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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disorder with no existing cure. Since 

cognitive control influences saccade behaviour, saccades provide a valuable tool when studying 

cognitive changes in healthy and pathological aging. This thesis aims to evaluate differences in 

predictive capacity and working memory between cognitively normal older adults (NC) and mild 

AD patients using customized saccade paradigms and a battery of neuropsychological tests. 

In the predictive paradigm, we hypothesize that AD participants would display a decreased 

level of prediction, predictive capacity and learning capacity. In the memory-guided paradigm, 

we hypothesize that AD participants would have a decreased ability to maintain fixation and 

capacity to retain information and reproduce it correctly.  

Overall, we found that in the predictive paradigm, NC displayed a greater degree of 

prediction than AD participants. However, both groups had an optimal level of prediction at 

intermediate inter-stimulus intervals (ISI) (750 and 1000 ms). As ISI increased, both groups, 

although more so in AD, elicited a greater proportion of SRTs below -200 ms and -400 ms. This 

may suggest that as ISI increased, participants switched from a predictive to an 

anticipatory/guessing strategy. At an ISI of 500 ms, NC’s learning capacity was greater than AD 

participants. Cognitive scores of neuropsychological tests did not correlate with learning capacity 

in NC. However, learning capacity in AD participants was positively correlated with working 

memory capacity and attentional control.  

The memory-guided paradigm revealed AD participants completed less viable trials, less 

correct trials, and had more combined directional and timing errors than NC. Cognitive 

correlations showed that NC’s working memory capacity positively correlated with the frequency 

of correct trials, whilst negatively correlating with saccade errors. Since AD participants 

completed 10% of viable trials correctly, the task may have been too difficult for AD participants 

to comprehend, rendering correlations invalid.  
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These findings suggest that although the predictive paradigm does not solely assess for 

prediction, it may provide a measure to cognitively differentiate NC from AD patients, and detect 

AD severity. Since the memory-guided paradigm may be too difficult for AD participants, it may 

provide a better indicator of cognitive changes associated with healthy aging.  
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Chapter 1 

Introduction 

In today’s society, we are facing a medical challenge with the rapidly growing population of 

seniors (Matillas, Lovheim, & Gustafson, 2011). This will result in an increase in the total 

amount of individuals afflicted with dementia. Alzheimer’s disease (AD) is the most common 

form of dementia in the elderly, which like all types of dementia, progressively worsens with 

time. In a report published in 2010 by the Alzheimer’s Society of Canada, the incidence rate of 

AD and other related dementias among Canadians (65+ y.o.), in 2038 will be 2.5 times that of 

2008. The incidence of AD in 2008-2038 in Canadians (65+ y.o.) will account for 50-52% of 

dementia diagnoses.  The proportion of Canadians affected by dementia will also increase with 

age; in 2008, 7% of Canadians over the age of 60 had dementia, whereas 49% of Canadians over 

the age 90 had dementia (Rising Tide: The Impact of Dementia on Canadian Society, 2010). 96% 

of AD cases occur at or over the age of 65 and have no substantial gene linkage. This is with the 

exception of the apolipoprotein E4 gene (ApoE4), which is an AD risk factor and plays a role in 

the catabolism of triglyceride-rich lipoprotein constituents (Kidd, 2008). It is also important to 

note that AD may also occur at an age younger than 65, which is known as early-onset AD. 

Early-onset AD may represent a familial form of dementia. The three genes identified as a 

possible risk factor in early-onset AD are Presenilin 1 (PSEN1), Presenilin 2 (PSEN2) and 

Amyloid beta (Aß) precursor protein (APP). Though the prevalence of AD and dementia is an 

important topic to consider, research directed towards improving diagnostic and treatment options 

would be beneficial to the aging population.  

In this thesis, I intend to identify the cognitive differences between patients with mild AD and 

cognitively normal older adults (NC) through neuropsychological testing and saccadic eye 
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movement paradigms. In order for this multi-disciplinary approach to assist with possible AD 

identification, we must better understand how AD deviates from the brain changes associated 

with healthy aging (Kidd, 2008).  

 

1.1 Cognitive changes associated with healthy aging: 

With age, people undergo a myriad of changes in cognition and brain morphology. 

Understanding these age-related cognitive changes have proven to be a challenge because they 

are not uniform across the brain, nor are they uniform between people (Kidd, 2008). However, 

overlapping age-related changes in cognition have been identified and are continuing to be 

explored. Attention is one such cognitive function that is considered to be one of the most 

affected by normal aging (Glisky, 2007). This encompasses selective attention, divided attention 

and sustained attention, which are all important to various detailed aspects of attentional 

processing. Selective attention refers to the capacity to focus on relevant stimuli while ignoring 

surrounding irrelevant stimuli. Divided attention is involved in processing information from 

multiple stimuli at the same time. Sustained attention is essential to maintaining concentration 

over an extended period of time. Out of the subtypes of attention, divided attention has shown 

significantly more decline with aging. More specifically it is the aspect of re-directing one’s 

attention to multiple stimuli during a task that becomes impaired (Perry & Hodges, 1999; Glisky, 

2007). A real-life example in which this impairment can be observed is during driving. When 

driving, one must constantly switch attention when various stimuli appear in the surrounding 

environment. Research has shown that in older adults, there is a positive relationship between the 

impairment in divided attention and automobile accidents (Glisky, 2007).  

Other aspects of cognitive function that progressively decline with aging include working 

memory and various aspects of long term memory (Kidd, 2008). Although the exact mechanisms 
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involved in age-associated changes in working memory are not well understood, it is known that 

in comparison to younger adults, older adults show impairments involving the ‘active 

manipulation, reorganization, or integration of the contents of working memory’ (Glisky, 2007). 

These impairments explain the difficulties healthy older adults may have pursuing complex 

everyday tasks, such as goal-directed behaviour, problem-solving and decision-making. These 

complex tasks require the retrieval, integration and reorganization of information. 

Various aspects of long-term memory also decline with aging; episodic memory, semantic, 

autobiographical memory, procedural memory, implicit memory and prospective memory 

(Glisky, 2007). Episodic memory refers to memories of personally engaged events occurring at a 

particular place and time. It is this aspect of memory that is principally affected by aging. 

Recalling specific events and experiences with specific spatial and temporal details become 

increasingly difficult. Semantic memory does not have the same spatial and temporal specificity 

as episodic memory, but it involves stored memories of general knowledge. Autobiographical 

memory involves the storage of information regarding one’s past, which includes both episodic 

and semantic memory. Procedural memory refers to stored information regarding skills necessary 

in daily life. This can involve various activities such as driving, reading, or baking a cake. 

Implicit memory refers to behavioural changes one may go through after an experience they have 

undergone previously. Prospective memory is used in day-to-day life, and involves recalling 

information pertaining to future goal-directed behaviour (Glisky, 2007; Perry & Hodges, 1999). 

 

1.2 Changes in brain morphology associated with healthy aging: 

The multitudes of cognitive changes observed in healthy aging are accompanied by 

changes in brain morphology associated with aging (Fjell & Walhovd, 2010).  
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 Brain plasticity involves the changes in neural connections that occur through life. In the 

healthy young brain, individual connections in the brain are constantly created and removed. This 

is important because it allows the brain to account for changes one may undergo in behaviour, 

environment or bodily injury. However, as one ages, the ability of the brain to undergo such 

changes becomes more restricted (Yankner, Lu, & Loerch, 2008).  

 Non-invasive advances in brain imaging have also been able to monitor changes in brain 

structures that occur with aging. A study conducted by Bartzokis et al. (2001), found evidence 

supporting that grey matter decreased in volume from adulthood to old age, however white matter 

decreased only after the age of 40. Interestingly, from ages 19-40, white matter showed an 

increase in volume size. Because of these changes, it can be said that the cortex is thinning with 

age (Yankner, Lu, & Loerch, 2008; Bartzokis, et al., 2001). 

 Other neuroscientists believe that the cognitive decline we observe with aging is due to 

changes in the morphology of neurons. Duan et al. (2003) observed that the dendritic spines of 

cortical pyramidal neurons are reduced in quantity and size (Duan, et al., 2003). This 

morphological change would cause a decrease in synaptic strength and increase the difficulty by 

which electrical signals are propagated to a neuronal cell body (Yankner, Lu, & Loerch, 2008; 

Huiling, et al., 2003).  

 Another theory involves the role of oxidative stress in normal aging and the negative 

effects it has on brain morphology. Part of the reason why the brain may suffer from oxidative 

stress is because it has a low antioxidant capacity and high oxygen consumption (Kidd, 2008; 

Butterfield, Reed, Newman, & Sultana, 2007). The brain undergoes oxidative stress when 

antioxidants cannot effectively neutralize free radicals that arise from protein oxidation, lipid 

peroxidation and oxidative modifications which happen to nuclear and mitochondrial DNA. The 
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increase in free radicals to antioxidants ratio causes damage to cellular structures such as DNA, 

RNA and cell membranes (Kidd, 2008).   

 Reduced brain plasticity, cortex thinning and increased oxidative stress are changes 

believed to be occurring in the aging brain, leading to detrimental effects. The prefrontal cortex 

(PFC), insula, anterior cingulate gyrus, superior temporal gyrus, inferior parietal lobules, 

precuneus and susbtrantia nigra are all areas that are damaged as a result of these changes, 

underlying the cognitive changes occurring throughout healthy aging (Ohnishi, Matsuda, Tabira, 

Asada, & Uno, 2001; Beal, 1995). It is also important to note that these brain areas contribute to 

the proper functioning of the limbic system; which is believed to play a role in attention, working 

memory and behavioural control (Ohnishi, Matsuda, Tabira, Asada, & Uno, 2001). 

 

1.3 Cognitive changes associated with AD: 

Although there is cognitive decline associated with healthy aging, in the AD population the 

cognitive decline is severe enough to impede daily life activities. More specifically, individuals 

with AD show an impairment and progressive decline of memory, and at least one other cognitive 

impairment (McKhann, et al., 1984):  

- Impaired executive functioning 

- Impaired spatial ability and orientation 

- Impaired language 

Clinically diagnosing AD using these cognitive impairments and their impact on activities of 

daily living (ADLs) as a guideline has been well practiced.  

 A review conducted by Perry and Hodges (1999) examined the attentional and executive 

deficits associated with AD. Attention is an important cognitive function to consider because it is 

the first non-memory domain to be affected in the AD population which may contribute to the 

difficulties AD participants face with ADLs. All subtypes of attentional control must be 
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considered when understanding the attentional deficits observed in AD. These subtypes are 

selective, divided and sustained attention. Interestingly, similarly to individuals who have 

undergone healthy aging, sustained attention remains relatively preserved in the early stages of 

AD. However selective and divided attention subcomponents show decline in the early stages of 

AD. More specifically, AD patients show a decreased ability to shift their attention towards 

relevant stimuli while ignoring irrelevant stimuli, while also showing a decreased ability to divide 

attention between multiple tasks or stimuli (Perry & Hodges, 1999; Kidd, 2008).  

 Deficits in executive functioning are also associated with mild AD (Perry & Hodges, 

1999). Executive functioning plays an important role in working memory due to its multi-faceted 

role in goal-directed behaviour. Executive functions are important in identifying a goal and 

formulating a plan of action to pursue it. In addition, one must continue to use executive functions 

when plans must be changed to correct mistakes and overcome hurdles when pursuing the goal. 

Some everyday tasks which rely on proper executive functioning, which are impaired in patients 

with mild AD, are choosing appropriate clothing, cooking a meal, and grocery shopping (Perry & 

Hodges, 1999; Kidd, 2008). 

 

1.4 Changes in brain morphology associated with AD 

Pathologically, AD is characterized by amyloid plaques and neurofibrillary tangles 

(NFTs) in the brain (Kidd, 2008). At the cellular level, the protein beta-amyloid (Aß42) 

aggregates to form extracellular beta-amyloid plaques. Although the healthy older brain may also 

contain Aß42, they are significantly stickier and increased in quantity in AD brain tissue. It is 

important to note that beta-amyloid plaques are toxic to cells, consequently killing them. NFTs 

arise from excessively phosphorylated intracellular tau proteins, causing its abnormal twisting 

characteristic. This twisting causes microtubules to dissociate and aggregate into oligomeric and 
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fibrillar forms, creating NFTs. Their accumulation causes brain cells to lose its shape while also 

impairing their inability to transport important nutrients and organelles to other regions in the 

brain. Research has shown that in the AD population, NFTs become widespread in hippocampal, 

neocortical, and limbic neurons (Kidd, 2008). As a result of the deterring effects of beta-amyloid 

plaques and NFT accumulation, the brain suffers from widespread cell death.  

Through imaging studies, the diagnosis of AD can be strengthened. Imaging research has 

shown that the AD brain shows atrophy due to a significant loss of nerve cells, synaptic 

connections and dendrites. Atrophy can be observed through the shrunken gyri, enlarged sulci, 

and enlarged ventricles filled with cerebrospinal fluid (CSF) (Double, et al., 1996; Fox & Schott, 

2004). Studies including post-mortem brain analysis show a significant correlation between 

neuronal cell loss and the accumulation of beta-amyloid plaques and NFTs (Kidd, 2008; Yankner, 

Lu, & Loerch, 2008). Positron Emission Tomography (PET) imaging studies have also 

contributed to strengthening the diagnosis of AD prior to death by determining the amount of 

beta-amyloid plaques and NFTs in vivo. PET studies using 2-(1-{6-[(2-[fluorine-

18]fluoroethyl)(methyl)amino]-2-naphthyl}-ethylidene) malononitrile (F-FDDNP) determined 

the localization and load of beta-amyloid plaques and NFTs in AD patients. This was assessed by 

determining the amount of F-FDDNP that bound to the brain (Shoghi-Jadid, et al., 2002; Shin, et 

al., 2010). Other groups using PET imaging, quantified the load of beta-amyloid plaques and 

NFTs by assessing the uptake of Pittsburgh Compound-B (PiB) in AD patients and NCs (Klunk, 

et al., 2004; Shin, et al., 2010). All these studies have reported that when compared to healthy 

controls, AD patients had significantly more F-FDDNP and PiB bound to brain regions known to 

have high beta-amyloid plaques and NFT deposition.    

 It has already been mentioned that oxidative stress plays a role in the brain changes 

associated with healthy aging. However, oxidative stress is amplified in the AD brain due to 
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specific cellular factors that are unable to neutralize antioxidants, leading to the accumulation of 

reactive oxygen species (ROS), reactive nitrogen species (RNS) and reactive aliphatic and 

aromatic carbon compounds (RCS). All these compounds have free radical character and 

consequently cause cellular death by reacting with proteins, lipids, carbohydrates, DNA, and 

RNA (Kidd, 2008). Butterfield et al. (2007) showed the consequences of oxidative stress on 

cellular death in AD brain tissue by observing significant amounts of damage to the 

aforementioned molecular cell types (Butterfield, Reed, Newman, & Sultana, 2007).  

 The accumulation of beta-amyloid plaques, NFTs, and increased sensitivity to oxidative 

stress in the AD brain are all pathological changes which consequently cause increased 

impairments in some cognitive functions (Butterfield, Reed, Newman, & Sultana, 2007; Kidd, 

2008).  Results from multiple research studies point towards pathological changes occurring in 

the temporal lobes of the AD brain first, specifically the hippocampus, which is an important 

structure involved in the consolidation of information stored in memory (Belleville, Chertkow, & 

Gauthier, 2007). This supports the well accepted view that memory deficits is a hallmark 

characteristic of AD, and is usually the first impairment to manifest in the AD population (Didic, 

et al., 2011). However, with the progression of AD, other cognitive domains such as executive 

function, visuospatial abilities and language are impaired, interfering with day-to-day activities 

(Dickerson & Sperling, 2008).  

 

1.5 Amnestic Mild Cognitive Impairment: 

Mild cognitive impairment (MCI) is a syndrome involving the decline in cognitive 

functioning beyond the normal changes expected with age. Although the cognitive changes 

associated with MCI are severe enough to be noticeable, they are not severe enough to interfere 

with ADLs, but rather affect instrumental ADLs (Petersen, et al., 2006). 
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Patients diagnosed with amnestic MCI (aMCI) exhibit abnormal memory related 

impairments deviating from that observed in healthy aging (Petersen, 2004). Nonamnestic MCI 

deviates from aMCI in that it is characterized by cognitive impairments other than memory; such 

as decision making, visual perception, orientation or language, which do not affect ADLs (Kidd, 

2008; Petersen, 2004).  

It is interesting to note that 20-25% of diagnosed MCI patients revert to a stage that is 

considered cognitively normal. However, 50% of patients diagnosed with aMCI progress to AD, 

with 10-15% of this conversion occurring per year (Kidd, 2008). For that reason, aMCI is 

considered as a transitional stage between healthy aging and AD (Kidd, 2008).  

Neuropathological studies on aMCI patients support the view of aMCI representing a 

transitional stage by reporting that a third of the post-mortem brains they analysed showed 

significant beta-amyloid plaques and NFTs, despite the patient not exhibiting AD symptoms 

(Bennett, Chneider, Bienias, Evans, & Wilson, 2005). Due to these findings, many researchers 

and clinicians feel that it is important to focus efforts on understanding the neuropathology of 

aMCI and evolving effective treatments to treat aMCI. If aMCI could be diagnosed and treated 

effectively, the progression into AD could be slowed, preventing consequences that arise from a 

diagnosis of AD (Petersen, 2004; Petersen, et al., 2006).    

 

1.6 Saccadic Eye Movements: 

Saccades are rapid eye movements made by both eyes that focus a target of interest on 

the fovea centralis; an area of high visual acuity. On average, we make approximately three 

saccades per second, which may appear to involve little to no cognition because we are usually 

unaware of the saccades we make (Hutton S. B., 2008). However, there are several aspects of 
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saccadic eye movements which make them a unique and appealing tool to use in cognitive 

research.  

Firstly, a saccade is part of a behavioural system that allows individuals to be assessed 

without eliciting any language or external body movements other than the eyes. By having the 

participant seated in front of a screen where visual stimuli are presented, the observer is able to 

use their oculomotor circuit to convert sensory information (external visual stimuli) to a motor 

output (eye saccade) (Munoz D. P., 2002). Secondly, saccades are influenced by an array of 

cognitive processes which include areas involved in attentional control, working memory, 

learning, long term memory and decision making (Hutton S. B., 2008). As a result various 

domains of cognitive function can be studied using eye saccades by customizing the input (the 

type of saccade that must be made) and measuring the resulting output with extraordinary 

precision (Hutton S. B., 2008; Hutton & Ettinger, 2006). For example, the input can be 

manipulated by changing the type of saccadic eye movement that must be elicited (i.e.: 

prosaccades versus antisaccades). The output, which is the behaviour of the elicited saccade can 

be measured precisely by determining the time it takes to make a saccade (SRT), the distance 

travelled by the saccade (amplitude), and the speed of the saccade (peak velocity). Thirdly, 

behavioural and imaging studies with psychiatric and neurologically impaired patient populations 

have shown that their saccade behaviour deviates from that of the healthy population (Hutton & 

Ettinger, 2006; McDowell, et al., 2002; Mueri & Nyffeler, 2008). Understanding the differences 

in saccade behaviour between the different patient populations would be beneficial to 

understanding the level of impairment and pathology associated with various neurological 

disorders.    
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1.6.1 Oculomotor Circuitry: 

Though there are many benefits of using saccadic eye movements in the patient 

population, understanding the brain areas involved in various types of eye saccades, allows 

researchers to understand the relationship between the pathology of neurological disorders and 

various saccade characteristics (Figure 1.1). 

 

CD = caudate nucleus, DLPFC = dorsolateral prefrontal cortex, FEF = frontal eye field, GPe = 

external segment of globus pallidus, LGN = lateral geniculate nucleus, PEF = parietal eye fields, 

PPRF = paramedian pontine reticular formation, SCi = intermediate layers of superior colliculus, 

SCs = superficial layers of superior colliculus, SEF = supplementary eye field, SNr = substantia 

nigra pars reticulata, STN = subthalamic nucleus. 

 

Figure 1.1: Schematic of the oculomotor circuit. Figure adapted with permission from Munoz 

et al., (2007). 
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External visual information from the environment enters the oculomotor circuit through 

the retina to the lateral geniculate nucleus (LGN) of the thalamus via the retino-geniculo-coritcal 

pathway. Projections from visual cortex reach the superficial and intermediate layers of the 

superior colliculus (SCs and SCi respectively), the parietal cortex, and the frontal cortex (Collins, 

Lyon, & Kaas, 2005).  

From various studies that involve understanding the neuronal activity of the SC during a 

saccade paradigm, and the effect of an ablated SC on saccade production, it appears that the 

pathway leading through the SCs and SCi are responsible for express (reflexive) saccades 

(Schiller, True, & Conway, 1980; Schiller, 1977). Express saccades are a type of saccadic eye 

movement that occurs through the shortest neural pathway from the retina to our eye muscles 

(Fischer & Ramsperger, 1984).  

The parietal eye fields (PEF), located in the intraparietal sulcus of the parietal cortex, 

receives projections from the visual cortex through the dorsal stream (Muri, Iba-Zizen, Derosier, 

Cabanis, & Pierrot-Deseilligny, 1996; Andersen, Brotchie, & Mazzoni, 1992; Greenlee, 1999). 

PEF lesion studies in primates suggest that the PEF is likely involved in the initiation of 

automatic saccades due to an associated increase in prosaccade latencies (Heide, Kurzidim, & 

Kompf, 1996; Pierrot- Deseilligny, Rivaud, Gaymard, & Agid, 1991). In a prosaccade task, the 

observer must look in the direction of the visual target.  

The frontal cortex contains at least three brain areas which are involved in voluntary 

saccade control; frontal eye fields (FEF), supplementary eye fields (SEF), and the dorsolateral 

prefrontal cortex (dlPFC). These areas not only receive projections from the visual cortex, but 

from the parietal cortex as well (Pierrot-Deseilligny, Ploner, Muri, Gaymard, & Rivaud-Pechoux, 

2002).  
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Using an antisaccade task, which requires that the observer generates a voluntary saccade 

to the opposite location of the visual target, studies involving lesions to the dlPFC revealed that 

the ability to inhibit a reflexive prosaccade becomes increasingly difficult (Gaymard, Ploner, 

Rivaud, Vermersch, & Pierrot-Deseilligny, 1998).  More specifically, during an antisaccade task, 

subjects with a dlPFC lesion showed a greater percentage of errors towards the target location; 

supporting evidence of a decreased ability to inhibit reflexive saccades, and initiate a voluntary 

saccade. These studies go further to explain that since the ability to correctly pursue a prosaccade 

task (visually-guided) is unaffected, the dlPFC lesion does not cause a sensory or motor deficit, 

but impairs visuo-spatial memory (Gaymard, Ploner, Rivaud, Vermersch, & Pierrot-Deseilligny, 

1998; Munoz & Everling, 2004).  

Neurophysiology studies suggest that the FEF is involved in voluntary saccade 

generation since it has been shown that there is an increase in presaccadic neuronal activity in the 

FEF prior to a volitional antisaccade when compared to activity prior to a reflexive saccade 

(Bruce & Goldberg, 1985). Furthermore, research conducted on patients with lesions isolated to 

the FEF, revealed that the FEF is responsible for the initiation of volitional antisaccades 

(Gaymard, Ploner, Rivaud, Vermersch, & Pierrot-Deseilligny, 1998; Henik, Rafal, & Rhodes, 

1994). With the loss of FEF neurons there would be reduced input to the SC. This would result in 

the SC requiring more time for it to accumulate sufficient neural activity to trigger a voluntary 

antisaccade (Munoz & Everling, 2004).  

Studies on patients with lesions in the SEF (Gaymard, Pierrot-Deseilligny, & Rivaud, 

1990), show that the SEF is important in correctly performing a memory-guided sequence task. 

More specifically, the SEF is important for temporal and spatial motor control (Gaymard, Ploner, 

Rivaud, Vermersch, & Pierrot-Deseilligny, 1998). Further behavioural studies using predictable 

and non-predictable saccade tasks, on patients with SEF lesions have confirmed these results by 
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indicating that temporal and spatial impairments were associated with SEF lesions (Heide, et al., 

1997). 

As the frontal cortex receives numerous projections from other important brain areas, it 

also sends out projections to the basal ganglia, cerebellum, anterior thalamus and SC (Munoz D. 

P., 2002). This implies that the FEF, SEF and dlPFC, located in the frontal cortex are modulated 

by brain areas involved in the oculomotor circuit, while they also modulate brain areas essential 

in the behavioural control of saccades.   

 

1.6.2 Saccadic eye movements and cognition: 

Extensive neuropsychiatric research has been done using saccadic eye movement tasks 

because saccades are influenced by cognitive processes such as working memory, attention, 

learning, long term memory and decision making (Hutton S. B., 2008). When a saccade is made 

to a specific location in space, we must take into account that prior to the saccade, a decision must 

be made; whether it is worth the observer’s time to look at that specific location based on their 

current goals. The Linear Approach to Threshold with Ergodic Rate (LATER) model provides a 

general explanation of the role of cognitive processes in saccade generation (Figure 1.2) (Hutton 

S. B., 2008; Reddi, Asrress, & Carpenter, 2003). 
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Figure 1.2: Carpenter’s LATER model (Carpenter, 2003). S0 = baseline, ST = threshold, r = 

rate of decision signal. 

 

At the start of stimulus onset, a decision signal rises from baseline (S0) at a constant rate 

(r). Once the decision signal reaches a threshold level (ST), a saccade is made towards the target 

location. S0 is a variable of expectation, r represents the supply of information, and ST reflects the 

urgency of a saccade. Cognitive processes play a role at each of these three processes and 

therefore play a role on when and how quickly a saccade will be made (Hutton S. B., 2008; 

Reddi, Asrress, & Carpenter, 2003).  

Though many types of saccades exist, they can be classified into two general categories: 

exogenously guided saccades (visually guided) and endogenously guided saccades (voluntary) 

(Hutton S. B., 2008). A common type of exogenously guided saccades is prosaccades. In a 

prosaccade task, the observer elicits a saccade towards a visual cue once it appears. Antisaccades 

are commonly used in endogenously guided saccade tasks because additional neural processes are 

required in deciding where and when to make a saccade. In an antisaccade task, the observer is 

told to make a saccade to the opposite location of the visual cue (Hutton S. B., 2008). The 
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observer must voluntarily suppress the reflexive response of looking towards the visual cue, and 

initiate a voluntary saccade away from the visual cue (Munoz & Everling, 2004). 

 

Cognition and exogenously guided saccades: 

Express saccades are rapid, automatic, visually guided saccades, which represents the 

most direct route a visual response takes from the visual cortex, to the SCi, to the brainstem 

saccade generator, which is responsible for executing a motor command (Dorris, Pare, & Munoz, 

1997; Schiller, Sandell, & Maunsell, 1987). As a result, they are used frequently in eye saccade 

research with psychiatric populations because the neural circuitry required to perform the task 

correctly is unimpaired (Hutton S. B., 2008; Klein & Ettinger, 2008). The ability to perform 

express saccades is retained in psychiatric populations because it involves the simplest neural 

pathway from the retina to the eye muscles, through the superior colliculi of the brainstem 

(Fischer & Weber, 1993; Dorris, Pare, & Munoz, 1997). The brain stem contains various centres 

important for integrative functions (i.e.: respiratory control, cardiovascular control and 

consciousness), and is damaged in the very advanced stages of AD (Brun & Gustafon, 1976). In 

addition, sensory projections from the retina, and motor projections to the eye muscles show 

minimal damage in neurodegenerative disorders (Hutton S. B., 2008). As a result, we can expect 

that psychiatric patients are able to perform a simple prosaccade task; looking towards the 

appearance of a visual cue.  Nevertheless, by modifying a prosaccade task (eg: timing of visual 

cue, duration of visual cue, and timing of when to make a saccade) various measures of cognition 

can be assessed.  

Various eye saccade studies have shown that attention plays a significant role in the 

production of saccades. Visual attention is suggested to have two important roles in the 

production of eye movements to certain stimuli (Desimone & Duncan, 1995). Firstly, observers 
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have a limited capacity to process information in their visual field. Only a small amount of 

information on the retina can be processed and used in the control of behaviour. Secondly, 

selectivity plays an important role by filtering out information that is not attended to. In 

combination, visual stimuli that are attended to, would limit the competition between multiple 

stimuli by increasing the demands of processing capacity on the attended stimuli. However, 

Desimone and Duncan (1995) suggest that instead of visual attention focusing on one visual 

region at a time, it is the result of slow and competitive interactions between visual stimuli. 

Competition arises as bottom-up and top-down neural mechanisms select relevant visual 

information for processing. Bottom-up neural mechanisms separate objects from their spatial and 

temporal surroundings, while top-down neural mechanisms select objects based on current goals 

and behaviour. As a result, top-down biasing of objects allows attention to be directed to specific 

spatial locations (Desimone & Duncan, 1995).     

As saccades follow a sequential pattern in space or time, exogenously guided saccades 

become internally guided saccades. Motor learning, which arises from neural plasticity, may 

explain improved saccade performance when a task involves sequential patterns (Dorris, Pare, & 

Munoz, 2000). Dorris et al. (2000) discovered that by using a paradigm that involved a sequential 

pattern, the oculomotor circuit underwent modifications in neural activity; invoked by neural 

plasticity. These neural modifications can cause changes in saccade behaviour; such as reduced 

saccadic reaction times, amplitude and velocity. Motor learning can also be assessed in a 

prosaccade paradigm by increasing the probability of a visual target appearing in a specific 

temporal and spatial location (Dick, Kathmann, Ostendorf, & Ploner, 2005; Carpenter & 

Williams, 1995). The LATER model proposed by Carpenter supports the influence of learning in 

modified prosaccade paradigms (Fig. 1.2). Increasing the expectancy of a target appearing in a 

temporally and spatially specific location increases the rate of learning (r). This causes the 
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baseline signal (S0) of the following visual targets to increase because there is a higher 

expectancy of its temporal and spatial location (Reddi, Asrress, & Carpenter, 2003). As a result, 

the decision signal to reach the threshold level (ST) required to initiate a saccade, does not require 

as much visual input as a saccade appearing in a random temporal and spatial location. This 

would cause saccades made towards locations of high expectancy to have reduced SRTs.      

 

Cognition and endogenously guided saccades: 

Endogenous saccades are internally driven eye movements based on the observer’s goals 

(Godijin & Theeuwes, 2002). Examples of endogenous saccades in research include memory-

guided saccades; requiring participants to look at the spatial locations of targets in the correct 

sequence once the central FP has disappeared, pro-saccades made after a delay/gap-period, and 

antisaccades; requiring participants to look at the opposite direction of the visual target. The 

antisaccade task will be used as an example when describing endogenous saccades since it has 

been explored in many behavioural and neurophysiology studies. In addition, background 

regarding antisaccade production can be extrapolated towards understanding the memory-guided 

saccades produced in this thesis since both types of saccades require participants to inhibit the 

reflexive response, and generate a voluntary saccade. 

The antisaccade involves the observer’s ability to decouple stimulus encoding from 

response preparation. The participant must 1) suppress a saccade towards the stimulus location, 

and 2) invert the stimulus vector to create a correct saccade towards the opposite location (Munoz 

& Everling, 2004).  

Neurophysiology studies suggest that prior to the appearance of a visual target, fixation 

neurons in the FEF and SC are tonically active, while saccade neurons, responsible for guiding 

saccades to a certain region, show decreased activity in the FEF and SC. During the appearance 
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of a visual target, activity of saccade neurons, contralateral to the visual field containing the 

target, are suppressed. This allows saccade neurons in the FEF and SC on the ipsilateral side to 

guide a saccade in the opposite direction. This will produce an antisaccade. However, since the 

signal involved in an automatic visual response may be greater than the signal involved in FEF 

saccade neurons, researchers propose other components of the oculomotor circuit may have an 

important role in prosaccade suppression (Munoz & Everling, 2004). Omnipause neurons in the 

brainstem reticular formation may inhibit the automatic prosaccade by tonically inhibiting the 

saccade-generating circuit. However, the SEF, FEF interneurons, DLPFC, and substantia nigra 

pars reticulata may also have an inhibitory role, allowing the weaker antisaccade producing signal 

to reach a threshold, creating a voluntary antisaccade (Munoz & Everling, 2004).   

The vector of the saccade is another important process in antisaccade performance, as it 

must be inverted from the prosaccade vector. During the production of a prosaccade, the visual 

response is mapped directly onto the saccade neurons of the FEF and SC. However, during the 

production of an antisaccade, this activity must be inhibited (Munoz & Everling, 2004). 

Researchers propose that neurons in the lateral intraparietal area (LIP) may be involved in 

remapping the visual response and creating an inverted signal (Zhang & Barash, 2004). However, 

other researchers propose that the FEF have two types of neurons important in initiating and 

producing a saccade vector representative of an antisaccade (Sato & Schall, 2003).  

Though there is debate on the exact cognitive processes involved in correct antisaccade 

performance, advances in research show that our oculomotor circuit allows us to flexibly and 

voluntarily control saccade production (Munoz & Everling, 2004; Hutton S. B., 2008).  

 It is believed that working memory is essential in antisaccade performance because 

visual information must be retained and specifically manipulated to produce a saccade towards 

the opposite direction of the visual cue (Roberts, Hager, & Heron, 1994). Roberts et al. (1994) 
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investigated the influence of working memory in a modified antisaccade task where working 

memory load was altered concurrently with the saccade task. Tasks that were used to alter 

working memory load were an arithmetic task, a sentence span task or a vocalization task. It was 

found that as working memory load increased during the antisaccade task, there was an increase 

in reflexive prosaccades (errors), and slower saccade latencies. Another study compared working 

memory spans within a pool of participants to their antisaccade performance. It was found that in 

individuals with a decreased working memory capacity, there were fewer antisaccade trials 

performed correctly, and there were also longer saccadic reaction times when compared to 

individuals with increased working memory capacities (Unsworth, Schrock, & Engle, 2004). 

Nevertheless, the significance of the role of working memory on antisaccade performance is 

doubted by some researchers because of evidence showing little or no correlations when 

comparing measures of spatial working memory against antisaccade reaction times and error rates 

(Roberts, Hager, & Heron, 1994; Hutton, et al., 2004). 

Similar to exogenously guided saccades, selective attention is an important cognitive 

function used when pursuing endogenously guided saccades. Evidence for this relationship has 

been provided by studies using modified antisaccade paradigms. In these modified paradigms (eg: 

cueing studies and increasing the gap period between central fixation disappearance and target 

appearance), participants were required to selectively attend to the correct location; the mirror 

image of the visual target (Craig, Stelmach, & Tam, 1999; Klein R. M., 2000; Smyrnis, et al., 

2004; Weber, Durr, & Fischer, 1998). These studies showed that compared to prosaccade 

paradigms, antisaccade paradigms were associated with more directional errors; saccades made 

towards the incorrect location, and increased saccadic reaction times (Fischer & Weber, 1993; 

Weber, Durr, & Fischer, 1998). Furthermore, neuroimaging studies showed that in populations 

with impaired attentional neural networks (i.e.: Schizophrenia and attention-deficit/hyperactivity 
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disorder (ADHD)), antisaccade performance was highly impaired because of the lack of ability to 

suppress reflexive prosaccades (Matsuda, et al., 2004; Nigg, Butler, Huang-Pollock, & 

Henderson, 2002). Though the intricacies of the relationship between antisaccade performance 

and attention are unclear; similar to the relationship between prosaccade performance and 

attention, there is no doubt that a relationship does exist.  

 When determining the effects of learning on antisaccade performance, studies have 

shown that it is similar to that of prosaccade performance. With increased probability of a target 

appearing in a specific location at a certain time, there is a higher chance that the correct saccade 

would be made with a faster latency in both antisaccade (Koval, Ford, & Everling, 2004) and 

prosaccade tasks (Reddi, Asrress, & Carpenter, 2003). However, the effect of learning has 

another important role in antisaccade performance which cannot be observed in prosaccade 

performance (Ettinger, et al., 2003). Several studies have shown that when repeating the same 

antisaccade within the same session (Smyrnis, et al., 2002), across 8 days over the period of 2 

weeks (Dyckman & McDowell, 2005), and at 2 months apart without practice in between 

(Ettinger, et al., 2003), there was a significant decrease in antisaccade error rates and latencies. 

Since decreased error rates and latencies in antisaccade trials reflect learning, it is proposed that 

participants are able to learn strategies which allow them to perform antisaccades correctly 

(Hutton S. B., 2008). 

 

1.6.3 Saccades used in the current study: 

In this study, we use saccadic eye movements as a means to detect differences in 

predictive capacity and working memory between healthy older adults and patients with mild AD. 

Mild to moderately severe AD patients, still have the ability to learn new perceptual motor skills 

at some level (Hotson & Steinke, 1988; Grober & Kawas, 1997). As a result, AD patients should 
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have the ability to learn a highly predictable pattern. However the degree of preservation of this 

skill has not been well explored. We hope to gain insight about AD participants’ predictive 

abilities by customizing a predictive saccade paradigm that compares the degree of prediction, 

and the capacity to predict and learn a temporal sequence, between healthy controls and AD 

participants at various inter-stimulus intervals (ISI). Working memory is another cognitive 

function which is impaired in mild AD patients. It requires a multitude of cognitive processes 

which result in the integration, processing, disposal and retrieval of information (Baddeley & 

Hitch, 1994; Germano & Kinsella, 2005). However, isolating which components of working 

memory are impaired has not been well elucidated (Germano & Kinsella, 2005). By customizing 

a memory-guided saccade paradigm, which requires participants to use different aspects of 

working memory to inhibit their reflexive response and develop a correct response with the 

information provided, we hope to address these concerns and understand the differences in 

working memory which may exist between the AD population and healthy older adults.    

 

Predictive saccades: 

In the predictive saccade paradigm used in this study, the visual target alternated between 

2 fixed positions at a fixed inter-stimulus interval (ISI) (Figure 1.3).  
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Figure 1.3: Schematic of predictive saccade paradigm used in this study. (A) Examples of 

saccades made during a trial. Eye traces of a predictive saccade to Target 2 (T2) (B), and reactive 

saccades to Target 1 (T1) (C) and T2 (A) are illustrated. There is a fixation point (FP)/drift 

correct followed by 12 alternating targets moving between two locations (T1 and T2) at a 

constant inter-stimulus interval (ISI). The ISIs used in this experiment are 500, 750, 1000, 1250 

and 1500 ms. SRT is measured as the time (in ms) from target onset to saccade fixation. In this 

figure, SRT is measured for saccade B. (B) The paradigm as viewed by the observer.  
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In order to understand how endogenously guided predictive saccades could be used to 

assess a cognitively impaired population, it is important to understand how it differs from 

exogenously guided reactive saccades. Various studies have shown that predictive and reactive 

saccades vary in multiple saccadic parameters. Mean SRT is one such saccadic parameter shown 

to display differences between the two types of saccades. Reactive saccades typically have SRTs 

of 100 ms or greater. Studies have shown that this is the minimum amount of time required for 

the oculomotor network to convert the sensory signal from a visual cue to a motor signal that 

initiates a saccade (Dorris & Munoz, 1998). As a result, we defined predictive saccades in this 

thesis as saccades that had a SRT of less than 100 ms, and reactive saccades as saccades with an 

SRT of greater than or equal to 100 ms.   

Using a predictive eye saccade paradigm, Hutton et al. (2001) observed that after three to 

four target alterations, subjects were able to elicit internally guided predictive saccades. These 

were saccades that were initiated before the visual target appeared, allowing the saccade to reach 

the target location close to when the target appeared (Hutton, et al., 2001). These findings were 

reiterated in other studies where it was found that under predictable conditions; in which a target 

would appear in a specific location at a specific time with a high expectancy, mean SRTs were 

significantly lower than when predictive conditions were reduced or removed (Dorris & Munoz, 

1998).  

 Similar research conducted by Bronstein and Kennard (1987), found that predictive 

saccades had unique saccade metrics when compared to reactive saccades. Saccade amplitude and 

velocity are two saccade-related metrics often used when studying saccade behaviour. Amplitude, 

is defined as the distance, in degrees, a saccade travels from its fixation point to the end point of a 

saccade. Velocity is defined as the peak velocity of a saccade, in degrees/sec. Bronstein and 

Kennard (1987) reported that the observed predictive saccades showed decreased amplitudes 
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(hypometric saccades), and decreased peak velocities when compared to reactive saccades. These 

unique saccade metrics may be the result of reduced visual input that may be provided to control 

endogenously guided saccades (Bronstein & Kennard, 1987).  

Through an understanding of the characteristics representative of predictive saccades 

(decreased SRT values, amplitude and peak velocity), researchers have been able to assess 

predictive behaviour at fast, intermediate and slow speeds of target alternations. The fixed time 

length between the alternations of a target from one location to another is defined as an inter-

stimulus interval (ISI). In a study using a predictive square-wave tracking paradigm (with ISIs of 

400, 500, 625, 1000, and 1250 ms) Isotalo et al. (2005) found that when participants were given 

active instructions; ‘move your eyes in time with the lights’, a greater percentage of predictive 

saccades were associated with intermediate ISIs. As the ISI increased, the observed decrease in 

the percentage of predictive saccades may reflect the participants’ increased difficulty with 

predicting when the target would appear in its new location. Furthermore, the reduced predictive 

saccade behaviour at slow ISIs may reflect a reduced temporal working memory span as the time 

between two targets increased. With a reduced temporal working memory span, study participants 

would find it increasingly difficult to hold a temporal pattern, causing a reduction in predictive 

capacity, and an increase in the frequency reactive saccades elicited (Isotalo, Lasker, & Zee, 

2005; Pierrot-Deseilligny, Milea, & Muri, 2004).  

In addition to the unique saccadic measures predictive saccades display, predictive 

saccade paradigms offer a simple tool that allows researchers to study endogenously guided 

saccades in healthy observers and observers with cognitive impairments. Furthermore, it allows 

us to study various areas of higher cognitive function, such as prediction, preparation, 

anticipation, prospection and expectation (Hutton S. B., 2008). 
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 Background of predictive saccades: 

Neurophysiology studies regarding the production of predictive saccades are important to 

our understanding of the influence of the brain areas involved. Predictive saccades are influenced 

by preparatory neuronal activity. In order for neuronal activity to be classified as preparatory, 

three criteria must be fulfilled (Riehle & Requin, 1993). First, neuronal activity must precede the 

motor action. Second, neuronal activity varies with the probability of the visual target. As the 

probability of a target increases temporally and spatially, it is expected that there should be an 

associated increase in neuronal activity prior to the motor output. Third, neuronal activity should 

be able to predict behavioural performance. A study conducted by Dorris and Munoz (1998) 

investigated the relationship between neuronal activity of saccade related neurons in the 

intermediate layers of the superior colliculus (SC), and saccade probability as monkeys 

performed a task where the probability of a target’s appearance increased from 0% to 50% to 

100% in the response field of the measured neuron. Their research supported the three criteria 

Riehle and Requin (1993) proposed for preparatory neuronal activity. It was found that as the 

probability of the target’s appearance increased in the response field of the neuron, neuronal 

activity in the SC increased as well. In support of the SC neuronal activity’s influence over the 

behavioural output of saccades, it was found that the SRTs towards targets in the response field of 

the neuron were negatively correlated with pretarget SC neuronal activity (Dorris & Munoz, 

1998).  

Many researchers have devoted their interests to understanding which areas of the brain 

and its networks are involved in prediction. It is a difficult task because many factors need to be 

considered when looking into the type of prediction being evaluated (i.e.: temporal, spatial, 

specific cognitive domain; emotional drive, perception or motor). Nevertheless, if one was to 
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identify all the brain areas involved in predictive memory we would see that unimodal sensory 

cortices, lateral and medial parietal and temporal areas, orbitofrontal, medial frontal and 

dorsolateral prefrontal cortex, premotor cortex, insula, cerebellum, basal ganglia, amygdala and 

thalamus are involved. One might say that these areas encompass the whole brain, however they 

each partake in prediction to varying degrees (Bubic, von Cramon, & Schubotz, 2010).  

Despite the simplicity of executing these saccades, there is debate amongst researchers 

regarding the neural basis of predictive saccades. Bubic et al. (2010) suggest that the ‘predictive 

brain’; which they define as a brain network important for incorporating and generating 

information about the past, present, and future, is responsible for processing and executing 

predictive saccades. They infer that the important brain structures include the neocortex, and its 

projections to the hippocampus and thalamus. These brain structures and their connections are 

known as the memory prediction framework (MPF) (Hawkins & Blakeslee, 2004), and are 

important in storing memory patterns, leading to temporal and/or spatial predictions in the future 

(Bubic, von Cramon, & Schubotz, 2010). However, others suggest that an internal neural clock, 

located in the cerebellum, is responsible for sustaining the rhythmic behaviour observed in 

predictive eye movements (Joiner & Shelhamer, 2006). Though the internal neural clock model 

does provide an explanation for temporal prediction, it does not address spatial prediction. To 

account for both temporal and spatial aspects of predictive saccades, Hutton et al. (2001) 

proposed that working memory may play a role. Though there is not substantial evidence in 

support of this theory, it does speak to the two important aspects of predictive saccades; temporal 

and spatial specificity (Hutton, et al., 2001). Other researchers suggest that top down control is 

essential in predictive saccades (Isotalo, Lasker, & Zee, 2005). Support for the role of top down 

control was observed through altering the instructions of the task for the same predictive 

paradigm. Isotalo et al. (2005) found that with changes in instructions (passive versus active), 
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there were differences in the observed frequency of predictive and reactive saccades. More 

specifically, with passive instructions, participants elicited fewer predictive saccades overall, 

whereas active instructions were associated with an overall increase in predictive saccades 

(Isotalo, Lasker, & Zee, 2005).  

 

 

Memory-guided saccades: 

In the memory-guided saccade paradigm used in this thesis, participants were instructed 

to fixate on a central fixation point (FP) while two visual targets flashed briefly on the visual 

screen. Once the central FP disappeared (‘GO’ signal), participants were expected to make 

saccades to the remembered locations in the correct sequence and direction (Figure 1.4).  
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Figure 1.4: Schematic of memory-guided saccade paradigm used in this study. Participants 

are instructed to look at the fixation point (FP) (duration 1000, 1200 or 1400 ms) while two 

targets (Target 1 and Target 2) flash briefly. (A) Examples of possible saccades made during trial. 

A correct trial (blue) involves both saccades to target 1 and 2  being made after the FP disappears, 

and in the correct order. A direction error (orange) occurs when participants make saccade in the 

incorrect order, or to only one target (i.e.: shown example). A timing error occurs when the 

participant pursues the task before the FP disappears (green). (B) The paradigm as viewed by the 

observer. Arrows are hypothetical saccades in a correct task. 
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Working memory is an important aspect of goal-directed behaviour. It involves attentional 

and executive control over one’s short term memory, and is a cognitive function impaired in 

many psychiatric populations (Huntley & Howard, 2009; Baddeley & Hitch, 1994). By 

customizing the type of eye saccade required by participants, researchers can study behavioural 

components of working memory in healthy and clinical populations. In addition, working 

memory is essential in the memory-guided paradigm since participants must elicit attentional 

control, and store and reproduce information from short term memory (Hutton S. B., 2008).  

In the memory-guided task, volitional saccades are saccades made to the remembered 

locations of the visual targets, in the correct sequence, once the FP has disappeared. When spatial 

working memory capacity is decreased, study participants are likely to forget the locations of the 

presented targets (Sweeney, et al., 1996). This may cause an increase in directional errors; errors 

which arise when the participant makes a saccade in the wrong direction. In the memory-guided 

paradigm, there are three types of directional errors. The first, sequence errors, occur when the 

participant makes a saccade to the presented locations in the wrong order. The second, skip 

errors, occur when the participant does not make a saccade to the first location, and makes the 

initial and final saccade towards the second target location. The third, stop errors, occur when the 

participant makes a saccade towards the first target location, and does not initiate a saccade to the 

second location.  

 In a memory-guided task, automatic saccades are made when the participant elicits a timing 

error by making a saccade to the visual target as soon as it appears, or before the central FP 

disappears. There are two types of timing errors in the memory-guided paradigm. The first, 

timing errors, occur when the participant makes saccades towards the target locations prior to the 

disappearance of the fixation point (FP). The second, false starts, occur when the participant 

elicits a saccade prior to the disappearance of the FP, however, attempts to correct themselves by 
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making a saccade back to the FP. In addition, the participant initiates a voluntary saccade once 

the FP has disappeared. When a participant elicits an increase in timing errors, it is possible that it 

reflects a reduction sustained attention (Hutton S. B., 2008). With reduced sustained attention 

participants would have a difficult time focusing on the FP over an extended period of time.  

  

 Background of memory-guided saccades: 

A number of neurophysiology studies have been pursued to better understand how certain 

brain areas, specifically the SC, are involved in the production of memory guided saccades. Mays 

and Sparks (1980) sought to clarify the relationship between the superficial and intermediate/deep 

layers of the SC in saccade production. Single-unit activity was recorded in the SC of monkeys 

during a trained visual task to identify if a linked relationship between the superficial and deep 

layers of SC is necessary for the activation of saccade-related neurons. Saccade-related neurons 

are cells which increase in discharge rate just prior to a saccadic movement within their motor 

field. It was found that superficial SC neurons received direct retinal input, and thus was activated 

during the occurrence of a visual stimulus even if the target was not selected for foveal viewing. 

SC neurons in the intermediate and deep layers were shown to have an increased discharge rate 

which correlated with saccade onset. This was regardless of changes in eye position which may 

have occurred since target appearance. As a result, through this study, it was concluded that a 

linkage between the superficial and the intermediate/deep layers of the SC is not necessary for the 

activation of saccade-related neurons (Mays & Sparks, 1980). In relation to the memory-guided 

saccade paradigm, it is likely that as participants fixate on the central FP, superficial SC neurons 

are activated when the visual targets appear on the screen. This activation occurs regardless of 

whether or not the targets were selected for foveal viewing at the time. The intermediate and deep 
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layers of the SC are activated before participants initiate saccades at the correct (voluntary 

saccade), or incorrect time (reflexive saccade). 

Knowing that the substantia nigra pars reticulata (SNpr) tonically inhibits the 

intermediate layers of the SC, Hikosaka and Wurtz (1985) pursued an experiment in two 

monkeys to study the instantaneous effects of a GABA agonist (muscimol) and a GABA 

antagonist (bicuculline) on saccade behaviour. Prior research studies show that γ-aminobutyric 

acid (GABA) is likely the inhibitory neurotransmitter involved in SNpr projections to the 

intermediate layers of the SC (Chiara, Porceddu, Morelli, Mulas, & Gessa, 1979). The SNpr 

tonically inhibits the SC, until it pauses, allowing SC cells to elicit burst activity prior to a 

saccadic eye movement. Hikosaka and Wurtz (1985) found that through injecting muscimol to SC 

neurons, saccades towards a visual target on the ipsilateral side were unaffected while saccades 

towards a visual target on the contralateral side were characterized by hypometric saccades, 

followed by corrective saccades with increased latencies. In the presence of no visual target, there 

was a decline in the frequency of initiated saccades towards the contralateral side. When 

bicuculline was injected directly to SC neurons, it was found that saccades towards the 

contralateral side were increased in amplitude and frequency. Furthermore, saccades towards the 

contralateral side could not be suppressed, and sustained fixation on the central target could not 

be maintained (Hikosaka & Wurtz, 1985). The results of this experiment provide evidence of the 

involvement of the SNpr in tonically inhibiting the SC through GABA. During the memory-

guided task, the SC needs to be effectively modulated by the SNpr in order to maintain fixation 

on the central FP and prevent reflexive saccades from occurring before the FP’s disappearance. 

Damage to the SNpr, or in its projections to the SC may lead to the inability to maintain fixation, 

and suppress reflexive saccades.    
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A study conducted by Stanford and Sparks (1994) sought to compare the activity of 

saccade related burst neurons in the SC between visually guided saccades and memory guided 

saccades. By studying the metrics of saccade errors; a common feature of memory-guided 

saccades, and visually guided saccades, Stanford and Sparks (1994) were able to identify if the 

neural signals responsible for saccade errors in a memory-guided task originated above or below 

the level of the SC. If the signals responsible for saccade errors originated above the SC level, 

then the relationship between the SC saccade neurons and saccade metrics should be the same 

between memory-guided and visually guided saccades. However, since the relationship was not 

the same between the two types of saccades, Stanford and Sparks (1994) concluded that the 

saccade errors (direction and timing) associated with memory-guided saccades were not directly 

due to SC activity, but were the result of signals downstream of the SC. This study also provided 

evidence that although the SC activity is essential to saccade initiation, it is not responsible for 

the spatial characteristics of saccades (Stanford & Sparks, 1994). These include saccade direction, 

amplitude and velocity.  

As mentioned previously, working memory is used widely in cognitive research and in 

the clinical environment to provide a valuable assessment of attentional and executive control 

over short term memory (Baddeley A. , 1992). In addition, working memory is an essential 

cognitive function required in the production of memory-guided saccades. This is because 

participants must retain information, and elicit goal directed behaviour by maintaining fixation, 

and reproducing previously presented information at the correct time (Hutton S. B., 2008). As a 

result, deficits in any aspects of working memory may cause impairments in producing memory-

guided saccades.  
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Background of working memory:  

 

Baddeley and Hitch (1994) suggested that working memory is comprised of 

subcomponents involved in retrieving information, encoding it, and manipulating it in a goal-

directed manner. These subcomponents include the phonological loop; responsible for storing 

verbal information, the visuospatial sketchpad (VSS); responsible for storing visual information, 

and the central executive system (CES); essential in the attentional and executive control of 

working memory (Huntley & Howard, 2009; Baddeley & Hitch, 1994).  

Results from various studies show that as AD progresses, working memory declines 

(Baddeley & Hitch, 1994; Belleville, Chertkow, & Gauthier, 2007; Huntley & Howard, 2009). 

Although there is debate on how to best assess which areas of working memory are affected 

during the progression of AD, some research points towards the CES being the first 

subcomponent to be affected in the mild stages, with other subcomponent systems being affected 

towards later stages (Baddeley & Hitch, 1994). The purpose of the CES in working memory is to 

divide and direct attention as necessary. In addition the CES exercises executive control when 

provided with information, by updating previously learned information and manipulating it in an 

efficient way. Researchers have also emphasized the importance of the CES in coordinating 

multiple systems to succeed in a goal driven task (Baddeley & Hitch, 1994). With an impairment 

to the CES, AD patients pursuing a memory guided task would likely have difficulties 

maintaining fixation when necessary, and reproducing the correct sequence of eye movements 

once the FP disappears.  

Studies regarding the phonological loop in AD have verified that it remains intact in early 

AD patients, however declines with the progression of AD (Huntley & Howard, 2009). 

Researchers have tried to determine how the phonological loop is affected in patients with AD by 
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looking into its two subcomponents. The first subcomponent is the phonological short term store 

(PSS), which temporarily stores information that fades after a few seconds. The second 

component is the articulatory rehearsal mechanism (ARM), which increases the ability to recall 

information with rehearsal (Baddeley A. , 1996). As a result, with an impairment to the 

phonological loop, participants undergoing a memory-guided task may have difficulties 

remembering or understanding the instructions of the task. This would consequently lead to 

increased timing and directional errors. 

As explained previously, the VSS is important in storing visual information, however, the 

VSS also houses a temporary spatial store that rehearses stored visual information, allowing for 

the preparation of planned motor movements (Baddeley & Hitch, 1994). As a result, with an 

impairment to the VSS, participants undergoing a memory-guided task may have difficulties 

recalling information regarding the target’s spatial and temporal locations. 
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1.7 Objectives of this thesis: 

The main objective of this thesis is to better understand the behavioural differences in 

working memory and predictive capacity between patients with mild AD and healthy older adults 

using cognitive assessments and two saccade paradigms; a predictive task and a memory-guided 

task. 

 With regards to the predictive saccade paradigm, I hypothesize that AD participants will 

show a reduction in the overall degree of prediction, and in the capacity to predict the temporal 

location of the moving target. More specifically, I hypothesize that AD participants will have 

difficulty predicting when the target will appear next at slow interstimulus intervals (ISIs); the ISI 

is the time interval (msec) separating each target in a given trial. The predictive paradigm requires 

that participants develop an internal strategy to move their eyes in time with the targets; not 

follow the targets. This requires executive and attentional control, which are both impaired in the 

AD population. In addition, predictive saccades are processed and initiated by areas of the brain 

which progressively atrophy in AD.  

To account for learning capacity, which evaluates the ability to retain information 

regarding the temporal pattern of predictive paradigm, we quantify the change in SRTs across 

target number. I expect to see an increased capacity to learn in the cognitively normal older (NC) 

participants when compared to the AD participants at all ISIs. More specifically, I expect NC 

participants to show an increased capacity to learn at intermediate ISIs, as research has shown 

that an increase in the percentage of predictive saccades can be observed at intermediate ISIs. I 

also expect to observe hypometric amplitudes and decreased peak velocities when NC and AD 

participants elicit predictive behaviour. Decreased amplitude and peak velocity are two saccade 

metrics representative of predictive saccades as a result of the decreased visual input associated 

with internally generated saccades.  
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 With regards to the memory-guided task, I hypothesize that in comparison to NC 

participants, AD participants will have a decreased ability to maintain fixation as a result of a 

decreased selective attention capacity. This will consequently lead to an inability to suppress 

automatic reflexive saccades, resulting in an increase in the frequency of timing errors. Due to an 

impairment in working memory in the mild AD population, I also expect to see more directional 

errors because of an increased difficulty to retain memory sequence patterns for an extended 

period of time.  

 I hope to clarify the role of cognition over the aforementioned behavioural outcomes 

through correlations between saccade behaviour and cognitive scores obtained through 

neuropsychological testing. 
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Chapter 2 

Methods 

All experimental procedures were approved by the Queen’s University Research and 

Ethics Board, and complied with the principles of the Canadian Tri-council Policy Statement on 

Ethical Conduct for Research Involving Humans and the principles of the Declaration of Helsinki 

(1964). 

 

2.1 Participants: 

Two different groups of seniors participated in this study; cognitively normal older adults 

(NC), and patients with mild Alzheimer’s disease (AD). NC participants volunteering in the study 

were directly approached for recruitment from the community or were caregivers of mild AD 

patients seen at the clinics. Patients with mild AD were recruited from Dr. Garcia’s outpatient 

memory disorders clinics in Kingston, ON. All participants provided written and informed 

consent prior to neuropsychological testing and saccadic eye movement experiments. Twenty-six 

participants volunteered to be a part of the NC participant group. These participants underwent a 

battery of neuropsychological tests to evaluate their cognitive function. Out of the participants 

who completed the battery of neuropsychological tests, two participants fit the criteria for mild 

cognitive impairment (MCI) and were consequently excluded from the study. These participants 

were notified of their diagnosis by Dr. Garcia, and booked for follow-up at Dr. Garcia’s 

outpatient memory disorders clinics. The remaining twenty-four participants (13 women, 11 men; 

ages: 47-81; mean age ± SD = 65.38 ± 8.81) who fit the inclusion criteria of being cognitively 

normal completed the eye saccade paradigms of this study. Seventeen AD participants (6 women, 
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11 men; ages: 59-90; mean age ± SD = 73.59 ± 8.84)  were diagnosed by a clinician (Dr. Angeles 

Garcia) as having ‘probable’ AD by the National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-

ADRDA) Alzheimer’s Criteria (1984). Two AD participants’ data for the memory-guided 

saccade paradigm were not included in the analysis because of eye tracking difficulties.  

Participants were all native or highly proficient English speaking volunteers, ages of 47 – 

90 years. Participants did not present with any visual or neurological symptoms other than AD, 

and had normal or corrected to normal vision.  

 

2.2 Neuropsychological testing: 

Neuropsychological tests were administered in a 90 minute session to all NC participants. 

These tests included the Montreal Cognitive Assessment (MoCA, (Nasreddine, et al., 2005)), the 

Mattis Dementia Rating Scale – II (DRS-II), the California Verbal Learning Test (CVLT-II), the 

Wicsonsin Card Sorting Test (WCST), the Stroop test, and the working memory component of 

the Weschler Adult Intelligence Scale-III (WAIS-III). 

 The MoCA is a 30-point cognitive screening test designed to provide a more sensitive 

measure than the Mini-Mental State Exam (MMSE) of cognitive impairments in patients with 

mild dementia and mild cognitive impairment (MCI) (Nasreddine, et al., 2005).  

The DRS-II is a test designed to detect dementia and assess an individual’s overall level 

of cognitive functioning. This test provides information on the following cognitive subscales; 

attention, initiation/perseveration, construction, conceptualization, and memory (Mattis, 1988). 

All scores for this test had been age and years of education corrected.  

The CVLT-II was designed to provide a measure of verbal memory and learning in adults 

(Delis, Kramer, Kaplan, & Ober, 2000). This test obtains measures such as short delay free recall 
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(sdfr), short delay cued recall (sdcr), long delay free recall (ldfr), long delay cued recall (ldcr) and 

long delay recognition. All scores had been standardized by age, sex, and years of education. Z-

scores for sdfr, sdcr, ldfr and ldcr were used in the correlation analysis in this thesis.  

The Stroop Neuropsychological Screening Inventory Test is a two-part test which 

provides a measure of focused or selective attention, and concentration (Stroop, 1935).  

The WCST is a test primarily used to assess an individual’s executive functioning, 

perseveration and abstract thinking. The individual must be able to use strategic problem solving 

skills under changing conditions (Heaton, Chelune, Talley, Kay, & Curtiss, 1991). All scores had 

been standardized by age, sex, and years of education. Standard scores in the following categories 

were used when conducting correlation analysis in this thesis: number of categories completed, 

trials to complete first category, failure to maintain set, and learning to learn.    

The working memory component of the WAIS-III is composed of 3 subcomponents: 

letter-number sequencing, spatial-span forward and spatial-span backward. This particular section 

of the WAIS-III assesses working memory by testing an individual’s ability to retain new 

information in their short-term memory and manipulate it to produce a particular result 

(Wechsler, 1997). All scores had been standardized by age. Scaled scores for letter-number 

sequencing, spatial-span forward, spatial-span backward and total scaled sum and percentile 

ranks of the total scaled sum were used when conducting correlation analysis in this thesis.  

 In order to satisfy the inclusion criteria of cognitively normal older adults in this study, 

NC participants had to score within the normal range in each of the neuropsychological tests. NC 

participants were independently functioning individuals with normal cognitive abilities based on 

scores obtained in neuropsychological testing. 

  Participants with mild AD were directly approached and recruited from Dr. Garcia’s 

memory clinics. Diagnoses were achieved through medical history, neuropsychological testing, 
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imaging and laboratory investigations. The screening tool used was the Montreal Cognitive 

Assessment (MoCA). In order to satisfy the inclusion criteria of mild AD, a MoCA score between 

18/30 – 26/30 was needed. In addition to the MoCA test, the working memory component of the 

WAIS-III was also administered to all AD participants.  

 

2.3 Materials: 

All eye movement data were collected using a video-based eyetracker; EyeLink 1000 (SR 

Research Ltd, Ottawa, ON). The eyetracker measured saccadic eye movements using infrared 

cameras to track the movements of the participants’ pupils. To ensure the validity of saccadic 

measurements, calibration steps were conducted prior to each experiment using a nine-point 

calibration routine. These nine-points covered the available visual field of the screen. Due to 

clinical eye pathologies seen in the population used in this study (i.e.: cataracts and glaucoma), 

the right or left eye was used depending on the participant’s ability to successfully complete the 

calibration steps conducted prior to the experiment. 

 

2.4 Experimental paradigm: 

 

The eye saccade portion of this study was conducted in one 20 minute session, consisting 

of one block of a predictive saccade paradigm and one block of a memory-guided paradigm. Each 

participant was seated approximately 0.50 m in front of a computer screen that presented the 

customized visual stimuli paradigm.  
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2.4.1 Predictive saccade paradigm: 

The predictive saccade paradigm was used to assess a participant’s saccadic behaviour to 

visual targets appearing in a location with a high probability (Figure 1.3). Targets alternated 

between left and right extremities on the visual screen at a fixed inter-stimulus interval (ISI). The 

first target of each trial was randomly placed in the left or right direction. The targets were 20 

degrees apart from one another; each 10 degrees apart from the central fixation point (FP). Each 

trial had 12 stimuli, and was conducted at one of 5 possible inter-stimulus intervals (ISI); 500 ms, 

750 ms, 1000 ms, 1250 ms, or 1500 ms. Within the predictive saccade paradigm, there were a 

total of 25 trials; including 5 trials conducted at each of the 5 ISIs. There was a drift correction 

before the start of each trial to minimize the amount of errors by allowing the participant to 

refocus the central FP on the fovea of their retina.   

 

2.4.2 Memory-guided saccade paradigm: 

The memory-guided saccade paradigm assessed working memory by testing the ability to 

retain presented information, and manipulate it into a desirable result (Figure 1.4). In this task, 

participants fixated on a central FP; duration 1000 ms, 1200 ms, or 1400 ms, until it disappeared. 

While the central FP was present, two white targets appeared in two different temporal and spatial 

locations. The locations of the white targets were horizontally, vertically or diagonally placed 

from one another in two of four possible quadrants. Participants were told to look to the locations 

of the previously flashed targets once the central FP disappeared. Within the block of the 

memory-guided saccade paradigm, there were a total of 108 trials. There was no drift correction 

before each of the trials.  
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2.5 Data analysis: 

All data was behavioural in nature, and analyzed using a customized script written in 

Matlab 7.9 (The Mathworks Inc., Natick, MA, USA). The onset and termination of each saccade 

was determined when eye velocity exceeded 30°/second.   

 

2.5.1 Predictive saccade paradigm: 

In the predictive saccade paradigm, we quantified measures to assess 1) the optimal level 

of prediction within participant groups, 2) the capacity to temporally predict when the visual 

target would appear next and 3) the capacity to learn by retaining newly presented information 

regarding the temporal pattern of the predictive paradigm.  

Prior to quantifying the aforementioned measures, raw data were scored. The first eye 

movement made in the direction towards the visual target was chosen as the saccade from which 

saccadic reaction time (SRT), amplitude, and velocity were measured. SRT was measured as the 

time from stimulus appearance to the onset of the first saccade, in milliseconds (msec). This 

measurement was used when identifying predictive saccades and reactive saccades. In this thesis, 

reactive saccades were defined as saccades made with a SRT ≥100 ms, and predictive saccades 

were defined as saccades made with a SRT<100 ms. This is because 100 ms is the minimum 

amount of time required for the oculomotor network to convert a sensory signal from a visual cue 

to a motor signal; initiating a saccade (Dorris & Munoz, 1998).  Amplitude was defined as the 

length (in degrees) from saccade onset to saccade end-point. Peak velocity was defined as the 

peak velocity at which the saccade travelled in degrees/second. Amplitude and velocity were two 

saccade metrics measured in this study to behaviourally characterize participants’ predictive and 

reactive saccades.    
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Qualitative analysis of SRT behaviour of predictive saccade paradigm: 

Prior to an in-depth quantitative analysis, a qualitative analysis regarding SRT behaviour 

was conducted. An understanding of the changes in the SRTs across target number for each inter-

stimulus interval (ISI) provided us with the foundation necessary to pursue further quantitative 

analysis.  

Mean SRTs (in msec) were calculated for each of the 12 target steps within each ISI. 

Plotting SRTs across target number for each ISI allowed us to qualitatively assess differences in 

optimal prediction and predictive capacity between ISIs and participant groups.  

 

Fixation accuracy of predictive saccade paradigm: 

Fixation accuracy was defined as the location of a participant’s end-point in relation to 

the target location. An analysis of fixation accuracy allowed us to verify that participants were 

able to spatially locate the appearance of the visual target. Since targets were 20 degrees apart, we 

identified the location of the target towards the right extremity as +10 degrees from the center, 

and the target towards the left extremity as -10 degrees from the center. Marked saccades with a 

positive amplitude were identified as rightward saccades, and saccades with a negative amplitude 

were identified as leftward saccades.  

Fixation accuracy was quantified at target 4 and target 12. Target 4 was chosen because, 

NC participants’ SRT values reached predictive SRT values (<100 ms), indicating they are able 

to predict after 4 target alterations. Target 12 was chosen because we wanted to analyze the 

spatial accuracy of participants at the end of each trial.  
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Optimal prediction level: 

Optimal prediction was defined as the level at which participants elicited the greatest 

degree of prediction. We wanted to determine if the level at which NC participants were 

optimally predicting at was similar to AD participants. This was assessed by quantifying the 

cumulative frequency of predictive saccades and reactive saccades at each ISI. Predictive 

saccades were defined as internally guided saccades with SRTs of less than 100 ms after target 

presentation. Reactive saccades were defined as visually guided saccades with SRTs greater than 

or equal to 100 ms after target presentation. The frequency of predictive saccades and reactive 

saccades across the 5 ISIs were analysed to determine if there was a difference in the degree of 

prediction between the participant groups at each ISI, and as a whole. In addition, we wanted to 

determine if there were differences in the degree of prediction between ISIs within each 

participants group.   

 

Capacity to predict: 

The capacity to predict was defined as the ability to predict the timing of the upcoming 

visual target. This was assessed by 1) determining the distribution of predictive saccades across 

all 12 targets at each ISI, 2) an analysis of saccade metrics and 3) a qualitative analysis of the 

cumulative distribution of SRTs at all ISIs.  

Comparing the distribution of predictive saccades across all trials between both 

participant groups allowed us to assess for differences in the change in the capacity to predict 

over time.  

 Saccade amplitude and peak velocity were the two saccade metrics incorporated into our 

analysis since previous studies have shown that predictive saccades, when compared to reactive 

saccades, can be classified by decreased amplitudes (displacement of saccade) and peak velocities 
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(Bronstein & Kennard, 1987). A comparison of saccade metrics between both groups would 

allow us to determine if both groups elicited the same mechanisms of neural control over 

predictive saccades. Amplitude was measured as the length of the saccade, from start to endpoint, 

in degrees. Peak velocity was defined as the velocity of the saccade in degrees per second.  

A cumulative distribution plot of the SRTs of all saccades, at each ISI, was plotted in 

order to qualitatively observe and understand the distribution of saccades within and between 

participant groups. This qualitative analysis would allow us to identify if different cognitive 

strategies were involved at different ISIs when participants attempted to move their eyes in time 

with the visual target. We compared differences in the distribution of saccades with SRTs less 

than 100 ms, which allowed us to assess how many saccades were made at the predictive level, as 

initially defined by thesis thesis. We also compared the distribution of saccades with SRTs less 

than -200 ms and -400 ms. These values were chosen because our qualitative analysis suggests 

that they may represent the upper and lower range of anticipatory saccades. We will define 

anticipatory saccades as uninhibited automatic saccades initiated through a guessing mechanism 

rather than a predictive mechanism.  

Capacity to learn: 

The capacity to learn was defined as the ability to learn the temporal sequence of a target 

that alternated at a fixed ISI between two fixed locations. We quantified this parameter by 

calculating slope values (Δ SRT/target number) at each ISI. The greater the decline in SRT, the 

greater the capacity to learn.  

We wanted to identify the number of targets across which the capacity to learn should be 

measured. This occurred at the beginning of each trial, where there was a sharp decline in SRT 

values, which was then followed by a plateau of SRT values. The plateau was an indication that 

participants had already learned and were moving their eyes in time with the visual target. The 
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sharp decline in SRT values, which indicated learning, occurred between the 1
st
 and 5

th
 visual 

target. For that reason, slopes values, representing the capacity to learn, were calculated across 

the first 5 targets of each ISI, for each participant.  

 

2.5.2 Memory-guided saccade paradigm: 

In the memory-guided saccade paradigm, we analysed the various types of saccadic eye 

movement errors and the spatial accuracy of participants in order to determine 1) difficulties 

suppressing reflexive saccades and maintaining fixation and 2) the ability to integrate and execute 

complex motor plans involving spatial working memory. All measures were retrieved from viable 

trials only. Trials were not viable when the observer’s pupillary reflection or eye movement was 

not detectable. 

 

Saccade errors: 

The frequency of saccade errors made during each trial in the experiment were accounted 

for, and averaged within each group, and compared between groups for viable trials only. 

Saccade errors included 1) directional errors, 2) timing errors, and 3) combined errors (directional 

and timing errors).  

Directional errors were defined as saccades being conducted at the correct time, but 

incorrect sequence. These comprised of three subset types: 1) sequence errors, 2) stop errors, and 

3) skip errors. Sequence errors occurred when the participant elicited two saccades to the correct 

locations, but in incorrect sequence. Stop errors occurred when the participant made a saccade to 

the first target, but failed to make another saccade to the second target. Skip errors occurred when 

the participant made one saccade to the second target; skipping the first target entirely.  



48 

 

Timing errors were defined as saccades made before the central fixation point (FP) 

disappeared. The disappearance of the FP translates into the experiment’s ‘GO’ signal to make 

saccades to the target locations. These errors were comprised of two subset types: 1) timing 

errors, and 2) false starts. The timing error subtype occurred when the participant pursued the 

entire task before the disappearance of the FP. False start errors, are similar to timing errors, 

however, the participant would correct themselves by making a saccade back to the FP, and then 

pursuing the task at the correct time; once the FP disappeared.  

When a combination of one of the three directional errors and one of the two timing 

errors occurred in a single trial, they were classified as a different type of error; labeled 

‘combined error’. The percent of correct trials (trials with no directional and/or timing errors) 

were also calculated to provide a measure of comparison between the NC and AD groups. All 

errors and correct trials were calculated and averaged across vertically, horizontally and 

diagonally located targets.  

Movement inaccuracy: 

In this study, we assessed movement inaccuracy by determining 1) fixation accuracy at 

both visual targets, and 2) the difference between participants’ saccade path to the ideal path 

length. In addition, movement inaccuracy was assessed for correctly pursued trials only. 

In order to determine a participant’s ability to fixate accurately, the displacement (in 

degrees) was calculated between the final end point of a saccade, and the location of the visual 

target. These values were computed for each of the two targets, and were averaged across 

horizontal, vertical and diagonal target trials for each participant. This saccade measure was 

compared between both participant groups at each of the two target locations.  

We measured the difference (in degrees) of the participant’s saccade path from the ideal 

saccade path length as a second measure of movement inaccuracy.  
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2.6 Statistical analysis: 

Statistical analysis of the raw and computed data set was pursued in order to identify 

trends and differences between and within participant groups. For all tasks, statistical corrections 

for multiple comparisons (Bonferroni) and heterogeneity (Levene’s) were made as needed.  

For all multivariate analysis of covariance (MANCOVA), the Wilks’s statistic (Λ) was 

reported, and age was removed as a covariate. MANCOVAs were conducted during statistical 

analysis of the predictive paradigm since comparisons between multiple experimental conditions 

(ISIs) were made. Age was used as a covariate in order to ensure that its uncontrolled variation in 

our participant groups was minimized.  By removing age as a covariate, we are able to interpret 

our results as a result of differences in cognition, rather than differences in age. Follow-up 

analysis of the MANCOVAs, which include univariate ANOVAs, were able to identify the effect 

of group at each experimental condition. 

In the memory-guided paradigm, univariate analysis of covariance (ANCOVA) was 

chosen so that age could be removed as a covariate while comparing the means between 

participant groups of various measures. 

 

2.6.1 Demographic data and cognitive assessment: 

Two-tailed T-tests with a p-threshold of 0.01 were conducted to compare age, years of 

education, and gender distribution between the two participant groups. 

Two-tailed T-tests with a p-threshold of 0.01 were conducted to compare cognitive scores 

of similar tests between the two participant groups. Neuropsychological tests which were 

administered to both groups were the MoCA and the working memory component of the WAIS-
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III. In order to assess the variability of the demographic data and data obtained from 

neuropsychological testing of each participant group, the coefficient of variation (CV) was 

computed for each variable.   

 

2.6.2 Predictive saccade paradigm: 

In the predictive saccade paradigm, statistical analysis was carried out to identify 

differences between NC and AD participants, regarding fixation accuracy, optimal prediction 

level, the capacity to predict and the capacity to learn the temporal sequence of the alternating 

visual targets.  

 

Fixation accuracy of predictive saccade paradigm: 

Two-tailed T-tests with a p-threshold of 0.01 were conducted using the x-vector of 

computed amplitude values of each saccade made towards targets 4 and 12. We wanted to 

identify differences in spatial accuracy between NC and AD participants.     

 

Optimal prediction level: 

One-sample t-tests with a p-threshold of 0.05 were conducted within each participant 

group, at each ISI, to compare the difference in the proportion of predictive saccades to 0.5. This 

comparison allowed us to determine if participants were eliciting prediction more than 50% of the 

time.  

 An additional two by five MANCOVA with a p - threshold of 0.05 was conducted to 

compare the difference in the percent of predictive saccades between both groups. The variables 

were participant groups with two levels (NC and AD), and ISI with 5 levels (500 ms, 750 ms, 

1000 ms, 1250 ms and 1500 ms).  
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Within each participant group, paired T-tests with a p – threshold of 0.05 were conducted 

to identify differences in the frequency of predictive saccades between each of the ISIs.  

 

Capacity to predict: 

 At each ISI, a two by twelve MANCOVA with p – threshold of 0.05 was 

conducted using participant groups with two levels (NC and AD) and target number with 12 

levels, to determine if there were significant differences between groups in the percentage of 

predictive saccades made across target number.  

Within each participant group, two by five MANCOVAs with p – threshold of 0.05 were 

conducted to identify significant differences in amplitude and peak velocity between predictive 

and reactive saccades. The variables were saccade type with two levels (reactive and predictive) 

and ISI with 5 levels (ISI = 500, 750, 1000, 1250 and 1500 ms. Additional two by five 

MANCOVAs with p – threshold of 0.05 were conducted to identify differences in amplitude and 

peak velocity of predictive saccades between participant groups. The variables were participant 

groups with two levels (NC and AD) and ISI with 5 levels (ISI = 500, 750, 1000, 1250 and 1500 

ms).  

 

Capacity to learn: 

Using slope values (Δ SRT / target number) computed across the first five targets of each 

block, a two by five MANCOVA with p – threshold of 0.05 was conducted to determine if there 

was a significant difference in the capacity to learn between the two participant groups across ISI. 

The variables were participant groups with two levels (NC and AD) and ISI with five levels (ISI 

= 500, 750, 1000, 1250 and 1500 ms).  
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Cognitive correlations in predictive saccade paradigm: 

Our calculations involving the capacity to learn a predictable pattern (slopes across the 

first 5 visual targets for all ISIs) were used when calculating Pearson correlations with 

participants’ scores from neuropsychological tests. Pearson correlations were conducted with a p-

threshold of 0.05.  

 

2.6.3 Memory-guided paradigm: 

In the memory-guided saccade paradigm, statistical analysis was carried out in order to 

detect differences in saccade behaviour between NC and AD participants. 

 

Saccade errors: 

Univariate ANCOVAs with a p-threshold of 0.05 were computed to identify if significant 

differences between the two groups existed when considering the percent of viable trials pursued, 

the percent of correct trials conducted, the percent of trials with directional errors, the percent of 

trials with timing errors, and the percent of trials with combined (directional and timing) errors. 

Additional univariate ANCOVAs with a p-threshold of 0.05 were conducted to compare specific 

directional (sequence, skip and stop) and timing (timing and false starts) errors between the two 

participant groups.  

 

Movement inaccuracy: 

Univariate ANCOVAs with a p-threshold of 0.05 were computed at the 1
st
 and 2

nd
 visual 

target, in order to help identify if there was a significant difference in the ability to fixate 

accurately between the two participant groups.  
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A univariate ANCOVA with a p-threshold of 0.05 was computed to identify if there was 

a significant difference between the two participant groups in how close they performed the task 

to the ideal path length.  

 

Cognitive correlations in memory-guided saccade paradigm: 

Pearson correlations with a p-threshold of 0.05 were conducted between participants’ 

cognitive scores from neuropsychological tests, and the percent of viable trials, correct trials, 

trials with directional errors (all, sequence, skip and stop), trials with timing errors (all, timing 

and false starts), and trials with combined (directional and timing) errors. Each subtype of error 

was used when calculating correlations with cognitive scores in order to determine if a difference 

in saccade behaviour between NC and AD participants could be attributed to differences in 

cognition.  
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Chapter 3 

Results 

3.1 Demographic data and cognitive assessments: 

Demographic descriptive data for the NC and mild AD groups are listed in Table 3.1. The 

NC group was significantly younger than the AD group (t (39) = -2.94, p<0.01). However, there 

were no significant differences in the years of education between the two participant groups (t 

(39) = 0.59, p > 0.01) (Figure 3.1).  

Table 3.1: Demographic data of NC and AD participants 

 NC (N = 24) 
Mean ± SD 

AD (N = 17) 
Mean ± SD 

p-value 

Age (years) 65.38 ± 8.81 73.59 ± 8.84 p<0.01 

Education (years) 16.80 ± 3.64 16 ± 4.60 p>0.01 

Gender (M:F) 11:13 11:6 p>0.01 

 

 

Figure 3.1: Demographic comparisons. Comparison of (A) mean ages and (B) years of 

education between NC participants (blue) and AD participants (blue). 
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All mild AD patients met the National Institute of Neurological and Communicative 

Disorders and Stroke and the Alzheimer’s disease and Related Disorders Association (NINCDS-

ADRDA) criteria for ‘probable’ AD (1984). The mean MoCA score among the mild AD patients 

was 21.64 ± 2.84.  

Mean scores for the battery of neuropsychological tests were reported for each group and 

are displayed in Table 3.2. P-values were only reported for the MoCA, MMSE and WAIS-III 

because further neuropsychological testing was not conducted on mild AD patients.  

Table 3.2: Mean scores on the battery of neuropsychological tests on NC and AD 

participants. 

Cognitive Test Mean Score ± SD 
(NC) 

Mean Score ± SD 
(AD) 

p-value 

MoCA 27.79±1.67 21.64±2.85 p<0.01 
WAIS – LNS (Scaled Score) 11.67±1.79 8.25±3.82 p<0.01 

WAIS – SS Total (Scaled 
Score) 

16.42±2.70 8.63±3.59 p<0.01 

WAIS – Percentile Rank 83.21±14.25 34.92±30.44 p<0.01 
DRS-II – Total Score 141.68±2.10   

CVLT – sdfr raw score 9.64±3.74   
CVLT – sdcr raw score 10.73±3.61   
CVLT – ldfr raw score 10.63±3.31   
CVLT – ldcr raw score 11.45±3.21   

WCST - # of categories 
completed 

5.70±1.13   

WCST – trials to complete 1st 
category 

13.20±5.17   

WCST – failure to maintain 
set 

0.63±1.16   

WCST – learning to learn -0.12±2.64   
Stroop – colour- word score 100.41±14.42   

MoCA = Montreal Cognitive Assessment, MMSE = Mini-Mental State Examination; WAIS = 

Weschler Adult Intelligence Scale; LNS = Letter-Number Sequencing; SS = Spatial Span; DRS-

II= Dementia Rating Scale – Version II; CVLT-II = California Verbal Learning Test – Version II; 

sdfr = short delay free recall; sdcr = short delay cued recall; ldfr = long delay free recall; ldcr = 

long delay cued recall; WCST = Wisconsin Card Sorting test 
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The NC group performed significantly better than the AD group on the MoCA (Levene’s 

corrected, t(19) = 7.59, p<0.01), WAIS- Letter Number Sequencing (LNS) (scaled score) 

(Levene’s corrected, t(20) = 6.24, p<0.01), WAIS – Spatial Span (SS) Total (Scaled Score) (t(37) 

= 4.89, p<0.01), and WAIS – Percentile Rank (Levene’s corrected, t(18) = 5.54, p<0.01).  

Coefficient of variation (CV) values were computed for age, years of education and 

scores from similar neuropsychological tests in NC and AD participants. This was completed in 

order to quantify the variability within the data of each participant group (Table 3.3).  

Table 3.3: : Coefficient of variance values on demographic and data of neuropsychological 

tests on NC and AD participants 

 CVNC (%) CVAD (%) 

Age (years) 13.48 12.02 
Education (years) 21.65 28.72 

MoCA 4.16 13.14 
WAIS – LNS (scaled score) 15.31 43.46 
WAIS – SS (scaled score) 16.45 31.75 
WAIS – Percentile Rank 17.13 88.69 

CVNC = coefficient of variation for NC participants; CVAD = coefficient of variation for AD 

participants; MoCA = Montreal Cognitive Assessment, MMSE = Mini-Mental State 

Examination; WAIS = Weschler Adult Intelligence Scale; LNS = Letter-Number Sequencing; SS 

= Spatial Span 

  

3.2 Behaviour for predictive saccade paradigm: 

The predictive saccade paradigm was used to identify if there were differences between 

NC and AD participants in the 1) level at which optimal prediction occurred, 2) capacity to 

predict, and 3) capacity to learn. However, prior to assessing for the aforementioned cognitive 

capacities, SRT behaviour and fixation accuracy were analyzed. We wanted to determine whether 

participants understood the instructions of the task and if they were in fact ‘predicting’ when and 

where the target would appear next.   
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3.2.1 Qualitative analysis of SRT behaviour in predictive saccade paradigm: 

SRTs were compared between both groups by assessing how SRT values changed across 

a trial at slow, intermediate and fast ISIs (Figure 3.2).  

 

 

Figure 3.2: Saccadic Reaction Time (SRT) plots. SRTs across trials at each inter-stimulus 

interval (ISI) for (A) NC participants and (B) AD participants. 

 

SRT values were averaged from all participants across the 12 visual targets of all 5 trials 

of each ISI. Overall, the observed decrease in SRTs, to values below 100 ms, indicated that 

participants were initiating a saccade before the appearance of a visual cue. More specifically, it 

indicated that participants have learned the spatial and temporal components of the pattern, and 

were predicting where and when the target would appear next, before the target appeared on the 

screen.  

Both NC and AD participants were able to predict best at trials conducted at intermediate 

ISIs (750 ms and 1000 ms). At these ISIs, both participant groups displayed the greatest decrease 

A B 
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in SRTs across all 12 visual targets. At an ISI of 750 ms, the change in SRT for NC participants 

reached a plateau at predictive levels (SRT <100 ms) by the fourth visual target, while it reached 

a plateau by the fifth - sixth visual target for the AD participants. This result implied that at this 

‘plateau’ stage, participants moved their eyes prior to the appearance of a visual target. When the 

ISI was 1000 ms, NC participants were still able to predict well, as indicated by the sharp decline 

in SRT across the first 5 visual targets. However, since SRTs for trials conducted at an ISI of 

1000 ms did not plateau to SRT values as low as trials conducted at an ISI of 750 ms, we 

assumed that NC participants had a better ability to predict at an ISI of 750 ms. For AD 

participants, we found that at an ISI of 1000 ms, SRTs oscillated between 0 ms and more negative 

SRTs (< -100 ms) rather than reaching a plateau level. Nevertheless, since these SRT values 

fluctuated at predictive values we assumed that AD participants were able to predict with equal 

capacity at an ISI of 750 and 1000 ms.   

At the fastest ISI (500 ms), NC participants had a sharp decrease in SRT values before 

reaching a plateau by target 5. However, since the plateau of SRTs at an ISI of 500 ms did not 

reach values as low as the plateau of SRTs at intermediate ISIs, NC participants were likely not 

able to predict as well at an ISI of 500 ms than at an ISI of 750 and 1000 ms. Nevertheless, the 

capacity to predict at an ISI of 500 ms was greater in NC participants than in AD participants. At 

an ISI of 500 ms, AD participants showed a decline in SRT values across target number. 

However, these SRT values never reached negative values, implying that AD participants did not 

make saccades prior to the appearance of the visual target. This allowed us to assume that 

although AD participants were aware of the temporal pattern of the alternating target, they were 

unable to predict its future location as well as NC participants at an ISI of 500 ms.  

At an ISI of 1250 ms, NC participants showed a similar capacity to predict when 

compared to their performance at an ISI of 500 ms. Like NC participants’ SRT behaviour at an 
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ISI of 500 ms, at an ISI of 1250 ms, SRTs declined to negative values before reaching a plateau 

by target 5. However since the plateau at an ISI of 1250 ms did not plateau below SRT values of -

100 ms, as observed at intermediate ISIs, we assumed that NC participants had a reduced capacity 

to predict at an ISI of 1250 ms when compared to their performance at an ISI of 750 ms and 1000 

ms. AD participants’ SRT behaviour at an ISI of 1250 ms indicated that AD participants were not 

able to predict as well as NC participants at this ISI. This is because AD participants’ SRT values 

did not fall below an SRT of 0 ms. Furthermore, we found that AD participants’ SRT behaviour 

at an ISI of 1250 ms was very similar to their performance at an ISI of 500 ms. It is likely that 

AD participants were able to predict with equal capacity at an ISI of 500 ms and 1250 ms. 

However, this still falls below their capacity to predict at intermediate ISIs.  

At the slowest ISI (1500 ms), NC participants showed the lowest capacity to predict than 

at all other ISIs. At an ISI of 1500 ms, NC participants showed a decrease in SRT across target 

number before reaching a plateau by target 5. However this plateau did not reach negative SRT 

values, implying that at this particular ISI, NC participants were unable to predict the appearance 

of the visual target as well as they did at fast and intermediate ISIs. Interestingly in the AD 

participant group, SRT values decreased and fluctuated across target number, into negative 

values. This finding implied that at the slowest ISI, in comparison to NC participants, AD 

participants had a greater capacity to predict when the target would appear next.  

 The trends in figure 3.2, reveal that NC and AD participants predicted best at an ISI of 

750 ms and 1000 ms, while AD participants showed unique ‘predictive’ behaviour at an ISI of 

1500 ms. Furthermore, we have seen that NC participants reached predictive levels (SRT <100 

ms) faster than AD participants. This finding was evidenced by comparing how early NC 

participants’ SRT values would plateau when compared to AD participants’. 
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3.2.2 Fixation accuracy for predictive saccade paradigm: 

The fixation accuracy of a participant’s saccade was computed by determining the final 

end point of a saccade towards target 4 and 12, and calculating its distance away from the target. 

At target 4, there were no significant differences between groups in the spatial accuracy of 

saccades made in either direction (positive direction; t (39) = -0.47, p>0.01) (negative direction:   

t (39) = -0.24, p>0.01). At target 12, there were also no significant differences between groups in 

the spatial accuracy of saccades made in either direction (positive direction; t (39) = 0.73, p>0.01) 

(negative direction; t (39) = 0.90, p>0.01).  

An analysis of fixation accuracy allowed us to verify that participants were able to 

spatially locate the appearance of the visual target. However, the qualitative analysis of mean 

SRT distribution at each ISI revealed that there may be some discrepancy in the AD participants’ 

saccade behaviour at slow ISIs, which is not characteristic of their cognitive impairments. As a 

result, an in-depth analysis was conducted to understand the behavioural differences between NC 

and AD participants regarding their 1) optimal level of prediction, 2) capacity to predict, and 3) 

capacity to learn.  

 

3.2.3 Optimal prediction level: 

In order to determine the optimal level of prediction; the highest degree to which 

participants were able to predict at, we evaluated how well each group could predict the timing of 

a moving target. This measurement was quantified through computing the cumulative frequency 

of predictive (SRT <100 ms) and reactive saccades (SRT ≥100 ms) at each ISI (500, 750, 1000, 

1250 and 1500 ms).  

Within the NC group, one-sample t-tests revealed that the proportion of predictive 

saccades was greater than 0.5 at all ISIs (p < 0.001 in all 5 cases). Within the AD group, one-
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sample t-tests revealed that the proportion of predictive saccades was greater than 0.5 at ISIs 

greater than 500 ms (p ≤ 0.003 in all 4 cases), but that the proportion of predictive saccades was 

not significantly different than 0.5 at the ISI of 500 ms (p > .05).   

The frequencies of predictive saccades were compared between the two groups at each 

ISI (Figure 3.3).  

 

 

 

Figure 3.3: Frequency of predictive saccades across ISI. Comparison between NC participants 

(blue) and AD participants (red) at each ISI. Error bars represent standard error of the mean (SE). 

 

There was a significant difference between NC participants (mean=78.18±4%) and AD 

participants (mean =70.56±11%) in the overall  proportion of predictive saccades made across 

ISIs (Λ = 0.7, F (5, 34) = 3.47, p<0.05). However, there was a significant effect of group on the 

frequency of predictive saccades at an ISI of 500 ms only (F (1, 38) = 14.79, p < 0.0001).  

Paired t-tests revealed that within the NC participant group, there was a significant 

difference in the proportion of predictive saccades made between an ISI of 1000 ms and each of 

the other ISIs (p < 0.02 in all 4 cases). Within the AD participant group, there was a significant 
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difference in predictive saccades made between an ISI of 500 and each of the other ISIs (all, p < 

0.05 in all 4 cases).   

 

3.2.4 Capacity to predict: 

In order to detect differences between NC and AD participant’s capacity to temporally 

predict the appearance of a visual target, we quantified 1) the distribution of predictive saccades 

across target number at each ISI, 2) analysed saccade metrics, and 3) conducted an in-depth 

analysis of SRT distribution. 

 

Distribution of predictive saccades across experimental task: 

A cumulative frequency plot of predictive saccades at each ISI was created to compare 

the frequency of predictive saccades made across target number between NC and AD participants 

(Figure 3.4).  
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Figure 3.4: Frequency predictive saccades across target number. Comparison between NC 

(blue) and AD (red) participants at an ISI of (A) 500 ms, (B) 750 ms, (C) 1000 ms, (D) 1250 ms 

and (E) 1500 ms. 
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At all ISIs, the proportion of predictive saccades in both groups increased markedly over 

the first few targets before reaching a plateau. Compared to all other ISIs, at an ISI of 500 ms, NC 

participants elicited substantially more predictive saccades across target number than AD 

participants. At an ISI of 750 and 1000 ms, NC participants elicited an increased proportion of 

predictive saccades across target number when compared to AD participants. However, this 

difference was not as substantial as observed at an ISI of 500 ms. At an ISI of 1500 ms, the 

proportion of predictive saccades across target number was similar between both groups. 

 

Saccade metrics: 

Mean saccade amplitude and mean saccade peak velocity were the saccade metrics 

computed for the predictive saccade paradigm (Figure 3.5).  

 

 

 

 

Figure 3.5: Saccade metrics of predictive saccades. Comparison of (A) mean saccade 

amplitude and (B) mean peak velocity of saccade between NC participants (blue) and AD 

participants (red) across all 5 ISIs. 
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Interestingly, NC participants’ predictive saccades were significantly more hypermetric 

than their reactive saccades (Λ = 0.64, F (5, 40) = 5.24, p<0.001). This effect was significant at 

all ISIs, excluding an ISI of 1500 ms (p ≤ 0.03, in all 4 cases). There were no significant 

differences observed when comparing predictive and reactive saccade amplitude in AD 

participants (Λ = 0.68, F (5, 25) = 2.34, p > 0.05). Between participant groups, there were no 

significant differences between participant groups in the amplitude of predictive saccades (Λ = 

0.94, F (5, 32) = 0.43, p > 0.05). In addition, there was no significant effect of participant group 

on predictive saccade amplitude at each ISI (p > 0.05 in all 5 cases).     

There were no significant differences between the peak velocity of predictive and 

reactive saccades within the NC (Λ = 0.96, F (5, 40) = 0.34, p > 0.05) or AD (Λ = 0.97, F (5, 25) 

= 0.14, p > 0.05) participant group. However, the peak velocity of NC participants’ predictive 

saccades was significantly slower than AD participants’ (Λ = 0.71, F (5, 32) = 2.61, p<0.05). 

However, there was no significant effect of group on peak velocity identified at any ISI (p > 0.05 

in all 5 cases).   

These results show that although the AD participants may be eliciting fewer predictive 

saccades when compared to NC participants, the saccade metrics of these saccades are 

characteristic of predictive saccades. 

 

Cumulative distribution of SRTs: 

A cumulative distribution plot of all saccades made for each of the five ISIs was plotted 

to better understand the distribution of saccades between NC and AD participants (Figure 3.6).  
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Figure 3.6: Cumulative distribution plot of SRTs. A comparison between (A) NC and (B) AD 

participants at all five ISIs (blue=500 ms; red=750 ms; green=1000 ms; orange=1250 ms; purple 

1500 ms). Highlighted box represents saccades which fall within predictive SRTs (< 100 ms).  

 

Since we were assessing for prediction, we needed to determine how well participants 

were able to move their eyes in time with the moving target. Table 3.4 represents our qualitative 
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findings of the cumulative distribution plots regarding the percentage of saccades made at the 

predictive level (SRT < 100 ms) and the upper range (SRT < -200 ms) and lower range (SRT < -

400 ms) of possible anticipatory saccades.  

Table 3.4: Percent of saccades that have predictive SRTS (SRT < 100 ms), SRT < - 200 ms 

and SRT < - 400 ms. All values were obtained qualitatively from Figure 3.6, and confirmed 

through an analysis of the cumulative frequency of saccades within specified bins ranges. 

 

ISI (ms) 
 

% of Predictive 
Saccades (SRT < 100 

ms) 

% of saccades with 
SRT < -200 ms 

% of saccades with 
SRT < -400 ms 

 NC AD NC AD NC AD 

500 76 53 3 0 0 0 

750 80 69 23 15 1 1 

1000 84 78 33 29 12 13 

1250 77 78 32 46 15 24 

1500 75 75 38 48 21 27 
 

The total frequency of saccades made at the predictive level were presented previously in 

Figure 3.3. Overall, NC participants more predictive saccades at an ISI of 500 ms when compared 

to AD participants. However at intermediate and slow ISIs, there were no substantial differences 

within or between groups. Since we did not expect the healthy elderly and mild AD patients to 

elicit similar degrees of prediction at intermediate and slow ISIs, we suggest that the distribution 

of saccades with SRTs below -200 ms and -400 ms may provide an explanation of these 

unexpected findings. More specifically saccades made with SRTs between -200 ms and -400 ms 

may represent the range of a possible mechanism other than prediction, such as a 

guessing/anticipatory mechanism which may contribute towards the increased predictive saccades 

we observed at intermediate and slow ISIs. By using a guessing/anticipatory mechanism, 

participants were likely moving their eyes to the location of the upcoming target in anticipation of 

its appearance.  
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It is important to note than at an ISI of 500 ms, there were almost no saccades made 

below an SRT of -200 ms or -400 ms. As a result, we suggest that guessing/anticipation was not 

one of the cognitive strategies used at an ISI of 500 ms. However as ISI increased, it is likely that 

participants used more guessing and anticipatory strategies to move their eyes to the upcoming 

target location. In addition, we suggest that since AD participants elicited more saccades below 

an SRT of -200 and -400 ms at an ISI of 1250 and 1500 ms, they engaged in more 

guessing/anticipatory control mechanisms than NC participants at slow ISIs.  

 

3.2.5 Capacity to learn: 

 

The aforementioned results suggest that the capacity to learn may play a role in the 

behavioural output of saccades during this paradigm. We hypothesized that participants may learn 

the timing of the alternating targets early on in the task, and then use a predictive or anticipatory 

mechanism to predict or guess when the target would appear next.   

 In order to measure the ‘capacity to learn’, the change in SRT across the first 5 targets 

was calculated (Δ SRT / 5). We chose to measure the change in SRT across the first 5 targets 

since Figure 3.2. indicates that there was high variability in SRT values across all 12 targets in the 

AD group.  In addition, learning is most likely to occur at the beginning of the task (Figure 3.7).  
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Figure 3.7: Slopes across first 5 targets. Comparison between NC participants (blue) and AD 

participants (red) at each ISI. Error bars represent standard error of the mean (SE). 

 

Overall, there were no significant differences between groups in the capacity to learn (Λ 

= 0.79, F (5, 34) = 1.83, p > 0.05). However, at an ISI of 500 ms, the effect of participant group 

on slope value approached significance (F (1, 38) = 3.37, p = 0.07). This effect was not observed 

at any of the other ISIs (p > 0.07 in all 4 cases).  

 

3.2.6 Cognitive score correlations for predictive saccade paradigm: 

Pearson correlations were computed between the scores obtained from the 

neuropsychological tests and the capacity to learn, which we quantified as the change in SRTs 

across the first 5 targets (slope) of each ISI. Pearson correlation values were compared within 

each participant group.  At an ISI of 500 ms, we found anticipatory saccades to be at a minimum, 

allowing for the capacity to learn to be assessed, without the influence of anticipation.  

There were no significant correlations between the computed slope values at an ISI of 

500 ms and any of the cognitive scores for NC participants. However, in the mild AD group, 

there was a significant correlation between the computed slopes at ISI of 500 ms and the spatial 
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span (backwards) scores of the working memory component of the WAIS-III (r = -0.683, n = 17, 

p <0.05), and the total raw score of the working memory component of the WAIS-III (r = -0.598, 

n = 17, p<0.05).  

Pearson correlations were also computed between the raw scores obtained from 

neuropsychological tests and the computed slopes of the first 5 targets at an ISI of 750 ms, 1000 

ms, 1250 ms and 1500 ms. Among the NC participant pool, there was a significant correlation 

between the total percentile score of the working memory component of the WAIS-III and 

computed slopes at an ISI of 1250 ms (r = -0.431, n = 24, p<0.05). Correlations in the NC 

participant pool approached significance between computed slopes at an ISI of 750 ms and the 

WCST (failure to maintain set) (r = 0.356, n = 24, p = 0.087), and computed slopes at an ISI of 

1250 ms and the spatial span (backwards) scores of the working memory component of the 

WAIS-III (r = -0.357, n = 24, p = 0.087). In the AD participant pool, there was a significant 

correlation between the MoCA score and computed slopes at an ISI of 750 ms (r = -0.488, n = 17, 

p<0.05), and computed slopes at an ISI of 1000 ms (r = -0.542, n = 17, p<0.05). Correlations in 

the AD participant pool approached significance between the total percentile score of the working 

memory component of the WAIS – III and computed slopes at an ISI of 750 ms (r = -0.47, n = 

17, p = 0.057) and computed slopes at an ISI of 1500 ms (r = -0.447, n = 17, p = 0.072).  

 

3.3 Behaviour for memory-guided saccade paradigm: 

The memory-guided saccade paradigm was used to assess differences in working 

memory capacity through quantifying group differences in 1) saccadic eye movement errors and 

2) movement inaccuracy of correctly pursued trials.  
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3.3.1 Saccade errors: 

In order to identify differences inability to maintain fixation and spatial and temporal 

working memory between NC and AD participants, we determined the percentage of 1) trials 

completed correctly, 2) trials completed with directional errors only, 3) trials completed with 

timing errors only, and 4) trials completed with combined errors (directional and timing). All 

errors were calculated as a percentage out of the number of viable trials completed by each 

participant (Figure 3.8).  

 

 

Figure 3.8: Percentage of correct trials and errors. Comparison between NC participants 

(blue) and AD participants (red). Results were computed as a percentage out of the number of 

viable trials conducted. Error bars represent standard error of the mean (SE). 

The sum of correct trials pursued, and trials with directional, timing and combined errors 

equated to 100 percent of the total number of viable trials conducted by each participant group.   

NC participants produced significantly more viable trials (F (1, 37) = 11.65, p < 0.01) and 

correct trials (F (1, 37) = 28.21, p < 0.01) than AD participants. Correct trials implied that 

participants made saccades in the correct sequence, only after the FP disappeared. There were no 

significant differences between the two participant groups in the percentage of directional errors 
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and the percentage of timing errors (p > 0.05 in both cases). However, AD participants had 

significantly more trials where they made combined (directional and timing) errors than NC 

participants (F (1, 37) = 53.79, p < 0.01). 

Upon detailed analysis of each of the directional and timing errors between the two 

participant groups, it was found that AD participants produced more false start errors than NC 

participants, which approached significance (F (1, 37) = 3.64, p = 0.06). This suggested that AD 

participants had an increased difficulty suppressing reflexive saccades while maintaining fixation 

compared to NC participants. There were no other significant differences identified between 

groups.  

 

3.3.2 Movement inaccuracy: 

Movement inaccuracy was assessed by quantifying fixation accuracy and the 

participant’s deviation of pursued saccades from the ideal correct path.  

Fixation accuracy was measured by calculating the angle of displacement from the 

closest saccade fixation to the location of the target (in degrees) for correct trials only (Figure 

3.9).  
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Figure 3.9: Mean fixation inaccuracy. Comparison between NC participants (blue) and AD 

participants (red) to the first and second target location for correct trials. (A) Mean fixation 

inaccuracy of all pariticipants. (B) Mean fixation inaccuracy of each participant group. Error bars 

represent standard error of the mean (SE). 

 

In comparison to AD participants, NC participants were able to fixate significantly closer 

to target 1 (F (1, 37) = 6.38, p < 0.016) and target 2 (F (1, 37) = 7.49, p < 0.01) in correct trials. 

Another measurement of movement inaccuracy was determined by computing the 

difference in length of all saccades made by the participant, and the ideal path length (in degrees), 

for correct trials only. NC participants performed the memory-guided task closer to the correct 

and ideal path than AD participants, which approached significance (F (1, 37) = 3.08, p = 0.087). 
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3.3.3 Cognitive correlations for memory-guided saccade paradigm: 

Pearson correlations were carried out between each value computed in the memory-guided 

task and the cognitive scores obtained from the neuropsychological tests (Table 3.5) (Table 3.6). 

The memory-guided task values used in these calculations are the following: 

- Percentage of trials completed correctly  

- Percentage of trials with all directional errors (including sequence, skip and stop errors) 

- Percentage of trials with ‘sequence’ errors only 

- Percentage of trials with ‘skip’ errors only 

- Percentage of trials with ‘stop’ errors only 

- Percentage of trials with all timing errors (including timing errors and false starts) 

- Percentage of trials with ‘timing errors’ only 

- Percentage of trials with false starts 

- Percentage of trials with combined errors (directional and timing errors) 

- Percentage of completed viable trials 
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Table 3.5: Pearson correlations. Saccade performance measures in memory-guided task in 

NC population. 

Memory-guided 
task values 

Cognitive Score Pearson correlation Significance 

% correct WCST (failure to 
maintain set) 

r=-0.438 
 

p<0.05 

% DE all WCST (learning to 
learn) 

r=0.372 
 

p=0.073 

% seq WCST (failure to 
maintain set) 

r=0.448 
 

p<0.05 

% seq WCST (learning to 
learn ) 

r=-0.363 
 

p=0.081 

% seq % WAIS r=-0.393 
 

p=0.057 

% TE all WCST (failure to 
maintain set) 

r=0.488 
 

p<0.05 

% TE all WCST (learning to 
learn ) 

r=-0.363 
 

p=0.081 

% FS % WAIS r=0.346 
 

p=0.098 

% FS WAIS SSF r=0.398 
 

p=0.054 

%FS WAIS total r=0.382 
 

p=0.065 

%FS WCST (failure to 
maintain set) 

r=0.533 
 

p<0.05 

% correct = percent of trials conducted correctly, % DE all = percent of trials conducted with any 

type of directional error, % seq = percent of trials with directional errors, % TE all = percent of 

trials conducted with any type of timing error, % FS = percent of trials conducted with false 

starts, WCST = Wisconsin Card Sorting Test, % WAIS = Percentile score of Weschler Adult 

Intelligence Scale, WAIS SSF = Weschler Adult Intelligence Scale (Spatial Span Forward), 

WAIS total = Weschler Adult Intelligence Scale (total raw score). 
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Table 3.6: Pearson correlations. Saccade performance measures in memory-guided task in 

AD population. 

Memory-guided 
task values 

Cognitive Score Pearson correlation Significance 

% correct MoCA r=-0.613                         
 

p<0.05 

% correct WAIS SSF r=0.421 
 

P = 0.09 

% DE all MoCA r=-0.519 
 

p<0.05 

% seq MoCA r=-0.523 
 

p<0.05 

% skip WAIS SSF r=0.548 
 

p<0.05 

% skip WAIS total r=0.468 
 

P = 0.06 

% stop WAIS total r=0.449 
 

P = 0.07 

% TE all MoCA r=0.461 
 

p=0.063 

% timing MoCA r=0.465 
 

p=0.06 

% FS WAIS LNS r=0.552 
 

p<0.05 

% FS WAIS SSF r=0.500 
 

p<0.05 

% FS WAIS total r=0.438 
 

p=0.79 

% combined MoCA r=0.570 
 

p<0.05 

% viable trials WAIS LNS r=0.420 
 

p=0.93 

% viable trials WAIS SSF r=0.591 
 

p<0.05 

% viable trials  WAIS total r=0.480 
 

P = 0.051 

% correct = percent of trials conducted correctly, % DE all = percent of trials conducted with any 

type of directional error, % seq = percent of trials with directional errors, % skip = percent of 

trials with skip errors only, % stop = percent of trials with stop errors only, % TE all = percent of 

trials conducted with any type of timing error, % timing = percent of trials with timing error only, 

% FS = percent of trials conducted with false starts, % combined = percent of trials with any 

combination of sequence and timing errors, % viable trials = percent of trials that were completed 

by participant, MoCA = Montreal Cognitive Assessment, WAIS SSF = Weschler Adult 
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Intelligence Scale (Spatial Span Forward), WAIS total = Weschler Adult Intelligence Scale (total 

raw score), WAIS LNS = Weschler Adult Intelligence scale (Letter-Number Sequencing). 

 

Overall, Pearson correlations revealed that in the NC participant group, saccade 

behaviour could be correlated with the WCST (specifically, failure to maintain set) and the 

working memory component of the WAIS-III. An increased score on failure to maintain set 

subcomponent of the WCST reflects decreased attentional control while a decreased working 

memory score on the WAIS-III reflects a decreased working memory capacity. 

 In the AD group, Pearson correlations revealed that AD participants’ performance on the 

MoCA, which provided a measurement of overall cognition, negatively correlated with the 

percentage of directional and sequence errors in the memory-guided task. However other 

correlations were not reflective of AD pathology. For example, WAIS-III scores correlated with 

the percentage of skip errors and false starts, while the MoCA correlated with combined errors 

and the percentage of correct trials.  
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Chapter 4 

Discussion 

The goal of this research project was to investigate the differences in predictive capacity 

and working memory between NC and AD participants using neuropsychological tests to assess 

cognitive capacity, and saccadic eye movements to assess behavioural and cognitive control. We 

hypothesized AD participants would elicit an overall decreased capacity to predict during the 

predictive saccade paradigm when compared to NC participants. We also hypothesized that in the 

memory-guided saccade paradigm, AD participants would have greater difficulty maintaining 

fixation and decreased ability inhibiting reflexive saccades compared to NC participants. We 

proposed that differences in cognition would correspond to behavioural differences in the two eye 

saccade paradigms administered. We also hypothesized that the behavioural outcome of saccades 

would correlate with scores obtained from the neuropsychological tests (Hutton S. B., 2008; 

Pierrot- Deseilligny, Rivaud, Gaymard, & Agid, 1991). We found that the predictive paradigm 

used in this thesis did not only assess for prediction, but also learning capacity. The paradigm 

may provide a measurement differentiating NC from AD participants, in addition to detecting AD 

severity.  We also found that the memory-guided paradigm may be able to detect cognitive 

changes associated with healthy aging, and cognitive differences between NC and AD patients. 

However, because the paradigm may be too difficult for AD participants to complete correctly, it 

may not provide a valid measure of AD severity. 

 

4.1 Predictive Saccade Paradigm: 

In general, the results obtained from our study revealed that AD participants, when 

compared to NC, had 1) differences in the optimal prediction level, 2) a decreased capacity to 
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predict and 3) a decreased capacity to learn. These results suggest that our predictive paradigm 

requires the ability to predict, in addition to the ability to maintain attentional and executive 

control. All our findings revolve around the definition of a predictive saccade (SRT < 100 ms). 

There is no research evidence suggesting that reactive saccades can be made with an SRT below 

100 ms in a paradigm with no gap period between the disappearance of the fixation point (FP) 

and the appearance of the visual target (Smit & Van Gisbergen, 1989). This is because 100 ms is 

the minimum amount of time required for visual information to be retrieved and processed by the 

oculomotor circuit to produce a motor output, a saccade (Dorris & Munoz, 1998).    

 

4.1.1 Optimal level of prediction: 

In this thesis, the optimal level of prediction is a quantitative measure defining the ISI at 

which participants were able to display the greatest degree of prediction. The higher the 

frequency of elicited predictive saccades (SRT < 100 ms), the greater the degree of prediction. 

Overall, NC participants displayed a greater degree of prediction than AD participants. However, 

within their respective groups, NC and AD participants displayed an optimal level of prediction at 

intermediate ISIs (Figure 3.3).  

Various studies investigating the behavioural control of predictive saccades at multiple 

ISIs have also found that intermediate ISIs are accompanied by a higher percentage of predictive 

saccades (Isotalo, Lasker, & Zee, 2005; Findlay, 1981; Sugie, 1971). The differences in the 

frequency of predictive and reactive saccades across fast, intermediate and slow ISIs suggests that 

different cognitive control strategies are involved at different ISIs, and in the production of 

reactive and predictive saccades.  

However, our results indicated that there were no significant differences within AD group 

when comparing the degree of prediction between intermediate and slow ISIs. In addition there 
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were no significant differences between both groups when comparing the degree of prediction 

within intermediate ISIs, and within slow ISIs. This implied that both groups may be using 

similar cognitive strategies at intermediate and slow ISIs, when moving their eyes in time with 

the moving visual target.   

However, because previous studies have shown that reaction times to a visual cue 

increased as a result of age-associated decline in decisional processes, which is exacerbated in 

AD, it was surprising to find that the degree of prediction at intermediate and slow ISIs did not 

vary within and between both groups (Gordon & Carson, 1990; Muller, Richter, Weisbrod, & 

Klingberg, 1991). 

It is possible that the increased frequency of predictive saccades associated with 

increasing ISI is the result of the temporal rhythmicity of the moving target. The cerebellum is 

essential in the sensory and motor involvement of rhythmic eye movements (Robinson & Fuchs, 

2001; Penhune, Zatorre, & Evans, 1998). In the sensory system, the cerebellum is important in 

retrieving temporal information from external stimuli, while it is essential in the motor system for 

learning and producing timed responses (Penhune, Zatorre, & Evans, 1998). Imaging studies have 

shown that in mild AD patients, cerebellar atrophy is noticeable, and can be associated with a 

decline in cognitive performance (Thomann, et al., 2008; Han, Holtzman, McKeel Jr., Kelley, & 

Morris, 2002). As a result, an impairment in AD participants’ ability to maintain rhythmic eye 

movements with a rhythmically moving target should be expected.  

 

4.1.2 Capacity to predict: 

The capacity to predict provided a measure indicating whether or not participants had the 

ability to temporally predict the location of the visual target. The results revealed that in 

comparison to NC participants, AD participants showed 1) differences in the distribution of 
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predictive saccades across target number at fast ISIs, 2) differences in saccade metrics, and 3) an 

increase in saccades made below an SRT of -200 ms and -400 ms.    

 

Distribution of predictive saccades across experimental task: 

In the predictive saccade paradigm, as a target moved back and forth between two fixed 

locations at a constant ISI, the observer’s SRT decreased after 3 - 4 target alterations. This is 

because observers were able to predict the target appearance and initiate a saccade before the 

actual appearance of the visual target (Isotalo, Lasker, & Zee, 2005; McDowell, Clementz, & 

Wixted, 1996). Our results show that both NC and AD participants displayed an increase in the 

percentage of predictive saccades with respect to increasing target number at all ISIs (Fig. 3.4). 

However, the increase in predictive saccades in NC participants compared to AD participants at 

an ISI of 500 ms implied that at the fastest ISI, NC participants had a greater capacity to predict 

the timing of the moving target, while at other ISIs, the capacity to predict was similar between 

the two participant groups.  

 

Saccade metrics of predictive saccades: 

Predictive saccades are characterized by having hypometric saccade amplitudes and 

decreased peak velocities when compared to visually cued reactive saccades (Bronstein & 

Kennard, 1987). This may be the result of participants receiving no visual input since saccades 

are internally mediated and elicited prior to target appearance in the predictive saccade paradigm. 

The brain stem requires visual information to optimize the input necessary to make visually 

accurate saccades (Hutton S. B., 2008). 

We expected that in both participant groups, predictive saccades would be associated 

with reduced amplitude and peak velocity when compared to reactive saccades. Although all 
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participants’ fixations were significantly hypometric to the location of the visual target, we found 

that NC participants’ predictive saccades were hypermetric when compared to their reactive 

saccades. We suspect that since spatial prediction is not a large component of this paradigm, 

participants may be temporally predicting the location of upcoming visual targets with high 

spatial accuracy. As a result, saccade amplitude may not be a good indicator to use when 

differentiating predictive from reactive saccades in this paradigm. 

Saccade amplitude and velocity are both controlled by neuronal activity in the 

paramedian pontine reticular formation (PPRF) and the medulla. More specifically the number of 

spikes generated and the peak firing rate of activity in burst neurons located in the PPRF and 

medulla, influence amplitude and velocity respectively (Sparks, 2002). Because both these 

saccade metrics are influenced by burst activity in the same brain areas, if one of these measures 

were invalid in differentiating predictive saccades from reactive saccades, the other would be 

deemed irrelevant as well. As a result, because saccade amplitude did not provide us with a valid 

measure by which to differentiate predictive saccades from reactive saccades, using saccade 

velocity as a measure was also irrelevant.  

It is possible that the cerebellum influenced the saccade behaviour we observed with 

respect to saccade amplitude and velocity. This is because the cerebellum has shown involvement 

in producing timed motor responses to rhythmic stimuli, such as the visual target of our paradigm 

(Penhune, Zatorre, & Evans, 1998).Through feedback from the cerebellum to the brainstem 

through Purkinjie cells, the cerebellum would be able to contribute towards the amplitude and 

velocity of saccades (Houk, Buckingham, & Bartow, 1996). As a result, the role of the 

cerebellum in rhythmicity may explain why we observed saccade metrics not representative of 

predictive saccades in literature.  

 Our findings regarding saccade amplitude and peak velocity suggest that these saccade 
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metrics may not provide a useful measure of predictive capacity. This is likely because our 

predictive paradigm does not assess for prediction exclusively. As a result, to determine to which 

degree the capacity to predict is preserved in NC and AD participants, an in depth analysis of 

SRTs across all five ISIs was pursued (Figure 3.6). 

 

Cumulative distribution of SRTs: 

Our qualitative analysis of the cumulative distribution of SRTs in both groups suggested 

that there were different cognitive control strategies used at fast, intermediate and slow ISIs. It is 

likely that as the ISI increased, participants tended towards a guessing/anticipatory strategy 

(SRTs below -200 ms and -400 ms) to initiate saccades much earlier than the appearance of a 

visual target.  

Behavioural studies involving a variation of the predictive task we used, have shown that 

the probability of a target’s appearance correlates with the frequency of elicited predictive 

saccades (Dorris & Munoz, 1998). In relation to our study, it may be possible that with the 

increased probability of a target appearing in a specific location, and with the attentional deficits 

observed in healthy and pathological aging, that we observed an increase in predictive and 

anticipatory saccades. In addition, the increase in anticipatory saccades we observed with 

increasing ISI may be the result of the increasing time period between participants’ uninhibited 

anticipatory saccades and the appearance of a visual target. In order for participants’ saccades to 

land on time with target appearance, they were required to inhibit anticipatory responses over 

long periods of time. However, considering the attentional deficits in healthy and pathological 

aging, inhibiting anticipatory saccades with increasing ISI should become increasingly difficult 

(Perry & Hodges, 1999). Since this trend was amplified in AD participants, it is possible that 
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there is a greater impairment in the ability to suppress anticipatory saccades when compared to 

NC participants.   

Neurophysiology studies suggest that predictive saccades are initiated through a 

voluntary mechanism, and may represent presaccadic neural activity in the frontal eye fields 

(FEF) (Isotalo, Lasker, & Zee, 2005). A neurophysiology study conducted by Barborica and 

Ferrara (2002) proposed that in a predictive task with multiple ISIs, the FEF may be responsible 

for predicting the speed of a moving target, in addition to initiating voluntary saccades. Using a 

variation of the predictive saccade paradigm we used in our study, Barborica and Ferrara (2002) 

found that the ISI of a moving target modulated the presaccadic, visually-guided and gap-period 

activity of FEF neurons. It is likely that an internal representation of the moving target is stored in 

working memory as it is continuously updated during saccade planning (Barborica & Ferrera, 

2003). The increased proportion of predictive to reactive saccades made by NC, when compared 

to AD, may be explained by increased FEF neural activity prior to the appearance of the visual 

target.  

In addition to assessing how saccade behaviour altered with target probability in a 

variation of the predictive saccade paradigm, Dorris and Munoz (1998) also studied how pretarget 

activity in the intermediate layers of the SC was influenced by target probability. It was found 

that the probability of the target’s appearance positively correlated with early pretarget collicular 

activity. In addition, early pretarget activity was positively correlated with the frequency of 

predictive saccades (Dorris & Munoz, 1998). 

In another study using a prosaccade task with a gap-period, Dorris et al., (1997) 

demonstrated that in neural recordings of collicular neurons, preparatory set activity was 

observed, and correlated with the occurrence of uninhibited express saccades during the gap 

period. Preparatory set activity can be identified as neural activity which precedes a motor 
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movement, and whose activity can be reflected by a corresponding motor movement (Everling & 

Munoz, 2000). As a result, it is possible that as the participants in our study began to understand 

that the target would have a 100% probability of appearing in a certain location, there would be 

an increase in pretarget neural activity in the SC. This increase in collicular activity would code 

for motor preparation, and is likely involved in the production of predictive saccades, and may be 

involved in the production of anticipatory saccades of the participants in our study.  

Because both participant groups, although more so in the AD group, produced more 

anticipatory saccades as the ISI increased, we suggest that there are differences in the ability to 

inhibit pretarget collicular activity from producing anticipatory saccades between the groups. 

Understanding the inability to inhibit predictive saccades may provide insight into the inability to 

suppress anticipatory saccades. Karoumi et al. (1998) proposed two possibilities to explain the 

inability to inhibit predictive saccades by suggesting that there may be impairments upstream or 

downstream of the SC, causing decreased inhibition of pretarget collicular activity. The first 

possibility is that the frontal lobe is unable to inhibit the increase in neuronal activity of the SC 

through the fronto-striatal pathway (Thaker, Nguyen, & Tamminga, 1989; Karoumi, Ventre-

Dominey, & Dalery, 1998). The second possibility is that due to an impairment in the substantia 

nigra pars reticulata (SNpr), the basal ganglia is unable to inhibit elevated activity in the SC, and 

therefore inhibit predictive saccades (Sato & Hikosaka, 2002; Karoumi, Ventre-Dominey, & 

Dalery, 1998). Nevertheless, an impairment at any level of the corticostriatal pathway could cause 

an impairment in the ability to inhibit of predictive saccades since SC activity would not be 

regulated (Karoumi, Ventre-Dominey, & Dalery, 1998). Imaging studies have reported that AD 

patients show increased frontal lobe and basal ganglia degeneration when compared to healthy 

controls (Lerch, et al., 2005; Mann, 1991). As a result, it is likely that pretarget collicular activity 

in our AD participant group, is not inhibited from producing predictive saccades. This specific 
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type of neural control may also explain the inability to inhibit anticipatory saccades. However, 

this can only be verified using a neurophysiology study.   

 

4.1.3 Capacity to learn: 

Because our results regarding the distribution of SRTs of saccades suggest that different 

cognitive control mechanisms were used at each ISI, we expected to see varying degrees in the 

ability to acquire newly presented information and retain it, which we defined as the capacity to 

learn. As the change in SRT across the first five targets (slope value) increased, so did the 

capacity to learn.   

In general, we found that at the fastest ISI, NC participants elicited a higher capacity to 

learn than AD participants. However, as the ISI slowed down, AD participants’ capacity to learn 

increased, as indicated by their increasingly negative slope values. This may imply that as the ISI 

slowed down, the visual targets were moving at a speed where AD participants were able to learn 

the temporal pattern with a higher capacity than NC participants, and when compared to their 

own performance at faster ISIs. However, we must also consider the role of anticipatory saccades 

as a confounding variable when measuring the capacity to learn. The increased frequency of 

anticipatory saccades associated with the increase in ISI (which was more so observed in AD 

participants), contributed to the decline in SRT values across a trial. As a result, at slow ISIs, 

negative slope values which may have indicated an increased capacity to learn, instead 

represented increased anticipation.   

 Our results also suggest that the cerebellum and its role in the ability to learn the 

rhythmic pattern of a moving target may also play a role in the behavioural output of participants 

(Ivry, Spencer, Zelaznik, & Diedrichsen, 2002; Ivry & Keele, 1989). Using a rhythmic finger 

tapping task to stimuli produced by an auditory metronome, Ivry et al., (2006) compared the 
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motor behaviour between healthy controls and patients with cerebellar damage. They found that 

during the finger tapping task, the cerebellum signaled when the next motor response should 

occur by creating an explicit form of temporal representation. Though healthy controls were able 

to produce rhythmic movements in a timely manner, patients with cerebellar damage produced 

motor movements with rhythmic distortions (Ivry, Spencer, Zelaznik, & Diedrichsen, 2002).  

In relation to our predictive paradigm, the cerebellum may be involved in generating an 

internal model of the temporal pattern, and generating rhythmic motor outputs, such as eye 

movements. Because NC participants were able to learn with similar capacity at each ISI, the 

cerebellum may have been able to produce an effective internal model of the moving target 

through learning and receiving visual stimuli across the first five visual targets of trials at all ISIs. 

However, in the AD participant group, we were hesitant to assume that the cerebellum’s ability to 

create an internal model of the moving target was more effective at slower ISIs than faster ISIs.  

Ivry et al. (2006) proposed that the cerebellum acted as a predictive device by internally 

representing when the next motor movement should occur. However, there is a difference 

between prediction; identifying when an event should occur, and anticipation; initiating an action 

well in advance of the appropriate time. As the ISI increased in our paradigm, both participant 

groups, although more so in mild AD, produced more anticipatory saccades. Damage within the 

cerebellum, or in the projections leading out of the cerebellum may cause participants to produce 

more anticipatory saccades which did not follow the rhythmic pattern of the moving target. 

Imaging studies have shown that the cerebellum in mild AD patients suffers from atrophy when 

compared to healthy controls, whom presumably have no cerebellar damage (Thomann, et al., 

2008; Han, Holtzman, McKeel Jr., Kelley, & Morris, 2002). However it is also possible that the 

increase in anticipatory responses are due to impairments in outputs leading out of the cerebellum 
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which affect motor pathways, and thalamocortico projections leading to the PFC, premotor cortex 

and motor cortex (Ivry, Spencer, Zelaznik, & Diedrichsen, 2002).         

The time-dependent differences we observed in learning and predictive capacity may also 

be caused by immediate changes involving neural plasticity, representing changes in motor 

learning. Dorris and Munoz (1998) were able to study how neural characteristics of colliculuar 

neurons changed as monkeys performed a gap-saccade paradigm using targets that followed a 

repetitive spatial and temporal location. They found that as the visual target’s appearance 

followed a repetitive pattern, there was an increase in pretarget activity in the SC. This increase in 

collicular pretarget activity would cause a decrease in SRTs (Dorris & Munoz, 1998). In relation 

to our predictive paradigm, participants elicit predictive saccades when there is a high probability 

of a visual target appearing in a certain location, causing an increase in collicular pretarget 

activity. With regards to reactive saccades, participants would initiate a saccade after the 

appearance of a visual target. Therefore, since the visual target is not expected to appear at a 

certain temporal location, it is likely that there was decreased pretarget activity in the SC. In other 

words, SC preparatory activity modulated motor output. A neurophsyiolgical study using a rhesus 

monkey model, by Dorris et al. (2000) supports the involvement of pretarget collicular activity in 

the production of saccades with reduced SRTs. As each monkey followed target locations that 

followed a sequential pattern, SRTs became shorter with each repeated movement, and correlated 

with changes in pretarget activity in the SC (Dorris, Pare, & Munoz, 2000). Though the basis of 

this neuroplasticity is unclear, there are possibilities which may influence the activity of collicular 

neurons. Since the intermediate layers of the SC receives input from various cortical and 

subcortical areas, changes in any of these areas could cause changes in collicular activity. In 

addition, collicular activity has been shown to be cognitively influenced through visual attention, 

expectation of target appearances, and movement preparation (Dorris & Munoz, 1998; Dorris, 
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Pare, & Munoz, 2000). As a result, it is plausible to assume that the cognitive strategies 

participants used in the predictive paradigm influenced SC neuronal plasticity.  

Hikosaka et al. (2002) proposed that neural plasticity in motor learning is the result of 

dynamic interactions between networks comprising of the frontoparietal cortices, basal ganglia 

and the cerebellum. Within the frontoparietal cortices, functional neuroimaging studies have 

shown that during the early stages of motor learning, there was increased activity in the dlPFC 

and the presupplementary motor area (preSMA), whereas the intraparietal sulcus and the 

precuneus increased in activity towards the later stages of learning (Sakai, et al., 1999). Other 

components of the circuit include the basal ganglia and the cerebellum. The basal ganglia signals 

code for the likelihood of a visual target appearing in a certain spatial and temporal location. The 

cerebellum encodes information regarding sensorimotor and timing errors of a motor sequence. In 

combination, the basal ganglia and cerebellum are two essential components of the circuit 

important in motor sequence learning. (Hikosaka, Nakamura, Sakai, & Nakahara, 2002).  

In patients affected by Alzheimer’s disease, imaging and post-mortem brain analysis 

studies have indicated that the frontal lobe, parietal lobe, basal ganglia and cerebellum show a 

reduction in volume due to neuronal atrophy and reduced energy metabolism (Mattson, 2004; 

Mann, 1991). As a result, dynamic interactions between the frontoparietal cortices, basal ganglia 

and cerebellum could explain our results regarding the changes in motor skills associated with the 

behavioural changes observed at each ISI. 

 

4.1.4 Cognitive correlations in predictive saccade paradigm: 

Identifying a potential behavioural measure (i.e.: capacity to learn) to correlate with 

healthy aging and AD progression, would provide a useful tool when differentiating between 

healthy and pathological aging. Although the capacity to learn at intermediate and slow ISIs 
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correlated with working memory scores of the WAIS-III in both groups, their validity must be 

questioned since anticipation seems to increase with increasing ISI. As a result, the capacity to 

learn at an ISI of 500 ms, where possible anticipation was at a minimum, was used as a 

behavioural measure to correlate with cognitive scores.  

 There were no significant correlations identified in the NC participant group. This may be 

due to the fact that there was significantly less variation in cognitive scores in the NC participant 

group when compared to AD participants in analogous neuropsychological tests only. However, 

in the AD participant group a negative correlation was identified between learning capacity (ISI 

of 500 ms) and scores obtained from the working memory component of the WAIS-III. With an 

increase in working memory capacity, AD participants had greater negative slope values, which 

corresponded to a greater capacity to learn. This result suggests that working memory may play a 

role in the production of predictive saccades.  

 Working memory is a cognitive function involving attentional and executive control over 

short term memory, which has shown involvement in the antisaccade task (Hutton & Ettinger, 

2006; Roberts, Hager, & Heron, 1994). Like our predictive saccade paradigm, the antisaccade 

task requires working memory to refrain oneself from eliciting reflexive saccades, and to instead 

produce voluntary endogenous saccades (Unsworth, Schrock, & Engle, 2004). As a result, 

working memory is important in generating the internal representation upon which predictive 

saccades are based, and generating behaviour that includes both spatial and temporal components. 

However, the exact mechanism by which working memory is involved in the generation of 

predictive saccades is unknown.   
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4.2 Memory-guided saccade paradigm: 

AD participants displayed the following saccade abnormalities in the memory-guided 

saccade paradigm when compared to NC: 1) difficulties suppressing reflexive saccades and 

maintaining fixation, and 2) an impaired ability to integrate and execute complex motor plans 

involving spatial working memory. In addition, correlations between saccade error measures and 

neuropsychological assessment scores allowed us to evaluate the influence of cognition on 

saccade behaviour in NC and AD participants. 

 

4.2.1 Saccade errors: 

The behavioural results of the memory-guided saccade paradigm revealed that NC 

participants had a greater ability to suppress a reflexive saccade while maintaining fixation than 

AD participants.  

The two subtypes of timing errors (timing errors and false saccade errors) allowed us to infer 

if either participant group had an inability to suppress planned motor sequences, and/or an 

inability to suppress reflexive responses (LeVasseur, Flanagan, Riopelle, & Munoz, 2001). 

Timing errors occurred when participants pursued the task prior to the disappearance of the 

central fixation point (FP) (‘GO’ signal). False saccades were similar to timing errors, except that 

participants made a saccade back to the central FP, then pursued the task at the correct time. 

When timing errors or false saccades were not associated with any directional errors, it was likely 

that participants had a difficulty suppressing planned motor sequences. However, when timing 

errors or false saccades were associated with a directional error (combined error), participants 

likely had difficulties suppressing reflexive responses (LeVasseur, Flanagan, Riopelle, & Munoz, 

2001; Abel & Douglas, 2007).  
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  AD participants had an increased difficulty suppressing planned motor sequences when 

compared to NC participants, as a result of their increased false saccade errors. We believe that 

these errors were not the result of an inability to suppress reflexive responses since participants 

directed saccades towards the first target. It is possible that this behaviour is the result of altered 

corticostriatal circuitry (LeVasseur, Flanagan, Riopelle, & Munoz, 2001). The basal ganglia (BG) 

are important to the oculomotor circuit as it must integrate information from various areas of the 

cortex, before producing a single cortical output. The BG is essential in the memory guided task, 

because one of its components, the substania nigra pars reticulata (SNpr), contains saccade 

related neurons which are essential in producing saccades to remembered locations (Hikosaka, 

Takikawa, & Kawagoe, 2000). Neurophysiology and imaging studies suggest that the 

supplementary eye fields (SEF) is also important in suppressing planned motor responses, as it is 

implicated in both visual and motor commands of internally guided saccades (Gaymard, Ploner, 

Rivaud, Vermersch, & Pierrot-Deseilligny, 1998; Gaymard, Pierrot-Deseilligny, & Rivaud, 1990; 

Munoz & Everling, 2004).Since AD patients have shown degenerative changes in the BG, frontal 

lobe and parietal lobe areas, it is possible that their atrophy may explain the behavioural 

differences we see when compared to NC participants (Brun & Gustafon, 1976; Mann, 1991). 

The frontal and parietal areas also encompass the dlPFC, SMA, and FEF, which all contribute 

towards delaying saccadic responses, in addition to receiving feedback through the BG 

(LeVasseur, Flanagan, Riopelle, & Munoz, 2001; Munoz & Everling, 2004; Hikosaka, 

Nakamura, Sakai, & Nakahara, 2002; Gaymard, Ploner, Rivaud, Vermersch, & Pierrot-

Deseilligny, 1998).   

AD participants also had an increased difficulty of suppressing reflexive responses when 

compared to NC participants, as a result of their increased combined errors (directional and 

timing). Since all timing errors in this regard were associated with a type of directional error, it is 
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likely that the participants did not remember or focus attention towards the sequence of the 

targets. It is important to note that since AD participants pursued more trials with combined errors 

than trials with timing errors only, the inability to suppress reflexive responses is likely greater 

than the inability to suppress planned motor sequences. Neurophysiology studies using an 

antisaccade task have reported that in order for a reflexive saccade to be suppressed, there must 

be a reduction in pre-stimulus activity in saccade related neurons in the SC and FEF (Hanes & 

Schall, 1996; Gold & Shadlen, 2000). Lesion studies have also implicated the dlPFC to 

impairments in the ability to suppress reflexive saccades during an antisaccade task (Gaymard, 

Plonr, Rivaud, Vermesch, & Pierrot-Deseilligny, 1998; Munoz & Everling, 2004).  SEF 

impairment in the AD population may explain the increased frequency of combined errors 

(directional and timing) in our behavioural paradigm. Imaging studies on primates show that the 

SEF is important to temporal and spatial motor control. Furthermore, with a lesion to the SEF, the 

ability to pursue a memory-guided task in the correct sequence is impaired (Pierrot- Deseilligny, 

Rivaud, Gaymard, & Agid, 1991; Gaymard, Plonr, Rivaud, Vermesch, & Pierrot-Deseilligny, 

1998).   

Our findings of AD participants producing more trials with combined errors (directional 

and timing) are consistent with findings of previous studies, investigating the effects of attention 

and executive control, and working memory over saccade dysfunction in AD (Scinto, et al., 1994; 

Fletcher & Sharpe, 1986). With a reported decline in divided and selective attention (Kidd, 2008; 

Perry & Hodges, 1999), AD participants would find it extremely difficult to process information 

from multiple stimuli; contributing to directional errors. AD participants would also have 

difficulties directing attention towards relevant stimuli; contributing to timing errors. These 

findings are consistent with previous voluntary saccade research involving the elderly and 

psychiatric population groups (Sweeney, Rosano, Berman, & Luna, 2001; Sweeney, et al., 1996). 
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These research studies attribute spatial working memory to the storage of internalized 

representations of the spatial locations of the visual targets over a specified delay period.  

4.2.2 Movement inaccuracy: 

Although there were no major differences between the two groups in the percent of trials 

completed with sequential errors only (saccade production in the incorrect order), NC participants 

were able to fixate with greater accuracy on the visual targets when compared to AD participants. 

Furthermore, on average, NC participants pursued correct trials closer to the ideal path length 

than AD participants, suggesting that patients with AD have decreased spatial accuracy than NC. 

Various neurophysiology and lesion studies have attributed the PPC (Pierrot-Deseilligny, Rivaud, 

Gaymard, & Agid, 1991), dlPFC (Pierrot-Deseilligny, Rivaud, Gaymard, & Agid, 1991; 

Gaymard, Plonr, Rivaud, Vermesch, & Pierrot-Deseilligny, 1998), FEF (Pierrot- Deseilligny, 

Rivaud, Gaymard, & Agid, 1991; Gaymard, Ploner, Rivaud-Pechoux, & Pierrot-Deseilligny, 

1999) and SEF (Pierrot-Deseillgny, Rivaud, Gaymard, Muri, & Vermersch, 1995) to the 

production of spatially accurate saccades in the memory-guided task. More specifically, patients 

with lesions to these areas pursued the memory-guided task with decreased accuracy. Each of 

these brain areas has visual and visuomotor cells which are responsible for visuospatial 

integration, and the early selection and preparation of collicular cells by preexcitation. As a result, 

it is possible that the increased spatial inaccuracy observed in the AD patients of this study, is the 

result of an impairment in the PPC, dlPFC, FEF and/or SEF. Imaging studies have reported that 

compared to healthy older individuals, AD patients show an overall decrease in cortical volume, 

including the following brain areas: frontal cortex, parietal cortex and basal ganglia (Mann, 

1991). Another imaging study conducted by Lerch et al. (2005) specifically identified that in AD 

patients, the dlPFC of the frontal lobe, and posterior region of the parietal lobe have the greatest 

decline in brain volume when compared to NC participants (Lerch, et al., 2005). As a result, our 
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findings regarding movement inaccuracy in AD patients may reflect neurodegenerative deficits of 

the brain. 

It is also possible that the inaccuracy of saccades elicited by AD participants is the result 

of an impaired ability to remap visual signals (Munoz D. P., 2006). Each saccade causes visual 

objects to be repositioned on the retina. Remapping compensates for these shifts by spatially 

updating the image on the retina to represent the stored image represented in the visual cortex 

(Merriam, Genovese, & Colby, 2007; Munoz D. P., 2006). Neurophysiology studies indicate that 

anticipatory remapping, which occurs before a saccade, involves the lateral intraparietal area 

(LIP) to update visuospatial information. During the appearance of a visual stimulus, LIP neurons 

show responsive activity. However, before initiating a saccade, a subset of these LIP neurons 

alter the spatial visual processing, so that there is a shift in the visual receptive field, representing 

the receptive field of the saccade. This subset of neurons not only generates an anticipated new 

retinal location of the visual target, but does so before the saccade, and before information could 

arrive through ‘traditional visual afferent pathways’ (Munoz D. P., 2006). However, Munoz 

(2006) suggests another important component is also necessary; the corollary discharge from the 

saccadic motor command. When combined with the visual signal, the corollary signal may be 

able to predict the future retinal location of visual targets.  Researchers suggest that the SC – 

mediodorsal nucleus (MDN) of the thalamus – FEF pathway may provide the corollary necessary 

from the brainstem to the cerebral cortex (Wurtz & Sommer, 2003; Sommer & Wurtz, 2002; 

Munoz D. P., 2006; Sommer & Wurtz, 2004). Through neurophysiology studies using a monkey 

model, Sommer and Wurtz (2002, 2003, and 2004) indicated the SC-MDN-FEF pathway is 

essential to spatial remapping at the FEF level. Disruption to this pathway has shown that the 

visual receptive fields of neurons in the FEF failed to shift to the new anticipated location at the 

time of the saccade (Munoz D. P., 2006). Because imaging studies have shown that the posterior 
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region of the parietal lobe decreases in volume in AD patients, it is possible that the LIP is one of 

the parietal regions affected since it is located right below the PPC (Lerch, et al., 2005). With 

degeneration to the LIP, AD patients may not be able to update their spatial visual processing, 

causing a saccade with decreased accuracy. Imaging studies have also shown that degeneration 

occurs in the thalamus and frontal lobe of AD patients (Lerch, et al., 2005; Mann, 1991). As a 

result, the MDN of the thalamus and FEF could also be affected in our AD participants, causing 

an impairment in spatial remapping at the FEF level, leading to a decrease in the accuracy of 

saccades. 

Collectively our results strongly suggest that AD participants have an impaired working 

memory when compared to NC participants. Proper working memory functioning is essential 

when pursuing the memory-guided saccade paradigm correctly. This involves active goal 

maintenance in the face of distraction. With an impaired working memory, any momentary lapse 

in attention would result in attentional shifts towards a visual cue, and a loss in visual fixation; 

resulting in a timing error (Unsworth, Schrock, & Engle, 2004). A neurophysiology study 

conducted by Pesaran et al., (2002) on a monkey model reported that during a working memory 

task, there was an increased firing rate in the LIP. It is likely that this increase in firing rate 

represents memory fields, and represents the subject’s movement to make a spatially specific 

saccade (Pesaran, Pezaris, Sahani, Mitra, & Andersen, 2002). A decreased working memory 

capacity in AD participants may indicate degeneration in the LIP. This would prevent AD 

patients from being able to spatially update their visual processing, causing inaccurate saccades.  

Our results also support the role of attentional control in working memory. This is 

because the memory-guided paradigm required participants to maintain fixation while two visual 

targets flashed on the screen. Only when the central FP disappeared were participants able to 

attend to the remembered locations of the targets by making sequential saccades. A behavioural 
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study by Jonikatis et al., (2013) has also supported the role of attention in remapping. More 

specifically it was found that attention is continuously allocated to spatial locations of attended 

objects, correcting for spatial shifts that eye movements may cause (Jonikaitis, Szinte, Rolfs, & 

Cavanagh, 2013). Because AD participants have shown a decline in divided attention, it is 

possible that the sequence and spatial locations of the stimuli in this task were not strongly 

attended to (Perry & Hodges, 1999). This would prevent AD participants from generating 

accurate saccades due to reduced remapping of the visual stimuli.  

 

4.2.3 Cognitive correlations in memory-guided paradigm: 

Memory-guided saccade tasks provide insight into the importance of working memory, 

and attentional and executive control on the behavioural outcome of saccades. To assess whether 

the memory-guided task could be used to identify cognitive differences between NC and AD 

participants, behavioural results of our memory-guided task were correlated with cognitive scores 

from neuropsychological tests. 

In healthy aging, studies have reported that there is a decline in working memory and 

attentional set shifting (Pa, et al., 2010; McEvoy, Pellouchoud, Smith, & Gevins, 2001; Perry, et 

al., 2009). However, the decline observed in AD patients’ working memory and attentional set 

shifting is significantly larger when compared to individuals undergoing healthy aging (Baddeley 

A. , Working Memory, 1992; Pa, et al., 2010). With an impaired working memory, participants 

would have difficulty retaining information and reproducing a goal-directed response (Kane & 

Engle, 2003). With reduced attentional set shifting, participants would have difficulty maintaining 

focus on the central FP, then shifting their attention to remembered locations of the visual target.  

In NC participants, cognitive scores indicated that an impaired working memory capacity 

correlated with increased directional errors (sequence only). An impaired working memory, 
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evidenced through low working memory scores on the WAIS-III, would suggest that participants 

were unable to retain information regarding the spatial locations of the visual target, and create a 

goal-directed response at the appropriate time. It was also found that a decline in set shifting, 

indicated through a high score in the category of ‘failure to maintain set’ in the WCST, was 

associated with increased directional errors (all types, and sequence only) and timing errors (all 

types, and false saccades only). It is likely that an inability to direct focus on the central FP, 

would lead to increased timing errors. In addition, an inability to direct attention to the sequential 

and spatial locations of the visual targets would cause directional errors.  

In AD participants, we found that increased directional errors (all types) and sequence 

errors correlated with overall cognitive decline, as indicated by reduced MoCA scores. However, 

we also found correlations that were not representative of a decline in working memory capacity 

or overall cognition. This is likely because 90% of AD participants’ viable trials were completed 

with either timing errors, directional errors, or combined errors. As a result, behavioural measures 

of our memory-guided paradigm may not provide a useful measure to track AD progression 

because of their inability to understand and perform the task correctly.           

 

4.3 Influence of cognitive impairment: 

AD participants showed significantly more inter-subject variance in their cognitive 

performance on the MoCA and the working memory component of the WAIS-III, when 

compared to NC participants. This suggested that AD participants showed a significant variation 

in impairments within the small sample size used in this study. We understand that the decreased 

cognitive performance observed in AD participants is because of their impairments in executive 

control (Perry & Hodges, 1999), attentional control (Baddeley, Baddeley, Bucks, & Wilcock, 

2001; Perry & Hodges, 1999), visuo-spatial abilities (Backman, Jones, Berger, Laukka, & Small) 
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and working memory (Baddeley, Bressi, Salla, Logie, & Spinnler, 1991). These cognitive 

processes are essential in the production of correct saccades in both the predictive and memory-

guided saccade paradigm (Isotalo, Lasker, & Zee, 2005; Pierrot- Deseilligny, Rivaud, Gaymard, 

& Agid, 1991). With impairments in attentional and executive control, participants would not be 

able to follow task instructions, abstain from producing involuntary reflexive saccades, or 

generate voluntary saccades as necessary.   

 

4.4 Clinical relevance: 

AD is a neurodegenerative disorder which initially targets memory, and progressively impairs 

other domains of cognition. Since pathological cognitive impairment is often confused with age 

associated cognitive decline it is only after cognitive impairments have affected the patient’s 

instrumental activities of daily living (IADLs) that dementia can be diagnosed. The time between 

the onset of pathological brain changes and its manifestation into observable clinical symptoms 

can be years. As a result, it is important for aging research to focus on improving diagnostic 

methods and tools which could help separate healthy aging from pathological aging in its early 

stages (Kidd, 2008).  

 Brain dysfunction in the AD population has been studied through various research 

avenues (i.e.: electroencephalography, visual evoked potentials, visual content sensitivity, 

positron emission tomography, and magnetic resonance imaging) (Fletcher & Sharpe, 2004; 

Kidd, 2008). By studying the changes that occur in the brain between the healthy aging 

population and the AD population, researchers can gain a better understanding of what diagnostic 

tools and treatment options would be the most effective for patients with AD. Neuropsychological 

tests are used on clinical grounds to help reach a diagnosis of dementia. However, a few years 

may pass without treatment, and treatment can slow the progression of the disease (Kidd, 2008). 
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As a result, other tools should be combined with neuropsychological tests to reach a more reliable 

and earlier diagnosis.  

 Avenues in diagnostic research involving neuroimaging have been explored, however, it 

is costly, and may also be inaccessible to certain societal groups. Furthermore, it is difficult for 

the frail older population to remain supine in the MRI machine for long periods of time, or they 

may have contraindications preventing them from entering the MRI machine. Saccade tasks may 

provide a solution as they are an inexpensive tool which requires no external motor movements 

(other than the eyes), and can detect changes in cognition in various psychiatric populations 

(Hutton S. B., 2008). Therefore saccades could be used in the diagnosis of patients with cognitive 

impairments.  

 Based on the findings of our study, differences in saccade performance between the NC 

and AD participant groups may correspond to cognitive differences between the two groups. In 

the predictive saccade paradigm, we found that at an ISI of 500 ms, NC participants were able to 

learn the paradigm at a greater capacity than at other ISIs. In addition, at slower ISIs (1250 ms 

and 1500 ms), both groups; although more so in the AD participant group, may have adopted a 

guessing/anticipatory strategy to execute saccades prior to the appearance of a visual target. As a 

result, the predictive paradigm used in this study did not solely assess the level (ISI) at which 

participants were able to elicit the greatest degree of prediction, and the capacity to predict as we 

hypothesized, but also identified the capacity to learn and the possible influence of anticipation at 

slow, intermediate and fast ISIs. In the memory-guided saccade paradigm, we found that AD 

participants had increased difficulties with maintaining fixation and suppressing reflexive 

saccades when compared to NC participants. This correlated with working memory impairments 

identified through neuropsychological tests.  
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 Our findings have provided promising preliminary data, from which future research can 

be built upon to provide a larger and more reliable data set. This would provide a more sensitive 

and accessible way of identifying cognitive and neurological differences between the healthy 

older population and individuals with AD. A large data set may also help identify cognitive and 

neurological changes which may occur through AD progression from mild to advanced stages. In 

the frail older population, including both healthy older adults and individuals with AD, saccade 

research is an appropriate avenue to explore because it requires minimal external motor output by 

extraocular motor neurons, and has been found to be influenced by a wide range of cognitive 

processes; such as attention, executive control, working memory, learning and short term memory 

(Hutton S. B., 2008; Fletcher & Sharpe, 2004; Gaymard, Plonr, Rivaud, Vermesch, & Pierrot-

Deseilligny, 1998). 

 

4.5 Limitations: 

In a study involving multidisciplinary research with older and patient populations, limitations 

were unavoidable. As discussed previously, the pathology that patients face when diagnosed with 

AD varies from person to person. Therefore, it is difficult to assess whether other cognitive 

impairments, or to which degree certain cognitive impairments affect the behavioural results of 

our study.   

 However, despite not knowing the exact degree to which the array of cognitive functions 

may be impaired in each AD patient, we do know that a deficit in short term memory and 

attention are existing impairments. As a result, given the goals of our tasks, it is possible that AD 

participants were unable to remember the given instructions of the saccade paradigm, and were 

also unable to focus various aspects of their attention when necessary. In the predictive saccade 

paradigm, drift corrections allowed for participants to refocus their attention. However, during the 
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memory-guided saccade paradigm there were no drift corrections between trials, resulting in no 

chance to remind participants of the task when frequent saccade errors were elicited or when 

participants were distracted. However, to ensure that this limitation was at a minimum, prior to 

the memory-guided task, instructions were given multiple times and patients were able to ask 

questions regarding the task. In addition, if it was evident that the participant did not understand 

the instructions at the beginning of the task; observed through a high frequency of directional and 

timing errors, the paradigm was stopped and reattempted after instructions were given again. 

 Our predictive saccade paradigm which was designed with the intention of assessing the 

optimal level of prediction, and predictive capacity in participants, gave light to other limitations 

as well. Our results indicated that learning capacity had a large influence on the behavioural 

output of participants. As a result, instead of using a predictive strategy to initiate a saccade 

towards a temporally accurate location, at certain ISIs participants learned the pattern and used a 

guessing strategy to anticipate the spatial and temporal location of the upcoming visual target. A 

variation of the predictive saccade paradigm in this study should be used if predictive capacity is 

the only aspect of cognition to be studied. One possibility could be to create a predictive saccade 

paradigm where the spatial location of the visual target varies as a function as time. This would 

allow researchers to determine cognitive control over prediction without the effects of motor 

sequence learning.  

 Another major limitation faced in this study was the sample sizes. We needed to ensure that 

both our NC and mild AD groups did not have any neurological impairments or past stroke to 

ensure our participant group was representative of a group that had undergone healthy aging, or a 

group that was solely affect by mild AD. These factors may have limited our sample sizes. 

However, by increasing the duration of this study, it is feasible to increase the number of mild 

AD participants in our study from the 17 AD patients we enrolled. We also may have introduced 
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unavoidable sampling bias based on geographical location because all participants were recruited 

from Kingston or the surrounding area.    

 

4.5.1 Age-related limitations: 

Age-related saccade research has indicated that in the healthy older population, 

differences in saccade behaviour can be attributed to aging effects (Peltsch, Hemraj, Garcia, & 

Munoz, 2011). Using a prosaccade task, which required automatic saccade control, and an 

antisaccade task, which required voluntary saccade control, Peltsch et al. (2011) found that the 

ability to initiate voluntary saccades and inhibit automatic motor responses decreased with age, 

and that aging affects voluntary saccade processes more than automatic saccade process. 

Additionally, they also found that SRT values, intra-subject variability, the range of express 

saccades, the ‘anti-effect’ (mean saccade latency between prosaccades and antisaccades), and the 

proportion of direction errors were all sensitive to aging effects. In relation to the results of our 

thesis, the memory-guided task may have been subject to these aging effects as observed through 

the increase in combined errors (directional and timing). These age related differences may be 

due to the neurological changes associated with healthy aging.    

Controlling for age proved to be a difficult task in this study since research has shown 

that the prevalence of AD increases with age (Rising Tide: The Impact of Dementia on Canadian 

Society, 2010). Furthermore, since the mild AD participant group was significantly older than the 

NC participant group, the possibility of age-related effects in our study, as a confounding variable 

in saccade behaviour should not be dismissed. We attempted to control for age variation by 

removing it as a covariate in our statistical analysis. This allowed us to remove the uncontrolled 

variation in age, and ensure there was an accurate and true relationship between our independent 

and dependent variables.  
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4.6 Future directions: 

In a study assessing the behavioural differences between healthy older individuals and 

AD; a progressive disease, it would be beneficial to conduct large-scale longitudinal studies. This 

would allow us to determine how the progression of AD, and its associated decline in cognitive 

impairment influences saccadic performance over time. Since research shows that cognitive 

performance on neuropsychological tests decline over time in AD patients (Kidd, 2008; Albert, et 

al., 2011), it is reasonable to infer that over time, the performance of AD patients on these 

saccade tasks would also change.  

 Future research involving an imaging study of the predictive and memory-guided saccade 

paradigm in the magnet would also prove to be valuable in determining the functional and 

structural differences between AD patients and NC participants associated with the behavioural 

and cognitive differences we found in our study. An imaging study would not only strengthen our 

results, but would also help identify the brain areas involved in executing saccades specific to the 

predictive and memory-guided saccade paradigm. If results from the potential imaging study 

correlate with the behavioural results of this study, we would have a potential model system, 

through which future research on therapies and interventions could be used to treat patients with 

AD. In addition, we would have a diagnostic tool that would be inexpensive, which avoids 

difficulties during administration, and requires almost no external motor movements from 

patients. 

 

4.7 Summary and conclusions: 

The results of our study suggest that the predictive and memory-guided saccade paradigms used 

in this study could be used to differentiate patients with AD from healthy older individuals.  
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 In the predictive saccade paradigm, we found that both NC and AD participants were 

able to predict best at intermediate ISIs (750 ms and 1000 ms). At the two slowest ISIs (1250 ms 

and 1500 ms), we found AD participants elicited more saccades below an SRT of -200 and -400 

ms. This indicated that instead of using a predictive strategy, AD participants may have adopted a 

guessing/anticipatory strategy. At the fastest ISI (500 ms), we found that any possible anticipation 

was at a minimum, allowing us to accurately assess learning capacity in NC and AD participants. 

In general, at an ISI of 500 ms, NC participants displayed a greater capacity to learn the temporal 

components of the predictive paradigm than the AD participants. Furthermore, cognitive 

correlations suggest that this predictive paradigm could be used to differentiate healthy aging 

from mild AD, and monitor progression in AD. 

 In the memory-guided saccade paradigm we found that AD participants had an increased 

difficulty maintaining fixation and suppressing reflexive saccades when compared to NC 

participants. The errors displayed in AD participants were likely due to an impaired working 

memory; a deficit in attentional and executive control over short term memory. However, the 

complexity of the task may have been beyond the AD participants’ level of comprehension; a 

likely factor involved in the observed increase in saccade errors. Cognitive correlations suggest 

that this memory-guided paradigm could be used to monitor cognitive changes associated in 

healthy aging, but not in AD.  

 To our knowledge this is the first study comparing both predictive and learning, and 

working memory capacity in mild AD patients and healthy older adults using saccade tasks and 

the results of neuropsychological assessments. The results of this study are promising; however, 

with further data collection and imaging studies, we can improve the significance of our findings, 

and identify the brain areas involved in eliciting predictive and memory-guided saccades. These 

findings may one day lead to a potential diagnostic tool and model for potential treatments. 
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