the three
reflexive tasks for all four groups. The intercept, corresponding to the mean gain in the Step
task of an average control subject, was 0.96, 95% CI [0.93, 0.98]. Task was significantly
associated with reflexive gain. Relative to the Step task, gains were significantly reduced by 0.05, 95% CI [-0.07, -0.03] in the gap task (p<0.001) and by -0.02, 95% CI [-0.04, -0.005] in
the Overlap task (p=0.01). The uncorrected group mean values are depicted in figure 3-5.

Comparison with Controls
Group status influenced reflexive gain in the mixed-effects model for all four groups with age,
education and sex as covariates (Table 3-1 & figure 3-5). Relative to controls gains were
significantly reduced in the Step task for each group (PDN, -0.05, p=0.003; PD-MCI, -0.09,
p<0.001; PDD, -0.12, p<0.001). Relative to controls, gains were not significantly different for
PDN subjects in the Gap (0.02, p=0.2) or Overlap tasks (-0.01, p=0.5), but were increased for
the PD-MCI in the Gap (0.03, p=0.05) and did not differ in the Overlap (0.005, p=0.8). For
the PDD group, gains did not differ in the Gap (-0.02, p=0.5) or Overlap tasks (-0.003,
p=0.88). Age, Education and Sex did not significantly affect gain (all p>0.2).

Comparison of PD-MCI and PDD with PDN
The intercept, corresponding to the gain of a PDN subject of mean UPDRS III and age was
0.87 in the Gap, 0.90 in the Step and 0.87 in the Overlap task. Relative to the PDN group the
PD-MCI and PDD groups did not differ on primary gain in the Step (PD-MCI, -0.03, p=0.2;
PDD, -0.03, p=0.2), Gap (PD-MCI, 0.01, p=0.4; PDD, -0.03, p=0.1), or Overlap tasks (PDMCI, 0.01, p=0.5; PDD, 0.004, p=0.8). UPDRS III significantly reduced gain by -0.001 per
point on the UPDRS scale (p=0.02). That is, after UPDRS explained some of the changes in
primary gain, there was no longer a significant contribution of cognitive impairment.

The direct relationship between each subject’s mean primary gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 3-2 & 3-4, figure 3-6). Mean gain correlated with both MoCA, total
neuropsychological z score, and with attention, executive function, visuospatial function and
learning & memory domain z-scores in the Gap and Step tasks, and with attention, executive
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function and visuospatial function in the Overlap task. Gain also correlated sequentially with
motor score (UPDRS III).
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Figure 3-5: Uncorrected mean gain across each reflexive task (Gap,
Step and Overlap) for PD and control groups. Following the
analysis, gains were reduced in the Gap and Overlap tasks relative to
the Step task. The PDN, PD-MCI and PDD groups had a reduced
primary gain in the Step task relative to the Control group. Error
bars = 1SD.
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Figure 3-6: Reflexive gain vs. general cognitive performance (a) MoCA score and (b) Total neuropsychological
z-score for each individual in each task (Gap, Step, Overlap). Controls were excluded from the analysis, but
included in the chart for visual comparison. (c) Mean saccade gain and motor score (UPDRS III) across each
patient group for each reflexive task.
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Reflexive final gain
Comparison with Controls
The intercept, corresponding to the mean final gain in the Step task of an average control
subject, was 1.00, 95% CI [0.99, 1.02]. Relative to the Step task, final gain was not
significantly different for the Gap (-0.01, p=0.1) or the Overlap tasks (0.003, p=0.7). The
uncorrected group mean values are shown in figure 3-7. Gains were not significantly different
from controls for PDN or PD-MCI subjects in the Gap, Step or Overlap tasks. Relative to
controls, gains were reduced for the PDD group in the Step (-0.03, p=0.047) and Overlap
tasks (-0.03, p=0.03), but not in the Gap task. Age, Education and Sex did not significantly
affect gain (all p>0.05).

Comparison of PD-MCI and PDD with PDN
The intercept, corresponding to the mean final gain of a PDN subject of mean UPDRS III and
age was 0.99. The PD-MCI (0.005, p=0.7) and PDD (-0.01, p=0.7) groups did not differ in
final gain relative to the PDN group. The independent effect of UPDRS III upon final gain
was not significant (-0.001, p=0.09).

Mean final gain correlated with MoCA score and total neuropsychological z-score as well as
attention, executive function, visuospatial function and learning & memory in the Gap and
Overlap tasks, but not the Step task. Final gain also correlated with motor score (UPDRS III)
in the Gap, Step and Overlap tasks (Tables 3-2 & 3-4, figure 3-8). These effects were robust,
remaining when the influence of age and education were controlled. Individual correlations
showed that motor status (UPDRS III), attention, executive function, visuospatial function
and memory were associated with final gain among PD patients in the Gap and Overlap tasks
and motor status was correlated with final gain in the Step task. UPDRS III correlation did
not, however, reach significance when assessed simultaneously in a model with the division
into cognitive groups.
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Figure 3-7: Uncorrected mean final gain across each reflexive task
(Gap, Step and Overlap) for PD and control groups. Following the
analysis, the PDD group had reduced final gain in the Step and
Overlap tasks relative to controls. The PDN and PD-MCI groups did
not differ from controls in any reflexive task. Error bars = 1SD.
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Figure 3-8: Reflexive final gain vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual in each task (Gap, Step, Overlap). Controls were excluded from
the analysis, but included in the chart for visual comparison. (c) Mean final gain and motor score (UPDRS III)
across each patient group for each reflexive task. Unlike primary saccade gain, there was little distinction
between the groups on the final gain measure, which also showed little relationship with neuropsychological or
motor impairment.
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Latency by stimulus position and stimulus amplitude

The upcoming location of a reflexive target should by definition be unpredictable. In the
paradigm identified herein however, prediction of at least the direction of an upcoming
reflexive target is potentially easier when the fixation is to the far left or far right of the screen
than when the fixation is at the center of the screen. This is because there are more potential
targets in one direction than the other, increasing the likelihood of target appearance in that
direction and thereby potentially influencing latency at each fixation stimulus position.

I analyzed the data to determine whether there was an effect of starting position upon latency
in the step task of the three PD and control groups (figure 3-9a). Mixed effects models were
used to compare the mean group latencies at each position of the stimulus fixation in the step
task. Two mixed-effects models were used as latency decreased with increasing distance from
the centre of the screen in each direction and therefore could not be modeled as a single linear
function. I therefore fitted a separate model for each direction. The intercept, corresponding to
the mean latency from the central fixation point of an average control subject, was 227 ms.
Relative to the central fixation, mean latency for controls decreased by 7 ms per 5 degree
change in location (p<0.001), as the fixation point moved from the center toward the right.
Latency decreased for controls by 6 ms (p<0.001) for each 5 degrees the target moved
leftwards away from the center. The PDN group did not differ relative to the control group,
but for the PD-MCI and PDD groups, latency at the intercept was significantly increased
relative to controls (PD-MCI 64 ms, p<0.001; PDD, 70 ms, p<0.001) and decreased more
steeply as fixation moved away from the center. For the PD-MCI group, latency decreased by
an additional 5 ms per 5 degree change (p=0.04) as fixation moved leftward and by an
additional 3ms per 5 degree change (p=0.004) as fixation moved rightward from the center.
For the PDD group there was an additional 6 ms decrease in latency per 5 degree change
(p=0.007) as fixation moved leftward. There was no additional decrease in latency per 5
degree change for rightward starting positions in the PDD group (0.3 ms per 5 degree change
in location, p=0.9).

I further analyzed the data to determine whether there was an effect of target amplitude upon
latency in the step task of the three PD and control groups (figure 3-9b). A mixed-effects
model was used to compare the mean group latencies at each stimulus amplitude in the step
task. The intercept, corresponding to the mean latency to the minimum stimulus amplitude of
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5 degrees by an average control subject, was 202 ms, 95% CI [181, 224]. Relative to controls,
PD subjects had similar latency at 5 degrees amplitude (PDN difference from controls = -8.6
ms, 95% CI [-38, 21], p=0.6; PD-MCI 27 ms, 95% CI [-12, 66], p=0.2; PDD 36 ms, 95% CI
[-13, 86], p=0.2). As absolute stimulus amplitude increased relative to the intercept, mean
latency decreased for the control group (-1.8 ms per 5 degree, 95% CI [-3, -0.43], p=0.01), but
did not differ for the PD groups (PDN, 0.42 ms per 5 degree, 95% CI [-1.4, 2.2], p=0.6; PDMCI, -0.03 ms per 5 degree, 95% CI [-2.5, 2.4], p=1.0; PDD, 2.6 ms per 5 degree, 95% CI [0.7, 5.9], p=0.1).

In summary, the starting position of the fixation stimulus in the step task influenced latency,
with a decrease in latency for each group as fixation moved away from the center. Group
status influenced the slope of this decrease, with prolonged latencies at the central starting
position for the PD-MCI and especially the PDD groups relative to the starting positions
further away from the center. There was no relationship between amplitude and latency for
the PD groups, although there was a significant relationship for the control group. (figure 39b).
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Figure 3-9:
(a) Mean latency and standard deviation (error bars) in the step task for each group across different starting positions.
Relative to the control and PDN groups, the PD-MCI and PDD groups had more pronounced decreases in latency as
fixation moved away from the center.
(b) Mean latency and standard deviation (error bars) in the step task for each group across different amplitudes.
Latency was slightly reduced as stimulus amplitude increased for the control group, but not for the PDN, PD-MCI or
PDD groups.
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Velocity and main sequence

The main sequence is the systematic increase of peak velocity and duration with increased
saccade amplitude (Bahill et al., 1975). Velocity main sequence function curves were created
for each subject and for both abducting and adducting saccades (figure 3-10). Vmax
represented the maximum peak saccadic velocity, the asymptotic value at which the
relationship saturates despite increasing saccadic amplitude. Peak velocity for a given
amplitude was calculated as Vmax * (1-exp(-1 * saccade amplitude/c)), with initial estimates
of 500 deg/s for Vmax and 5.0 deg for c supplied for the first iteration.

The maximum peak velocity (Vmax) was compared using a mixed-effects model with group
(control or PD) and direction (abduction or adduction) as factors. The intercept,
corresponding to the estimated Vmax for abducting saccades in the control group was 547
deg/s; CI 95% [509, 584] for all reflexive tasks combined. Relative to controls, maximum
peak saccadic velocity did not differ for PDN (13 deg/s higher, p=0.6, CI 95% [-37, 63]); PDMCI (21 deg/s higher, p=0.5; CI 95% [-42, 84]) or PDD groups (49 deg/s lower p=0.2, CI
95% [-121, 23]), in the abducting direction. Maximum peak velocities did not differ
significantly between adduction and abduction for any group (all differences < 20 deg/s).
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Figure 3-10: The main sequence of control subjects and PD patients comparing peak velocity and amplitude for
each trial per subject. Group means of the saturation value Vmax (control, PDN, PD-MCI and PDD) revealed no
significant differences in the main sequence.
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Summary of results
Task influenced latency and gain, with prolonged latencies in the Step and Overlap tasks
relative to the Gap task and reduced gains in the Gap and Overlap tasks relative to the Step
task. There were no differences in latency or percent of express saccades between PDN and
control groups. PDN primary gain was reduced relative to controls in the Step task. The PDMCI and especially the PDD group exhibited abnormally prolonged latencies, reduced gains
in the Step task and reduced percent of express saccades in the Gap task. The PDD group had
prolonged latencies in the Overlap task. PDN and PD-MCI groups did not differ from controls
in final gain for each task. The PDD group had reduced final gain in the Step and Overlap
tasks, but not in the Gap task. These effects were robust, remaining when the influence of age
and education were controlled. Both UPDRS III and cognitive status independently
contributed to variation in latency and percent of express saccades.

In the overlap task, primary gain was associated with motor status, cognitive status, attention,
executive function and visuospatial function. Final gain in the step task was correlated with
motor status. Correlations among PD patients showed that motor status (UPDRS III),
cognitive status (MoCA and total neuropsychological z score) and each cognitive domain
(attention, executive function, visuospatial function and memory) were associated with
latency in each saccade task, with express saccade production, with primary gain in the Gap
and Step tasks and with final gain in the Gap and Overlap tasks.
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3.2. Discussion

There has been disagreement in the literature as to whether reflexive saccade parameters are
abnormal in PD. In this study, the largest undertaken to date, robust effects, ranging from
subtle to pronounced were identified. In particular, there was a strong influence of cognitive
impairment upon reflexive saccade performance.

While some studies have found differences in reflexive saccade parameters between controls
and PD patients, the majority have not (reviewed by Nachev & Kennard, 2005). Saccade
latency reflects visual processing, target selection, and motor programming (Leigh &
Kennard, 2004), so it is not surprising that both motor and cognitive status influenced saccade
latency in the present study. The discrepancies between previous studies of reflexive latency
in PD are likely due to differences in both cognitive and motor status across samples.
Previous studies (Crawford et al., 1989b; Lueck et al., 1990; Ventre et al., 1992; Briand et al.,
1999; Shaunak et al., 1999; Bekkering et al., 2001; Yoshida et al., 2002; Crevits et al., 2004;
Chan et al., 2005; Amador et al., 2006; Rivaud-Pechoux et al., 2007) all of which excluded
patients with evidence of dementia found no differences in latencies between PD and control
groups. Mosimann et al. (2005), however, compared PDD and PD patient groups with
controls and found significantly prolonged reflexive latencies in PDD patients and normal
latencies in PD patients. Consistent with the results of previous studies, my patients without
cognitive impairment demonstrated similar latencies to controls. Prolonged latencies have
been reported in PD patients without evidence of dementia (i.e. MMSE scores below 25), but
with moderate to advanced PD based on UPDRS III or Hoehn and Yahr scores (White et al.,
1983; Kitagawa et al., 1994; Sauleau et al., 2008). These studies likely included PD-MCI
patients in the sample and the contribution of both cognitive and motor function to saccade
latency was not considered.

Terao et al. (2011) observed a correlation between saccade latency and PD motor severity
based on Hoehn and Yahr staging. Prolonged reflexive latency in PD patients without
dementia has been attributed to excessive inhibition of the SC due to the increased basal
ganglia output, resulting in a decreased drive for saccade initiation (Terao et al., 2011). The
basal ganglia allows saccade initiation by removing tonic inhibition of the superior colliculus
(Hikosaka et al., 2000; Hikosaka, 2007; Watanabe & Munoz, 2011). Prolonged reflexive
latencies in PD patients have been corrected with deep brain stimulation to the subthalamic
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nucleus (DBS-STN) (Sauleau et al., 2008; Yugeta et al., 2010). DBS-STN targets the STNSNr pathways and reverses excessive inhibition of the SC (Sauleau et al., 2008; Yugeta et al.,
2010). Terao et al. (2011) suggest that normalised reflexive latency by DBS-STN might be a
result of normalisation of the SNr-SC pathway. The authors suggest that altered function
within SC connections with the basal ganglia, parietal cortex, and frontal cortex and most
particularly the SNr-SC pathway, may be responsible for increased latency in reflexive
saccades, though not exclusively (Terao et al., 2011). Prolonged reflexive saccades are
observed after lesions in the parietal eye field (Braun et al., 1992), the posterior parietal cortex
(Pierrot-Deseilligny et al., 1991; Elkington et al., 1992; Kapoula et al., 2001) and frontal eye
field (Braun et al., 1992; Rivaud et al., 1994). The basal ganglia have extensive reciprocal
projections to cortical areas in addition to connections with the SNr and SC (Hikosaka &
Wurtz, 1989). The SNr-SC pathway is affected early on in the disease course whereas cortical
dysfunction tends to occur later and is associated with cognitive impairment (Braak et al.,
2004; Braak et al., 2006). The present study demonstrated (negative) correlations between
reflexive latency and executive function and working memory. The DLPFC is important for
the integrity of executive function and working memory (Pierrot-Deseilligny et al., 1991;
Funahashi et al., 1993; Compte et al., 2000; Sawaguchi & Iba, 2001). PD patients in the
present study with greater executive dysfunction and poorer working memory had more
prolonged latencies, suggesting that the DLPFC is increasingly compromised with
progression of cognitive impairment in PD.

Express saccades
PD-MCI and PDD patients made fewer express saccades in the gap task than controls and
PDN subjects and this effect was related more to motor than cognitive status. An increased
percent of express saccades during the gap task has been attributed to a facilitation of
disengagement of ocular fixation, so that when a target is extinguished, disengagement
permits and enhances the preparation of a saccade to the next target (Klein et al., 1995; Dorris
& Munoz, 1996; Shafiq et al., 1998). Evidence suggests that the rostral pole of the superior
colliculus is important in the release of fixation (Dorris & Munoz, 1996; Neggers et al., 2005)
and lesions to the superior colliculus in monkeys has resulted in loss of express saccades in
the gap task (Schiller et al., 1987). Chan et al. (2005) found that PD patients made more
express saccades than control subjects, and suggested that PD patients were hyper-excitable to
sensory stimuli, so that reflexive responses to sensory stimuli were enhanced or exaggerated.
In PD, an early release of fixation may result in a higher percent of express saccades (van
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Stockum et al., 2011). Van Stockum et al. found that PDN patients made more express
saccades than controls in a saccade paradigm which used a discrimination task and concluded
that PD patients may have a diminished fixation-related inhibition and an enhanced response
to visual inputs. In my study I have found that the PDN patients had a similar percent of
express saccades in the gap task as controls (43% for controls versus 44% for PDN, but fewer
in PD-MCI and PDD). Thus, even if it appears that initially in PD there may be hyperexcitability in response to external stimuli, as the disease progresses, responses to external
stimuli are slowed and hyper-excitability no longer occurs. For the PDD and PD-MCI
subjects, impaired basal ganglia function may result in difficulty initiating movement in
response to external stimuli and difficulties with disengagement of fixation, resulting in both
prolonged latencies (Pierrot-Deseilligny et al., 1991; Hikosaka et al., 2000; Hikosaka, 2007)
and reduction in express saccade production.

Primary gain
The observation that reduced primary gain (i.e. hypometria) was correlated negatively with
UPDRS III score (i.e. motor severity) is consistent with previous findings. Hypometria of
primary gain in PD is consistently seen in volitional tasks (Lueck et al., 1992a; Kimmig et al.,
2002; MacAskill et al., 2002a; MacAskill et al., 2002b), and studies reported in reflexive
saccades in PD (Shibasaki et al., 1979; White et al., 1983; Rottach et al., 1996; Yoshida et al.,
2002; Chan et al., 2005). Saccadic hypometria of reflexive saccades was evident in the PDMCI and especially the PDD group. This observation extends the findings of Mosimann et al.
(2005), who reported reduced primary gain in a PDD group compared with PDN and controls.
The inclusion of a PD-MCI group, which produced primary gains that were lower than the
PDN but higher than the PDD group, indicates that primary gain progressively reduces as
motor and cognitive status declines. Reduced gain of voluntary saccades in PDN patients has
been attributed to excessive tonic inhibition of the superior colliculus by the basal ganglia
which tends to prematurely terminate saccades or an abnormally weak superior colliculus
excitation that causes saccades to fall short (Kimmig et al., 2002). In fact, impaired gain was
present in the reflexive saccades of all PD patients in my investigation, including the PDN
group, supporting the claim by Terao et al. (2011) that primary gain is influenced by the basal
ganglia and SC pathway, whereas latency which was unaffected in PDN is likely to be driven
by more cortical changes. The clear negative correlation that I found between UPDRS III
motor score and gain further supports the claim by Terao et al. (2011) that saccades can be
used to demonstrate progressive impairment of the basal ganglia circuitry in PD. My findings
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demonstrate that reflexive primary gain may be an accurate measure of motor function and
perhaps a helpful adjunct to the traditional UPDRS in clinical trials.

Absolute amplitude and starting position
In the meta-analysis of reflexive latency in PD, Chambers and Prescott (2009) noted
considerable variability between studies. They proposed that this variability was
predominantly due to methodological and mechanical differences, particularly variations in
stimulus amplitude and starting position. Many reflexive saccade paradigms use a procedure
whereby fixation returns to the centre after each trial. Hence target direction is always
unpredictable and there is no starting position effect. In my study, the peripheral target
became the fixation stimulus for the next trial, thereby improving the ability to vary amplitude
and starting position so these could be compared between groups. I altered the starting
position and amplitude randomly between trials and thus was able to compare the influence of
these factors on latency, in the groups.

When the starting position was near the center, PDD patients exhibited longer latencies than
PD-MCI, PDN and controls. When the starting position was at the extreme position of 15
degrees left or right of the center, latencies for all groups were similar. Note that at these
positions the next target location was obliged to be towards the opposite direction, i.e. there
was an advantage of predictability. All PD groups were able to make use of the predictable
direction of the next target when starting at the most peripheral fixation positions, but when
fixation was at the center, the uncertain direction of the subsequent target elicited prolonged
latencies in PD-MCI, and in particular PDD patients compared with controls. In contrast,
absolute amplitude of the target had little effect on latency. In contradiction, Terao et al.
(2011) found that for both patients and control groups, absolute amplitude influenced
reflexive latency. In that study PD patients had prolonged latencies relative to controls at
larger amplitudes but not at smaller ones. Similarly, the meta-analysis by Chambers and
Prescott (2009) proposed that PD patients had shorter latencies than controls at small target
eccentricities and longer latencies at large target eccentricities. It is unclear why my large
study has not replicated these observations of an amplitude - latency relationship, but it is
apparent that cognitive and motor status had a much greater effect on latency than target
amplitude. Chambers and Prescott (2009) were unable to assess the effects of motor and
cognitive impairment (i.e. disease status) and hence their model likely places too much
importance on the minor methodological factors that they could assess.
3-83

Summary
While the heterogeneity of previous results has led some authors to conclude that there is little
or no effect of PD on reflexive saccades, my large scale study demonstrates a clear effect of
Parkinson’s disease and associated cognitive impairment on reflexive saccade latency. Since
my sample included PD participants with mild cognitive impairment and dementia I was able
to investigate the relationship between measures of cognitive status and reflexive saccades.
Prolonged latency in only those patients with cognitive impairment suggests an important
influence of cortical involvement on reflexive latency. Evidence of reduced primary gain
relative to controls in all PD groups supports the notion that basal ganglia function is
important in the control of reflexive gain. My findings also suggest that cognitive function has
a greater influence on saccadic latencies than target position or amplitude, at least in PD.
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4.

Predictive saccades and self-paced saccades

The predictive saccade task has been well demonstrated as an accurate measure of visual
attention, set shifting and executive function (Fielding et al., 2006b), attributes which are
impaired in PD-MCI and PDD (Dalrymple-Alford et al., 2011). In the predictive task, the key
aspect of the task is the fixed spatial and temporal regularity of the target. Predictive saccades
are defined as those that are initiated prior to, or less than 70 ms after target onset (Smit &
Van Gisbergen, 1989).

The ability to generate a predictive saccade depends on recognizing and encoding the
temporal pattern of the stimulus, holding a temporal pattern in working memory, elaborating
the desired motor response and attending to the stimulus (Isotalo et al., 2005). The set shifting
nature of the predictive task relies on attentional control and executive function (Fielding et
al., 2006b). The ability to predict a target requires visuospatial function, attention and
executive function (Fielding et al., 2006b). Intentional predictive saccades must be initiated
and reactive saccades suppressed in order to achieve a higher rate of predictive saccades and
PD patients have difficulty initiating movement and suppressing reactive saccades (Ventre et
al., 1992). Thus the predictive saccade task may also be used as a measure of both response
suppression and movement initiation.

In healthy controls, the shortest latencies and highest prediction rates have occurred at
interstimulus intervals (ISIs) of around 1000 ms (Ventre et al., 1992; Isotalo et al., 2005),
while longer latencies and lower prediction rates have occurred at both shorter (400 ms) and
longer (2000 ms) ISIs (Isotalo et al., 2005). With much longer or shorter ISIs than 1000ms,
subjects have more difficulty predicting the exact moment the target changes position (Ventre
et al., 1992; Isotalo et al., 2005). The precision that subjects can hold a temporal pattern of
predictive motion in memory depends on the time taken between changes in target position
(Ventre et al., 1992; Isotalo et al., 2005). Longer ISIs may lead to a reduction of temporal and
spatial information held in working memory over a long time (Isotalo et al., 2005), while
shorter ISIs may reduce the time available to attend to and encode information. My predictive
paradigm included three stimulus durations of 750ms, 1400ms and 2050ms to include the
range from short to long duration.

Studies of the predictive task have found latencies in PD to be normal (Crawford et al., 1989a;
Ventre et al., 1992; Duval et al., 1997; O'Sullivan et al., 2003), prolonged (Bronstein &
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Kennard, 1985; Ventre-Dominey et al., 2001; Ying et al., 2008), or reduced (O'Sullivan et al.,
1997) relative to controls. The percentage of predictive saccades have been found to be
normal (Crawford et al., 1989a; Ventre et al., 1992; Waterston et al., 1996; Duval et al., 1997;
O'Sullivan et al., 2003), increased (O'Sullivan et al., 1997) or reduced (Bronstein & Kennard,
1985; Ying et al., 2008) relative to controls. Gain has been reported to be normal (VentreDominey et al., 2001) or reduced (Crawford et al., 1989a; Ventre et al., 1992; Waterston et
al., 1996; Duval et al., 1997; O'Sullivan et al., 1997). This variability in study results may
reflect differences in both motor and cognitive status of the PD patients, since variability in
motor (Bronstein & Kennard, 1985; Crawford et al., 1989a; O'Sullivan et al., 1997) and
cognitive (Fielding et al., 2006b) functions have been associated with predictive performance.
With a large and well characterized sample, I wanted to resolve the conflict in the literature
and determine what if anything is abnormal in this task in PD.

In the Self-paced task, two targets are continously illuminated and subjects are required to
move their eyes as quickly and accurately as possible from one target to the next as many
times as possible within a set period of time. Only a very few previous studies have examined
self-paced saccades in PD (White et al., 1983; Fawcett et al., 2005; Winograd-Gurvich et al.,
2006; Fawcett et al., 2007). Self-paced saccades engage attention and visuospatial function
(Fawcett et al., 2005), measure the ability to initiate movement (Winograd-Gurvich et al.,
2006) and maintain goal-directed behaviour (Fielding et al., 2006a). Since PD patients have
difficulty with the initiation and execution of movement (Winograd-Gurvich et al., 2006),
especially when it is repetitive, it is expected that the self-paced task would be sensitive to PD
disease status. It allows a fuller picture than the predictive paradigm, in which the regularity is
imposed by the stimulus. Here it must be created by the individual.
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4.1. Results
From the initial sample of 101 PD participants reported in the reflexive task, 1 PDN patient
had missing predictive data due to poor recording quality and the data was therefore excluded
from further analysis. PD patients were categorized into those with normal cognition (PDN;
n = 58), mild cognitive impairment (PD-MCI; n = 25) and dementia (PDD; n = 17).

I assessed the mean group latencies, percent of predicted saccades, predictive gains, selfpaced count, and self-paced gains that were compared between groups using ANOVA with
the post Hoc Newman-Keuls test providing individual group comparisons (Table 4-1). The
PDD group differed from controls in 750 ms and 1400 ms latency, 750 ms and 2050 ms
percent of predictive saccades, predictive primary gain, predictive final gain, self-paced count,
and self-paced primary gain. The PD-MCI group differed from controls in predictive primary
gain, predictive 750 ms and 1400 ms final gain, self-paced count and self-paced primary gain.
The PDN group differed from controls in the predictive primary gain and the predictive 750
ms and 1400 ms final gain. The data was analysed using mixed effects models (which permit
each saccade from each individual to be included), whilst these values in Table 4-1 were
compared using multiple comparisons, to facilitate between group comparisons.
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Table 4-1: Group means (standard deviation) for predicted and self-paced saccades in control and PD
groups separated by cognitive status.
control
Measure
Task
(N=47)
PDN (N=58)
PD-MCI (N=25)
PDD (N=17)
Predictive
latency in
ms (SD)
Percentage
of predicted
saccades
(SD)
Predictive
primary gain
(SD)
Predictive
final gain
(SD)
Self-paced
count (SD)
Primary gain
(SD)
Final gain
(SD)

750 ms

21 (107)

22 (135)

58 (146)

136 (210)

1400 ms

34 (158)

20 (179)

9 (118)

152 (206) db*

2050 ms

117 (130)

127 (80)

104 (142)

140 (189)

750 ms

51 (25)

52 (26)

47 (28)

32 (31)

1400 ms

31 (26)

33 (26)

40 (19)

27 (19)

2050 ms

13 (17)

14 (13)

21 (17)
ba***

24 (21)
ca***

0.67 (0.16) da***

0.71 (0.13) ca***

0.63 (0.14) da***

750 ms

0.87 (0.08)

0.77 (0.13)

1400 ms

0.84 (0.09)

0.71 (0.16) ba***

2050 ms

0.87 (0.08)

0.79 (0.12)

750 ms

0.97 (0.04)

0.92 (0.08) ba**

1400 ms

0.99 (0.03)

0.95 (0.08)

2050 ms

0.99 (0.02)

0.97 (0.04)

0.95 (0.05)

Self-paced

51 (13)

51 (15)

41 (11) ca*** cb***

Self-paced

0.97 (0.08)

0.93 (0.10)

0.88 (0.11)

Self-paced

1.01 (0.07)

1.03 (0.10)

0.97 (0.09)

ba***

ba*

dc*

0.73 (0.14)

0.73 (0.13)

ca***

0.68 (0.16)

da*** db*

0.92 (0.09) ca*

0.85 (0.17) da***

0.97 (0.04)

0.93 (0.06)
ca**

ca*

da**

0.95 (0.08)
35 (14) da*** db*** dc***
0.81 (0.15)

da*** db**

0.97 (0.12)

*

p<0.05. ** p<0.01. *** p<0.001.
PDN vs. controls.
ca
PD-MCI vs. controls, cb PD-MCI vs. PDN.
da
PDD vs. controls, db PDD vs. PDN, dc PDD vs. PD-MCI.
ba

I assessed the correlations for predictive and self-paced saccade measures (predictive latency,
percent predictive saccades, predictive primary gain, predictive final gain, self-paced count,
self-paced primary and self-paced final gain) versus general cognitive (total z-score and
MoCA) and motor function (UPDRS III) for patient groups (PDN, PD-MCI and PDD; Table
4-2). Predictive latency in the 750 ms task, percent of predictive saccades in the 750 ms task,
predictive primary gain in the 2050 ms task, self-paced count and self-paced primary gain all
correlated with both cognitive and motor function in PD groups. Latency in the 1400 ms task,
percent of predictive saccades in the 2050 ms task, primary gain in the 750 ms task and selfpaced final gain correlated with total neuropsychological z-score. Latency in the 1400 ms and
2050 ms tasks and self-paced final gain correlated with MoCA score. Primary gain in all
predictive tasks (750 ms, 1400 ms and 2050 ms) and predictive final gain in the 750 ms and
2050 ms tasks correlated with motor function.
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Correlations between predictive and self-paced saccade measures and each of the four
cognitive functions in the patient groups (Table 4-3) were calculated. Predictive latency in the
750ms task was associated with attention, executive function and visuospatial function, while
predictive latency in the 1400ms task was related to visuospatial function. Primary gain in all
predictive tasks (750ms, 1400ms and 2050ms) was associated with attention and primary gain
in the 2050ms task was additionally associated with executive function, visuospatial function
and learning and memory. The percent of predicted saccades in the 750ms and 2050ms tasks
was associated with attention and visuospatial function, in the 750ms task with executive
function and in the 2050ms task with learning and memory. Self-paced count and self-paced
primary gain was associated with attention, executive function, visuospatial function and
learning and memory, while self-paced final gain was related to visuospatial function and
learning and memory.
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Table 4-2: Correlations and significance values comparing predictive and self-paced saccade
measures with MoCA, total neuropsychological z-score and UPDRS III with when all patients
were combined into a single group.
750
1400
2050
750 %
1400 %
2050 %
SelfLatency Latency Latency Predicted Predicted Predicted
paced
count
-0.26
-0.27
-0.07
0.25
0.11
-0.19
0.42
MoCA
(p<0.01)
(p<0.01)
(p=0.5)
(p=0.01)
(p=0.3)
(p=0.06)
(p<0.001)
total z-score

UPDRS III

-0.32

-0.21

-0.04

0.29

0.02

-0.23

0.51

(p<0.001)

(p<0.05)

(p=0.7)

(p<0.01)

(p=0.9)

(p=0.02)

(p<0.001)

0.23

0.19

0.11

-0.20

-0.03

0.14

-0.36

(p=0.02)

(p=0.06)

(p=0.3)

(p=0.04)

(p=0.8)

(p=0.2)

(p<0.001)

750
Primary
gain
MoCA

0.17

0.15

0.25

0.15

0.01

0.18

Selfpaced
primary
gain
0.25

(p=0.09)

(p=0.1)

(p=0.01)

(p=0.1)

(p=0.9)

(p=0.07)

(p=0.01)

total z-score

0.22

0.19

0.29

0.17

0.02

0.12

0.31

0.22

(p=0.03)

(p=0.06)

(p<0.01)

(p=0.1)

(p=0.8)

(p=0.2)

(p<0.01)

(p=0.03)

UPDRS III

1400
Primary
gain

2050
Primary
gain

750
Final
gain

1400
Final
gain

2050
Final
gain

Selfpaced
final
gain
0.23
(p=0.02)

-0.37

-0.23

-0.32

-0.37

-0.06

-0.25

-0.23

-0.16

(p<0.001)

(p=0.02)

(p=0.001)

(p<0.001)

(p=0.6)

(p=0.01)

(p=0.02)

(p=0.1)
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Table 4-3: Correlations and p values comparing predictive and self-paced saccade measures with each
cognitive domain when all patients were combined into a single group.
750
1400
2050
750 %
1400 %
2050 % Self-paced
latency
latency
latency predicted
Count
predicted
predicted
Attention

-0.31

-0.13

-0.03

0.29

-0.01

-0.20

0.52

(p<0.01)

(p=0.2)

(p=0.8)

(p<0.01)

(p=0.9)

(p<0.05)

(p<0.001)

Executive
Function

-0.29

-0.19

-0.06

0.26

0.04

-0.18

0.49

(p<0.01)

(p=0.06)

(p=0.5)

(p<0.01)

(p=0.7)

(p=0.07)

(p<0.001)

Visuoperceptual
Visuospatial
Learning &
Memory

-0.38

-0.24

0.02

0.37

0.05

-0.26

0.46

(p<0.001)

(p=0.02)

(p=0.9)

(p<0.001)

(p=0.6)

(p=0.01)

(p<0.001)

-0.20

-0.19

-0.05

0.16

-0.01

-0.21

0.37

(p=0.05)

(p=0.07)

(p=0.6)

(p=0.1)

(p=0.9)

(p=0.04)

(p<0.001)

0.27

0.26

0.31

0.18

0.03

0.13

Selfpaced
Primary
gain
0.31

(p<0.01)

(p<0.01)

(p<0.01)

(p=0.07)

(p=0.8)

(p=0.2)

P<(0.01)

750
Primary
gain
Attention
Executive
Function
Visuoperceptual
Visuospatial
Learning &
Memory

1400
Primary
gain

2050
Primary
gain

750
Final
gain

1400
Final
gain

2050
Final
gain

Selfpaced
final
gain
0.16
(p=0.1)

0.22

0.16

0.25

0.14

0.02

0.11

0.27

0.15

(p=0.03)

(p=0.1)

(p=0.01)

(p=0.2)

(p=0.8)

(p=0.3)

(p<0.01)

(p=0.1)

0.15

0.11

0.26

0.18

-0.01

0.15

0.28

0.24

(p=0.2)

(p=0.3)

(p<0.01)

(p=0.08)

(p=0.9)

(p=0.1)

(p<0.01)

(p=0.02)

0.17

0.17

0.23

0.11

0.03

0.06

0.25

0.25

(p=0.09)

(p=0.1)

(p=0.02)

(p=0.3)

(p=0.8)

(p=0.5)

(p=0.01)

(p=0.01)
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All groups with the exception of PDD could make use of the regularity of the 750 ms and
1400 ms ISI tasks to greatly reduce their latencies (compared to reflexive saccade latencies
discussed in chapter 3). Their latencies were substantially longer at the slowest (2050 ms) ISI,
although still shorter than in the randomised reflexive task. For the PDD group meanwhile,
there was no effect of ISI. Latencies of this group were as long at 750 ms as they were at 2050
ms (although, again, still shorter than in the reflexive task). Thus, though the PDD group
could make limited use of a predictable stimulus to shorten reaction times relative to a
random (reflexive) target, this effect was markedly attenuated relative to the other groups
(figure 4-1).

400

Latency (ms)

300
200
Control

100

PDN
PD-MCI

0

PDD

-100
-200

750

1400
Task (ms)

2050

Figure 4-1: Uncorrected mean latency in each of the three
predictive tasks for PD and control groups. Following the
analysis, the PD-MCI and PDN groups did not differ from
controls, but PDD latencies were significantly prolonged in the
750 ms and 1400 ms tasks. Group differences survived
correction for age, education and sex. Error bars = 1SD.
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Predictive latency

A mixed-effects model was used to compare latencies across each of the three predictive tasks
for all four groups. The intercept, corresponding to the latency in the 750 ms task of an
average control subject, was 21 ms, 95% CI [-27, 70]. Relative to the 750 ms task, latencies
did not differ in the 1400 ms task (12 ms, 95% CI [-24, 48], p=0.5), but were prolonged by 97
ms, 95% CI [62, 133] in the 2050 ms task (p<0.001; Table 4-1 & figure 4-1).

Comparison with Controls
Relative to controls, PDN and PD-MCI showed the same pattern of similar latencies at 750
ms and 1400 ms, but a substantial increase at 2050ms. PDD meanwhile, had significantly
prolonged latencies at 750 ms (109 ms, 95% CI [26, 191], p=0.01) and which were more or
less unchanged across all three ISI's. That is, all groups other than the PDD were able to learn
from the regular target alternation at the two fastest speeds adopt a significantly predictive
pattern of behaviour.

Comparison of PD-MCI and PDD with PDN
A PDN subject who had the mean UPDRS III (motor) score and mean age across all PD
patients produced latencies of 59 ms in the 750 ms, 70 ms in the 1400 ms and 166 ms in the
2050 ms task. The PDN and PD-MCI group showed a similar pattern of latencies, but the
PDD group latencies were significantly increased by 93 ms (p=0.04) in the 750 ms task,
relative to the PDN group. UPDRS had minimal influence upon latency (0.8 ms per point,
p=0.4). That is, UPDRS did not explain any of the change in latency, but there was still a
significant contribution from cognitive status after accounting for motor score.

The direct relationship between each subject’s mean latency and several cognitive (including
attention, executive function, visuospatial function and memory z scores; total
neuropsychological z-score and MoCA) and motor (UPDRS III) measures were assessed via
Pearson correlations, with all three PD groups pooled together into one (Tables 4-2 & 4-3,
figure 4-2). For the 750 ms and 1400 ms tasks, mean latency correlated significantly with
both MoCA score and total neuropsychological z score. Latency was correlated with
attention, executive function and visuospatial function for the 750 ms task and with
visuospatial function in the 1400 ms task. Latency also correlated with motor score (UPDRS
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III) in the 750 ms task. Examination of the individual saccade traces confirmed that in the 750
ms and 2050 ms ISI, one PDD patient and one control participant were consistently highly
anticipatory in their behaviour and had mean saccade latencies of less than 400 ms prior to
target onset. These participant results were included in the analysis .
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Figure 4-2: Predictive latency vs. general cognitive performance (a) Total neurological z-score and (b) (MoCA
score) for each individual in each task (750 ms, 1400 ms and 2050 ms). Controls were excluded from the
analysis, but included in the chart for visual comparison. (c) Mean saccade latency and motor score (UPDRS III)
across each patient group for each predictive task.
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Percent of predictive saccades
Comparison with Controls
A mixed-effects model was used to compare the percent of predicted saccades across each of
the three predictive tasks for all four groups. The intercept, corresponding to the percent of
predicted saccades from the 750 ms task of a control subject, was 51%, 95% CI [44%, 59%].
Relative to the 750 ms task, predictive saccades were decreased in the 1400 ms task by -20%,
p<0.001, 95% CI [-30%, -11%]) and by -38% in the 2050 ms task (p<0.001, 95% CI [-47%, 29%]; Table 4-1 and figure 4-3). For the PDD group, predictive saccades were reduced by
17% (p=0.01, 95% CI [30%, 5%]) in the 750 ms task and increased by 30% (p=0.001, 95% CI
[11%, 48%]) in the 2050 ms task, relative to controls. Age and Sex did not significantly affect
percent of predicted saccades in any of the three tasks. Effect of education reached
significance (p=0.05) with an increase in predictive saccades of 1% per year of education.

Comparison of PD-MCI and PDD with PDN
The intercept, corresponding to the percent of predicted saccades of a PDN subject of mean
UPDRS III and age was 49% in the 750 ms, 30% in the 1400 ms and 10% in the 2050 ms
task. For the PDD group, predictive saccades were reduced by 18% (p=0.01) in the 750 ms
task and increased by 30% (p=0.001) in the 2050 ms task, relative to the PDN intercept.
UPDRS III did not significantly influence percent of predicted saccades (0%, p=1.0). That is,
UPDRS did not explain the change in predicted saccade frequency, but cognitive status
contributed an independent influence.

The direct relationship between each subject’s mean percent of predicted saccades and a
variety of continuous measures was assessed via Pearson correlations, with all three PD
groups pooled together into one (Tables 4-2 & 4-3, figure 4-4). For the 750 ms task, mean
percent of predicted saccades correlated with MoCA score and total neuropsychological zscore and for the 2050 ms task mean predicted saccades correlated with total z-score. Percent
of predicted saccades correlated with attention, executive function and visuospatial function
for the 750 ms task and with attention, visuospatial function and learning and memory in the
2050 ms task. Percent of predicted saccades was not associated with cognitive function in the
1400 ms task. Examination of individual saccade traces confirmed that two PDD patients
consistently predicted the target in the 750 ms task at 100% and 80% respectively, thereby
having considerable influence on overall PDD group mean.
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Figure 4-3: Uncorrected mean percent of predictive saccades in each task
for PD and control groups. There were no differences in predictive
saccades between PD-MCI, PDN and control groups in the 750 ms, 1400
ms and 2050 ms tasks. PDD performance did not change across tasks, so
they produced a higher percent of predictive saccades in the 2050 ms task
and a lower percent of predictive saccades in the 750 ms task, relative to
controls.
Error bars = 1SD.
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Figure 4-4: Mean percent of predicted saccade in each task vs. general cognitive performance (a) MoCA score
and (b) Total neuropsychological z-score for each individual. Controls were excluded from the analysis, but
included in the chart for visual comparison. (c) Mean percent of predicted saccades and motor score (UPDRS
III) across each patient group.
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Predictive primary gain
Comparison with Controls
A mixed-effects model was used to compare the primary gain (for all saccade types including
predictive, express and reflexive) across each of the three predictive tasks for all four groups.
The intercept, corresponding to the gain from the 750 ms task of a control subject, was 0.91,
95% CI [0.87, 0.95]. Relative to the 750 ms task, gains were significantly reduced by -0.03,
95% CI [-0.06, 0.00] in the 1400 ms task (p=0.02) but did not differ in the 2050 ms task (0.001, p=0.95; Table 4-1 and figure 4-5). Relative to controls, gains were significantly
reduced for all PD groups in the 750 ms task (PDN, -0.11, 95% CI [-0.15, -0.06]; PD-MCI, 0.14, 95% CI [-0.20, -0.08]; PDD, -0.18, 95% CI [-0.25, -0.11]; all p<0.001). Relative to
males, females had a reduced primary gain (-0.05, p=0.004, 95% CI [-0.09, -0.02]). Age and
Education were not significantly related to gain.

Comparison of PD-MCI and PDD with PDN
The intercept, corresponding to the gain of a PDN subject of mean UPDRS III (motor) score
and mean age across all PD patients was 0.80 in the 750 ms, 0.75 in the 1400 ms and 0.82 in
the 2050 ms task. Relative to the PDN group the PD-MCI and PDD groups did not differ on
primary gain in the 750 ms (PD-MCI, -0.01, p=0.7; PDD, -0.02, p=0.6), 1400 ms (PD-MCI,
0.03, p=0.3; PDD, -0.01, p=0.7), or 2050 ms tasks (PD-MCI, -0.03, p=0.3; PDD, -0.03,
p=0.4). There was no independent effect of UPDRS III upon gain (-0.001, p=0.1).

The direct relationship between each subject’s mean primary gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 4-2 & 4-3, figure 4-6). Mean gain correlated with MoCA score in the 2050 ms
task and total neuropsychological z-score in the 750 ms and 2050 ms tasks and reached near
significance neuropsychological z-score in the 1400 ms task. Primary gain also correlated
with attention in each task and with executive function in the 750 ms and 2050 ms tasks. For
the 2050 ms task, primary gain additionally correlated with visuospatial function and learning
& memory. Gain also correlated with motor score (UPDRS III) in each task, and in fact more
significantly so than with cognitive function (Table 4-2).
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Figure 4-5: Uncorrected mean gain in each predictive task for PD and
control groups. Following the analysis, PDN, PD-MCI and PDD primary
gains were significantly reduced relative to controls.
Error bars = 1SD.
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Figure 4-6: Mean gain in each predictive task vs. general cognitive performance assessed by (a) Total
neuropsychological z-score or (b) MoCA score for each individual. Controls were excluded from the analysis,
but included in the chart for visual comparison. (c) Mean predictive primary gain and motor score (UPDRS III)
in the three PD groups.
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Predictive final gain

A mixed-effects model was used to compare the final gain across each of the three predictive
tasks for all four groups. The intercept, corresponding to the gain from the 750 ms task of a
control subject, was 0.98, 95% CI [0.96, 1.00]. Relative to the 750 ms task, gains did not
differ in the 1400 ms (0.02, 95% CI [0.00, 0.04], p=0.08) or 2050 ms tasks (0.01, 95% CI [0.01, 0.04], p=0.1; Table 4-1 & figure 4-7).

Comparison with Controls
Relative to controls, final gains were significantly reduced for all PD groups in the 750 ms
task (PDN, -0.06, 95% CI [-0.08, -0.03]; PD-MCI, -0.06, 95% CI [-0.09, -0.02]; PDD, -0.11,
95% CI [-0.15, -0.07]; all p<0.001), reduced for the PD-MCI and PDD groups in the 1400 ms
task (PD-MCI, 0.04, 95% CI [0.00, 0.07]; PDD, 0.04, 95% CI [0.00, 0.08]; all p<0.05), and
reduced for the PDN and PDD groups in the 2050 ms task (PDN, 0.04, 95% CI [0.01, 0.06],
p<0.01; PDD, 0.07, 95% CI [0.03, 0.11], p<0.001). Final gain was not significantly related to
Age, Education or Sex (all p>0.1).

Comparison of PD-MCI and PDD with PDN
The intercept, corresponding to the final gain of a PDN subject of mean UPDRS III (motor)
score and mean age across all PD patients was 0.91 in the 750 ms, 0.88 in the 1400 ms and
0.86 in the 2050 ms task. Relative to the PDN group the PD-MCI and PDD groups did not
differ on final gain in the 750 ms (PD-MCI, 0.02, p=0.4; PDD, -0.001, p=0.96), 1400 ms (PDMCI, 0.02, p=0.3; PDD, 0.03, p=0.3), or 2050 ms tasks (PD-MCI, -0.01, p=0.5; PDD, 0.03,
p=0.1). UPDRS III significantly reduced final gain by -0.002 per point on the UPDRS scale
(p<0.001). That is, UPDRS explained some of the change in final gain, but there was no
longer a significant contribution from cognitive status after accounting for motor score.

The direct relationship between each subject’s mean final gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 4-3 & 4-3, figure 4-8). Mean final gain did not correlate with MoCA or total
neuropsychological z-score in any of the three predictive tasks. Final gain was not associated
with attention, executive function, visuospatial function or memory in any task. Final gain did
however correlate with motor score (UPDRS III) in the 750 ms and 2050 ms task, but not the
1400 ms task.
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Figure 4-7: Uncorrected mean final gain in each predictive task for PD
and control groups. Following the analysis, the PDD, PD-MCI and PDN
groups exhibited reduced final gain relative to controls for the 750 ms
task. The PD-MCI and PDD groups had reduced final gain in the 1400 ms
task and the PDN and PDD groups in the 2050 ms task, relative to
controls. Error bars = 1SD.
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Figure 4-8: Mean final gain in each predictive task vs. general cognitive performance assessed by (a) Total
neuropsychological z-score or (b) MoCA score for each individual. Controls were excluded from the analysis,
but included in the chart for visual comparison. (c) Mean final gain and motor score (UPDRS III) in the three PD
groups.
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Self-paced count

Comparison with Controls
The total number of self-paced saccades made by a male control subject of mean age and
education, was 50, 95% CI [49, 51]. Relative to controls, the number of saccades was not
significantly different (+1, p=0.08, 95% CI [0, 1]) for PDN subjects, but was reduced by 9 for
the PD-MCI group (p<0.001, 95% CI [-10, -8) and by 14 for the PDD group (p<0.001, 95%
CI [-16, -13]). The uncorrected group mean values are shown in Figure 4-9. Age reduced the
number of saccades by 0.4 per year (p<0.001) and females made an average of 6 more
saccades than males (p<0.001). Education did not significantly affect saccade count (-0.004
per year, p=0.9).

Comparison of PD-MCI and PDD with PDN
The number of saccades made by a PDN subject of mean UPDRS III and age was 51 (95%CI
[50, 52]). Relative to the PDN group intercept, saccade count was reduced by the PD-MCI (9, 95%CI [-10, -8], p<0.001) and the PDD groups (-13, 95%CI [-15, -12], p<0.001). UPDRS
III reduced total saccade count by -0.09 saccades per point on the UPDRS scale (p<0.001),
indicating an independent effect of motor severity on self-paced count. Although UPDRS
explained some of the change in self-paced count, cognitive status still contributed an
independent influence.

The direct relationship between each subject’s mean saccade count and a variety of
continuous measures was assessed via Pearson correlations, with all three PD groups pooled
together into one (Tables 4-2 & 4-3, and figure 4-10). Mean self-paced count strongly
correlated with MoCA score, total neuropsychological z-score and with attention, executive
function, visuospatial function, learning & memory and also motor score (UPDRS III).
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Figure 4-9: Uncorrected mean saccade count in the self-paced task for PD
and control groups. Following the analysis, the PDN group did not differ
from controls, but PD-MCI and PDD self-paced saccades were
significantly reduced in number. Error bars = 1SD.
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Figure 4-10: Mean self-paced count vs. general cognitive performance assessed by (a) Total neuropsychological
z-score (b) MoCA score for each individual. Controls were excluded from the analysis, but included in the chart
for visual comparison. (c) Mean self-paced count and motor score (UPDRS III).
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Self-paced primary gain

Comparison with Controls
The gain of a control subject of the mean age and education, was 0.99 (95% CI [0.95, 1.04].
Relative to controls, gains were not significantly different (-0.03, p=0.2, 95% CI [-0.08, 0.02])
for PDN subjects, but reduced by 0.09 for the PD-MCI group (p=0.002, 95% CI [-0.15, 0.03]) and by 0.15 for the PDD group (p<0.001, 95% CI[-0.22, -0.09]). Age, Education and
Sex did not significantly affect gain (Age, <-0.001 per year, p=0.9; Education, -0.001, p=0.8;
Sex, -0.04, p=0.08).

Comparison of PD-MCI and PDD with PDN
The gain of a PDN subject of mean UPDRS III and age was 0.96 (95%CI [0.91, 1.01]).
Relative to the PDN group intercept, primary gain was similar for the PD-MCI group
(reduced by -0.06, 95%CI [-0.12, 0.01], p=0.1), but significantly reduced in the PDD group (0.11, 95%CI [-0.21, -0.01], p=0.03). UPDRS III did not independently influence gain (-0.01,
p=0.8). That is, UPDRS did not explain any additional change in primary gain and cognitive
status still contributed an independent influence.

The direct relationship between each subject’s mean gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 4-2 & 4-3, figure 4-12). Mean primary gain correlated with MoCA score and total
neuropsychological z score. Primary gain was correlated with attention, executive function,
visuospatial function, learning & memory and with motor severity (UPDRS III score).
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Figure 4-11: Uncorrected mean primary gain in the self-paced
task for PD and control groups. Following the analysis, the PDN
group did not differ from controls, but PD-MCI and PDD gains
were significantly reduced. Group differences survived
correction for age, education and sex. Error bars = 1SD.
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Figure 4-12: Mean self-paced primary gain vs. general cognitive performance (a) Total neuropsychological zscore and (b) MoCA score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean primary gain and motor score (UPDRS III) across each patient group.
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Self-paced final gain
Comparison with Controls
The final gain of a control subject of the mean age and education, was 1.03 (95% CI [0.99,
1.06]). Relative to controls, gains were not significantly different (0.02, p=0.4, 95% CI[-0.02,
0.05]) for PDN, PD-MCI (-0.04, p=0.1, 95% CI [-0.08, 0.01]) or PDD subjects (-0.04, p=0.1,
95% CI [-0.10, 0.01]). The uncorrected group mean values are shown in figure 4-13. Age,
Education and Sex did not significantly affect gain (Age, <-0.001 per year, p=0.7; Education,
-0.002, p=0.5; Sex, -0.02, p=0.2).

Comparison of PD-MCI and PDD with PDN
The final gain of a PDN subject of mean UPDRS III and age was 1.04 (95%CI [1.00, 1.08]).
Relative to the PDN group intercept, final gain was reduced by the PD-MCI group (-0.05,
95%CI [-0.10, 0.00], p=0.05), but similar for the PDD group (reduced by -0.06, 95%CI [0.13, 0.02], p=0.1). UPDRS III did not independently influence final gain (0.01, p=0.9). That
is, UPDRS did not explain any additional change in final gain and cognitive status still
contributed an independent influence.

The direct relationship between each subject’s mean final gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 4-2 & 4-3, figure 4-14). Mean final gain correlated with MoCA score and total
neuropsychological z score, visuospatial function and learning & memory, but not attention or
executive function. Final gain was not associated with motor severity (UPDRS III score).
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Figure 4-13: Uncorrected mean final gain in the self-paced task
for PD and control groups. Following the analysis, PD groups
did not differ significantly from controls. Error bars = 1SD.
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Figure 4-14: Mean self-paced final gain vs. general cognitive performance (a) Total neuropsychological z-score
and (b) MoCA score for each individual. Controls were excluded from the analysis, but included in the chart for
visual comparison. (c) Mean final gain and motor score (UPDRS III) across each patient group.
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Summary of results
Latency and percentage of predictive saccades were associated with task (i.e. interstimulus
interval) with PD groups exhibiting prolonged latencies and reduced prediction rates in the
2050 ms task relative to the 750 ms task, the PDD group which exhibited similar latencies and
prediction rates for all tasks. The PDD group also had prolonged latencies and reduced
prediction rates in the 750 ms task relative to all other groups who did not differ. Cognitive
status was associated with reduced primary and final gain with the PDN, PD-MCI and
especially the PDD groups exhibiting reduced gain relative to controls. Interstimulus interval
influenced primary gain (but not final gain) which was reduced in the 1400ms task relative to
the 750 ms and 2050 ms tasks.

Self-paced count and self-paced primary gain exhibited a progressive decline with reduced
cognitive status. PD-MCI and PDD groups produced a reduced number of self-paced saccades
and reduced primary gains in this task relative to controls and PDN groups who did not differ.
There was little difference, however, in self-paced final gain between PD and control groups.
These effects remained when the influence of age and education were controlled.

Individual correlations showed that both motor (UPDRS III) and cognitive status (MoCA and
total neuropsychological z score) were associated with latency and prediction in the 750 ms
task, primary gain in the 2050 ms task, and self-paced count and primary gain. Functions
within each cognitive domain (attention, executive function, visuospatial function and
memory) were associated with latency in the 750 ms task, primary gain in the 2050 ms task,
self-paced count and self-paced primary gain. Motor status was additionally associated with
primary gain in the 750 ms and final gain in the 750 ms and 2050 ms tasks when assessed
simultaneously in a model with the division into cognitive groups.
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4.2. Discussion

Rhythmical saccades, both in response to a regular alternating cue (predictive task) or
voluntarily initiated between two static targets (self-paced) were investigated. Previous
findings in the predictive task have been conflicting, with no difference (Crawford et al.,
1989a; Ventre et al., 1992; Waterston et al., 1996; Duval et al., 1997; O'Sullivan et al., 2003),
impaired (Bronstein & Kennard, 1985; Ying et al., 2008) or superior (O'Sullivan et al., 1997)
PD performance reported.

In the predictive task, I found that on the key measures of timing and prediction, only the
most cognitively impaired (PDD) group showed deficits. Saccade amplitude was, however,
impaired for all PD groups, as in the reflexive task. Thus, it seems that timing in this task is
sensitive only to relatively severe cognitive deficits, but saccade amplitude is affected
throughout all phases of the disease. This observation reinforces the notion of a basal ganglia
role in amplitude control and a more cortical role in timing.

In the self-initiated self-paced task deficits in saccade count were independently associated
with both motor and cognitive function, supporting the notion of cortical and basal ganglia
roles in self-paced saccade generation. There were stronger correlations between self-paced
count and cognitive status (including each cognitive domain) relative to the predictive task,
suggesting a greater cortical involvement in this task. Self-paced primary gain was reduced in
PD-MCI and PDD relative to PDN and control groups and final gain also correlated with
general cognitive status, learning and memory and visuospatial function, but not motor status.
These observations further reinforce the conclusion that the self-paced task very usefully
probes cognitive status in PD.

Predictive saccades
Parkinson’s disease is characterised by difficulty with initiation and execution of movements,
especially when they are repetitive, sequential or simultaneous (Winograd-Gurvich et al.,
2006). Consistent with previous findings (Fielding et al., 2006b), saccade latency was
associated with attention, executive function and visuospatial function in the present study.
Isotalo et al. (2005) found that the percent of predictive saccades produced in healthy subjects
was lower in tasks with ISIs above 2000 ms and much higher in tasks with ISIs below 1000
ms. My results are consistent with Isotalo et als'. (2005) observation; I found that the
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tendency to predict was much greater in the 1400 ms task and especially the 750 ms task than
the 2050 ms task. These task differences were present in the PD-MCI, PDN and control
groups, but notably not the PDD group which exhibited similar latencies across all ISIs. Thus,
there appeared to be no underlying influence on the predictive tendency of the PDD group.
The explanation may be that in the 750 ms and 1400 ms tasks, the alternations of the target
were too rapid for the patients to rapidly shift their (impaired) attention, resulting in
comparatively prolonged latencies. The 2050 ms ISI was too long for optimal prediction to
occur in the PD-MCI, PDN and control groups (Isotalo et al., 2005), while an inability to
maintain sustained fixation (i.e. disinhibition) may have resulted in anticipatory and
seemingly appropriately reactive saccades in the PDD group which displayed a higher
percentage of predictive saccades than controls at this longer ISI.

Significant between PD group differences in latency only occurred in the 1400 ms task, with
the PDD group producing prolonged latencies relative to the PD-MCI and PDN groups at this
ISI. As previously stated, predictive studies in PD have reported a wide variation in latencies.
The strength of association between latency and each measure of cognitive and motor
function varied depending on the ISI employed in each task (Tables 4-2 & 4-3). The ISIs used
in previous studies have been at 0.25 Hz, 0.5 Hz or 1 Hz (i.e. 2000 ms, 1000 ms or 500 ms)
(Duval et al., 1997; Ventre-Dominey et al., 2001; O'Sullivan et al., 2003), 900 ms (Bronstein
& Kennard, 1985), 1250 ms (Ying et al., 2008), 500 ms or 1000 ms (Fielding et al., 2006a).
This variability in findings may reflect differences not only in motor and cognitive status of
the PD patients, but the ISI employed.

The prolonged latencies in the 1400 ms tasks in the PDD group relative to the PD-MCI, PDN
and control groups may have resulted from DLPFC impairment. Prolonged latency of
saccades in the predictive task has been attributed to lesions in the DLPFC, which is involved
in the timing of predictive saccades (Pierrot-Deseilligny et al., 2002). Pierrot-Deseilligny et
al. (2003a) found prolonged latencies in the predictive task in individuals with DLPFC
lesions, leading the authors to propose that the DLPFC is responsible for short-term
memorisation of temporal and spatial locations during predictive saccades. Predictive saccade
latency has also been impaired in monkey studies with DLPFC inactivation using D1
antagonists (Sawaguchi & Goldman-Rakic, 1994). Thus, the increased predictive latencies in
the present study may reflect dopamine deficiency in the DLPFC in the PDD patients.
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My study found an association between saccade latency in the predictive task and working
memory/attention and executive function, but not with learning & memory. The predictive
task requires memorisation to permit prediction the temporal and spatial location of the next
target. The ISIs (750, 1400, 2050) are more consistent with neuropsychological tests of
executive function and attention rather than those requiring memorisation over prolonged
periods. For example, the digit span task requires a maximum of nine digit immediate recall
and is categorized as a task of attention and working memory, since participants were required
to simultaneously hold the digits in mind and recall them in the forwards or backwards order
within seconds. The Rey Complex Figure Test (RCFT) immediate recall subtest requires
memorisation of a complex figure with a drawing recall after 3 minutes and is categorized as
a learning and memory task. The shortest learning and memory cognitive task required
memorisation for a minimum of 30 seconds in the CVLT subtest. The short-term
memorisation required for the predictive task is therefore more closely related to the attention
and executive function tests than to learning & memory cognitive tests.

The significant correlation between attention/working memory and predictive latency
provides evidence to support the contention by Leigh and Kennard (2004) that working
memory is required for the predictive task. DLPFC lesions result in an impaired ability to
make predictive saccades and patients with DLPFC lesions produced a lower percent of
predictive saccades than controls (Pierrot-Deseilligny et al., 2003a). The DLPFC is involved
in the control and timing of saccades and prepares them prior to being triggered by the FEF
which controls both the gain and triggering of predictive saccades (Pierrot-Deseilligny et al.,
2003a).

In my study, patients with PDD had prolonged latencies relative to the control and PDN
groups and showed a completely different pattern of predictive behaviour to those of the other
PD and control groups, suggesting that an aberrant predictive capability occurs once dementia
arises in PD and is perhaps related to DLPFC damage. The 1400 ms task was most sensitive
to these group differences, indicating that 2050 ms ISI may have been too long to allow for
target prediction in the control and PDN groups and the 750 ms ISI was too short to allow for
optimal target prediction in the PD-MCI and PDD groups.

My findings, that PDN patients exhibited latencies and prediction rates similar to controls
(Table 4-1, figures 4-1 & 4-3) is consistent with previous studies (Crawford et al., 1989b;
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Ventre et al., 1992; O'Sullivan et al., 1997). It is notable that the patients in those studies had
mild PD (Crawford et al., 1989a; Ventre et al., 1992; O'Sullivan et al., 1997), whereas most of
the PD studies with findings of prolonged predictive latencies included patients with moderate
PD (Bronstein & Kennard, 1985; Ventre-Dominey et al., 2001; Ying et al., 2008). Participant
numbers in the earlier studies were too small (between 5 and 9 patients) to compare the
effects of motor or cognitive severity on predictive latencies in these earlier studies. My
results are consistent with those of Mosimann et al. (2005) who reported that PDN patients
had similar latencies and prediction rates as controls, while PDD patients had prolonged
latencies and reduced prediction. By comparing PD and PDD patients the authors were able to
demonstrate that cognitive status in PD influences latency and prediction rates and that the
predictive saccade paradigm is an effective means of distinguishing PD from PDD.

Hypometria relative to control groups was present in all PD groups and each predictive task,
in all PD groups. Primary gain was also reduced for all groups relative to the reflexive task
(see Table 3-1 and Table 4-1). These findings are consistent with previous reports that
hypometria is more prominent in predictive rather than reflexive saccades in PD (White et al.,
1983; Bronstein & Kennard, 1987; Crawford et al., 1989a; Ventre et al., 1992; O'Sullivan et
al., 1997). Primary gain was influenced by motor status in the 750 and 2050 tasks consistent
with the proposal that gain is associated with motor programming (O'Sullivan et al., 1997).

Primary gain was associated with motor severity (UPDRS III score) at each ISI, but the
association with cognitive status varied according to the ISI. In the 750 ms task, gain was
additionally associated with total z-score and in the 2050 ms task gain was associated with
both MoCA and total z-score (Table 4-2). In the 750 ms task primary gain was associated
with attention and executive function and in the 1400 ms task it was associated with attention
only. In the 2050 ms task, however, primary gain was associated with each cognitive domain
including attention, executive function, visuospatial function and memory. These variations in
the association between cognitive domains and gain for each task suggest that the neuronal
processing resources may vary according to each ISI, with the 2050 ms task seemingly
requiring more cortical resource, as evidenced by the association with all four cognitive
domain z-scores, than the 750 and 1400 ms tasks, in addition to the clear influence of motor
severity.
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Mosimann et al. (2005) reported that PDD had hypometric (i.e. reduced) primary gain in PDD
relative to unimpaired PD and control groups. Subjects were matched for UPDRS score so
motor status could not influence group differences, thereby demonstrating a strong cognitive
influence on predictive primary gain. Mosimann et al. (2005) used a predictive task with a
1000 ms central fixation stimulus between each alternating 1000 ms target, so there was a cue
between each predictive target and the total ISI between targets was 2000 ms. Thus
Mosimann et al.'s study was most similar to the 2050 ms predictive task in my study, which
associated more strongly with cognitive status than the faster 750 ms and 1400 ms tasks.

The PPC holds information in memory from 300 ms and the DLPFC up to about 15 to 25
seconds after the appearance of a target, prior to transfer to the parahippocampal and
hippocampal cortex for medium and long term memory respectively (Muri et al., 1996; Muri
et al., 2000; Pierrot-Deseilligny et al., 2003a; 2004). Thus it follows that in the predictive task
the DLPFC is necessary for remembering the accurate location of the preceding target, since
information about the target location would need to be held in memory during the ISIs of 750
ms, 1400 ms and 2050 ms. Le Heron et al. (2005) found that non-demented PD patients had
reduced primary gain accuracy relative to controls in a 3 second memory-guided task, but not
30 second memory-guided task, so the parahippocampal cortex may have been more involved
in the 30 second task and the DLPFC more involved in the 3 second task. Thus, Le Heron et
al. concluded that reduced primary gain may have been associated with DLPFC dysfunction.
This is consistent with an antisaccade transcranial magnetic stimulation (TMS) study by
Nyffeler et al. (2007) who demonstrated that temporary disruption of the DLPFC in healthy
control subjects reduced primary saccade gain. These observations support the suggestion that
the PD patients with reduced primary gain in my study may have had reduced DLPFC
function. Pierrot-Deseilligny et al. (2003a), however found that patients with DLPFC lesions
had prolonged latencies, but did not have reduced gain in the predictive task. Reduced
saccade performance in PD patients has different implications for areas of involvement
depending on the saccade paradigm and measure used. Thus, in the predictive task, while
there may be DLPFC involvement in latency, there may not be in gain. In contrast, DLPFC
dysfunction may be important in the reduction of gain in antisaccade and memory-guided
saccades (see Chapters 5 & 6).

In early PD, neuropathology is restricted to the basal ganglia and SN and more caudal regions
(Braak & Del Tredici, 2008). PDD, meanwhile is associated with temporal, frontal and
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parietal cortical pathology (Braak et al., 2004; Braak et al., 2006). My finding that the PDN
group (as well as the PD-MCI and PDD groups) demonstrated hypometria compared to
controls, supports previous contentions that primary gain in predictive saccades is mediated
by areas such as the basal ganglia and SN, which are affected earlier in the disease course
(Hikosaka et al., 2000; Leigh & Kennard, 2004; Hikosaka, 2007). This conclusion is also
consistent with that of Terao et al. (2011) who found that PD patients had prolonged latency
and reduced gain in the reflexive and memory-guided task relative to controls. Terao et al.
(2011) concluded that excessive inhibition of the SC by the basal ganglia occurs early in the
disease course and leads to prolonged latency and reduced gain in all intentional saccade
types.

In the predictive task, final gain was reduced for all PD groups in the 750 ms task, for the
cognitively impaired groups in the 1400 ms task and for the PDD group in the 2050 task.
Spieth et al. (2004) also found that final gain was reduced in PD patients during fast
predictive tasks, but was normalized at slower speeds. Thus, faster predictive tasks may
reduce this opportunity to make a speed /accuracy trade off (Spieth et al., 2004). Mosimann et
al. (2005) found that in the predictive task with a 1000 ms central fixation stimulus between
each alternating 1000 ms targets, both PD and PDD patients had similar final gain as controls.
Thus, when provided with plenty of time and visual cues, the predictive final gain may be
normal due to low cognitive demand. (Table 4-2).

Self-paced saccades
In my study, the number of self-paced saccades able to be generated in 30 seconds was
influenced by cognitive status (Table 4-2 & figure 4-9), being reduced in those with impaired
cognitive function. Motor severity status also influenced the number of saccades generated.
Self-paced saccade count was more sensitive to cognitive and motor status and more strongly
correlated with each of the four cognitive domains than predictive latency and percent of
predictive saccades produced (Table 4-2). The self-paced task requires more attention,
visuospatial control, maintenance of motor control, movement initiation and motor
programming than tasks where repeated stimulus presentation provide a continued cueing
effect (Fattapposta et al., 2000; Fielding et al., 2006a) as occurs in the predictive task. Thus,
the greater sensitivity of the self-paced task is perhaps not too surprising.
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Self-paced saccades have been found to be associated with activation of the FEF (Petit et al.,
1996), which is involved in the generation of volitional (non-reflexive) saccades (PierrotDeseilligny et al., 2003a; Leigh & Kennard, 2004). Thus, reduced self-paced count in the PDMCI and PDD groups could be attributed to reduced FEF function. The FEF is able to
maintain an accurate temporal and spatial image of a target (Van Gisbergen et al., 1981;
Umeno & Goldberg, 2001). Therefore, in the self-paced task the FEF could potentially
function to maintain an image of each of the two horizontal targets and assist with reducing
the time taken between the firing of each saccade.

Self-paced primary gain was associated with both general cognitive (MoCA and Total Z) and
motor (UPDRS III) score, and additionally with each cognitive domain (attention, executive
function, visuospatial function and memory). These findings demonstrate support for the
findings by Petit et al. (1996) which demonstrated frontal cortical, parietal and subcortical
activation during the self-paced task. Attention might be required to look toward the next
target location and executive function might be required to initiate an accurate saccade to the
next location and inhibit the natural response to shorten each saccade in order to make more.
Planning may also be required to develop a strategy to keep sustained eye movements
accurate, visuospatial function may be required to identify the target location and memory
might be required to memorize the target locations throughout the 30 second task.

Some controls and PD subjects had mildly hypermetric self-paced saccades (figures 4-11 & 412). Others have observed self-paced hypometria in more advanced PD patients (White et al.,
1983; Desmurget et al., 2003) and suggested that reduced self-paced primary gain may be
indicative of impaired basal ganglia function. Self-paced amplitude has also been associated
with UPDRS scores in a hand movement task (Desmurget et al., 2003). Winograd-Gurvich et
al. (2006) noted hypermetric self-paced gain in control and PD patients (like some
participants in the present study) and suggested that the basal ganglia was therefore not
involved in self-paced saccade gain. Previous studies on self-paced tasks have mostly focused
on arm movement as an assessment of basal ganglia function (Fattapposta et al., 2000). The
basal ganglia are thought to be responsible for providing an internal cue to terminate sustained
activity to allow for a preparatory phase for upcoming somatic movements (Brotchie et al.,
1991). By inference then, the basal ganglia are likely to be important in initiating the
termination of a saccade in preparation for an upcoming saccade toward the next target
location. My findings that impaired motor function was associated with a reduced number of
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saccades (in addition to the association with cognition), support those earlier studies which
suggest that the self-paced task may be used to assess basal ganglia function.

In the self-paced task, there was no difference in final gain between PD and control groups,
possibly because there was opportunity to make a speed/accuracy trade off where there was
an opportunity to maintain accuracy by reducing self-paced count. When the control subjects
were removed from the analysis, the PD-MCI, but not the PDD subjects had reduced selfpaced final gain relative to the PDN group. This could be because accuracy was lost slightly
in the PD-MCI group when they were attempting to increase their speed. The control group
also had some individuals with MoCA scores below the expected normative mean, so
removing this group may have better differentiated general cognitive group status.

In the self-paced task, final gain was associated with general cognitive (MoCA and Total Z),
but not motor status, while only visuospatial and learning & memory were associated with
final gain. These findings suggest that, unlike primary gain, final gain may not be a useful
indicator of motor function. In the self-paced task, visuospatial function may be required as
subjects must be able to identify the target location. Learning and memory function might
also be required to remember the location of the two targets throughout the 30 seconds that
they are illuminated, even though attention may be focused somewhere between the two
targets. Although these findings could indicate that the self-paced final gain may be a useful
measure of memory and visuospatial function, this seems unlikely given that the PDD group
with reduced visuospatial and memory z-scores were still able to achieve a similar final gain
to those with normal cognitive z-scores. I have found no reported differences in final gain in
the literature, which could indicate that others also found no change in final gain.

Summary
Unlike the reflexive task, predictive and self-paced tasks measure voluntary saccade
performance and are more cognitively demanding, and thus requiring greater frontal/parietal
involvment in addition to basal ganglia/ SC function. The association between prediction and
cognitive status varied according to ISI, with slower targets reducing prediction among
controls and faster ISI's reducing prediction among cognitively impaired PD groups. In faster
predictive tasks (750 ms and 1400 ms) PD patients with impaired general cognitive function
had more difficulty with prediction. This study found an association with percentage of
predictive saccades and cognitive function z-scores, including, attention, executive function
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and visuospatial function (presumably as a result of DLPFC of impairment). The observations
of reduced primary gain in PD groups relative to controls and strong association with motor
function among all PD groups, are indicative of a basal ganglia role in self-paced and
predictive saccade genheration. For the PD-MCI and PDD groups final gain was affected in
the predictive tasks, but in the self-paced task accuracy could be moderated in a speed
accuracy trade off with reduced saccade count and accurate final gain in these groups. Selfpaced count may thus be a measure of movement initiation and basal ganglia function. Selfpaced count was more strongly associated with attention and visuospatial control than the
predictive task, presumably because the cueing influence of the alternating target presentation
is removed.
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5.

Memory-guided saccades and cognitive status in PD

In the memory-guided task (refer to the Chapter 2 for study methodology), a peripheral
stimulus is briefly presented during fixation. Following a delay, subjects make a saccade to
the remembered location. An error occurs if a subject makes a premature reflexive saccade
toward the stimulus during the fixation period. Important measures include latency, percent of
errors, percent of corrected errors, primary gain and final gain. The memory-guided paradigm
has been widely studied as a robust measure of attention, executive function and short term
memory. Previous imaging and lesion studies have outlined the oculomotor networks
involved. I therefore included this paradigm as appropriate to employ, given that PD MCI and
dementia patients have deficits in attention, executive function and memory.

In cognitively intact PD patients compared with controls, latency in the memory-guided task
is usually increased (Yoshida et al., 2002; Yugeta et al., 2010; Terao et al., 2011) and primary
saccades are hypometric (Hodgson et al., 1999; Yoshida et al., 2002; Gurvich et al., 2007;
Blekher et al., 2009a; Yugeta et al., 2010; Terao et al., 2011), but final gain tends to be normal
(Hodgson et al., 1999; Gurvich et al., 2007). Hypometric primary but normal final gain
implies that errors are motor-related rather than being driven by an error in spatial memory
(Hodgson et al., 1999; Chan et al., 2005; Gurvich et al., 2007; Yugeta et al., 2010; Terao et
al., 2011). Normal latency (Kimmig et al., 2002; Gurvich et al., 2007) and primary gain
(Kimmig et al., 2002) has also been reported. A number of studies report an an increase in
memory-guided errors reflecting spatial working-memory deficits and failure to inhibit a
reactive saccade (Hodgson et al., 1999; Armstrong et al., 2002; Chan et al., 2005; Le Heron et
al., 2005; Gurvich et al., 2007). While previous studies have included PD patients with both
early and advanced disease (Blekher et al., 2000) and differing motor status (Kimmig et al.,
2002; Yoshida et al., 2002; Terao et al., 2011), most have excluded patients with dementia
(Hodgson et al., 1999; Kimmig et al., 2002; Terao et al., 2011), whilst others do not mention
cognitive status (Blekher et al., 2000; Chan et al., 2005).

The reflexive task results in Chapter 3 indicated that latency was prolonged and primary gain
was reduced for PD-MCI and PDD groups, relative to controls, while final gain was normal in
all PD groups. I therefore wanted to discern if this pattern would hold for the memory-guided
task. Given that the reflexive task is stimulus-driven while the memory-guided task is a
volitional and more cognitively demanding saccade task, with an association with working
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memory (Hodgson et al., 1999), cognitive group status might be expected to have an even
greater influence on saccade performance.

I hypothesized that memory-guided latency would be normal, gain would be hypometric, and
errors mildly increased in patients with intact cognition and only mild to moderate disease
severity (as shown in previous studies) (Kimmig et al., 2002; Gurvich et al., 2007). Latency
should be prolonged and errors more frequent in those with cognitive impairment (MCI and
PDD) and negatively correlate with global cognition measures, and gain should be further
reduced in patients with more advanced disease and correlate with motor severity.
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5.1. Results
From the initial sample of 101 PD participants reported in the reflexive task (Chapter 3),
seven PD (1 PDN, 3 PD-MCI and 3 PDD) had missing memory-guided data due to fatigue or
poor recording quality. Their data were therefore excluded from further analysis. PD patients
were categorized into those with normal cognition (PDN; n = 58), mild cognitive impairment
(PD-MCI; n = 22) and dementia (PDD; n = 14).

The PDN group exhibited a lower primary gain, but not final gain, relative to the control
group, and the PD-MCI group lower primary gain and more errors than the control group, but
neither differed from controls in final gain or latency (Table 5-1). The data was analysed
using mixed effects models (which permit each saccade from each individual to be included),
whilst these values in Table 5-1 were compared using multiple comparisons, to facilitate
between group comparisons.The mixed effects model found that the PD-MCI and PDD
groups differed from both control and PDN groups in latency, gain and percent of errors.
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Table 5-1: Group means (standard deviation) for saccade latency, percent of errors, percent of corrected
errors, primary gain and final gain measures of control and PD groups separated by cognitive status in
each memory-guided task. P values represent multiple comparisons comparing individual means.
Measure
control
PDN (n=58)
PD-MCI (n=22) PDD (n=14)
(n=47)
Latency in ms (SD)

311 (83)

315 (108)

Primary gain (SD)

0.86 (0.09)

0.79 (0.13)

Final gain (SD)

0.95 (0.06)

0.92 (0.09)

0.92 (0.14)

Percent of
errors (SD)

20 (22)

27 (19)

48 (23)

84 (26)

84 (19)

77 (23)

Percent of errors
corrected (SD)

390 (141)
ba*

0.71 (0.17)

594 (229)
ca***

ca*** cb**

da*** db*** dc***

0.59 (0.27)
0.80 (0.27)
70 (19)

da*** db***
da*** db* dc*

da*** db*** dc*

69 (28)

*

p<0.05. ** p<0.01. *** p<0.001.
PDN vs. controls.
ca
PD-MCI vs. controls, cb PD-MCI vs. PDN.
da
PDD vs. controls, db PDD vs. PDN, dc PDD vs. PD-MCI.
ba

Memory-guided latency, percent of errors primary gain and final gain were associated with
both cognitive and motor function. Percent of corrected errors was associated with MoCA
score and UPDRS III score (Table 5-2).

Memory-guided latency, primary gain and percent of errors were associated with all four
cognitive domains of attention, executive function, visuospatial function and learning and
memory, while final gain was associated with attention, visuospatial function and learning
and memory, but not executive function (Table 5-3). The percent of corrected errors
correlated with attention, visuospatial function and executive function, but not learning and
memory.
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Table 5-2: Correlations and p values comparing global cognitive (MoCA and total z-score) and motor
(UPDRS III) scores with memory-guided saccade measures when all patients were combined into a single
group.
latency
primary final gain
% total
% corrected
gain
errors
errors
-0.45
0.42
0.35
-0.48
0.25
MoCA
(p<0.001)
(p<0.001)
(p=0.001)
(p<0.001)
(p=0.016)
total z-score

-0.49

0.42

0.25

-0.56

0.20

(p<0.001)

(p<0.001)

(p=0.014)

(p<0.001)

(p=0.051)

UPDRS III

0.42

-0.47

-0.30

0.40

-0.32

(p<0.001)

(p<0.001)

(p=0.003)

(p<0.001)

(p=0.002)

Table 5-3: Correlations and p values comparing each neuropsychological domain mean z-score and
memory-guided saccade measures when all patients were combined into a single group.
Domain

Attention
Executive
Function
Visuoperceptual
Visuospatial
Learning &
Memory

latency

primary
gain

final
gain

% total
errors

-0.48

0.40

0.23

-0.56

%
corrected
errors
0.24

(p<0.001)

(p<0.001)

(p=0.023)

(p<0.001)

(p=0.022)

-0.49

0.40

0.21

-0.57

0.21

(p<0.001)

(p<0.001)

(p=0.047)

(p<0.001)

(p=0.049)

-0.41

0.41

0.27

-0.44

0.23

(p<0.001)

(p<0.001)

(p=0.008)

(p<0.001)

(p=0.029)

-0.38

0.32

0.20

-0.41

0.07

(p<0.001)

(p<0.001)

(p=0.053)

(p<0.001)

(p=0.482)
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Following the mixed-effects model, the PD-MCI group and especially the PDD group
exhibited prolonged memory-guided latencies relative to the PDN and controls groups which
did not differ (figure 5-1).

Latency (ms)

800

600

400

200

0

Control PDN

PD-MCI

PDD

Figure 5-1: Uncorrected mean latency in the memory-guided
task for PD and control groups. Followingthe analysis, the PDN
and group did not differ from controls, but PDD and PD-MCI
latencies were significantly prolonged.
Error bars = 1SD.
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Latency of memory-guided saccades
Comparison with Controls
The latency of a control subject of the mean age and education, was 306 ms, 95% CI [273,
339]. Relative to controls, latencies were not significantly different (+2 ms, 95% CI [-40, 44],
p=0.9) for PDN subjects, but prolonged by 68 ms, for the PD-MCI group (95% CI [13, 124],
p=0.02) and by 266 ms, for the PDD group (95% CI [194, 338], p<0.001). The uncorrected
group mean values are shown in figure 5-1. The same mixed-effects model compared the
latency of all four groups using age, education and sex as covariates. Age, Education and Sex
did not significantly affect latency (Age, +0.2 ms per year, p=0.8; Education, -1 ms per year,
p=0.7; Sex, +14 ms for females, p=0.5).

Comparison of PD-MCI and PDD with PDN
A mixed-effects model in PD patients was then applied with the control group removed to
assess the effects of MCI or dementia status, relative to PDN status, on memory-guided
latency while controlling for the influence of motor symptoms. The latency of a PDN subject
who had the mean UPDRS III (motor) score and mean age across all PD patients was 311 ms.
Relative to this intercept PDN value, latencies were not significantly different (+51 ms,
p=0.11) for PD-MCI subjects, but prolonged by 203 ms for the PDD group (p<0.001). The
effect of UPDRS III upon latency reached near significance (with a 1.8 ms increase per point
on the UPDRS scale, 95% CI [-0.1, 3.8], p=0.06).

The direct relationship between each subject’s mean latency and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 5-2 & 5-3, figure 5-2). Mean latency correlated with both MoCA score and total
neuropsychological z score. Latency correlated well with all four cognitive domains of
attention, executive function, visuospatial function and learning & memory. Latency also
correlated, albeit to a lesser extent than cognition, with motor score (UPDRS III).

5-127

a

b

c

Latency (ms)

1000
800
Control

600

PDN

400

PD-MCI
PDD

200
0
0 5 10 15 20 25 30 35 -3
MoCA

-2

-1 0
1
Z Score

2

0

20

40

60

80

UPDRS III

Figure 5-2: Mean memory-guided latency vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean saccade latency and motor score (UPDRS III) across each patient group.
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Memory-guided errors
The PD-MCI, and especially the PDD group, produced more memory-guided errors relative
to controls (Table 5-1 & figure 5-3). These effects were robust, remaining when the influence
of age and education were controlled. Individual correlations showed that motor status
(UPDRS III), MoCa and neuropsychological z-score were associated with percentage of
errors among PD patients. UPDRS III was also significantly associated with errors when
assessed simultaneously in a model with the division into cognitive groups.

Comparison with Controls
The percent of errors produced from a control subject of the mean age and education, was 25.
Relative to controls, percent of errors did not differ (6, 95% CI [-3, 14], p=0.2) for PDN
subjects, increased by 24 for the PD-MCI group (95% CI [13, 35], p<0.001) and by 43 for the
PDD group (95% CI [30, 56], p<0.001). Age significantly affected the percent of errors
produced, but Education and Sex did not (Age, +0.4 per year, p=0.046; Education, -0.04 per
year, p=0.9; Sex, females -3.1 fewer errors than males, p=0.4).

Comparison of PD-MCI and PDD with PDN
A PDN subject who had the mean UPDRS III (motor) score and mean age across all PD
patients made 22% of errors. Relative to this intercept PDN value, the percentage of errors
increased by 13 for the PD-MCI group (p<0.001) and by 38 for the PDD group (p<0.001).
This analysis showed that every point increase on the UPDRS III score was associated with
0.2% increase in errors in PD-MCI and PDD patients independently of their group status
(p<0.001). That is, UPDRS explained some of the change in percent of errors, and there was
still a significant contribution from cognitive status after accounting for motor score.

The direct relationship between each subject’s mean percent of errors produced and a variety
of continuous measures was assessed via Pearson correlations, with all three PD groups
pooled together into one (Tables 5-2 & 5-3, figure 5-4). Mean errors correlated with both
MoCA score and total neuropsychological z score. Percent of errors correlated well with
attention, executive function, visuospatial function and learning & memory, and with motor
score (UPDRS III).
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Figure 5-3: Uncorrected mean percent of errors in the memoryguided task for PD and control groups. Following the analysis,
the PDN group did not differ from controls, but PD-MCI and
PDD errors were significantly increased.
Error bars = 1SD.
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Figure 5-4: (a) Mean memory-guided errors vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean errors and motor score (UPDRS III) across each patient group.
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Corrected memory-guided errors
Comparison with Controls
The mean percent of corrected errors produced from a control subject of the mean age and
education, was 88. Relative to controls, error corrections were not significantly different for
PDN (-1, 95% CI [-11, 8], p=0.8) or PD-MCI subjects (-7, 95% CI [-19, 5], p=0.2), but were
reduced by -15 for the PDD group (95% CI [-29, -1], p=0.04). Age and Education did not
significantly affect the percent of corrected errors (Age, -0.3 per year, p=0.2; Education, -0.2
per year, p=0.7). Females corrected fewer errors than males (Sex, -8.7, p=0.04).

Comparison of PD-MCI and PDD with PDN
A PDN subject who had the mean UPDRS III (motor) score and mean age across all PD
patients produced 84% of error corrections. Relative to this intercept PDN value, error
corrections were not significantly different for PD-MCI (+2%, p=0.09), or PDD subjects
(+1%, p=0.9). This analysis showed that every point increase on the UPDRS III score was
associated with 0.3% decrease in percent of corrected errors in PD-MCI and PDD patients
independently of their group status (p<0.001). That is, UPDRS explained some of the change
in percent of corrected errors, but there was no longer a significant contribution from
cognitive status after accounting for motor score.

The direct relationship between each subject’s mean percent of corrected errors and a variety
of continuous measures was assessed via Pearson correlations, with all three PD groups
pooled together into one (Tables 5-2 & 5-3, figure 5-6). Mean corrected errors correlated with
MoCA score and reached near significance for total neuropsychological z-score (p=0.05). The
percent of corrected errors was correlated with the domains of attention, executive function
and visuospatial function, but not learning and memory. The percent of corrected errors also
correlated with motor score (UPDRS III).
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Figure 5-5: Raw means of the percent of errors that were corrected in the
memory-guided task for PD and control groups. Following the analysis, the
PD-MCI and PDN groups did not differ from controls, but PDD corrected
errors were significantly reduced.
Error bars = 1SD.
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Figure 5-6: (a) Mean corrected memory-guided errors vs. general cognitive performance (a) MoCA score and
(b) Total neuropsychological z-score for each individual. Controls were excluded from the analysis, but included
in the chart for visual comparison. (c) Mean corrected errors and motor score (UPDRS III) across each patient
group.
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Memory-guided primary gain
Comparison with Controls
The primary gain of a control subject of the mean age and education, was 0.85. Relative to
controls, primary gains were significantly reduced by 0.06 for PDN subjects (95% CI [-0.11, 0.02], p=0.005), by 0.12 for the PD-MCI group (95% CI [-0.18, -0.06], p<0.001) and by 0.24
for the PDD group (95% CI [-0.33, -0.15], p<0.001). The uncorrected group mean values are
shown in Table 5-1 and figure 5-7. Education influenced primary gain with 0.01 increase per
year of education (p=0.004), but Age and Sex had no significant effects (Age, <0.001 per
year, p=0.7; Sex, females 0.02 relative to males, p=0.3).

Comparison of PD-MCI and PDD with PDN
The primary gain of a PDN subject who had the mean UPDRS III (motor) score and mean age
across all PD patients was 0.78. Relative to this intercept PDN value, primary gains were not
significantly different in PD-MCI (-0.03, p=0.3) or PDD subjects (-0.1, p=0.09). The
independent effect of UPDRS III upon primary gain reached near significance with a 0.002
decrease in gain per point on the UPDRS scale (p=0.053). That is, UPDRS explained some of
the change in primary gain, but there was no longer a significant contribution from cognitive
status after accounting for motor score.

The direct relationship between each subject’s mean primary gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 5-2 & 5-3, figure 5-8). Mean primary gain correlated with MoCA score and total
neuropsychological z score, and with all four cognitive domains of attention, executive
function, visuospatial function and learning & memory. There was also a significant
correlation between motor score (UPDRS III) and primary gain.
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Figure 5-7: Uncorrected mean primary gain (dashed line) and final gain (solid line)
in the memory-guided task for PD and control groups. According to the analysis, for
primary gain, the PDN, PD-MCI and PDD groups had significantly reduced gain
relative to controls. For final gain, the PD-MCI and PDN groups did not differ from
controls, but PDD group gain was significantly reduced. Group differences survived
correction for age, education and sex. Error bars = 1SD.
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Figure 5-8: Mean memory-guided primary gain vs. general cognitive performance (a) MoCA score and (b)
Total neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in
the chart for visual comparison. (c) Mean primary gain and motor score (UPDRS III) across each patient group.
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Memory-guided final gain
Comparison with Controls
The final gain of a control subject of mean age and education, was 0.95. Relative to controls,
gains were not significantly different (-0.02, 95% CI [-0.05, 0.01], p=0.2) in PDN or PD-MCI
subjects (-0.03, 95% CI [-0.07, -0.02], p=0.2), but reduced by -0.13 in the PDD group (95%
CI [-0.20, -0.06], p<0.001). The uncorrected group mean values are shown in figure 5-7. Age,
Education and Sex did not significantly affect final gain (Age, +0.001 per year, p=0.4;
Education, +0.001 per year, p=0.6; Sex, -0.001 for females, p=0.9).

Comparison of PD-MCI and PDD with PDN
The final gain of a PDN subject who had the mean UPDRS III (motor) score and mean age
across all PD patients was 0.93. Relative to this intercept PDN value, final gains were not
significantly different in PD-MCI (0.003, p=0.9) or PDD subjects (-0.05, p=0.2). There was
no independent effect of UPDRS III upon final gain (-0.001, p=0.2).

The direct relationship between each subject’s mean final gain and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 5-2 & 5-3, figure 5-9). Mean final gain correlated with both MoCA score and
total neuropsychological z-score and the independent domains of attention, executive function
and visuospatial function, along with a non-significant trend of learning & memory
(p=0.053). Final gain also correlated with motor severity (UPDRS III score).
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Figure 5-9: Mean memory-guided final gain vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean final gain and motor score (UPDRS III) across each patient group.

Summary of results

There were no differences in memory-guided latency, errors or primary gain between PDN and
control groups, but PD-MCI and PDD groups exhibited abnormally prolonged latencies,
increased errors and reduced gain. There were no differences in memory-guided corrected
errors or final gain between PD-MCI, PDN and control groups, but the PDD group exhibited a
modest reduction in the proportion of corrected errors and a significant reduction in final gain.
The PDD group, but not the PD-MCI or PDN groups exhibited a significant reduction in final
gain compared with the control group.

Mean latencies, errors and primary gain correlated with general cognitive score (MoCA and
total neuropsychological z-score), motor score (UPDRS III) and each of the four cognitive
domains. Corrected errors and final gain correlated with MoCA score, motor status (UPDRS
III), attention, executive function and visuospatial function, while final gain additionally
correlated with total z-score.

Motor status (UPDRS III score) independently contributed to errors and error correction, the
effect of UPDRS III upon latency and primary gain reached near significance, but there was
no independent influence of motor severity on final gain.
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5.2. Discussion

In this chapter the effects of cognitive and motor status in Parkinson’s disease on latency,
percent of errors, percent of corrected errors and gain in memory-guided saccades have been
explored. I compared these saccade measures across groups (control, PDN, PD-MCI and
PDD), with general cognitive (MoCA) and motor (UPDRS III) scores and with each of the
four cognitive functions (attention, executive function, visuospatial function and learning and
memory). The memory-guided task clearly distinguished the cognitive groups, and showed
that latencies and errors were increased in cognitively impaired PD (PD-MCI and PDD), but
not in the cognitively intact (PDN) group (figure 5-3). Error correction rate however was
reduced only in the dementia patients (PDD group). Primary gain was reduced in all PD
groups, but final gain was reduced only in the PDD group.

Memory-guided saccade studies usually find that latencies are normal in PD patients (Lueck
et al., 1990; Vermersch et al., 1994; Shaunak et al., 1999; Kimmig et al., 2002), although
prolonged latencies have been reported (Chan et al., 2005). This discrepency may be due to
the variation in both cognitive and motor function across samples. Those studies reporting
normal PD latencies excluded patients with evidence of dementia. In the present investigation,
I observed normal latencies in the PDN group, but prolongation in PD-MCI and especially
PDD groups. Thus, the variation across previous studies is likely due to heterogeneity of the
samples. Saccade latency was negatively correlated with attention, executive, visuospatial,
memory, and motor function (Tables 5-2 & 5-3). These observations extend those of an
earlier study which found that memory-guided latency was dependent on attention, executive
function and visuospatial control (Kimmig et al., 2002).

Leigh and Kennard (2004) reviewed several monkey studies regarding FEF saccadic function.
The FEF consolidates saccadic information from the DLPFC (Gaymard et al., 1999) and
prepares the saccade for firing by the SC (Rivaud et al., 1994). FEF neurons encode a
temporal and spatial representation of the visual target which can last for several minutes
(Van Gisbergen et al., 1981; Umeno & Goldberg, 2001) and stimulation of the FEF can elicit
a saccade of specific direction and amplitude associated with this neuronal map (Bruce et al.,
1985). Thus, prolonged latencies and reduced gain of memory-guided saccades may result
from FEF dysfunction and an inability to store saccadic spatial and temporal information
(Shaunak et al., 1999).
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The FEF is also involved in disengagement of fixation and triggering of memory-guided
saccades (Pierrot-Deseilligny et al., 1991) via connections with the SC, which is only able to
release a saccade to the next target location once fixation is disengaged. Lesions of the FEF
and PFC are associated with increased latency of memory-guided saccades (PierrotDeseilligny et al., 1991; Rivaud et al., 1994; Pierrot-Deseilligny et al., 1995; Gaymard et al.,
1999; Wipfli et al., 2001; Pierrot-Deseilligny et al., 2002). Visual processing, target selection
and motor programming, are functions of the FEF involved in memory-guided latency
(Murthy et al., 2007). Thus, it seems likely that in PD, FEF dysfunction may underlie the
prolonged saccades in the PDD and PD-MCI groups noted in the present study.

Basal ganglia inactivation in monkeys can result in both the inability to initiate and to
suppress eye movement (Hikosaka et al., 2000) and non-PD patients with damage to the basal
ganglia have shown difficulty in initiating a voluntary saccade (Pierrot-Deseilligny et al.,
1995). The basal ganglia is particularly involved in the performance of voluntary rather than
visually-guided saccades (Leigh & Kennard, 2004). Strong associations have been found
between basal ganglia neural firing rate and motor severity (UPDRS III scores) (Wang et al.,
2006; Chen et al., 2009; Modrego et al., 2011). It follows therefore that basal ganglia
disruption in PD might also account for both increased suppression errors (due to the inability
to suppress movement) and prolonged latency (due to the inability to initiate movement).

Deep brain stimulation (DBS) of the subthalamic nuclei (STN) with high frequency electrical
stimulation is known to improve the irregularity of basal ganglia output (Hashimoto et al.,
2003). STN DBS has been observed to normalise memory-guided latency in PD (RivaudPechoux et al., 2000), in addition to the more predominant normalisation of visually-guided
latency (Sauleau et al., 2008; Temel et al., 2008; Fawcett et al., 2010), lending more support
for an important role of the basal ganglia in regulating memory-guided latency. The
subthalamic nucleus has excitatory glutamatergic projections to the globus pallidus externa
(Gpe) which inhibits the substantia nigra pars reticulata, which in turn tonically inhibits the
superior colliculus (Hikosaka et al., 2000). Reduction of latency by DBS STN may occur by
reducing inhibitory SNr activity on the SC and FEF via the STN-GPe-SNr pathway or by
blocking saccade suppression signals from the basal ganglia to the STN by increasing the
threshold for saccade initiation (Temel et al., 2008, 2009; Watanabe & Munoz, 2011). Further
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research is needed, however, to determine the exact mechanisms that leads DBS STN to
facilitate saccade latency (Watanabe & Munoz, 2011) .

Given that there is a strong association between basal ganglia function and UPDRS III scores
(Wang et al., 2006; Chen et al., 2009; Modrego et al., 2011), my findings of a correlation
between motor function (UPDRS III scores) and memory-guided latency, implicate basal
ganglia dysfunction in the prolongation of memory-guided latencies. Latency and rate of
suppression errors, were however, more associated with cognitive function (MoCA scores)
than motor function (UPDRS III scores) (Table 5-2, figures 5-2 & 5-4). These observations
suggest that there may be a stronger cortical (i.e. cognitive) contribution to latency and error
suppression in the memory-guided task than basal ganglia (i.e. motor).

Percent of memory-guided errors
Relative to controls, suppression errors did not differ in PDN subjects, but increased in the
PD-MCI and PDD group and this effect was predominantly related to cognitive rather than
motor status. Chan et al. (2005) suggested that suppression errors were related to impaired
inhibition as measured by reduced Stroop performance in PD patients. More extensive
investigation, however, found correlations between memory-guided errors and deficits in all
four cognitive domains, with attention being as strongly (negatively) correlated with
suppression errors in PD patients as executive function (Table 5-3). These findings suggest
that the inability to attend to the fixation target might influence the ability to suppress an
inapproriate reactive saccade to the peripheral stimulus illumination.

Disengagement of ocular fixation facilitates the preparation of a saccade to the next target
(Klein et al., 1995; Dorris & Munoz, 1996; Shafiq et al., 1998). An increased percent of
suppression errors in PD patients has been attributed to premature disengagement of ocular
fixation, thereby permitting an erroneous saccade to the peripheral target (Fischer & Weber,
1997; Shafiq et al., 1998). The DLPFC is thought to be important in the control of inhibition
of erroneous reactive saccades via the parietal lobe-SC pathway (Pierrot-Deseilligny et al.,
1995; Terao et al., 2011), and it seems likely, therefore, that DLPFC dysfunction may be
involved in an increased percent of errors in PD with cognitive impairment.

Motor status was also associated with percentage of errors, a finding which builds upon
previous studies that identifies basal ganglia function as being important in memory-guided
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error suppression. STN DBS reduces memory-guided suppression errors in PD patients
(Yugeta et al., 2010), this improvement in error suppression potentially results from
normalisation of SNr output signals, resulting in improved (i.e. re-establishment of) SC
suppression by the basal ganglia (Yugeta et al., 2010). Although motor status (and by
presumption, basal ganglia function) was correlated with memory-guided errors, the finding
that only those with PD-MCI and PDD had difficulty with error suppression suggests that
mild to moderate impairment in basal ganglia function (Hoehn and Yahr I-III), as present in
those with PDN in the present study - does not seem to influence error rate.

Error correction
A corrected memory-guided error occurs when a participant becomes aware that a fixation
error has occurred, identifies the correct location and then makes a saccade back to the original
fixation stimulus. This task therefore requires attention to recognise the error and attend to the
correct location, executive function to inhibit the response to look at the error location, and
visuospatial function to look to the correct location. Consistent with this assumption, the rate of
errors that were corrected correlated with attention, executive function and visuospatial
function (Table 5-3). Few studies have been conducted to assess the relationship between
cognitive function and memory-guided error correction. Murthy et al. (2007) found that in
monkeys the FEF was able to respond in order to correct an error prior to receiving visual
feedback that an error had occurred. They found that, despite this, visuospatial function and
especially motor function were associated with error correction. Consistent with Murthy et al.'s
(2007) findings, the current study showed that both visuospatial and motor function were
associated with error correction.

The PDD group corrected fewer suppression errors than the PD-MCI, PDN and control
groups, which did not differ. It could be that unlike the PDN and PD-MCI groups, the PDD
group did not have the ability to recognise and attend to an error. This high error correction
rate among PDN and PD-MCI could suggest that memory-guided errors were not the result of
an inability to fixate during the stimulus flash presentation, but an inability to suppress a
reactive response to the peripheral flash (Munoz & Everling, 2004). Consistent with this
suggestion, the correlation between error rate and executive function was stronger than the
correlation between error correction and executive function suggesting that error rate required
more response inhibition and presumably DLPFC function than error correction.
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The ability to correct an error has been found to depend upon activation of FEF which is
active in the selection of visual targets, allocation of attention and programming of saccades
to correct errors (Murthy et al., 2007). The SEF and anterior cingulate cortex may provide
feedback signaling that a saccade error has occured (Stuphorn et al., 2000; Ito et al., 2003).
The FEF also participates in detecting and correcting errors prior to receiving visual error
feedback, by maintaining an internal representation of the environment and an updated model
of the error (Murthy et al., 2007). Thus it seems likely that the FEF may be involved in error
correction in PD. The presence of a reduced error correction observed in PDD is consistent
with observations in other dementia studies (Abel et al., 2002; Crawford et al., 2005; Boxer et
al., 2006), which have demonstrated that reduced memory-guided error correction is
associated with impaired FEF function .

Gain
Both primary and final gain correlated with cognitive (MoCA and total z-scores) and motor
status (UPDRS III scores) (Table 5-2). Hypometria of primary saccades in PD is consistently
seen in memory-guided tasks although final gain is usually normal (Lueck et al., 1990;
Straube et al., 1998; Hodgson et al., 1999; Kimmig et al., 2002; Gurvich et al., 2007; Myall et
al., 2008; Fawcett et al., 2010). Primary gain may be predominantley associated with motor
function, but impairment may also reflect an error in spatial working memory (Gurvich et al.,
2007). In the present study, primary gain was associated with z-scores of all four cognitive
domains (attention, executive function, visuospatial function, and memory), suggesting that
an array of cognitive functions are important in primary gain control, at least in Parkinson's
disease, in addition to motor function.

Explanations of reduced primary gain of voluntary saccades in PD have attributed the
hypometria to excessive tonic inhibition of the superior colliculus by the basal ganglia (and
primarily the SNpr) or abnormally weak superior colliculus excitation, resulting in premature
termination of saccades, and causing them to fall short (Kimmig et al., 2002). I found that
primary gain was reduced in PDN, as expected, but also that this was even more so in PDMCI and especially PDD groups. These group differences would suggest a significant cortical
influence (in addition to basal ganglia) on memory-guided primary gain, particularly as there
were strong correlations of primary gain with each cognitive domain score (Table 5-3). The
basal ganglia is disrupted in early PD, with cortical pathology occurring in more advanced
disease stages (Braak et al., 2004; Braak & Del Tredici, 2008). Thus, it follows that in PD
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patients with normal cognition, reduced primary gain is likely due to premature termination of
saccades due to increased tonic inhibition of SC by the SNpr, and with additional cognitive
impairment, increasing hypometria derives from additional disruption of cortical control
frontal regions.

In contradistinction to reflexive and predictive saccade final gain, memory-guided final gain
is a measure of spatial working memory (Gurvich et al., 2007), as subjects are required to
make a saccade to the remembered target location with the target no longer visible. Saccade
final gain is a measure of the accuracy of this function. My study found that only the PDD
group had a reduced final gain relative to controls. Thus, after corrective saccades, initial
hypometria was normally corrected by the PDN and PD-MCI groups, but not the PDD group,
associated with attention, visuospatial function and memory, but not related to executive
function (Table 5-3). Final gain reflects the ability to correct a hypometric saccade and does
not rely on reduced SC or basal ganglia function (Terao et al., 2011). The ability to correct
an error requires the functioning to attend to the current location and compare that to the
intended spatial location held in working memory. Reduced primary gain does not itself imply
abnormal spatial memory when final gain is normal. Meanwhile, abnormal final gain is
consistent with spatial working memory dysfunction and failure of the FEF to correct a
saccade (Shaunak et al., 1999). My finding of hypometria in the memory-guided final gains of
PDD patients is therefore suggestive of impaired function of the FEF as a reflection of cortical
pathology in PDD. Parton et al. (2007) found that a lesion to the SEF resulted in reduced final
gain in the memory-guided task and suggested that the SEF is essential to making planned eye
movements to a remembered target location. These findings suggest that the SEF in the PDD
group may be impaired.

Summary
Correct performance of the memory-guided paradigm requires an appropriate interplay of
intact cognitive (frontal-parietal-sc pathway) and motor (SNr-BG-SC pathway) functioning.
All four cognitive domain functions are important in optimal maintenance of latency and error
suppression, attention is particularly pertinent for maintenance of primary gain, and executive,
visuoperceptual and visuospatial functions to error correction. Increased latency of memoryguided saccades in PD may predominantly reflect disruption of the FEF and basal ganglia,
whilst suppression errors may be associated with FEF, DLPFC, and basal ganglia function.
Reduced primary gain, in conjunction with normal latency, errors, error correction and final
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gain in the PDN group, likely reflects disrupted BG-SC pathway functioning with spared
cortical function. In PD-MCI, increased errors with normal error correction likely implicates
dysfunction in the DLPFC, but relatively spared FEF function. In PDD patients, frontal,
parietal and basal ganglia pathways to the SC are likely disrupted as indicated by reduced
primary gain, increased errors, reduced error correction and impaired final gain.
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6.

Antisaccades and cognitive status in PD

The antisaccade task requires subjects to look to the mirror opposite location of a target. A
suppression error occurs when subjects fails to suppress a reactive saccade toward the target.
An accurate antisaccade involves the ability to inhibit a reflexive saccade to the target and
initiate a saccade in the opposite direction (Pierrot-Deseilligny et al., 2003a; Chan et al., 2005;
Gurvich et al., 2007). These actions require an intact cortex-SC pathway including the
DLPFC for saccade suppression, the FEF for spatial and temporal accuracy, the PPC to
integrate visuospatial information (Gaymard et al., 2003) and the SC to trigger the saccade
(Pierrot-Deseilligny et al., 2003b; Leigh & Kennard, 2004; Watanabe & Munoz, 2011). In
contrast to the reflexive and predictive tasks, the antisaccade task comprises a strong
cognitive component and it is well known as a measure of spatial working memory (Gurvich
et al., 2007), executive function (Pierrot-Deseilligny et al., 2003a), visuospatial function, and
attention (Gaymard et al., 2003).

Studies of antisaccades in PD have excluded patients with dementia (except for Mosimann et
al., 2005). The majority of such studies have found antisaccade latencies to be prolonged
(Kitagawa et al., 1994; Briand et al., 1999; Chen et al., 1999; Armstrong et al., 2002; Chan et
al., 2005; Hood et al., 2007; van Stockum et al., 2008), while three reported no difference
between control and PD groups (Lueck et al., 1990; Crevits et al., 2000; Rivaud-Pechoux et
al., 2007). These eye movement studies assessed cognitive status using the MMSE to exclude
dementia, but did not compare cognitive status among patients in more detail, so it is probable
that some of these studies will have included patients with mild cognitive impairment. In a
similar manner to the memory-guided task, antisaccade primary gain may reflect both
cognitive and motor function. That is, accurate performance requires cognitive skills to
perform an accurate saccade to the correct mirror opposite location of the target and intact
motor function to avoid hypometric saccades (Terao et al., 2011). While some studies have
reported hypometria of antisaccades in PD patients (Amador et al., 2006; Hood et al., 2007)
this finding has not been universal (Lueck et al., 1990).

Since the antisaccade task is a measure of cortical function it is important to clarify the effects
of disease severity on this task. PDD has prominent effects on executive function in addition
to attention and memory. While these aspects of dementia can be readily tested using
neuropsychological testing, oculomotor performance provides more direct and objective
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assessment of the brain functions and regions involved. Furthermore, components of the
antisaccade task could potentially differentiate PD-MCI patients from PDN and PDD groups.

I hypothesized that antisaccade latency would be abnormal in PDN, would be progressively
prolonged in patients with increasing cognitive impairment (MCI and PDD) and negatively
correlate with global and domain specific cognition measures. I also hypothesized that gain
would be reduced and errors increased in PD patients compared with controls and that this
would correlate with disease severity, given that most earlier studies have shown that these
are affected in PD and are associated with cognitive function. Such findings would then
suggest that the three antisaccade parameters - latency, gain and percent of errors - might be
useful biomarkers of PD status.
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6.1. Results

From the initial sample of 101 PD participants in the reflexive task, four PD (2 PDN, 1 PDMCI and 1 PDD) had missing antisaccade data due to fatigue or poor recording quality, while
seven PD (1 PDN, 3 PD-MCI and 3 PDD) and two control subjects were unable to make more
than one correct antisaccade trial and their data were therefore excluded from further analysis.
The remaining PD patients were categorized into those with normal cognition (PDN; n = 56),
mild cognitive impairment (PD-MCI; n = 21) and dementia (PDD; n = 13).

I compared the uncorrected mean group latencies, percent of errors, percent of corrected
errors and gains between groups (Table 6-1). The PDN group had prolonged latencies and
reduced primary gain relative to controls. The PD-MCI and PDD groups differed from PDN
and control groups on each antisaccade measure except for gain where the PDD group did not
differ from controls (mostly due to the noteworthy large standard deviation). The data was
analysed using mixed effects models (which permit each saccade from each individual to be
included), whilst these values in Table 6-1 were compared using multiple comparisons, to
facilitate between group comparisons.

Table 6-1: Group raw means (standard deviation) for saccade latency, primary gain, final gain,
percent of errors and percent of corrected errors in the antisaccade task for control and PD
groups separated by cognitive status. P values represent multiple comparisons comparing
individual means.
Measure
Control
PDN (N=56)
PD-MCI (N=21)
PDD (N=13)
(N=45)
ba**

Latency in ms
(SD)

403 (76)

Primary gain
(SD)

0.88 (0.17)

0.78 (0.14)

Final gain (SD)

0.98 (0.14)

0.93 (0.10)

438 (72)

560 (125)

ca***

cb***
ba**

0.61 (0.21)
0.83 (0.26)

Percentage of
errors (SD)

43 (23)

46 (22)

72 (20)

Percentage of
errors corrected
(SD)

99 (3)

99 (3)

88 (16)

573 (179)

da***

db***
ca***

0.69 (0.39)

ca*

0.83 (0.32)

ca*** cb***

ca*** cb**

82 (12)
54 (25)

da*** db***

da*** db***

dc***

*

p<0.05. ** p<0.01. *** p<0.001.
PDN vs. Controls.
ca
PD-MCI vs. Controls, cb PD-MCI vs. PDN.
da
PDD vs. Controls, db PDD vs. PDN, dc PDD vs. PD-MCI.
ba
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I assessed the correlations between antisaccade measures (latency, primary gain, final gain,
percent of errors and percent of corrected errors) and global cognitive function (MoCA and
total neuropsychological z score) and motor function (UPDRS III score) for patient groups
(PDN, PD-MCI and PDD; Table 6-2). Latency, percent of errors and percent of corrected
errors were associated with cognitive and motor function. Primary gain was associated with
total z-score and UPDRS III score, but not quite with MoCA score (r = 0.21, p=0.051). Final
gain was associated with total z-score.

I assessed the correlations between antisaccade measures and each cognitive domain function
for patient groups (Table 6-3). Antisaccade latency, percent of errors and percent of corrected
errors were significantly associated with all four domains of attention, executive function,
visuospatial function and learning and memory, while primary gain was associated with
domains other than learning and memory. Final gain was associated with visuospatial
function and attention.
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Table 6-2: Correlations and significance values comparing MoCA, Total
neuropsychological z-score and UPDRS III with antisaccade measures when all patients
were combined into a single group.
Primary
% direction % corrected
latency
Final gain
gain
errors
errors
-0.29
0.21
0.10
-0.48
0.78
MoCA
(p=0.006
(p=0.051)
(p=0.335)
(p<0.001)
(p<0.001)
total zscore
UPDRS III

-0.44

0.23

0.21

-0.58

0.75

(p<0.001)

(p=0.028

(p=0.045)

(p<0.001)

(p<0.001)

0.47

-0.24

-0.13

0.43

-0.63

(p<0.001)

(p=0.022

(p=0.241)

(p<0.001)

(p<0.001)

Table 6-3: Correlations and significance values comparing each neuropsychological test
with antisaccade measures, when all patients were combined into a single group.
%
Primary Final
% direction
latency
corrected
gain
gain
errors
errors
Attention
-0.42
0.26
0.23
-0.55
0.68
(p<0.001)

(p=0.012)

(p=0.033)

(p<0.001)

(p<0.001)

Executive
Function

-0.47

0.22

0.12

-0.59

0.67

(p<0.001)

(p=0.041)

(p=0.252)

(p<0.001)

(p<0.001)

Visuoperceptual
Visuospatial

-0.31

0.24

0.26

-0.48

0.70

(p<0.001)

(p=0.023)

(p=0.014)

(p<0.001)

(p<0.001)

Learning &
Memory

-0.35

0.13

0.17

-0.44

0.65

(p<0.001)

(p=0.219)

(p=0.106)

(p<0.001)

(p<0.001)
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According to the mixed-effects model, the PDN, PD-MCI and PDD groups produced
prolonged antisaccade latencies relative to the control group.

800
700

Latency (ms)

600
500
400
300
200
100
0

Control

PDN

PD-MCI

PDD

Figure 6-1: Uncorrected mean latency in the antisaccade task
for PD and control groups. Following the analysis, the PDN
group differed from controls, but PD-MCI and PDD latencies
were even more prolonged. Group differences survived
correction for age, education and sex. Error bars = 1SD.

Latency of antisaccades
Comparison with Controls
The latency of a control subject of mean age and education, was 399 ms. Relative to controls,
latencies were prolonged by 50 ms in PDN subjects (95% CI [18 ms, 81 ms]), p=0.002), by
136 ms in the PD-MCI group (95% CI [98 ms, 180 ms]), p<0.001) and by 151 ms in the PDD
group (95% CI [89 ms, 213 ms]), p<0.001). The uncorrected group mean values are shown in
Table 6-1 and Figure 6-1. Age was significantly associated with latency (+0.3 ms per year,
p<0.001), but Education and Sex were not (Education, -3 ms per year, p=0.2; Sex, -0.1 ms for
females, p=1.0).

Comparison of PD-MCI and PDD with PDN
The latency of a PDN subject who had the mean UPDRS III (motor) score and mean age
across all PD patients was 463 ms. Relative to this intercept PDN value, latencies were
prolonged by 71 ms in the PD-MCI group (p=0.002), but were not significantly different for
the PDD group (+52 ms, p=0.2). This analysis showed that every point increase on the
UPDRS III score was associated with 2 ms increase in latency in PD-MCI and PDD patients
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independently of their group status (p=0.01). That is, UPDRS explained some of the change
in latency, but there was still a significant contribution from cognitive status after accounting
for motor score.

The direct relationship between each subject’s mean latency and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 6-2 & 6-3 and figure 6-2). Mean latency correlated with MoCA and total
neuropsychological z score, all four cognitive domains of attention, executive function,
visuospatial function and learning & memory and motor severity (UPDRS III score).
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Figure 6-2: Mean antisaccade latency vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean saccade latency and motor score (UPDRS III) (patient data only).
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Antisaccade errors
Comparison with Controls
The percent of errors of a control subject of the mean age and education, was 44. Relative to
controls, errors were not significantly different (+3, 95% CI [-5, +12]), p=0.5) for PDN
subjects, but increased by 29 for the PD-MCI group (95% CI [+18, +40]), p<0.001) and by 38
for the PDD group (95% CI [+24, +52]), p<0.001). The uncorrected group mean values are
shown in Table 6-1 & Figure 6-3. Age, Education and Sex did not significantly affect errors
(Age, +0.1 per year, p=0.5; Education, +0.4, p=0.5; Sex, -1.3 for females, p=0.7).

Comparison of PD-MCI and PDD with PDN
A PDN subject who had the mean UPDRS III (motor) score and mean age across all PD
patients made 48% of errors. Relative to this intercept PDN value, the percentage of errors
increased by 25 for the PD-MCI group (p<0.001) and by 32 for the PDD group (p<0.001).
This analysis showed that UPDRS III score was not associated with an increase in errors in
PD-MCI and PDD patients (0.2%, p<0.001). That is, there was no independent effect of
motor severity upon percent of errors, but there was still a significant contribution from
cognitive status after accounting for motor score.

The relationship between each subject’s mean percent of errors and a variety of continuous
measures was assessed via Pearson correlations, with all three PD groups pooled together into
one (Tables 6-2 & 6-3 and Figure 6-4). Mean percent of errors correlated with global
cognitive measures of MoCA score and total neuropsychological z-score and with all four
cognitive domains of attention, executive function, visuospatial function and learning &
memory. Percent of errors also correlated with motor severity (UPDRS III score).
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Figure 6-3: Uncorrected mean percent of errors in the antisaccade task
for PD and control groups. Following the analysis, the PDN group did
not differ from controls, but PD-MCI and PDD errors were
significantly increased. Error bars = 1SD.

a

b

c

%errors

100
80

Control

60

PDN
PD-MCI

40

PDD

20
0
0

5 10 15 20 25 30 35 -3
MoCA

-2

-1

0

Z Score

1

2

0

20

40

60

80

UPDRS III

Figure 6-4: Mean antisaccade errors vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual. Controls were excluded from the analysis, but included in the
chart for visual comparison. (c) Mean antisaccade errors and motor score (UPDRS III) across each patient group.
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Corrected antisaccade errors
Comparison with Controls
The percent of corrected errors of a control subject of mean age and education, was 97.
Relative to controls, corrected errors were not significantly different (-1, 95% CI [-5, +3],
p=0.7) for PDN subjects, but reduced by 11 for the PD-MCI group (95% CI [-16, -5],
p<0.001) and by 44 for the PDD group (95% CI [-51, -38], p<0.001). The raw group mean
values are shown in Table 6-1 and figure 6-5. Age, Education and Sex did not significantly
affect error corrections (Age, -0.1 per year, p=0.1; Education, +0.1, p=0.6; Sex, -3 for
females, p=0.2).

Comparison of PD-MCI and PDD with PDN
A PDN subject who had the mean UPDRS III (motor) score and mean age across all PD
patients produced 98% of error corrections. Relative to this intercept PDN value, error
corrections were significantly reduced for PD-MCI (-9, p<0.001), and PDD subjects (33, p<0.001). This analysis showed that every point increase on the UPDRS III score was
associated with 0.1% decrease in percent of corrected errors in PD-MCI and PDD patients
independently of their group status (p<0.001). That is, UPDRS explained some of the change
in percent of corrected errors, but there was still a significant contribution from cognitive
status after accounting for motor score.

The mean percent of corrected errors correlated with global cognitive measures of MoCA
score and total neuropsychological z-score (Tables 6-2 & 6-3 and figure 6-6), all four
cognitive domains of attention, executive function, visuospatial function and learning &
memory and motor severity (UPDRS III score).
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Figure 6-5: Raw mean percent of corrected errors in the antisaccade task
for PD and control groups. Following the analysis, the PDN group did not
differ from controls, but PD-MCI and PDD corrected errors were
significantly reduced. Group differences survived correction for age,
education and sex. Error bars = 1SD.
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Figure 6-6: Mean percent of corrected antisaccade errors vs. general cognitive performance (a) MoCA score and
(b) Total neuropsychological z-score for each individual. Controls were excluded from the analysis, but included
in the chart for visual comparison. (c) Mean antisaccade corrected errors and motor score (UPDRS III), for
patients only.
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Primary gain of antisaccades
Comparison with Controls
The primary gain of a control subject of mean age and education, was 0.90. Relative to
controls, gains were significantly smaller (-0.11, 95% CI [-0.17, -0.05], p<0.001) for PDN
subjects, reduced by 0.20 for the PD-MCI group (95% CI [-0.29, -0.11], p<0.001) and by 0.15
for the PDD group (95% CI [-0.29, 0.00], p<0.05). Education (+0.01 per year, p=0.02) was
significantly associated with gain, but Sex and Age were not (Age, -0.002 per year, p=0.3;
Sex, -0.04 for females, p=0.2).

Comparison of PD-MCI and PDD with PDN
The primary gain of a PDN subject who had the mean UPDRS III (motor) score and mean age
across all PD patients was 0.77. Relative to this intercept PDN value, the primary gain was
not significantly different for the PD-MCI (-0.08, p=0.07) or PDD groups (+0.01, p=0.9).
There was no independent effect of UPDRS III upon primary gain (-0.002, p=0.09).

Mean primary gain correlated with total neuropsychological z-score and reached near
significance (p=0.051) with MoCA score (Tables 6-2 & 6-3 and figure 6-8) and correlated
with the cognitive domains of attention, executive function and visuospatial function, but not
learning and memory. Primary gain also correlated with motor severity (UPDRS III score).
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Figure 6-7: Raw mean primary and final gain in the antisaccade task for PD
and control groups (correct antisaccades only). Following the analysis for
primary gain, all three PD groups differed from controls. For final gain, the
PD-MCI group, but not the PDN and PDD groups was significantly reduced
compared to controls. Error bars = 1SD.
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Figure 6-8: Mean antisaccade primary gain vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual (correct antisaccades only). Controls were excluded from the
analysis, but included in the chart for visual comparison. (c) Mean antisaccade primary gain and motor score
(UPDRS III) for patients only (correct antisaccades only).
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Antisaccade final gain
Comparison with Controls
The final gain of a control subject of mean age and education, was 0.97. Relative to controls,
final gain was reduced in PDN (-0.05, 95% CI [-0.10, 0.001], p=0.05) and PD-MCI (-0.11,
95% CI [-0.18, -0.03], p=0.005) groups. The PDD group exhibited a similar reduction, but
this did not reach significance (-0.11, 95% CI [-0.22, +0.01], p=0.06). There was a higher
variability of final gain in the PDD group compared to the two PD groups and with the
smaller number of subjects in this group, the mean final gain relationship was not statistically
significant (Table 6-1 & figure 6-7). Age, Education and Sex did not significantly affect final
gain (Age, -0.002 per year, p=0.2; Education, -0.002, p=0.6; Sex, 0.003 for females, p=0.9).

Comparison of PD-MCI and PDD with PDN
The final gain of a PDN subject who had the mean UPDRS III (motor) score and mean age
across all PD patients was 0.88. Relative to this intercept PDN value, final gains were not
significantly different in PD-MCI (-0.06, p=0.1) or PDD subjects (-0.05, p=0.5). There was no
independent effect of UPDRS III upon final gain (-0.001, p=0.2).

Mean final gain correlated with total neuropsychological z-score and the individual cognitive
domains of attention and visuospatial function (Tables 6-2 & 6-3, figure 6-9).
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Figure 6-9: Mean antisaccade final gain vs. general cognitive performance (a) MoCA score and (b) Total
neuropsychological z-score for each individual (correct antisaccades only). Controls were excluded from the
analysis, but included in the chart for visual comparison. (c) Mean antisaccade final gain and motor score
(UPDRS III) across each patient group (correct antisaccades only).
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Summary of results

The PDN group had prolonged antisaccade latencies, reduced primary gain and reduced final
gain relative to control groups, but there were no differences in antisaccade errors and
corrected errors between PDN and control groups. PD-MCI and especially PDD groups had
prolonged latencies, increased errors and reduced corrected errors relative to the control group.
The PDD and especially the PD-MCI group had reduced primary gain relative to the control
group. The PD-MCI, but not the PDD group had reduced final gain relative to the control
group.

Mean antisaccade latency, percentage of errors and corrected errors correlated with general
cognitive score (MoCA and total neuropsychological z-score), motor score (UPDRS III) and
each of the four cognitive domains. Primary gain correlated with total z score, motor score,
attention, executive function, visuospatial function and reached significance with MoCA score.
Final gain correlated with total neuropsychological z-score and the individual cognitive
domains of attention and visuospatial function.

Motor status (UPDRS III score) independently contributed to antisaccade latency and the
percentage of corrected errors, but did not have an independent influence on percentage of
errors, primary or final gain.
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6.2. Discussion
I examined the effects of cognitive and motor status in PD on latency, percent of errors,
percent of corrected errors and gain of antisaccades, compared these measures across groups
(control, PDN, PD-MCI and PDD), with each of the four cognitive functions (attention,
executive function, visuospatial function and learning and memory) and with general
cognitive (MoCA) and motor (UPDRS III) scores. Latency and gain of correct antisaccades
were abnormal in all three PD groups, most in the PDD group and least in the PDN group.
Antisaccade error percentage and error correction, however was abnormal only in the two
groups with cognitive impairment, being greater in the PDD group than the PD-MCI group
(figure 6-7).

PD subjects exhibited longer correct antisaccade latencies than controls, becoming
progressively so in the PD-MCI and PDD groups, and correlating with general cognition and
all four cognitive domain scores. Longer antisaccade latencies in PD subjects compared with
controls have been reported (Kitagawa et al., 1994; Briand et al., 1999; Chen et al., 1999;
Armstrong et al., 2002; Chan et al., 2005; Hood et al., 2007; van Stockum et al., 2008) whilst
others have reported normal latencies (Lueck et al., 1990; Crevits et al., 2000; RivaudPechoux et al., 2007). The balance of evidence from the literature and my large study suggests
that latency is abnormal. In PD patients with normal cognition, however, the effect is very
mild compared to that in PD-MCI and PDD (see figure 6-1).

In order to make a correct antisaccade, a participant must fixate on a central fixation point,
inhibit an erroneous reflexive saccade, change the stimulus vector and initiate a correct
antisaccade (Munoz & Everling, 2004). Latencies of correct antisaccade depend on the speed
of processing these functions. My findings show that correct antisaccade latency is associated
with both motor (UPDRS III score) and especially cognitive function (MoCA and total
neuropsychological z score). Antisaccade latency was additionally associated with each
cognitive domain of attention, executive function, visuospatial function and learning and
memory. These observations are consistent with models which explain antisaccade latency as
being influenced by working memory (part of attention) in addition to response suppression
(part of executive function). Attention and working memory are required to search for the
correct location in the presence of a distracting non-target stimuli (Chan et al., 2005).
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A working-memory model explanation suggests that a decision-making process is required to
inhibit the reactive response to the antisaccade target, in favour of making a saccade in the
opposite direction, and a correct antisaccade cannot be initiated until this decision making
process is resolved (Chan et al., 2005). The ability to suppress an erroneous reflexive saccade
(prosaccade) in favour of a correct antisaccade with an optimum latency is parallel to the
process required to complete the Stroop (1935) interference task. In the Stroop task the goal is
to suppress a reactive response to read a colour word and instead name the incongruent ink
colour at speed, for a fast reaction time. In the antisaccade task, the location of the non-target
stimuli must be stored in memory in order calculate the correct location. It follows that
prolonged latencies would result from difficulty with this decision-making process.

The association between motor status and antisaccade latency in the present investigation
lends support to the "competitive race model" (Crawford et al., 2011) in which both the
(inappropriate) prosaccade to the non-target and the (desired) antisaccade are being prepared
in parallel, with the outcome depending upon the timing of each process (Crawford et al.,
2011). If the prosaccade is processed faster than the antisaccade, a suppression error (i.e.
direction error) results. This theory suggests that processing speed, rather than working
memory should be more strongly associated with antisaccade latency. In support of this
theory, Hsieh et al. (2008) argued that the slowed response to the incongruent colour word
condition in the Stroop task in PD may be due to reduced processing speed rather than
executive dysfunction, since PD subjects produce relatively few Stroop errors, but have
considerably slower response times. Thus slowed response times in the antisaccade task,
could be attributed to slowness at any stage in planning, initiating or executing motor
responses or in perceptual analysis of a stimulus.

Antisaccade errors
Both motor and cognitive scores were highly correlated with antisaccade error, suggesting
that dysfunction within both the (motor) basal ganglia (SNpr-SC) and (cognitive) frontal
cortex - basal ganglia circuit contribute to antisaccade errors in PD (Nagano-Saito et al., 2004;
Hsieh et al., 2008; Terao et al., 2011). In the antisaccade task, response inhibition is
associated with cognitive function and followed by saccade motor planning and motor
command signals (Munoz & Everling, 2004; Terao et al., 2011). In PD, accurate motor
planning and motor command signals from the SC may be compromised by abnormal
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oscillatory activities from the STN leading ultimately to the disinhibition of the SC and the
generation of reactive saccades to the non-target (Terao et al., 2011).

The current study found similar error rates in PDN and control groups (refer to Figure 6-3).
This observation is consistent with previous smaller studies reporting similar error rates
between PD and control groups (Lueck et al., 1990; Fukushima et al., 1994; Vidailhet et al.,
1994; Kingstone et al., 2002). Others, however, have reported that PD patients produce more
antisaccade errors than controls (Kitagawa et al., 1994; Crevits & De Ridder, 1997; Briand et
al., 1999; Crevits et al., 2000; Armstrong et al., 2002; Crawford et al., 2002; Chan et al.,
2005; Hood et al., 2007; Rivaud-Pechoux et al., 2007; van Stockum et al., 2008). This
discrepancy between studies is probably due to differences in disease severity amongst the PD
samples. In my study, PD-MCI and PDD groups made more antisaccade errors than both
control and PDN groups, and this effect was predominantly related to cognitive rather than
motor status. These observations extend those of Mosimann et al. (2005) who reported that
PDD subjects had increased antisaccade error rates compared to "non-demented" patients and
controls, who did not differ.

The strong correlations between suppression errors and each of the four cognitive domains
indicate that both response inhibition, working memory and attention, visuospatial function
and memory are required to suppress an erroneous saccade (Table 6-3). Memory of the nontarget location is required to process its mirror image location and visuospatial function is
required for this spatial processing. Errors may result from failure to initiate a correct saccade
in addition to failure to suppress a reactive saccade, and both processes may compete during
the antisaccade task (van Stockum et al., 2011), thus working memory and attention would be
required to resolve this process.

Lesions of the DLPFC are associated with increasing errors but not antisaccade latency
(Pierrot-Deseilligny et al., 1995). In contradistinction FEF lesions are associated with
prolonged latency but no increase in error rates of antisaccades (Muri & Nyffeler, 2008a;
Klein et al., 2010). The FEF projects to the superior colliculus and reticular formation to
“fire” the saccade and the association of the FEF with saccade initiation in voluntary
paradigms is widely recognised (Pierrot-Deseilligny et al., 1995). For example, FEF and SEF
activation occurs in the preparatory stage prior to the initiation of correct antisaccades
(Connolly et al., 2005). Thus, prolonged antisaccades in the PD-MCI and PDD groups could
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be attributed to reduced FEF and SEF function and increased errors could be attributed to
reduced DLPFC function in these cognitively impaired patients. Future functional imaging
studies in PD are needed, however, to confirm this notion.

Klein et al. (2010) found that antisaccade latency was correlated with working memory tasks,
and especially the verbal N-back task, in healthy controls. Both working memory and
executive function have been directly associated with DLPFC activity (Tranel et al., 1995;
Callicott et al., 1999). However, Ettinger et al. (2008), who studied antisaccades generated by
normal controls during event related fMRI found that DLPFC activation did not seem to
correlate with antisaccade latency as much as FEF and SEF activation. On the other hand, the
DLPFC and SC are involved in inhibition of erroneous reflexive saccades in the antisaccade
task (Pierrot-Deseilligny et al., 2003a). Executive function as measured with a task switching
paradigm was not associated with direction errors or latency in control subjects in the
antisaccade study (Klein et al., 2010), but the strong association between executive function
and antisaccade latency in my study suggests that impaired DLPFC might negatively
influence antisaccade latency, at least in PD. Patients with PFC lesions are unable to avoid
suppression errors (Pierrot-Deseilligny et al., 1991), suggesting that the antisaccade task is
also a measure of prefrontal cortex function.

Error correction
A suppression error becomes a corrected error when a participant makes a corrective saccade
away from their current erroneous location near the target and toward the mirror-opposite
location of the target. Thus, the subject makes an error, but is aware of it and acts to correct it.
In order to correct an error, a participant is required to understand and remember the
instructions, to be motivated to correct errors, attend to the current location, compare that to
the correct location, become aware of the error and initiate a saccade away from the target
prior to the onset of the next stimulus. Unsurprisingly then, the error correction rate correlated
with all four cognitive domains of attention, executive function, visuospatial function and
memory. This finding supports the theory that failure to correct a suppression error could
result from an inability to attend to the instructions, the current eye location or the ideal
location (Munoz & Everling, 2004). Intact executive function is required to inhibit further
fixation on the target in order to initiate a corrective saccade away from the target. Intact
memory is required to remember the instructions to look away, whilst engaged in the task.
Covert attention is required to attend to the non-target location prior to fixation offset and
6-162

visuospatial function to orient a saccade to the correct location (Kingstone et al., 2002;
Kaufman et al., 2010). In my study the percent of corrected errors did not distinguish between
PDN and control subjects, but was especially sensitive in distinguishing PD-MCI from PDN
and PD-MCI from PDD (refer to Figure 6-5). Both motor and especially cognitive status were
associated with the tendency to correct antisaccade errors (refer to Table 6-2). Normal
response behaviour by the PDN group could suggest minimal SNr-SC pathway involvement
in the task (Terao et al., 2011) as PDN patients are likely to have basal ganglia disruption
without cortical disruption (Braak et al., 2006).

FEF neurons hold a temporal and spatial topological map of the ideal eye location prior to
saccade initiation (Van Gisbergen et al., 1981; Umeno & Goldberg, 2001). It is possible
therefore, that the failure to initiate a corrected error may also indicate failure of the FEF to
allocate attention and program saccades to correct errors (Murthy et al., 2007). Unlike the
memory-guided task, however, in the antisaccade task it is possible to confuse the target
location with the correct location. Thus, a failure to correct a suppression error in the
antisaccade task may also indicate that a topological map of the (erroneous) target location
rather than the correct (mirror image) location was incorrectly held in memory (Murthy et al.,
2007), thereby indicating dysfunction in visuospatial control and attention/working memory
(Pierrot-Deseilligny et al., 2003b; Muri & Nyffeler, 2008b).

Gain
The finding of hypometria in the PDN group relative to controls (refer to Figure 6-7) is
consistent with previous studies which have also reported hypometria of PD antisaccades
(Amador et al., 2006; Hood et al., 2007), although Lueck et al. (1990) found no such
difference. Hypometria in the antisaccade task was more marked in the PD-MCI and PDD
subjects, and there were correlations between gain and cognitive function (including attention,
executive function and visuospatial function). These observations suggest that cognitive
processes are important in the maintenance of antisaccade primary gain (refer to Table 6-3).
Differences between PDN and control groups suggest, however, that cognitive function alone
cannot explain the sensitivity of antisaccade primary gain to PD disease status. Thus,
antisaccade primary gain may involve an interplay between the SC and cortex in a similar
manner to that of the memory-guided task (Terao et al., 2011, as discussed in Chapter 5),
whereby disrupted input to the SC reduces saccade gain (Dorris & Munoz, 1996; Kimmig et
al., 2002). The direction and planning of a saccade involves cortical function (Leigh &
6-163

Kennard, 2004; Pierrot-Deseilligny et al., 2005). Impaired cognitive function may contribute
to a reduced gain if the estimated (mirror image) target location, planned prior to saccade
firing, falls short of the correct (mirror image) target location. In the antisaccade task, primary
gain measures the ability to make an accurate saccade to the opposite image location of the
target. This ability requires an accurate topological spatial image of the correct location
(Gaymard et al., 1999), attention to the correct antisaccade location, and avoidance of a
suppression error. In addition, both the ability to initiate a saccade to the correct location away
from the target and the ability to avoid a suppression error is required for accurate primary
gain. Intact executive function (and intact DLPFC activity) is required to avoid a suppression
error (Pierrot-Deseilligny et al., 2005), which even if corrected (or only partially made prior to
correction) would be expected to compromise primary gain accuracy. Intact working
memory/attention (and intact FEF activity) is required to maintain an accurate spatial
representation of the correct location to initiate a saccade to the correct location (Gaymard et
al., 1999). A reduced mean gain in the PD-MCI and PDD groups relative to controls, suggests
that these groups may have been unable to maintain an accurate spatial representation of the
correct location due to impaired FEF functioning.

Large standard deviations (Table 6-1) and 95% Confidence intervals, and the individual
means (figure 6-7) in the PDD group, indicate that they both overestimated and
underestimated the correct location. This pattern of behaviour further supports the proposal
that both motor and cognitive status influence antisaccade primary gain in PD as it would be
expected that impaired motor function would result only in a reduced gain (as found in PDN
patients). The finding of hypometria in PDN patients relative to controls combined with the
presence of a correlation of gain with motor function (refer to Table 6-2 and 6-3) suggests
that the extent of superior colliculus excitation which determines saccadic gain is largely
influenced by the degree of nigral dysfunction in cognitively intact PD. Unlike antisaccade
error and corrected error rates which reflect predominantly cognitive functions, primary gain
in the antisaccade task involves motor control signals from the basal ganglia in addition to
cortical networks, in order to specify correct saccade amplitude (Gaymard et al., 1999;
Watanabe & Munoz, 2011). Since PDN subjects have minimal or no cortical pathology
(Braak et al., 2006), the basal ganglia SNr-SC pathway disruption is the likely source of
reduced primary gain in the PDN group (Terao et al., 2011).
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Final gain correlated with cognitive but not motor function, so unlike primary gain it can be
considered a measure of cortical function (refer to Table 6-2 and 6-3). The cognitively
unimpaired PDN group showed no abnormality of final gain, a finding consistent with the
concept that final gain is a measure of cognitive function, independent of motor impairment.
This observation is in agreement

with other studies which have shown an association

between motor status and memory-guided primary gain, but not final gain in PD (Hodgson et
al., 1999). The presence of normal PDN final gain is also consistent with most previous
studies in which antisaccade final gain was reported to be normal (Kitagawa et al., 1994;
Briand et al., 1999; Chen et al., 1999; Armstrong et al., 2002; Chan et al., 2005; Hood et al.,
2007; van Stockum et al., 2008)

Summary
Consistent with my hypothesis, I found that antisaccade latency, errors and corrected errors
were negatively correlated with cognitive status, were strongly associated with each cognitive
domain, and that the PD-MCI and PDD group performance on these measures was
significantly impaired relative to controls. Prolonged antisaccades in the PD-MCI and PDD
groups may be due to reduced FEF function, and suppression errors with reduced DLPFC and
FEF function. The ability to correct suppression errors was able to clearly differentiate the
PDD from the PD-MCI group, and PD-MCI from the PDN group. Mean gain was reduced in
the PD-MCI and PDD groups relative to controls, with greater variability in target accuracy
and a tendency to both undershoot and overshoot the target in the latter group. In addition to
cortical control signals, primary gain may be associated with motor control signals from the
basal ganglia, in order to specify correct saccade amplitude. Reduced gain may be associated
with reduced FEF and SC function with basal ganglia-SC pathway function predominantly
associated with primary gain and FEF-SC pathway function with final gain. Thus, antisaccade
error and error correction may provide a potential biomarker of cognitive progression in PD.
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7.

Study 2 - The effects of amantadine and anticholinergics on

cognition and saccades in PD
7.1. Introduction
Amantadine and anticholinergic treatments have been used for many years in the treatment of
PD, and when introduced early in the disease course, can delay the need for L-dopa treatment
and therefore the onset of L-dopa induced dyskinesias. Alternatively, these medications can
be used as an adjunct to L-dopa treatment and amantadine is nowadays often used to alleviate
levodopa induced dyskinesia (Luginger et al., 2000). Anticholinergics, however, have adverse
effects on attention, executive function and memory (Nishiyama et al., 1998; Lees, 2005;
Merchant et al., 2009). In contrast, amantadine may even improve cognitive status
(Yablonskaya et al., 2011) and possibly delay dementia onset (Inzelberg et al., 2006).
Changes in oculomotor function can potentially reflect alterations in cognitive function
including attention, executive function and memory (Pierrot-Deseilligny et al., 2003a; Leigh
& Kennard, 2004; Heitger et al., 2009), and eye movement tasks have been employed as
biomarkers which can reveal changes in cognitive function resulting from medication
(Ettinger & Kumari, 2003).

I therefore set out to explore the effects of amantadine and anticholinergics on cognitive
aspects of saccadic function in drug naive PD patients. I hypothesized that the introduction of
anticholinergic treatment in newly diagnosed PD patients would improve motor status, but
reduce attention, executive function and learning and memory scores as noted by others (van
Spaendonck et al., 1993; Nishiyama et al., 1998; Lees, 2005; Merchant et al., 2009; Kurtz &
Kaufer, 2011). By contrast, I hypothesized that amantadine treatment in newly diagnosed
patients might increase both motor and cognitive function scores. I proposed that these
changes in cognitive function would be reflected in altered oculomotor performance, such
that: (i) amantadine and anticholinergic therapy would improve latency and gain of voluntary
saccades (predictive, memory-guided and antisaccade tasks), reflecting improved motor
status; (ii) that amantadine would improve latency and reduce errors in the voluntary saccade
tasks reflecting improved cognitive function; and (iii) that anticholinergic treatment would
prolong saccadic latency and increase errors, reflecting a reduction in cognitive function.
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7.2. Methods and Objectives
Participants
PD paticipants were recruited from The New Zealand Brain Research Institute (formerly the
Van der Veer Institute), Parkinson's and Movement Disorders clinic. Demographic data is
summarised in Table 7-1. Forty four recent onset, drug naive (i.e. no prior exposure to
antiparkinson drug therapy) PD subjects and twenty six age and education-matched controls
completed cognitive status and eye movement assessments (Table 1). Patients included in this
study were part of the Study one cohort, but were early onset (less than five years diagnosed)
and drug naive to Parkinson's treatment medication. Patients were included in the study if
they had been recently advised to start antiparkinson therapy with either amantadine or
anticholinergics as considered appropriate by their treating neurologist. Patients were asked to
withhold initiation of therapy until after the baseline testing battery administration. Due to the
preliminary nature of this study and the requirement for the newly diagnosed patients to begin
treatment, it was not practical or possible to include a PD control group (i.e. no treatment).
Patients in the amantadine group (ama) were started on amantadine 100mg, increased by
100mg every two weeks to a maximum total daily dose of 300mg a day (100mg t.i.d.). Five
patients in the amantadine treatment group withdrew before end-point (data not included) due
to side effects (nausea, tiredness, loss of appetite, or confusion). For these patients, treatment
was tapered off, then discontinued and follow up testing was not undertaken. Patients in the
anticholinergic treatment group (AntiCh) were started on either benztropine or orphenadrine
incrementing every two weeks to an optimal treatment daily dose (usually 50 mg b.i.d.-t.i.d.
orphenadrine, or 2mg b.i.d.-t.i.d. benztropine). Two patients in the anticholinergic treatment
group withdrew (one benztropine and 1 orphenadrine before end-point (data not included) due
to side effects (severe memory loss, confusion). Saccade traces of one anticholinergic
participant could not be used due to drowsiness and frequent eye closure (data not included).

Exclusion criteria were the same as in Study 1, except that participants were also excluded if
they had dementia at screening (i.e. MMSE scores below 24, or 2 SD below the mean in two
or more cognitive tests). No participants in this study had dementia at screening. Analysis was
completed on 22 patients receiving amantadine treatment, 14 patients receiving
anticholinergic treatment and 26 matched healthy controls.

All groups were matched for age, education, premorbid IQ, MMSE and MoCA scores (Table
7-1). All patients had normal cognition with MoCA scores of 27 or higher at baseline and
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there were no differences between patient groups for PD duration, UPDRS III and Hoehn and
Yahr. There were no significant changes between pre and post UPDRS III scores for
amantadine (t [21] =-0.78, p=0.4) or anticholinergic groups (t [13] =1.17, p=0.3) and there
were no significant changes between pre and post Hoehn and Yahr scores for amantadine
(Wilcoxon matched pairs: Z= 0.40, p=0.69) or anticholinergic groups (Z= 0.17, p=0.87; see
Table 7-1).
Procedures
All participants underwent the same battery of assessments as described for Study 1 (Chapter
2) at baseline and at eight weeks after initiation of treatment. This entailed 2.5 hours for
neuropsychological assessment, and 1 hour for eye movement assessment. Some of the
assessments used in Study 1 to determine PDD status were excluded as they were redundant
in the patient population being tested. These were the Dementia Rating Scale (DRS), the
ADAS-cog and care-giver interviews.

Table 7-1: Demographics of participant groups. Mean (SD)
controls n=26

Amantadine n=22

Anticholinergic n=14

Age (years)
Sex (M, F)

64 (8)
17, 9

63 (9)
17, 9

60 (11)
8, 6

Education
(years)
Premorbid IQ
(WTAR)
MMSE
Pre1
Post

13.6 (3.0)

13.5 (3.5)

13.6 (3.0)

114 (9)

110 (9)

110 (12)

29.2 (1.0)
29.6 (0.9)

28.9 (0.9)
28.9 (1.3)

29.1 (0.9)
28.5 (1.7)

MoCA
Pre
Post

27.2 (1.7)
28.2 (1.7)

26.0 (2.4)
27.1 (2.3)

26.6 (2.5)
25.3 (4.1)

PD Duration2
(years)
UPDRS III
Pre
Post

2.6 (1.6)

2.1 (1.6)

26.3 (11.9)
28.0 (13.3)

26.6 (18.0)
24.1 (16.4)

Hoehn &Yahr
Pre
Post

1.9 (range, 1-3)
2.0 (range, 1-3)

1.8 (range, 1-3)
1.9 (range, 1-3)

1’Pre’ is status prior to treatment and ’Post’ is status 8 weeks after initiation of therapy.
2 PD duration is the duration since onset of symptoms.
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Analysis of neuropsychological tests, health assessments, and general measures
Neuropsychological assessment was conducted prior to amantadine or anticholinergic
treatment (baseline) and repeated, on drug, 8 weeks later. The neuropsychological assessment
included general cognitive status (MMSE; MoCA) and specific tests of four cognitive
domains (attention [digit span forwards/backwards, digit ordering, Stroop colours/words,
Trails A]; executive function [Letter/Action/Category fluency, Category switching, Trails B,
Stroop]; visuospatial [Judgement of Line Orientation, Visual Object and Space Perception
(VOSP), Rey Osterrieth Complex Figure Test (ROCFT) Copy]; and learning and memory
[CVLT acquisition, short/long delay recall, ROCFT immediate recall]). The healthy untreated
controls were also tested at baseline and 8 weeks later. The UPDRS and Hoehn and Yahr
scales were assessed as a measure of motor status in the PD group.

Education and/or age-adjusted z-scores, based on norms for the specific neuropsychological
tests, were obtained for each motor and cognitive measure at baseline and post treatment
testing for each participant. Z-scores for each cognitive domain (attention and working
memory, executive function, visuospatial/ visuoperceptual, learning and memory and total
neuropsychological z-score) were compared between pre- and 8 weeks post-treatment to
obtain difference scores (‘Post’ minus ‘Pre’ treatment) for each individual in each group.
Each group’s pre and post treatment means and standard deviations (SD) were calculated and
individual participant z-scores were used for further analysis.

Oculomotor measures
The same saccade measures used for Study 1 were used in Study 2 and were analysed in the
same manner. Reflexive saccades (latency, primary gain and percentage of express saccades)
for gap, step and overlap trials, predictive saccades (latency, primary gain, final gain and
percent of predicted saccades) for 750, 1400 and 2050 trials, self-paced (saccade count,
primary gain and final gain), memory-guided (latency, percent of errors, percent of corrected
errors, primary gain and final gain) and antisaccades (latency, percent of errors, percent of
corrected errors, primary gain and final gain) were compared at baseline and at about eight
weeks follow-up for each of the three treatment groups (control, amantadine and
anticholinergic).

7-169

Statistical Analysis
Repeated measures ANOVA for each saccade measure was used to compare pre versus post
treatment effects between groups (control vs. amantadine and control vs. anticholinergic).
This analysis was considered most suitable for a preliminary study with a non-randomized
treatment design and differences at baseline (Jamieson, 1999; Van Breukelen, 2006). There
was no need for linear models in this preliminary study as I only examined pre/post
comparisons without covarying for other factors such as age, education and sex.

7.3. Results
Motor status
Motor status (UPDRS III and Hoehn & Yahr) scores were compared between pre and post
treatment to obtain difference scores (‘Post’ minus ‘Pre’ treatment) for each individual in each
patient group (Ama and AntiCh). Improved rigidity scores in the anticholinergic group reached
near significance (p=0.06). Although not all participants improved and there were no
significant changes to motor scores, the anticholinergic group had reduced mean UPDRS II
and UPDRS III scores, and reduced mean bradykinesia and ridgidity scores following
treatment (see Table 7-2). Even though the Hoehn & Yahr is less sensitive to change in motor
status (there was no change in 50% of anticholinergic and 77% of amantadine participants),
29% of anticholinergic and 9% of amantadine participants improved Hoehn and Yahr status at
post testing.
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Table 7-2: Pre and 8 weeks Post treatment mean scores (and range) for UPDRS Parts I, II, III,
Hoehn & Yahr scores, Bradykinesia, Tremor and Rigidity measures of general motor status for
each individual, separated by Amantadine (Ama) and Anticholinergic (AntiCh) treatment groups.
Tests
Group
Pre, Mean
Post, Mean
Actual
p
(Range)
(Range)
difference
(pre vs.post)
(Post-Pre)
UPDRS Part I
Ama
1.8 (0-4)
1.8 (0-5)
0.05
0.91
AntiCh
1.4 (0-5)
1.4 (0-4)
0.00
1.00
UPDRS Part II
Ama
10.9 (4-20) 9.5 (2-19)
-1.45
0.10
AntiCh
8.7 (2-24)
8.6 (2-20)
-0.14
0.92
UPDRS Part III
Ama
26.3 (6-53) 28.0 (12-57) 1.64
0.45
AntiCh
26.6 (3-62) 24.1 (3-51)
-2.50
0.26
Hoehn & Yahr
Ama
1.9 (1-3)
2.0 (1-3)
0.05
0.63
AntiCh
1.8 (1-3)
1.9 (1-3)
0.11
0.57
UPDRS
Ama
10.6 (2-24) 10.5 (2-24)
-0.09
0.92
Bradykinesia
AntiCh
10.4 (1-23) 9.7 (2-22)
-0.71
0.43
UPDRS Tremor
Ama
3.7 (0-10)
4.5 (0-15)
0.77
0.15
AntiCh
4.7 (0-14)
4.8 (0-13)
0.07
0.90
UPDRS Rigidity
Ama
4.8 (0-15)
5.4 (0-14)
0.59
0.49
AntiCh
6.1 (1-14)
4.0 (1-11)
-2.07
0.06

Cognitive measures
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control). A model was
completed separately for each global cognitive measure (MMSE, MoCA) and each cognitive
function (attention, executive function, visuospatial function and memory) to examine group
and treatment effects on each measure (total raw scores /30 for MMSE and MoCA; z-scores for
each cognitive function).
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Table 7-3: Amantadine therapy; raw mean (SD) cognitive function scores at pre and post testing for each
group. Pre vs post t-test p values for each group represent t-tests for dependance comparing pre vs post
tests for each group (Ama and control). Group main effects (ANOVA) p values compare both tests (pre
and post) with each group (Ama vs control). Treatment main effects (ANOVA) p values compare both
groups (Ama and control) with each test (pre vs post). Treatment*Group p values represent the group
(Ama and control) and treatment (pre and post) interaction effects.
Neuropsych
function

Group

Pre

Post

Pre vs
Post (p)
t-Test

Group
(p)

Treatment
(p)

Group
*Treatment
(p)

MMSE

Ama
control

28.9 (0.9)
29.2 (0.9)

28.8 (1.3)
29.6 (0.9)

p=0.9
p=0.1

p=0.01

p=0.4

p=0.3

MoCA

Ama
control

25.9 (2.7)
27.2 (1.8)

27.2 (2.5)
28.2 (1.7)

p=0.17
p<0.01

p=0.047

p<0.001

p=0.6

Attention

Ama
control

-0.05 (0.6)
0.37 (0.6)

0.01 (0.7)
0.45 (0.6)

p=0.47
p=0.28

p=0.01

p=0.2

p=0.9

Executive
Function

Ama
control

0.39 (0.7)
0.89 (0.6)

0.47 (0.9)
1.07 (0.7)

p=0.27
p=0.04

p=0.008

p=0.02

p=0.4

Visuospatial

Ama
control

0.34 (0.5)
0.5 (0.5)

0.32 (0.6)
0.69 (0.5)

p=0.88
p=0.05

p=0.07

p=0.2

p=0.13

Learning &
Memory

Ama
control

0.37 (0.8)
0.87 (0.8)

0.69 (1.0)
1.45 (0.7)

p=0.08
p<0.001

p=0.004

p<0.001

p=0.2

Total all domains

Ama
control

0.26 (0.5)
0.66 (0.5)

0.37 (0.6)
0.95 (0.5)

p=0.04
p<0.001

p=0.001

p<0.001

p=0.02

Table 7-4: Anticholinergic therapy; raw mean (SD) cognitive function scores at pre and post testing for
each group. Pre vs post t-test p values for each group represent t-test for dependance comparing pre vs
post tests for each group (AntiCh and control) . Group main effects p values (ANOVA) compare each
group (AntiCh vs control) including both tests (pre and post). Treatment main effects p values (ANOVA)
compare each test (pre vs post) including both groups (AntiCh and control) . Treatment*Group p values
represent the group (AntiCh and control) and treatment (pre and post) interaction effects.
Neuropsych
function

Group

Pre

Post

Pre vs
Post (p)
t-Test

Group
(p)

Treatment
(p)

Group
* Treatment
(p)

MMSE

AntiCh
control

29.1 (0.8)
29.2 (0.9)

28.5 (1.7)
29.6 (0.9)

p=0.04
p=0.1

p=0.04

p=0.7

p=0.03

MoCA

AntiCh
control

26.6 (2.6)
27.2 (1.8)

25 .2 (4.2)
28.2 (1.7)

p=0.16
p<0.01

p=0.02

p=0.5

p=0.005

Attention

AntiCh
control

-0.01 (0.6)
0.37 (0.6)

-0.26 (0.6)
0.45 (0.6)

p=0.03
p=0.28

p=0.005

p=0.2

p=0.01

Executive
Function

AntiCh
control

0.26 (1.2)
0.89 (0.6)

0.01 (1.1)
1.07 (0.7)

p=0.18
p=0.04

p=0.003

p=0.7

p=0.02

Visuospatial

AntiCh
control

0.14 (0.5)
0.5 (0.5)

0.03 (0.7)
0.69 (0.5)

p=0.46
p=0.05

p=0.004

p=0.6

p=0.08

Learning &
Memory

AntiCh
control

-0.13 (1.2)
0.87 (0.8)

-0.2 (1.2)
1.45 (0.7)

p=0.76
p<0.001

p<0.001

p=0.03

p=0.006

Total all domains

AntiCh
control

0.06 (0.7)
0.66 (0.5)

-0.11 (0.8)
0.95 (0.5)

p=0.23
p<0.001

p<0.001

p=0.3

p<0.001
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(i) Amantadine vs control. The control group had higher scores than the amantadine group at
both pre and post testing for the MMSE (F(1, 46) =6.4, p=0.01) and MoCA (F(1, 43) =4.2,
p=0.046) tests, the total of all domains (F(1, 46) =11.9, p=0.001) and each cognitive domain,
including attention (F(1, 46) =7.0, p=0.01), executive function (F(1, 46) =7.7, p=0.008) and
learning and memory (F(1, 46) =8.9, p=0.004; Table 7-3). Both groups improved at post
testing compared to baseline for MoCA (F(1, 43) =13.0, p<0.001), executive function (F(1, 46)
=5.4, p=0.02), learning and memory (F(1, 46) =20.3, p<0.001) and total all domains (F(1, 46)
=31.7, p<0.001). The control group improved more than the amantadine group for total all
domains (F(1, 46) =6.1, p=0.02) and there were no other time group interactions. There were
no group or treatment effects for visuospatial performance (group, p=0.07; pre versus post,
p=0.2). In summary the amantadine group had lower cognitive scores than controls at pre and
post testing, but both groups improved at post testing, consistent with a practice effect.

(ii) Anticholinergic vs control. The anticholinergic group had lower scores than the control
group at both pre and post testing for the MMSE (F(1, 38) =4.4, p=0.04) and MoCA (F(1, 37)
=6.2, p=0.02) and each of the cognitive domains (attention, F(1, 38) =9.1, p=0.005; executive
function, F(1, 38) =10.1, p=0.003; visuospatial, F(1, 38) =9.7, p=0.004; learning and memory,
F(1, 38) =21.1, p<0.001; total all domains, F(1, 38) =20.6, p<0.001; Table 7-4). There were
several group by treatment interactions with a decline in the anticholinergic group scores at
post treatment relative to the control group for the MMSE (F(1, 38) =5.3, p=0.03) and MoCA
tasks (F(1, 37) =8.7, p=0.005), attention (F(1, 38) =7.4, p=0.01), executive function (F(1, 38)
=6.3, p=0.02) and total all domains (F(1, 37) =8.7, p=0.005). For learning and memory, there
was a treatment effect (F(1, 38) =5.3, p=0.03) mediated by a group by treatment interaction
(F(1, 38) =21.1, p<0.001). The control group improved at post testing compared to baseline
relative to the anticholinergic group who did not change.

In summary, the anticholinergic group had lower baseline scores compared to the control group
and declined in general cognitive performance, attention and executive function at post testing
compared to baseline and relative to the controls. The anticholinergic group, unlike the control
group (and amantadine group) did not show a practice effect between pre and post treatment.
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Reflexive task
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control). A model was
completed separately for each task (gap, step and overlap), to examine group and treatment
effects on each measure (latency, percent of express saccades (gap task only), primary gain and
final gain).

The amantadine group exhibited reduced primary gain at both pre and post testing compared
with the control group in the step task (F(1, 46) =6.4, p=0.01). In a group by treatment
interaction, the amantadine group had shorter latencies in the step (F(1, 46) =8.9, p=0.004) and
overlap tasks (F(1, 46) =9.3, p=0.004) at post testing than pre testing relative to the control
group, though the very small absolute reduction of 6ms and 8ms respectively (see Table 7-5) is
not clinically relevant. There were no other group effects, treatment effects or interactions
found for latency, percent of express saccades, primary gain or final gain. In summary, the
amantadine treatment group exhibited no clinically relevant change as a result of treatment.

In the anticholinergic group, there was a treatment effect upon latency in the gap (F (1, 38)
=6.8, p=0.01), step (F (1, 38) =5.5, p=0.02) and overlap tasks (F (1, 38) =28.6, p<0.001) with
no interaction. That is, both the control and anticholinergic groups produced prolonged
latencies at post testing relative to baseline (Table 7-6). There was a reduced percent of express
saccades produced at post testing by both groups, which almost reached significance (F (1,
38) = 4.09, p=0.05). The anticholinergic group had a lower primary gain in the overlap task
than the control group at both pre and post testing (F (1, 38) =4.3, p=0.05). No other group
effects, treatment effects or interactions were found for latency, percent of express saccades,
primary gain or final gain.

In summary, both the control and anticholinergic groups produced prolonged latencies at post
treatment compared to baseline. This apparent increase in latencies in the control group is
unexpected and may have masked a true prolongation of latencies with treatment in the
anticholinergic group.
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Table 7-5: Raw mean (SD) reflexive saccade measures at pre and post testing and ANOVA p values for
group effects (amantadine vs control), treatment effects (pre vs post) and interaction effects
(group*treatment).
Measure

Latency in ms

Task

147 (19)

145 (21)

Pre vs
Post (p)
t-Test
p=0.5

control 145 (21)

156 (25)

p=0.05

Step

Ama

204 (23)

198 (23)

p=0.07

control 204 (24)

211 (20)

p=0.03

Ama

241 (39)

233 (34)

p=0.3

control 230 (32)

248 (35)

p=0.001

Ama

46% (17)

46% (19)

p=0.8

control 44% (23)

38% (21)

p=0.2

Gap

Gap
Step
Overlap
Gap
Final gain

Post M
(SD)

Ama

Overlap

Primary gain

Pre M
(SD)

Gap

(SD)

Percentage of
express
saccades (SD)

Group

Step
Overlap

0.89 (0.07)

0.87 (0.08)

p=0.1

control 0.92 (0.09)

Ama

0.89 (0.09)

p=0.2

Ama

0.91 (0.07)

0.91 (0.09)

p=0.8

control 0.96 (0.05)

0.95 (0.07)

p=0.1

Ama

0.89 (0.09)

0.89 (0.09)

p=0.9

control 0.94 (0.07)

0.92 (0.08)

p=0.2

Ama

0.99 (0.02)

0.99 (0.04)

p=0.8

control 0.98 (0.06)

0.99 (0.07)

p=0.8

Ama

1.0 (0.03)

0.99 (0.03)

p=0.3

control 1.0 (0.03)

0.99 (0.06)

p=0.6

1.0 (0.05)

0.99 (0.04)

p=0.3

control 1.0 (0.05)

Ama

0.98 (0.06)

p=0.3

Group
(p)

Treatment
(p)

p=0.36

p=0.19

Group
*Treatment
(p)
p=0.053

p=0.3

p=0.8

p=0.004

p=0.84

p=0.26

p=0.004

p=0.35

p=0.2

p=0.3

p=0.19

p=0.07

p=0.9

p=0.01

p=0.2

p=0.4

p=0.067

p=0.37

p=0.5

p=0.5

p=0.87

p=0.7

p=0.84

p=0.3

p=0.9

p=0.78

p=0.14

p=0.8
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Table 7-6: Raw mean (SD) reflexive saccade measures at pre and post testing and ANOVA p values for
group effects (anticholinergic vs. control), treatment effects (pre vs post) and interaction effects
(treatment*group).
Measure

Task

Gap
Latency in ms

Step

(SD)
Overlap

Group

149 (28)

159 (34)

Pre vs
Post (p)
t-Test
p=0.06

control 145 (21)

156 (25)

p=0.05

AntiCh

222 (40)

231 (52)

p=0.3

control 204 (24)

211 (20)

p=0.03

AntiCh

Post M
(SD)

252 (65)

278 (74)

p<0.01

control 230 (32)

248 (35)

p<0.001

Percentage of Gap
express
Saccades (SD)

AntiCh

46% (25)

38% (19)

p=0.1

control 44% (23)

38% (21)

p=0.2

Gap

AntiCh

0.89 (0.05)

p=0.4

control 0.92 (0.09)

0.89 (0.09)

p=0.2

Step

AntiCh

0.92 (0.07)

0.92 (0.06)

p=0.7

control 0.96 (0.05)

0.95 (0.07)

p=0.1

0.9 (0.08)

p=0.3

0.92 (0.08)

p=0.2

Primary gain

Overlap

AntiCh

Pre M
(SD)

AntiCh

0.87 (0.07)

0.88 (0.06)

control 0.94 (0.07)
Gap
Final gain

Step
Overlap

0.98 (0.03)

0.99 (0.03)

p=0.9

control 0.98 (0.06)

AntiCh

0.99 (0.07)

p=0.8

AntiCh

1.0 (0.05)

p=0.7

control 1.0 (0.03)

0.99 (0.06)

p=0.6

AntiCh

1.0 (0.04)

0.99 (0.04)

p=0.8

control 1.0 (0.05)

0.98 (0.06)

p=0.3

1.0 (0.04)

Group
(p)

Treatment
(p)

p=0.6

p=0.01

Group
*Treatment
(p)
p=1.0

p=0.06

p=0.02

p=0.8

p=0.11

p<0.001

p=0.3

p=0.9

p=0.05

p=0.9

p=0.2

p=0.8

p=0.2

p=0.07

p=0.2

p=0.3

p=0.046

p=0.9

p=0.1

p=0.97

p=0.8

p=0.9

p=0.77

p=0.94

p=0.6

p=0.78

p=0.4

p=0.6

Predictive task
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control) on saccade
latencies in the predictive task. A model was completed separately for each task (750 ms, 1400
ms and 2050 ms), to examine group and treatment effects on each measure (latency, percent of
predictive saccades, primary gain and final gain).

The amantadine group did not change at post testing compared with pre testing in the 1400 task
(F(1, 43) =4.2, p=0.046; Table 7-7 and Table 7-9), relative to the controls who had increased
latencies at post testing (F(1, 43) =5.9, p=0.02). The amantadine group had a lower gain than
the control group at both pre and post testing for primary gain in the 750 (F(1, 45) =10.9,
p=0.002), 1400 (F(1, 43) =7.8, p=0.008) and 2050 tasks (F(1, 45) =5.9, p=0.02) and final gain
7-176

in the 750 (F(1, 45) =8.0, p=0.007) and 2050 tasks (F(1, 45) =4.7, p=0.03). For the amantadine
group, final gain in the 1400 task was slightly improved relative to the control group and this
interaction just reached significance (F (1, 43) =4.1, p=0.049). This is likely a chance
observation since there was no change in final gain at post testing compared with pre testing in
any of the other predictive tasks. There were no group or treatment differences in the percent of
predictive saccades produced and no other group, treatment effects or interactions were found
in the predictive task.

In summary the amantadine exhibited lower gains than the control group as expected (see
Chapter 4, Table 4-1) and there were no significant treatment effects.

The anticholinergic and control groups exhibited longer latencies at post testing relative to
baseline in the 1400 task (F(1, 36) =6.6, p=0.01) and both groups had a reduced percent of
predictive saccades at post testing relative to baseline in the 750 (F(1, 36) =9.3, p=0.004) and
1400 tasks (F(1, 36) =5.4, p=0.03). The anticholinergic group produced a lower mean primary
gain, relative to the control group at both pre and post testing, for the 750 ms (F(1, 38) =7.3,
p=0.01), 1400 ms (F(1, 36) =16.9, p<0.001) and 2050 ms predictive tasks (F(1, 38) =19.4,
p<0.001), and a lower mean final gain relative to the control group at both pre and post testing
for the 750 task (F(1, 38) =5.5, p=0.02; Table 7-8 and Table 7-10). The anticholinergic group
increased primary gain at post testing in the 1400 task, relative to baseline (F(1, 36) =10.4,
p=0.003) and relative to the control group, who did not change. This resulted in an interaction
effect (F(1, 36) =10.5, p=0.003). There was also a group by treatment interaction (F(1, 36)
=10.9, p=0.002) for final gain in the 1400 task, where the anticholinergic group increased final
gain and the control group reduced final gain at post testing relative to each group.

In summary the anticholinergic group produced lower gains relative to the control group at
baseline as expected (see Chapter 4, Table 4-1) and exhibited improved primary and final gain
for the 1400 task with treatment.
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Table 7-7: Raw mean (SD) predictive latency and percent of predicted saccade measures at pre and
post testing and ANOVA p values for group effects (amantadine vs. control), treatment effects (pre vs
post) and interaction effects (treatment*group).
Measure

Task

Group

Pre M
(SD)

750 ms

Ama

42 (112)

Post M Pre vs
(SD)
Post (p)
t-Test
36 (86)
p=0.8

control

31 (95)

59 (81)

1400 ms

Ama

57 (143)

61 (143) p=0.8

control

48 (157)

97 (104) p=0.01

2050 ms

Ama

157 (63)

152 (64) p=0.7

control

117 (138)

157 (63) p=0.06

750 ms

Ama

47 (26)

46 (23)

control

48 (24)

42 (23)

p=0.1

1400 ms

Ama

27 (22)

25 (23)

p=0.6

control

27 (26)

21 (20)

p=0.04

Ama

7 (8)

7 (11)

p=0.95

control

12 (18)

8 (10)

p=0.14

Latency in
ms (SD)

Percentage
of predicted
Saccades (SD)
2050 ms

Group Treatment
(p)
(p)
p=0.8

Group
*Treatment
(p)
p=0.34
p=0.1

p=0.7

p=0.02

p=0.047

p=0.45

p=0.2

p=0.09

p=0.86

p=0.22

p=0.3

p=0.8

p=0.09

p=0.4

p=0.38

p=0.26

p=0.3

p=0.02

p=0.9

Table 7-8: Raw mean (SD) predictive latency and percent of predicted saccade measures at pre and
post testing and ANOVA p values for group effects (anticholinergic vs. control), treatment effects (pre
vs post) and interaction effects (treatment*group).
Measure

Task

750 ms
Latency in
ms (SD)

1400 ms

2050 ms

750 ms
Percentage
of predicted

1400 ms

Saccades (SD)
2050 ms

Group

Pre M
(SD)

Post M
(SD)

Pre vs
Post (p)
t-Test
p=0.6

AntiCh

48 (159)

67 (117)

control

31 (95)

59 (81)

p=0.02

AntiCh

20 (154)

74 (142)

p=0.3

control

48 (157)

97 (104)

p=0.01

AntiCh

132 (71)

126 (84)

p=0.8

control

117 (138)

157 (63)

p=0.06

AntiCh

53 (27)

41 (23)

p=0.01

control

48 (24)

42 (23)

p=0.1

AntiCh

4 (3)

31 (21)

p=0.2

control

27 (26)

21 (20)

p=0.04

AntiCh

15 (14)

18 (12)

p=0.4

control

12 (18)

8 (10)

p=0.1

p=0.7

Treatment Group
(p)
*Treatment
(p)
p=0.1
p=0.8

p=0.5

p=0.01

p=0.9

p=0.8

p=0.3

p=0.2

p=0.8

p=0.004

p=0.4

p=0.2

p=0.03

p=0.7

p=0.1

p=0.9

p=0.1

Group
(p)
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Table 7-9: Raw mean (SD) predictive primary gain and final gain measures at pre and post
testing and ANOVA p values for group effects (amantadine vs. control), treatment effects (pre vs
post) and interaction effects (treatment*group).
Measure

Primary

Task

Group

750 ms

Ama

0.77 (0.13)

Pre vs
Post (p)
t-Test
0.77 (0.12) p=0.8

control

0.87 (0.09)

0.86 (0.08)

p=0.5

1400 ms

gain (SD)
2050 ms

750 ms

Final

1400 ms

gain (SD)
2050 ms

Pre M
(SD)

Post M
(SD)

Ama

0.75 (0.16)

0.77 (0.13)

p=0.3

control

0.85 (0.08)

0.85 (0.09)

p=0.98

Ama

0.82 (0.13)

0.84 (0.10)

p=0.2

control

0.88 (0.07)

0.9 (0.05)

p=0.1

Ama

0.92 (0.10)

0.92 (0.08)

p=0.7

control

0.97 (0.04)

0.97 (0.03)

p=0.7

Ama

0.94 (0.12)

0.98 (0.04)

p=0.1

control

0.99 (0.03)

0.98 (0.04)

p=0.2

Ama

0.97 (0.04)

0.98 (0.03)

p=0.1

control

0.99 (0.02)

0.99 (0.02)

p=0.96

Group
(p)

Treatment Group
(p)
*Treatment
(p)
p<0.01
p=0.51
p=0.9

p<0.01

p=0.4

p=0.4

p=0.02

p=0.053

p=1.0

p<0.01

p=0.6

p=0.9

p=0.1

p=0.3

p<0.05

p=0.03

p=0.1

p=0.1

Table 7-10: Raw mean (SD) predictive primary gain and final gain measures at pre and post
testing and ANOVA p values for group effects (anticholinergic vs. control), treatment effects (pre
vs post) and interaction effects (treatment*group).
Measure

Task

750 ms

Primary

1400 ms

gain (SD)
2050 ms

750 ms

Final

1400 ms

gain (SD)
2050 ms

Group

Pre M
(SD)

Post M
(SD)

AntiCh

0.77 (0.14)

0.8 (0.12)

Pre vs
Post (p)
t-Test
p=0.3

control

0.87 (0.09)

0.86 (0.08)

p=0.5

AntiCh

0.69 (0.12)

0.78 (0.09)

p=0.01

control

0.85 (0.08)

0.85 (0.09)

p=0.98

AntiCh

0.79 (0.07)

0.8 (0.09)

p=0.8

control

0.88 (0.07)

0.9 (0.05)

p=0.1

AntiCh

0.93 (0.07)

0.95 (0.05)

p=0.4

control

0.97 (0.04)

0.97 (0.03)

p=0.7

AntiCh

0.96 (0.03)

0.99 (0.01)

p=0.002

control

0.99 (0.03)

0.98 (0.04)

p=0.2

AntiCh

0.97 (0.03)

0.99 (0.03)

p=0.04

control

0.99 (0.02)

0.99 (0.02)

p=0.96

Group Treatment Group
(p)
(p)
*Treatment
(p)
p=0.01
p=0.5
p=0.2

p<0.001

p=0.003

p=0.003

p<0.001

p=0.3

p=0.6

p=0.02

p=0.3

p=0.5

p=0.2

p=0.2

p=0.002

p=0.5

p=0.05

p=0.06
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Self-paced task
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control). A model was
completed separately to examine group and treatment effects on each measure (self-paced
count, primary gain and final gain).

The amantadine and control groups had a similar self-paced count, primary gain and final gain
at post testing relative to baseline (Table 7-11). The amantadine group improved final gain at
post treatment, relative to controls (F(1, 44) =7.7, p=0.008). There were no other group,
treatment effects or interactions found in the self-paced task. In summary the amantadine group
exhibited a slight improvement in final gain in the self-paced task relative to the control group
but this minor change is unlikely to be of any clinical relevance.

The anticholinergic had a similar self-paced count and final gain to the control group at post
testing relative to baseline (Table 7-12), but exhibited a lower mean primary gain at both pre
and post testing (F(1, 38) =6.9, p=0.01) as expected (see chapter 4, Table 4-1).

Table 7-11: Raw mean (SD) self-paced measures at pre and post testing and ANOVA p values for
group effects (amantadine vs. control), treatment effects (pre vs post) and interaction effects
(treatment*group).
Measure

Group

Pre M
(SD)

Post M
(SD)

self-paced

Ama

51 (14)

54 (15)

Pre vs
Post (p)
t-Test
p=0.1

count (SD)

control

52 (12)

51 (13)

p=0.6

primary gain

Ama

0.94 (0.14)

0.92 (0.11)

p=0.2

(SD)

control

0.97 (0.05)

0.98 (0.06)

p=0.3

final gain

Ama

1.03 (0.08)

1 (0.07)

p=0.01

(SD)

control

1.01 (0.04)

1.01 (0.03)

p=0.4

Group
(p)

Treatment Group
(p)
*Treatment
(p)
p=0.8
p=0.5
p=0.1

p=0.1

p=0.6

p=0.1

p=0.9

p=0.1

p<0.01

Table 7-12: Raw mean (SD) self-paced measures at pre and post testing and ANOVA p values for
group effects (anticholinergic vs. control), treatment effects (pre vs post) and interaction effects
(treatment*group).
Measure

Group

Pre M
(SD)

Post M
(SD)

self-paced

AntiCh 50 (12)

48 (10)

Pre vs
Post (p)
t-Test
p=0.1

count (SD)

control 52 (12)

51 (13)

p=0.6

primary gain

AntiCh 0.92 (0.08)

0.92 (0.10)

p=0.8

(SD)

control 0.97 (0.05)

0.98 (0.06)

p=0.3

final gain

AntiCh 1.01 (0.04)

1.01 (0.05)

p=0.8

(SD)

control 1.01 (0.04)

1.01 (0.03)

p=0.4

Group
(p)

Treatment Group
(p)
*Treatment
(p)
p=0.5
p=0.2
p=0.6

p=0.01

p=0.4

p=0.8

p=0.8

p=0.8

p=0.4
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Memory-guided task
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control). A model was
completed to examine group and treatment effects on each measure (correct memory-guided
latency, percent of errors, percent of corrected errors, primary gain and final gain). The
amantadine group produced more memory-guided errors at both pre and post testing (F(1, 46)
=6.3, p=0.015), had a lower primary gain, at both pre and post testing (F(1, 46) =15.7,
p<0.001) and a lower final gain at post testing (F(1, 46) =6.5, p=0.01) compared to the control
group, which in turn exhibited an increased final gain at post testing relative to baseline (Table
7-13). Both groups produced more errors at post testing (F(1, 46) =4.5, p=0.04) relative to
baseline. There were no other group or treatment effects.

The anticholinergic group produced more memory-guided errors at both pre and post testing
than the control group (F(1, 38) =14.9, p<0.001) and both groups produced more errors at post
testing relative to baseline (F(1, 38) =6.4, p=0.02; Table 7-14), but there was no interaction and
no other group or treatment effects. In summary there was no significant increase in errors
following anticholinergic treatment, relative to controls.

Table 7-13: Raw mean (SD) memory-guided saccade measures at pre and post testing and ANOVA p
values for group effects (amantadine vs. control), treatment effects (pre vs post) and interaction
effects (treatment*group).
Measure

Group

Pre M
(SD)

Post M
(SD)

Latency in ms

Ama

299 (49)

289 (86)

Pre vs
Post (p)
t-Test
p=0.8

(SD)

control

314 (102)

290 (52)

p=0.2

Percent of

Ama

0.23 (0.17)

0.28 (0.23)

p=0.01

errors (SD)

control

0.11 (0.13)

0.16 (0.17)

p=0.6

Percent of errors Ama

0.87 (0.18)

0.93 (0.15)

p=0.92

corrected (SD)

0.85 (0.18)

0.83 (0.28)

p=0.98

Primary gain

Final gain

control
Ama

0.78 (0.11)

0.77 (0.11)

p=0.9

control

0.87 (0.10)

0.89 (0.08)

p=0.2

Ama

0.92 (0.08)

0.91 (0.06)

p=0.7

control

0.94 (0.05)

0.97 (0.06)

p=0.2

Group (p)

Treatment Group
(p)
*Treatment (p)

p=0.7

p=0.2

p=0.6

p=0.02

p=0.04

p=1.0

p=0.2

p=0.7

p=0.4

p<0.001

p=0.5

p=0.3

p=0.01

p=0.4

p=0.1
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Table 7-14: Raw mean (SD) memory-guided saccade measures at pre and post testing and ANOVA p
values for group effects (anticholinergic vs. control), treatment effects (pre vs post) and interaction
effects (treatment*group).
Measure

Group

Pre M
(SD)

Post M
(SD)

Latency in ms

AntiCh

286 (36)

301 (60)

Pre vs
Post (p)
t-Test
p=0.7

(SD)

control

314 (102)

290 (52)

p=0.2

Percent of

AntiCh

0.29 (0.26)

0.40 (0.21)

p=0.08

errors (SD)

control

0.11 (0.13)

0.16 (0.17)

p=0.6

Percent of errors

AntiCh

0.9 (0.16)

0.93 (0.07)

p=0.3

corrected (SD)

control

0.85 (0.18)

0.83 (0.28)

p=0.98

Primary gain

Final gain

AntiCh

0.84 (0.10)

0.82 (0.11)

p=0.5

control

0.87 (0.10)

0.89 (0.08)

p=0.2

AntiCh

0.94 (0.06)

0.91 (0.11)

p=0.6

control

0.94 (0.05)

0.97 (0.06)

p=0.2

Group
(p)

Treatment
(p)

Group
*Treatment (p)

p=0.7

p=0.8

p=0.1

p<0.001 p=0.02

p=0.3

p=0.1

p=0.9

p=0.6

p=0.1

p=0.9

p=0.2

p=0.09

p=1.0

p=0.08

Antisaccade task
Two separate repeated measures ANOVA were used to study the effect of treatment (pre and
post) in the groups (either amantadine vs. control or anticholinergic vs. control). A model was
completed to examine group and treatment effects on each antisaccade measure (correct
antisaccade latency, percent of errors, percent of corrected errors, primary gain and final gain).

The amantadine group exhibited a lower primary gain at both pre and post testing (F(1, 45)
=8.03, p<0.01) relative to the control group (Table 7-15), as expected (see chapter 6, Table
6-1). There were no other group or treatment effects.

The anticholinergic group had longer latencies (F(1, 37) =4.9, p=0.03) and produced more
antisaccade errors (F(1, 37) =6.1, p=0.02) at both pre and post testing compared to the control
group (Table 7-16). The anticholinergic group also exhibited a reduced gain (F(1, 37) =4.4,
p=0.04 and final gain, F(1, 37) =4.7, p=0.04) at both pre and post testing compared to the
control group as expected (see chapter 6, Table 6-1). There were no other group or interaction
effects.
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Table 7-15: Raw mean (SD) antisaccade measures at pre and post testing and ANOVA p values for
group effects (amantadine vs. control), treatment effects (pre vs post) and interaction effects
(treatment*group).
Measure

Group

Pre M (SD)

Post M
(SD)

Latency in ms

Ama

411 (71)

399 (82)

Pre vs
Post (p)
t-Test
p=0.4

(SD)

control 404 (74)

401 (81)

p=0.8

Percent of

Ama

0.42 (0.25)

0.43 (0.24)

p=0.6

errors (SD)

control 0.36 (0.17)

0.39 (0.24)

p=0.2

Percent of errors

Ama

0.96 (0.12)

0.98 (0.03)

p=0.5

corrected (SD)

control 0.98 (0.03)

0.97 (0.05)

p=0.4

Primary gain

Ama

0.78 (0.18)

0.80 (0.19)

p=0.7

control 0.92 (0.15)

0.90 (0.13)

p=0.4

Ama

0.93 (0.15)

0.92 (0.19)

p=0.9

control 0.98 (0.10)

0.98 (0.09)

p=0.99

Final gain

Group
(p)

Treatment (p) Group *Treatment
(p)

p=0.9

p=0.4

p=0.6

p=0.5

p=0.2

p=0.6

p=0.7

p=0.8

p=0.3

p=0.007 p=1.0

p=0.5

p=0.05

p=0.9

p=0.9

Table 7-16: Raw mean (SD) antisaccade measures at pre and post testing and ANOVA p values for
group effects (anticholinergic vs. control), treatment effects (pre vs post) and interaction effects
(treatment*group).
Measure

Latency in ms

AntiCh 470 (79)

447 (93)

Pre vs
Post (p)
t-Test
p=0.2

(SD)

control 404 (74)

401 (81)

p=0.8

Percent of

AntiCh 0.53 (0.24)

0.58 (0.27)

p=0.2

errors (SD)

control 0.36 (0.17)

0.39 (0.24)

p=0.2

Percent of errors

AntiCh 0.96 (0.9)

0.96 (0.06)

p=0.9

corrected (SD)

control 0.98 (0.03)

0.97 (0.05)

p=0.4

Primary gain

AntiCh 0.79 (0.19)

0.82 (0.18)

p=0.5

control 0.92 (0.15)

0.90 (0.13)

p=0.4

AntiCh 0.93 (0.17)

0.90 (0.11)

p=0.6

control 0.98 (0.10)

0.98 (0.09)

p=0.99

Final gain

Group

Pre M (SD)

Post M
(SD)

Group
(p)

Treatment (p) Group *Treatment
(p)

p=0.03 p=0.2

p=0.3

p=0.02 p=0.08

p=0.7

p=0.1

p=0.6

p=0.7

p=0.04 p=0.7

p=0.2

p=0.04 p=0.6

p=0.6
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7.4. Discussion Study 2

My study compared cognitive and saccade measures before, and eight weeks after, the
establishment of either amantadine or anticholinergic treatment in previously drug naive PD
patients with those of untreated healthy age matched controls.

There were no significant changes in motor status scores for those on amantadine treatment
after eight weeks, consistent with the Cochrane review (Crosby et al., 2003) which found
insufficient evidence to support the efficacy of amantadine therapy for improved motor
function in PD. There were however, some patients with improved UPDRS III scores,
although most (77%) had no change in motor function after eight weeks treatment. There
were also no significant changes in motor status scores for the anticholinergic treatment at
eight weeks, although some of these patients showed improved UPDRS III scores. At post
testing, 57% of patients receiving anticholinergic treatment had reduced rigidity, 64% had
reduced bradykinesia, and 57% had improved overall motor status (UPDRS III) scores,
relative to pre treatment.

The effects of anticholinergic therapy on motor function
Patients on anticholinergic treatment exhibited a reduction in rigidity which approached
significance. Previous studies of anticholinergic treatment for PD have reported reduced
tremor (Brumlik et al., 1964; Iivainen, 1974; Cantello et al., 1986), improvement in walking
and total physical signs (Whyte et al., 1971), improved posture, and reduced bradykinesia and
rigidity (Whyte et al., 1971; Cantello et al., 1986). Bassi et al. (1986) found a significant
reduction in disability (using the Webster Scale) for PD patients treated with orphenadrine as
monotherapy and when used in combination with L-dopa. Cooper et al. (1992) found that four
months of anticholinergic therapy improved akinesia, tremor and rigidity, relative to a
bromocriptine treatment group, an untreated patient group and controls. Although the possible
mechanisms of action for anticholinergics are not fully understood, improvement in motor
function may reflect an improved balance between cholinergic and dopaminergic systems
(Duvoisin, 1967), thereby increasing the relative dopaminergic availability including the basal
ganglia. It is possible that the follow up period of two months in my study was not sufficient
to allow more significant changes to be seen.
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According to the Cochrane review (Katzenschlager et al., 2009), most studies investigating
anticholinergics were carried out decades ago (1954-1985) and methodological problems exist
in all the studies reviewed. These include a lack of defining criteria for Parkinson's disease,
possible carry over effects of drug treatments between studies, a lack of detail reported in the
methods and results, and most scales employed were the authors own or are no longer in
current use. According to the review, previous results studying the effects of anticholinergics
on motor function in PD have been conflicting, although no study found placebo to be
superior to the anticholinergic studied.

Cognition
The control and amantadine groups exhibited an apparent improvement in cognitive function
at post testing with no difference between the two groups. This slight improvement in
cognitive scores for both groups is most likely due to a learning or practice effect as the same
tests were administered at both pre and post testing. The finding that amantadine did not
improve cognitive score relative to controls is in contradiction to a previous study by
Yablonskaya et al. (2011) which found a significant improvement in cognitive function after
6 months. The current study only assessed patients after 8 weeks, so this may not have been
long enough for amantadine to demonstrate an improvement. Furthermore, Yablonskaya et al.
(2011) assessed patients with moderate cognitive impairment and the current study excluded
these patients. There may therefore have been a ceiling effect in my study with high baseline
scores, leaving little room for any potential improvement from treatment effects.

Previous studies have demonstrated an association between anticholinergic drug use and
cognitive decline in PD, especially in the elderly (Meco et al., 1984; Nishiyama et al., 1993;
Pondal et al., 1996; Ehrt et al., 2010). Anticholinergics have also been found to impair
memory encoding, working memory (attention), short term memory (Sadeh et al., 1982;
Taylor et al., 1991; Cooper et al., 1992; van Spaendonck et al., 1993; Nishiyama et al., 1998;
Lechevallier-Michel et al., 2004; Pomara et al., 2004; Ancelin et al., 2006) and set shifting
(executive function) (van Spaendonck et al., 1993). Consistent with these studies I found that
anticholinergic therapy significantly reduced attention/working memory, executive function,
learning and memory and general cognitive function (MMSE, MoCA and total z-scores)
relative to controls (see Table 7-3).
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Cholinergic activity enhances attention and other cognitive processes (Ancelin et al., 2006).
The stimulation of cholinergic curcuits has been found to increase cerebral perfusion, and so a
blockade of these cuircuts may impair neurovascular regulation (Claassen & Jansen, 2006),
resulting in attentional deficits. Both dopamine and acetylcholine systems converge to
underpin working memory function (Wisman et al., 2008). Wisman et al. (2008) found that in
rats, dopamine lesions in the ventral tegmental area impaired information storage and/or
recall, while cholinergic lesions alone did not impair memory. Thus anticholinergic therapy in
PD might combine with depleted dopamine to impair working memory.

In a post mortem study, Dubois et al. (1983) compared choline acetyltransferase activity
(CAT) in PD patients with controls. They found an association between dementia severity and
an increase in muscarinic receptors in the frontal cortex, and directly associated with a deficit
in Choline acetyltransferase activity (CAT). This finding implicates the subcortico-cortical
cholinergic system in the process of cognitive impairment in PD (Dubois et al., 1983). An
additional significant decrease in CAT activity was found in the frontal cortex of PD patients
who had received anticholinergic treatment. My findings of a reduced baseline general
cognitive scores (MMSE, MoCA, total z-score) in PD patients relative to controls with an
additional decrease in general cognitive function scores (see Table 7-3), supports these
findings, implicating the role of a further decrease in subcortico-cortical cholinergic system
functioning following anticholinergic therapy.

Saccades
At baseline the amantadine group demonstrated latencies similar to the control group in all
tasks but demonstrated hypometric primary gain in the reflexive Step task, each predictive
task, the memory-guided and antisaccade tasks, as expected. Relative to controls there was no
treatment effect of amantadine on reflexive, predictive, memory-guided or antisaccade
latency, or errors. There was a small increase in final gain in the predictive 1400 task relative
to the control group. Memory-guided errors increased slightly in the amantadine group at post
testing and there was a small decrease (0.03) in self-paced final gain at post treatment, relative
to baseline and the control group. Although these changes were statistically significant, they
were small and not likely to be of any clinical relevance given a general pattern of no change
in saccade measures for the amantadine group relative to controls. These findings suggest
that, in general, saccade measures are not influenced by amantadine treatment.
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My findings from Tables 7-2 and 7-3 showed that general cognitive (MoCA and Total Z)
score improved with amantadine treatment, but not attention, executive function or motor
function. In study 1, it was established that saccade measures were associated with motor
function, attention, and executive function in addition to general cognitive function. A
previous study has found a slight increase in the range of voluntary lateral, conjugate eye
movements (Parkes et al., 1971), associated with a moderate improvement in akinesia and
rigidity, following amantadine treatment. We found no change in motor function and no
change in saccadic function. It seems that the influence of amantadine treatment on general
cognitive function alone is not enough to alter saccade measures.

This was a preliminary study and no untreated patient group was available for comparison.
Our findings demonstrate that saccades are robust measures of cognitive and motor function
that are not influenced by alterations in neurofunction associated with amantadine treatment.
Thus, the DLPFC, which is important in minimizing memory-guided and antisaccade errors;
the dopaminergic frontostriatal pathways projecting from cortex to basal ganglia, involved in
judgment and decision making preceding saccade initiation; and the FEF, which is important
to aid saccade initiation and memory-guided latency (chapter 6); are likely to have been
unaffected by amantadine treatment.

In contrast to the effects of amantadine, the anticholinergic group exhibited an increase in
predictive primary and final gain in the 1400ms task following treatment. These observations
are consistent with impairment of executive function from anticholinergics seen in the present
study and noted previously by others (Bedard et al., 1999; Bottiggi et al., 2006; Yarnall et al.,
2011). The improvement in gain in the predictive task is consistent with improvement in
motor function following anticholinergic treatment.

Anticholinergics have previously been associated with an increase in antisaccade error rates
(Kitigawa et al., 1994) suggesting that they may impede the inhibitory control of reflexive
prosaccades. In the current study, there was a significant increase in memory-guided errors
(p=0.02) and a non significant increase in antisaccade errors (p=0.08)

following

anticholinergic treatment, although this increase was not significant relative to control
subjects (Tables 7-14 and 7-16). The antisaccade task requires the participant to make a
decision and consciously initiate a saccade away from the non target, while the memoryguided task requires the participant to maintain fixation and inhibit a reflexive saccade toward
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the peripheral cue. It may be that motivation influenced the decision making and attentional
processes required to maintain fixation during the memory-guided task, and for planning and
triggering a correct antisaccade.

Statistical methodology
ANOVA was used in this study as it is superior to using difference scores or ANCOVA
(Jamieson, 1999; Van Breukelen, 2006). Jamieson and Van Breukelen (1999; 2006) suggest
that neither ANCOVA (using pre testing as a covariate of post testing scores) nor difference
scores are suitable for studies with differing scores at baseline, as they are affected by Lord’s
paradox (Lord, 1967). Lord’s paradox suggests that when there are two continuous variables
(e.g. control and patient pre vs post treatment neuropsychological and saccade parameters)
and one categorical variable (group), the relationship between two variables is reversed when
another is adjusted (Tu, 2010). A general linear model could have added motor score as a
covariate and distinguished it from cognitive change as a result of treatment. Adding activities
of daily living as a covariate in a linear model may also have determined whether
anticholinergics disrupted ADLs or if the effect on cognition was only noticeable in the
neuropsychological testing.

Three of the seven patients who withdrew from this study experienced side effects including
severe memory loss and confusion. These patients were not reassessed at the time they were
experiencing these side effects. Thus, any treatment changes in the results are only for those
patients who could tolerate the prescribed treatment. Thus non inclusion of patients with overt
cognitive impairment from the medication under study has necessarily introduced some bias
into the results and may have reduced the apparent adverse effect of anticholinergic
medication and/or positive effects of amantadine.

Summary
There was some improvement in motor function following introduction of both amantadine
and anticholinergic therapy. A reduction in cognitive function was associated with
anticholinergic, but not amantadine treatment. Eye movement measures were not as sensitive
an indicator of change in cognitive function as the neuropsychological assessments.
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8.

General Discussion

The key new findings emanating from the thesis work are as follows; (i) latency of saccades is
increased in PD-MCI as well as PDD, and correlates with degree of cognitive impairment; (ii)
saccadic gain is not only reduced in PD, but is reduced in PD-MCI (and PDD) compared with
cognitively intact PD patients, and the degree of gain reduction correlates with the extent of
both motor and cognitive impairment; (iii) saccadic directional and timing errors correlate with
degree of cognitive impairment; (iv) Saccadic parameters were not influenced by amantadine
or anticholinergic therapy, despite some changes in cognitive function.

The ability to accurately diagnose PD in the early stages and monitor progression over time
remains a challenge and there are no currently accepted biomarkers for either diagnosis or
progression of PD (O'Keeffe et al., 2009). Different types of biomarkers may have different
functions and before establishing a biomarker for PD we need to know exactly what it is
measuring. An ideal PD biomarker could establish specificity, identify the prodromal phase of
PD prior to clinical onset, differentiate idiopathic PD from imitation Parkinsonian syndromes,
identify the underlying disease process and distinguish it from other pathologies (Michell et al.,
2004). There are currently no biological markers for the ante mortem diagnosis of Parkinson's
disease, so diagnosis relies on clinical features (Litvan et al., 2003). Although confirmation of
neuropathology can only occur at post mortem, the presence of α-synuclein deposits and Lewy
bodies as markers of PD have also been found unreliable (Litvan et al., 2003). PD symptoms
and pathology, however, can be indistinguishable from other pathologies and sometimes
people have PD pathologies at autopsy, but have never developed symptoms in life (Parkkinen
et al., 2008). Misdiagnosis of PD is not uncommon, especially early in the disease (Litvan et
al., 2003). Using multiple diagnostic tests may increase the chance of identifying PD, but may
also increase the chance of a false positive (Michell et al., 2004).

Michell et al. (2004) suggests that biomarkers should predict disease progression and
discriminate between different disease stages, from symptom onset to end point (death). PD
may fluctuate overtime, making disease monitoring difficult if a potential biomarker was too
sensitive to these fluctuations (Michell et al., 2004). In Study One, I found that saccade
performance, which assesses oculomotor pathway function, was a useful marker for identifying
patients at different disease stages of cognitive and motor status. Other PD biomarkers may be
useful for making a clinical diagnosis, identifying a preclinical prodromal phase, or
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differentiating between similar diseases, and may rely on the identification of the underlying
neuropathology or genotype. Identification of the Huntington's genotype is the ultimate
biomarker in terms of disease specificity and identification prior to symptom onset (Michell et
al., 2004). Unlike saccadic function, however, it can not provide an accurate measure of
disease progression in terms of motor and cognitive status. Thus, biomarkers which monitor
clinical progression are useful, in addition to those which identify neuropathological and
clinical diagnostic features (Litvan et al., 2003).

Are eye movements a biomarker for cognitive impairment in PD
Based on Michell et al.'s (2004) criteria, my findings demonstrate that eye movements are a
biomarker to identify different stages of cognitive impairment in PD. Saccades are easy and
simple to measure, are non-invasive and have been demonstrated in this thesis to reflect
differences in clinical disease status. Saccade measures varied linearly in response to disease
severity. Cognitive status in PD influenced latency and primary gain in each saccadic task, the
percent of predictive saccades, percent of memory-guided errors and percent of antisaccade
errors. Some pencil-and-paper neuropsychological tests, such as the Trails A and pentagon
drawing in the MMSE are influenced by intermediate variables, such as tremor and
bradykinesia, which can reduce accuracy or completion time. Eye movements do not require
language or other complex movements and minimize the need for intermediate variables, thus
providing a more direct measure of motor and cognitive function. Each saccade measure
including latency and gain (in the reflexive, predictive, memory-guided and antisaccade tasks),
percent of predictive saccades and percent of errors (in the memory-guided and antisaccade
tasks) was highly correlated with at least two cognitive domain functions including attention,
executive function, visuospatial function or memory, even after controlling for motor function,
age, education and sex. These findings are consistent with my hypothesis that those with
impaired cognitive function would have reduced latencies, shorter gain and produce more
errors than those with normal cognitive function. Furthermore, these findings also support my
hypothesis that eye movements could be a useful biomarker for cognitive impairment in PD.

This study of saccades in PD aids our understanding of the pathophysiology of PD and the
underlying motor and cognitive functions involved in saccades. Some previous studies of
saccades and PD have found an association between motor impairment and latency, but have
not considered the influence of cognitive status. In Study One, both cognitive and motor
impairment were correlated with each other (MoCA and UPDRS III, r = -0.62; total z score
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and UPDRS III r = -0.64, both p<0.001), but after accounting for motor function, cognition
status still had an independent influence on latency. Reflexive latency, in particular, clearly had
an association with cognition which has not previously been considered.

For the predictive task, cognitive status was important but only for the PDD group. Predictive
latency for the control, PDN and PD-MCI groups was more strongly influenced by the ISI of
the stimulus than by motor or cognitive status. For the PDD group, predictive latency was
similar across tasks irrespective of ISI. That is, they did not benefit from the regularity of the
rapid stimulus alterations, suggesting that there is an impaired predictive function in PDD.

While latency was strongly related to cognitive status, saccadic gain may be a better biomarker
of motor severity. There were strong correlations between primary gain and UPDRS III score
for all saccade tasks. Primary gain was correlated with motor status in the step reflexive task
and the 750 ms predictive task. In addition, primary gain differentiated PDN subjects from
controls in the predictive, self-paced, memory-guided and antisaccade tasks, providing support
for basal ganglia involvement in primary gain for voluntary saccades. In addition, however,
PD-MCI and PDD subjects had an additional reduction in primary gain over and above the
PDN subjects in these tasks, suggesting an additional cognitive (and cortical) influence on
primary gain.

Thus, cognitive group status was associated with primary gain in each voluntary (i.e.
predictive, memory-guided and antisaccade) paradigm even after accounting for motor score.
Previous accounts of primary gain in PD have not considered a cognitive component, except
for Mosimann et. al. (2005) who found that patients with PDD had prolonged latencies and
reduced gains, relative to patients without cognitive impairment. My finding that cognitive
status was associated with primary gain of voluntary saccades, may suggest that initial saccade
size (and accuracy) is planned in the frontal cortical regions, including the FEF and DLPFC,
before saccade initiation. I found a strong correlation between cognitive domain z-scores especially attention and executive function tasks (associated with FEF and DLPFC activation) and memory-guided and antisaccade primary gain. The amplitude of the saccade in the
memory-guided task is associated with spatial memory and DLPFC activation (PierrotDeseilligny et al., 2004) and correct antisaccades are associated with FEF and DLPFC
activation (Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004). Thus, the impairment of
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voluntary saccade primary gain associated with cognitive status in my study might implicate
dysfunction of DLPFC and FEF in PD patients with cognitive impairment.

Primary gain in the memory-guided paradigm reflects the initial primary motor response,
immediate motor execution and perception (Hodgson et al., 1999; Nachev & Kennard, 2005).
Final gain, meanwhile is measured after corrective saccades have been made and is influenced
by short-term visuospatial memory, as the correct final position requires the retention of an
accurate spatial representation of the target position (Hodgson et al., 1999; Nachev & Kennard,
2005). Unlike the PD-MCI and PDN groups, the PDD group was unable to take advantage of
this opportunity for correction. Hodgson et al. (1999) found that in a single step memoryguided task, PD patients without cognitive impairment had impaired primary gain and normal
final gain and these findings led the authors to suggest that working memory is preserved in
PD. The current study demonstrated that reduced memory-guided final gain was actually
evident in the PDD group, but normal in the PDN and PD-MCI groups, broadly consistent with
the findings of Hodgson et al. (1999). Memory-guided final gain was correlated with attention,
executive function and visuospatial function. Working-memory was preserved in those without
cognitive impairment, while those with dementia and reduced working-memory scores were
unable to achieve accurate final gain values in the memory-guided task.

To summarise, motor and cognitive status were highly correlated. Motor status influenced
primary gain and latency in nearly all tasks and combined with cognitive status to influence
latency and percent of predictive saccades. The PDN group displayed similar saccade latencies
to controls, consistent with unimpaired cortical function, but as expected from earlier work,
had reduced primary gain, consistent with basal ganglia dysfunction. The PD-MCI and PDD
groups on the other hand produced prolonged latencies, more errors, and reduced gains relative
to controls, with performance strongly associated with reduced cognitive scores, consistent
with additional cortical dysfunction.

What the results say about PD
Cognitive impairment in PD affects attention, executive function, memory and has some
influence on visuospatial function (Dalrymple-Alford et al., 2011). Saccade performance
reflects information processing and measures how we attend to and perceive visual
information. Memory-guided and antisaccade parameters were found to be directly associated
with executive function, attention and working memory. These measures of eye movements
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provide us with indicators of specific neurocognitive impairment in patients with PD. Saccade
paradigms provide us with vital information about the functioning of oculomotor networks,
involving areas such as the DLPFC, FEF and SC in addition to the SN and basal ganglia
(Hikosaka et al., 2000; Leigh & Kennard, 2004; Pierrot-Deseilligny et al., 2004; Kennard et al.,
2005; Nachev & Kennard, 2005; Watanabe & Munoz, 2011). My findings suggest that PD
patients with cognitive impairment have a disrupted oculomotor network including, impaired
frontal-parietal-SC and basal ganglia-SC pathway function. A negative correlation between
motor (UPDRS III) and cognitive (MoCA) function (Chapter 2, page 58) supports the
possibility that motor score deficits in UPDRS are in fact a reflection of the same cognitive
processes observed in some saccade measures. These functions likely involve a balance of
activity over the basal ganglia facilitatory and inhibitory pathways (Fielding et al., 2006a).
Both cognitive and motor impairment combine to effect a general slowing of responses reducing response time in neuropsychological performance and saccade latency.

Terao et al.(2011) found that PD patients had prolonged latencies and reduced primary gain in
visually-guided (reflexive) and memory-guided saccades. They included patients with Hoehn
and Yahr stages from 1 to 4.5, but excluded patients with MMSE scores of less than 25. Thus,
some patients with PD-MCI are likely to have been included in their sample but were not
explicitly identified. Terao et al. (2011) suggested that prolonged latencies and reduced
amplitude may be associated with excessive inhibition of the SC due to increased basal ganglia
output and decreased frontal cortex-basal ganglia circuit activity, resulting in both decreased
voluntary drive and hyper-reflexivity. In the current study, voluntary saccade paradigms,
prolonged latencies, reduced gain and increased suppression errors in the PD-MCI and PDD
patients may implicate FEF and DLPFC dysfunction in addition to basal-ganglia involvement.
For the PDN group, reduced primary gain with normal latencies, errors and final gain are
indicative of reduced basal-ganglia activation and spared frontal function. In the reflexive
paradigm, saccade generation originates largely from the direct parietal eye field (PEF) - SC
pathway, bypassing the basal ganglia (Pierrot-Deseilligny et al., 2004). Reduced reflexive
amplitude and prolonged latencies in the PD-MCI and PDD patients could therefore result
from reduced cortical PEF function.

Are eye movements a biomarker for changes associated with PD treatment?
Biomarkers for disease progression need to demonstrate repeatability across time for control
participants and they need to remain stable following medication and not be influenced or
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contaminated by drug treatment effects (Michell et al., 2006; O'Keeffe et al., 2009). Study Two
examined the effects of amantadine and anticholinergic treatment in untreated PD patients in
comparison to healthy controls. I found improved MoCA, executive function and learning and
memory cognitive scores in the control and improved total cognitive score in the amantadine
and control groups on follow up testing, suggesting that neuropsychological testing was
susceptible to learning effects. The anticholinergic group, however, exhibited reduced MoCA,
total z-score, attention, executive function and learning and memory cognitive scores following
treatment, suggesting that neuropsychological assessments are also susceptible to
contamination by drug treatment effects. These findings could also (and perhaps most likely),
demonstrate that anticholinergic medications influence actual cognitive function which is, in
turn, accurately assessed by neuropsychological testing, as reduced by medication.

Study Two demonstrated that most saccade measures were similar to baseline following
amantadine treatment (and compared to the untreated control group). Slight improvements in
step and overlap reflexive latency, predictive 1400 ms and self-paced final gains were isolated
and not of sufficient magnitude to be clinically significant. Overall these negative results
indicate that there is no clinically relevant change in frontal and basal ganglia-SC pathway
function from the amantadine and anticholinergic therapy. Anticholinergic therapy resulted in
improved primary and final gain in the predictive 1400 task, relative to controls, possibly
indicating improved basal ganglia-SC pathway. Reflexive latencies in the gap, step and overlap
tasks were prolonged for both control and anticholinergic groups at post treatment (follow up)
assessment. Memory-guided error rate increased for all groups at post treatment, possibly
resulting from reduced motivation and concentration. These particular saccade measures within
these tasks do not meet criteria for a biomarker of disease progression because they did not
demonstrate repeatability across time and were sensitive to drug effects. Improved saccade
measures in the PD treatment groups may however, potentially reflect a true change in
underlying neurofunction rather than a high sensitivity to change in these measures.

These findings are similar to those of Roy-Byrne et al. (1995) who found that while most
saccadic measures were stable across time and may reflect underlying neurofunction, reflexive
latencies and memory-guided errors varied between testing, among control participants.
Michell et al. (2006) compared two PD groups, one treatment group and one placebo group and
found that reflexive latency in the step task was prolonged following L-dopa treatment. They
concluded that saccades did not therefore met criteria as a biomarker for PD progression, as
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they could be contaminated by treatment effects (Michell et al., 2006; O'Keeffe et al., 2009).
Blekher et al. (2009b), however found excellent one month test-retest reliability in memoryguided and reflexive saccade tasks and a slight, but significant learning effect in antisaccade
error rate in a control group and Huntington's disease group. These authors proposed therefore,
that eye movements could serve as a potential biomarker of disease progression, at least in that
neurodegenerative disorder.

The results of Study two reveal that most saccade measures showed little influence of drug
treatment or learning effects and were relatively stable across time (reflexive, proportion of
express saccades, primary and final gain; self-paced count, self-paced primary and final gain;
memory-guided, latency, percent of corrected errors, primary and final gain; and each
antisaccade measure including, latency, percent of errors, percent of corrected errors, primary
and final gain).

Of these saccade measures, in Study one I found that the following saccade measures had the
strongest correlations with motor and cognitive function and were most able to differentiate
cognitive group status. Reflexive proportion of express saccades, and primary gain; self-paced
count and self-paced primary gain; memory-guided, latency, percent of corrected errors, and
primary gain; and antisaccade latency, percent of errors, percent of corrected errors, and
primary gain. These saccadic parameters faithfully reflect Parkinsonian status and would
therefore be ideal candidates for future research on cognitive and motor function in Parkinson's
disease. These measures were not influenced by treatment or learning effects, had excellent
test-retest reliability, and demonstrated superior reliability relative to neuropsychological
assessment. These findings provide support for the hypothesis that saccades may be an
excellent biomarker for monitoring disease progression in PD. To be a suitable biomarker the
measure should not be strongly influenced by short term changes in medication. It should
however change in long term in concert with the progression of the disease. Future research
would need to include a longitudinal study to demonstrate that these saccade measures could
faithfully reflect disease progression over time.

To briefly summarise the two studies, study one demonstrated that saccades are closely
associated with cognitive and motor status. Study two found that several saccade measures
could be replicated and were not contaminated by drug effects and may reflect the underlying
pathophysiology associated with PD.
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Study critique
Study One involved a large and heterogeneous sample suggesting that my findings were
robust. Some controls in my study, however, had low MoCA and total neuropsychological test
scores, relative to normative controls. These scores, however, may reflect the age-matched
general population, or a person who might be at the very earliest stages of an ultimately
dementing disorder (e.g. Alzheimer's disease). Thus, those cases could have been excluded
from the study. Retaining them, however, was conservative with respect to the hypotheses
(making it more difficult to detect group differences), more "real-life" and avoids the use of
"super controls". The normative comparison sample for PD cognitive status criteria was,
however, derived from robust validated neuropsychological norms. Therefore the assignment
of PD cognitive status was not influenced by any variations in our particular control group test
scores. Study Two might have been strengthened with a larger sample and the addition of a
"treatment as usual" patient control group.

9.

Concluding Summary

Future research using saccades in PD needs to take into account both the cognitive and motor
functioning of its participants. By considering the cognitive aspects of PD it is possible to
firstly gain a better understanding of the oculomotor system and secondly clarify how PD
affects oculomotor functioning. Future research in saccades in PD should ideally ensure that
PD-MCI participants are accounted for as a distinct group from PDN or PDD patients, or that
adequate continuous measures of cognition are used for each subject. Future research would
also look at fMRI imaging to clarify the areas of brain activation during saccadic tasks and the
differences in blood flow activity in these regions between control subjects and patients with
PD.

The study of oculomotor function in PD is well established and imaging studies in PDN, PDMCI and PDD populations will further outline the networks and structures involved in
oculomotor function. Combining imaging work with oculomotor studies in cognitive
impairment in PD will establish clear protocols for associated shifts in saccade function as
cognitive function declines, thereby properly establishing saccades as biomarkers for cognitive
decline in PD (Rieger et al., 2008). It may be possible to utilize assessment of oculomotor
function to quickly assess PD involvement in different brain regions. There needs to be more
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research into PD-MCI patients as a group so that treatments may be tailored to prolong or
delay progression to dementia.
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012JG-C

29

28

0.18

63

16

M

0

0

0

013TPS-C

30

26

0.66

64

16

M

0

0

0

015RIM-C

29

27

1.13

77

18

M

0

0

0

016TGS-C

29

25

0.08

77

13

M

0

0

0

017LGC-C

30

27

0.29

79

10

M

0

0

0
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018PWO-C

29

25

-0.41

71

11

M

0

0

0

019RWB-C

27

25

0.34

77

10

M

0

0

0

020RHB-C

30

30

0.21

77

11

M

0

0

0

021PJH-C

28

27

0.16

51

11

M

0

0

0

022BBG-C

29

29

0.55

71

10

M

0

0

0

023LHG-C

28

28

0.77

70

11

M

0

0

0

024RMB-C

30

29

0.73

66

10

F

0

0

0

025PMS-C

30

29

1.15

70

18

F

0

0

0

027LPR-C

30

26

0.56

55

12

M

0

0

0

028ROW-C

28

26

0.52

45

14

M

0

0

0

029CJN-C

30

27

0.52

53

15

F

0

0

0

031GDC-C

26

24

0.90

80

15

M

0

0

0

032JAW-C

30

30

1.06

71

12

F

0

0

0

033BCT-C

30

30

1.25

68

13

M

0

0

0

034PJC-C

27

26

-0.21

68

11

M

0

0

0

035GME-C

30

29

0.93

58

13

F

0

0

0

035JEM-C

30

29

1.29

70

12

F

0

0

0

036DBR-C

30

30

0.98

59

13

F

0

0

0

036GDP-C

30

28

0.51

50

15

M

0

0

0

037ACP-C

29

29

0.64

75

14

M

0

0

0

038DAC-C

29

29

0.38

50

15

M

0

0

0

038MCA

29

27

0.77

79

15

F

0

0

0

039TJG-C

29

30

0.60

68

11

M

0

0

0

040S-B-C

28

23

0.33

79

12

F

0

0

0

041GHY-C

27

27

0.95

76

18

M

0

0

0
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Participant demographics: Study 2
Subject
ID

MMSE MoCA

total
z-score

Age

Education

Sex

PD
UPDRS
duration part III

H&Y

Ama
001BIO

29

27

1.05

77

13

M

2

23

2

002BIO

29

27

0.7

66

14

F

1

21

2

005BIO

28

25

-0.21

49

10

M

5

54

3

006BIO

30

27

0.46

63

10

M

3

28

2

008BIO

27

29

0.76

48

8

M

2

29

2

013BIO

28

21

-0.37

63

11

M

3

43

3

014BIO

29

27

0.35

66

10

M

1

24

3

017BIO

30

26

-0.47

65

10

M

4

25

3

020BIO

28

26

0.27

76

18

M

4

50

3

022BIO

30

30

0.9

46

17

M

1

12

1

023BIO

28

24

0.14

58

13

F

4

11

1

028BIO

29

26

0.03

68

19

M

7

44

3

029BIO

28

27

0.03

73

10

F

2

32

3

034BIO

29

30

0.6

62

15

M

1

33

2

035BIO

28

24

-1.11

69

19

F

2

29

3

036BIO

30

26

0.95

57

18

M

2

14

1

037BIO

29

26

0.24

67

11

F

3

24

2

043BIO

29

27

0.19

50

17

F

4

14

1

047BIO

29

28

0.86

66

11

M

1

18

2

053BIO

28

25

0.14

62

14

M

2

26

3

054BIO

30

29

-0.01

72

11

F

4

39

3

058BIO

29

27

0.2

64

17

M

1

15

1

001BIO

29

27

1.05

77

13

M

2

20

2

003BIO

26

24

-1.44

69

12

M

1

35

2

004BIO

29

27

0.26

52

9

M

4

54

3

009BIO

30

26

-0.28

52

10

M

1

17

1

021BIO

28

19

-1.13

58

14

F

3

31

2

039BIO

28

28

0.48

54

14

F

2

39

2

042BIO

30

28

0.1

67

18

F

6

39

2

046BIO

29

26

-0.49

48

13

M

1

44

2

057BIO

30

28

0.11

45

11

F

1

5

1

062BIO

29

27

0.14

60

10

M

1

4

1

064BIO

29

24

0.09

73

16

M

4

25

2

072BIO

29

29

0.49

59

16

F

2

4

1

073BIO

28

23

0.4

72

17

F

1

18

3

074BIO

30

28

0.8

47

18

M

1

7

1

AntiCh
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Control
001P-S-C

29

25

0.44

55

10

M

0

0

0

002PMN-C

30

29

1.14

64

17

F

0

0

0

003PAL-C

30

30

1.6

62

21

M

0

0

0

004PAA-C

29

29

0.6

69

11

F

0

0

0

005PS-C

30

28

0.25

54

11

M

0

0

0

006DMC-C

30

27

0.8

65

18

M

0

0

0

007GLM-C

29

28

1.16

63

13

M

0

0

0

008LMF-C

30

26

0.75

74

14

F

0

0

0

009IRW-C

29

27

0.59

65

16

M

0

0

0

010DJW-C

27

29

0.58

62

11

M

0

0

0

013TPS-C

30

26

0.66

64

16

M

0

0

0

015RIM-C

29

27

1.13

77

18

M

0

0

0

016TGS-C

29

25

0.08

77

13

M

0

0

0

018PWO-C

29

25

-0.41

71

11

M

0

0

0

021PJH-C

28

27

0.16

51

11

M

0

0

0

022BBG-C

29

29

0.55

71

10

M

0

0

0

023LHG-C

28

28

0.77

70

11

M

0

0

0

024RMB-C

30

29

0.73

66

10

F

0

0

0

025PMS-C

30

29

1.15

70

18

F

0

0

0

029CJN-C

30

27

0.52

53

15

F

0

0

0

034PJC-C

27

26

-0.21

68

11

M

0

0

0

035GME-C

30

29

0.93

58

13

F

0

0

0

035JEM-C

30

29

1.29

70

12

F

0

0

0

036DBR-C

30

30

0.98

59

13

F

0

0

0

036GDP-C

30

28

0.51

50

15

M

0

0

0

038DAC-C

29

29

0.38

50

15

M

0

0

0
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