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Abstract 

The body of work described in this thesis used saccades (fast eye movements) and MRI 

measures to characterise an Alzheimer’s disease (AD) group.  Saccades are served by a 

network of cortical and subcortical regions, and abnormalities of impaired inhibitory 

responses and prolonged step reflexive saccade latency in AD are known.  There has been a 

sole prior study using fMRI in AD. 

The present study utilised a comprehensive battery of saccadic tasks (step reflexive, gap 

reflexive, predictive and antisaccades) and neuropsychological testing to probe the integrity of 

the saccadic system in 15 subjects with mild to moderate AD and 16 healthy older control 

subjects using fMRI.  Saccadic performance was impaired in the AD group, and correlated 

with the degree of cognitive impairment.  The saccadic abnormalities exhibited were 

prolonged step reflexive saccade latency, impaired procedural learning in the predictive task, 

prolonged latency of correctly performed antisaccades and an increased error rate of 

antisaccades.  There was increased activity in the middle temporal gyri in the AD group when 

performing step reflexive saccades, due to compensatory recruitment, as reduced resources 

were available in the posterior parietal processing complex.  The impairment of procedural 

learning of the predictive task in the AD group was reflected by increased activity in the 

temporo-parietal cortices, as a slower transition from reflexive saccades to predictive saccades 

occurred.  The cognitively challenging antisaccade tasks lead to the non-selective recruitment 

of alternative neural networks in the temporo-occipital cortex.  Overall, the AD group 

demonstrated reduced activity during all tasks compared to controls and regions as a ‘resource 

ceiling’ of available neurons was reached.  An AD-related perfusion network was derived that 

separated AD from controls in an unbiased fashion, with regions of both reduced and 

preserved cerebral perfusion.  The saccadic, fMR and perfusion profiles from single cases of 

other dementias – posterior cortical atrophy and corticobasal syndrome – compared to AD 

were reported. 

In AD the substantial underlying structural changes limit the ability to engage the extra 

neuronal ‘scaffolding’ required to adequately perform a sensorimotor task.  This link between 

structure and function in AD manifests as altered fMRI activity while performing saccades. 

This first comprehensive study into the performance of saccades in AD using fMRI, has 

shown robust differences between AD and controls, and the underlying structural damage to 

brain regions appear to alter saccadic performance. 
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This research was conducted at the Van der Veer Institute for Parkinson’s disease and Brain 
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The SPM8 course (University of Queensland, Australia, 18-20th November 2009) was 

invaluable for the subsequent analyses of the data.  Both the graphical depictions (ggplot2) 

(Wickham, 2009) and statistical analysis were performed on the platform R (R Development 

Core Team, 2010).   
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• Australasian Winter Conference on Brain Research, Wanaka, New Zealand, 2010. Functional MRI 

of saccades in Alzheimer’s disease: the reflexive and predictive tasks, 

http://psy.otago.ac.nz/awcbr/Abstracts/Abstracts2010.html.  

• Dementia Collaborative Research Centres, Sydney, Australia, 2009. Arterial spin-labelling 
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1 Alzheimer’s disease 

This thesis utilised the MRI measures of functional MRI (fMRI), and perfusion MRI (arterial 

spin-labelled MRI) to characterise the structural and functional changes demonstrated by an 

Alzheimer’s disease (AD) group when performing saccades.  Saccades are served by a 

network of cortical and subcortical regions, and there are well-described abnormalities in AD.  

Dementia is an acquired decline of memory and intellectual ability in adulthood that causes 

impaired activities of daily living (Bennett, 2000; Roman et al., 1993).  The most common of 

the dementias, Alzheimer’s disease (AD), is a slow and relentless brain disease (Alzheimer's 

Association, 2009).  The cortical mapping of saccades will increase our knowledge of how 

structure and function are altered in AD. 

This formidable disease accounts for more than half of all dementias diagnosed, and its 

prevalence continues to rise.  By the mid 21st century, the number of people affected in the 

United States of America is estimated to triple to 13.2 million people, of whom the largest 

sector of growth will be those over 85 years (Hebert, Scherr, Bienias, Bennett, & Evans, 

2003; Querfurth & LaFerla, 2010).  The greatest risk factor for AD remains advancing age 

(Carrillo et al., 2009).  Fewer than 5% of Alzheimer’s disease cases are due to autosomal 

dominant mutations and are termed ‘early-onset familial AD’, with disease onset before 65 

years of age (Tanzi & Bertram, 2005).  After 65 years of age, AD is termed ‘late-onset’ 

(Rossor, Fox, Freeborough, & Harvey, 1996), and after this age, prevalence increases 

exponentially, doubling every 5 years (Di Carlo et al., 2002).  1275 new late-onset cases are 

diagnosed per 100,000 people per year, with a female preponderance (Hirtz et al., 2007).  The 

incidence of AD continues to increase into the 9th decade (Brookmeyer, Gray, & Kawas, 

1998), with one quarter of those over 90 years afflicted (Brookmeyer et al., 1998; Katzman, 

2004).  Higher levels of education appear to ameliorate the effects of AD (Katzman, 2004), 

with increased premorbid ability providing greater cognitive resources for functional 

compensation (Alexander et al., 1997).   

1.1 Clinical profile 
AD is a cortical dementia that most commonly presents with an antero-grade episodic 

memory deficit; later, semantic memory is also affected, with the gradual emergence of 

impaired attention, executive function, visuo-spatial processing, language and neuro-

psychiatric symptoms as the disease progresses (Cummings et al., 1994; Petersen, 1998; 

Rossor et al., 1996).  The early preclinical stages of AD consist of impaired memory, word 
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finding, and abstract reasoning (Jacobs et al., 1995).  Initially short-term memory complaints 

arise – losing items, missing appointments and repetitive conversation (Carr, Goate, Phil, & 

Morris, 1997; Morris, 1997).  These deficits develop insidiously, and years may pass before 

the patient and family seek diagnosis (Morris, 1997).  Deficits may not be immediately 

apparent and are often concealed by the patient (Bennett, 2000).  Close observers recognise 

clear functional deficits (Morris, 1997) such as driving being reduced or restricted to familiar 

areas (Bennett, 2000).  It becomes increasingly difficult for the patient to manage their 

finances, their daily living requirements, and they ultimately require assistance with the most 

basic of personal cares (Morris, 1997).  The final stages of disease render the patient unable to 

talk or comprehend, immobile and completely dependent, with death typically eight to ten 

years after onset (Carr et al., 1997).  Classically, AD relentlessly progresses, eventuating in a 

vegetative state although ‘substantial variability in the course of the disease exists’ (Bennett, 

2000).  In particular, there is heterogeneity in the age and the cognitive domain of onset, the 

development of neurological signs, including extrapyramidal and pyramidal features, and 

seizures late in the disease (Rossor et al., 1996).  The presence of extrapyramidal signs is 

associated with a lower cognitive score and may be present even in the early stages of AD 

(Portet, Scarmeas, Cosentino, Helzner, & Stern, 2009).   

1.2 Patho-physiology 
The pathological hallmarks of Alzheimer’s disease, first identified by Alois Alzheimer in 

1908, comprise extracellular amyloid plaques and intra-neuronal neurofibrillary tangles 

composed of abnormally hyperphosphorylated tau (Alzheimer, Stelzmann, Schnitzlein, & 

Murtagh, 1995).  Amyloid is a naturally occurring protein in the brain with an unknown 

function, and tau is a neuronal protein responsible for microtubule stabilization (Perrin, 

Fagan, & Holtzman, 2009).  Though the amyloid plaque is identified as pathognomonic of 

AD, amyloid ! plaques are found naturally in those without AD and the total amyloid burden 

does not correlate well with dementia severity (Hardy & Selkoe, 2002).  Advanced age does 

not automatically result in amyloid deposits and neurofibrillary tangles, while a small number 

of young adults develop amyloid deposits and neurofibrillary tangles (Braak & Braak, 1997).  

AD pathology is estimated to begin 10 to 20 years prior to the development of significant 

cognitive deficits (Braak & Braak, 1997; Hulette et al., 1998; Price & Morris, 1999).   

Several hypotheses have been pursued attempting to explain the pathogenesis of AD.  These 

include the choline hypothesis that suggests the cognitive deficits of AD arise from impaired 

acetylcholine neurotransmitter activity, the amyloid hypothesis that suggests the accumulation 
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of amyloid ß protein causes sufficient neuronal damage to lead to AD, and finally the vascular 

hypothesis that suggests vascular factors contribute to the development of AD.  

1.2.1 Choline hypothesis 
The majority of currently approved AD pharmacotherapy consists of agents that enhance 

acetylcholine neurotransmitter levels (Scarpini, Scheltens, & Feldman, 2003).  The 

degeneration of the basal forebrain nuclei is associated with impaired cholinergic activity, 

along with the progressive loss of nicotinic receptors that also play a role in memory function 

(Scarpini et al., 2003).  Cholinergic denervation is most profound in the temporal lobes 

(Mesulam, 2004).  When this choline dysfunction occurs is unknown – whether it occurs early 

in disease, or later.  The latter is suggested by the observation that the enzymes involved in 

the manufacture and degradation of acetylcholine are not reduced until later in the disease 

(Scarpini et al., 2003).  The cholinergic hypothesis states that a reduction in cholinergic 

transmission plays a significant role in the cognitive, functional and neuropsychiatric 

symptoms observed in AD (Lleo, Greenberg, & Growdon, 2006).  This is largely based on 

several observations of reduced numbers of cholinergic neurons in the basal forebrain, and 

reduced cholinergic function in the neocortex and hippocampus, that correlates with cognition 

(Lleo et al., 2006).  The loss of cholinergic neurons is not the main pathological event in AD, 

nor is it closely associated with cognition.  The anatomical characteristics of the basal 

forebrain however render it vulnerable to both neurofibrillary pathology and subsequent 

cholinergic denervation (Mesulam, 2004).  Thus cholinergic denervation does not seem to 

directly cause AD, and it is therefore unsurprising that acetyl cholinesterase inhibitor 

treatment often ameliorates symptoms moderately, and is unable to prevent disease 

progression (Mesulam, 2004). 

1.2.2 Amyloid cascade hypothesis 
The leading theory of AD causation remains the amyloid cascade hypothesis, which was 

proposed more than 20 years ago (Figure 1-1).  The hypothesis states that the progressive 

accumulation of neurotoxic amyloid ! plaques centred upon the temporo-parietal cortices 

results in the characteristic deficits of AD (Querfurth & LaFerla, 2010).  Increased amyloid ! 

production explains only a small number of early onset familial AD cases – in the majority of 

AD cases, late-onset or sporadic AD, amyloid is retained via defective clearance mechanisms 

(Deane & Zlokovic, 2007).  An imbalance between the production and clearance increases 

amyloid !, initiating the pathological cascade (Haass & Selkoe, 2007; Hardy & Selkoe, 2002; 

Querfurth & LaFerla, 2010).  Amyloid ! peptides naturally occur in the central nervous 



!
!

14 

system as metabolic by-products (Querfurth & LaFerla, 2010).  They are formed via the 

sequential cleavage by beta-site amyloid precursor protein-cleaving enzyme-1 (BACE-1) – a 

!- and "-secretase (Querfurth & LaFerla, 2010; Walsh & Selkoe, 2007).  The point of 

cleavage determines the amyloid ! peptide length: 38, 40 or 42 amino acid residues 

(Querfurth & LaFerla, 2010; Walsh & Selkoe, 2007).  The increased length of amyloid !42 

enhances its vulnerability and thus an inclination to aggregate and form intermediate 

neurotoxic oligomers of two to six peptides (Walsh & Selkoe, 2007).  At this stage of the 

cascade, amyloid !42 oligomers deposit in plaques and induce a local inflammatory response 

and oxidative damage (Nunomura et al., 2001).  The oligomers are responsible for the 

interruption to synaptic function, depleting cholinergic and glutamatergic neurotransmitters 

(Haass & Selkoe, 2007; Selkoe, 2001, 2002; Walsh & Selkoe, 2007).  A significant loss of 

hippocampal synapses occurs very early (Scheff, Price, Schmitt, DeKosky, & Mufson, 2007), 

and it is this reduction of synaptic density, not the presence of amyloid ! plaques, that 

correlates best with cognition (Terry et al., 1991).   

 

Figure 1-1 The amyloid cascade hypothesis for both sporadic and autosomal dominantly inherited AD 
(Figure adapted from Haass & Selkoe, 2007; Selkoe, 2002). 

Amyloid is deposited in a distinctive pattern, beginning in the medial temporal lobe (Thal, 

Rub, Orantes, & Braak, 2002), a pattern that may however vary considerably between 

individuals (Braak & Braak, 1991; Guillozet, Weintraub, Mash, & Mesulam, 2003).  Amyloid 

is initially deposited in the poorly myelinated basal forebrain, consistent with the first clinical 
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symptom of an anterograde episodic memory deficit (Braak & Braak, 1997).  Subsequent 

amyloid ! deposition is in the hippocampal formation and adjacent regions, and eventually in 

all cortical regions (Braak & Braak, 1991, 1997).  Even early in AD, markedly reduced 

numbers of neurons are exhibited in the entorhinal cortex – a medial temporal lobe structure 

that relays information to the hippocampus – compared with cognitively unimpaired 

individuals (Gomez-Isla et al., 1996).  The neuronal loss correlates with disease duration and 

severity in some hippocampal subregions (Bobinski et al., 1997).  The final stage of the 

cascade is widespread neuronal dysfunction and death, with clinical dementia (Haass & 

Selkoe, 2007). 

1.2.2.1 Neurofibrillary tangle 
The second abnormal pathological finding by Alois Alzheimer, the neurofibrillary tangle, may 

be a protective response to neuronal oxidative damage (Lee et al., 2005).  Neurofibrillary 

tangles disrupt the stability of the cytoskeleton (Mesulam, 2000) but alone are insufficient to 

cause cognitive dysfunction (SantaCruz et al., 2005).  Genetic variation in the tau gene is only 

induced within a context of amyloid ! deposition (Kauwe et al., 2008) and accelerates the 

“age-related tauopathy” (Price & Morris, 1999).  In the hippocampal formation, the relative 

decrease in neuronal numbers is correlated with a relative increase in neurofibrillary tangles 

(Bobinski et al., 1996).  The amount of both neurofibrillary tangles and neuronal loss in the 

hippocampal formation and frontal cortices, associate closely with cognition (Giannakopoulos 

et al., 2003).  The neurofibrillary tangles are most dense in the entorhinal cortex followed by 

the fusiform gyrus, temporal and parietal cortices, with a relative sparing of the sensorimotor 

region (Guillozet et al., 2003).  This pattern of neurofibrillary tangles distribution better 

differentiates the stage of AD than the pattern of amyloid ! plaque deposition (Braak & 

Braak, 1991; Riley, Snowdon, & Markesbery, 2002).  The severity of dementia in subjects 

younger than 75 years is strongly associated with the neurofibrillary tangle burden but this 

association decreases with age, and disappears entirely in the 9th decade (Prohovnik et al., 

2006).   

1.2.3 Vascular hypothesis 
Increasingly, AD has been described as a ‘primarily neurodegenerative disease with 

additional vascular damage’ (Rosengarten, Paulsen, Burr, & Kaps, 2009), however it is 

currently unclear what is the underlying link between AD and vascular factors (Breteler, 

2000b).  Both pathological processes may share common risk factors, or rather, the vascular 

factors may contribute directly to the aetiology of AD (Breteler, 2000b).  The amyloid 

cascade hypothesis is thought to contain flaws.  In vivo amyloid ! may not be neurotoxic (de 
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la Torre, 2002a, 2002b, 2004), a notion supported by the failure of A!42 immunisation to alter 

disease progression despite a reduction in amyloid load (Holmes et al., 2008).  The vascular 

factors, identified by the Rotterdam study, that increase the risk of AD are: atherosclerosis, 

hypertension, diabetes mellitus, atrial fibrillation, and abnormal haemostasis (Breteler, 2000a, 

2000b; de la Torre, 2002a).  AD is associated with greater cerebral hypoperfusion, with white 

matter hyper-intensities and grey matter atrophy more severe than that already exhibited in the 

elderly brain (Spilt et al., 2005).  It has been suggested that the primary onset and target of 

amyloid ! in AD is in the microvasculature, with ensuing local inflammation, accumulation of 

amyloid and a local breach of the blood brain barrier (Popescu et al., 2009; Rhodin & 

Thomas, 2001).  The now permeable barrier allows amyloid ! neuronal deposition and 

narrows the vessel lumen.  This reduces cerebral blood flow and the availability of metabolic 

substrates, therefore promoting neuronal damage (Rhodin & Thomas, 2001).  Chronic 

hypertension reduces cerebral blood flow, and has been suggested as the trigger of 

microvascular degeneration, which eventually impedes neuronal metabolism (Farkas, De Vos, 

Steur, & Luiten, 2000).  In AD, an uncoupling is observed between cerebral perfusion and 

energy metabolism, as well as an increased cerebral oxygen extraction fraction (Nagata et al., 

1997).  This pattern normally indicates compensation for cerebral ischaemia and suggests that 

vascular factors participate in the development of microvasculature hypometabolism in AD 

(Nagata et al., 2002).  Comparatively, both vascular and metabolic reserves are impaired in 

vascular dementia (Nagata et al., 2002).  In summary, cerebral blood flow in AD may be 

impaired due to a number of vascular abnormalities, including atherosclerotic disease, 

cerebral amyloid angiopathy, infarctions and a dysfunctional blood brain barrier (Roher, Esh, 

Rahman, Kokjohn, & Beach, 2004).  Abnormal patterns of cerebral perfusion and its 

relationship with cognition and saccadic neural networks will be examined in this thesis using 

fMRI and perfusion arterial spin-labelled MR imaging. 

1.3 Genetics 
More than two decades ago, amyloid ! was identified in cerebral blood vessels in both AD 

and Down’s syndrome (Glenner & Wong, 1984a; Glenner & Wong, 1984b).  Coupled with 

the localisation of the amyloid precursor protein gene to chromosome 21, a new era of the 

‘amyloid hypothesis’ began in Alzheimer’s disease research (Tanzi & Bertram, 2005).  Over 

225 mutations are readily identified in the three established autosomal dominant fully 

penetrant genes (amyloid precursor protein and the two genes encoding the proteolysis of 

amyloid precursor protein into amyloid ! peptides, presenilin-1 and 2 proteins) are 
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responsible for 30 to 50% of early onset familial AD cases, but fewer than 0.5% of all AD 

cases (Cruts & Van Broeckhoven, 1998; Tanzi & Bertram, 2005).  The only major genetic 

risk modifier that contributes to the development of late-onset AD is a polymorphism of the 

cholesterol transporter apolipoprotein E allele (APOE-"4) that is present in 15% of the general 

population and approximately 30% of those with AD (Bales et al., 1997; Saunders et al., 

1993; Tanzi & Bertram, 2001, 2005).  Rather than increasing the production of amyloid !, 

APOE-"4 influences the clearance and degradation of amyloid ! (Bales et al., 1997; Querfurth 

& LaFerla, 2010; Tanzi & Bertram, 2005).   

Other genetic factors may also be associated with an increased risk of developing late-onset 

AD.  Cognitively unimpaired subjects with a maternal family history of late-onset AD show 

an AD-like pattern of PET hypometabolism (Mosconi et al., 2007; Mosconi et al., 2009).  

Inherited variants of sortilin-related receptor (SORL1) – involved with the intracellular 

recycling and transporting of amyloid ! – are also associated with late-onset AD (Cellini et 

al., 2009; Rogaeva et al., 2007).  To date, #-secretase has not been directly tested for an AD 

association, and a genetic association of either BACE-1 or $-secretase with AD remains 

unclear (Tanzi & Bertram, 2005).  Lipoprotein receptor-related protein is thought to have a 

small effect on the cerebral efflux of amyloid ! in late-onset AD (Tanzi & Bertram, 2005).  

Neprilysin and insulin-degrading enzyme may play an important role in the degradation of 

amyloid ! in vivo, but to date there is no association with early or late onset AD (Farris et al., 

2003; Iwata et al., 2001; Kanemitsu, Tomiyama, & Mori, 2003). 

1.4 Diagnosis 
1.4.1 Mild cognitive impairment 
Mild cognitive impairment (MCI) refers to a transitional stage between normal aging and 

Alzheimer’s disease: the memory deficit is worse than that due to normal aging when 

corrected for age and education, but overall cognition is preserved and activities of daily 

living are intact (Petersen et al., 2001; Petersen et al., 1999).  Numerous terms are used 

interchangeably to describe the prodromal phase of AD: MCI, age-related cognitive decline, 

and cognitively impaired not demented (Dubois et al., 2007).  These terms describe a period 

in which cognitive symptoms are present but do not reach the threshold for dementia 

diagnosis (Dubois et al., 2007).  Those with solely memory impairment are diagnosed with 

‘amnesic MCI’ (Petersen et al., 2001).  Traditionally, it has been thought that those with MCI 

have unimpaired activities of daily living, but it has been shown that impairments of complex 

activities of daily living, such as managing finances, transport and working are already 
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present before the traditional threshold of dementia is reached (Perneczky et al., 2006).  MCI 

subjects progress to AD at a rate of 10-16% per year (Petersen et al., 2010; Petersen et al., 

2001).  After six years, approximately 80% of these people will be diagnosed with AD 

(Petersen et al., 2001). 

1.4.2 Alzheimer’s disease 
Current diagnostic guidelines for research have been provided by the Diagnostic and 

Statistical Manual of Mental Disorders 4th edition, text revised (DSM IV-TR) and the 

National Institute of Neurological and Communicative Diseases and Stroke, Alzheimer’s 

Disease and Related Disorders Association (NINCDS-ADRDA).  The DSM IV-TR guidelines 

require a memory deficit plus at least one other cognitive domain impairment, both of which 

interfere with activities of daily living (American Psychiatric Association, 2000).  The 

NINCDS-ADRDA diagnosis of probable AD requires two or more impaired cognitive 

domains including memory (of insidious onset), and the absence of other medical or 

neurological disorders that could account for the symptoms (McKhann et al., 1984).  A 

diagnosis of probable AD is supported by impaired activities of daily living, and the presence 

of apraxias, aphasias and agnosias (McKhann et al., 1984).  Definitive AD diagnosis is only 

confirmed by neuropathology (McKhann et al., 1984), yet there is a close association between 

the clinical and the histopathological diagnosis of AD (Jellinger, 1996).  Dubois et al. 

proposed revising the current criteria to include biomarkers to identify AD and the prodromal 

phase of the disease.  He proposes abolishing the heterogeneity of a MCI diagnosis and 

instead, devises criteria that will include the full disease spectrum from prodromal symptoms 

to AD.  Rather than a diagnostic focus on functional impairment, he proposes that diagnosis 

be based on the ‘clinical, biochemical, structural and metabolic presence of AD’.  The recent 

revision of the McKhann et al (1984) core criteria acknowledge the pathophysiological 

process includes changes evident prior to clinical diagnosis, further delineate the other 

dementia types and include the use of biomarkers and genetic information to increase the 

certainty of diagnosis (McKhann et al., 2011). 

1.5 Other dementias 
1.5.1 Vascular dementia 
Vascular dementia comprises 8-15% of all dementias (Jellinger, 2008) and is a sub-cortical 

dementia with cognitive impairment due to ischaemic or haemorrhagic stroke or ischaemic-

hypoxic lesions with psychomotor retardation, executive dysfunction, and alterations in mood 

or personality (Roman et al., 1993).  The diagnosis requires the presence of dementia; 
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cerebrovascular disease upon history, physical examination or neuroimaging; and a 

relationship between the above two criteria as demonstrated by time of onset (less than three 

months post stroke), a sudden deterioration, fluctuation, or stepwise decline of cognition 

(Roman et al., 1993).  The only consistent neuropsychological differences from AD are the 

presence of increased rates of depression, greater impairments of activities of daily living, and 

less severe cognitive impairment (Groves et al., 2000).   

1.5.1.1 Mixed dementia 
There is considerable overlap between AD and vascular dementia and nearly half of those 

with dementia may have both AD and cerebrovascular pathology (Kalaria & Ballard, 1999; 

Snowdon et al., 1997).  In the Nun Study, those who met the neuropathological criteria for 

AD with concurrent brain infarction had worse cognition compared to those without infarcts 

(Snowdon et al., 1997).  Small (2002) defines mixed-dementia as an AD-like dementia 

presentation but with a disease course akin to vascular dementia (Small, 2002).  Mixed 

dementia covers a broad spectrum of disease between ‘pure’ AD, and ‘pure’ vascular 

dementia, and includes AD with vascular lesions and severe cerebral amyloid angiopathy, 

through to vascular dementia with AD pathology (Gold, Giannakopoulos, Herrmann, Bouras, 

& Kovari, 2007; Kalaria & Ballard, 1999).  It has no current diagnostic guidelines (Jellinger 

& Attems, 2007).   

1.5.2 Fronto-temporal lobar degeneration 
Fronto-temporal lobar degeneration (FTLD) primarily affects the frontal and temporal 

cortices and produces three ‘neurobehavioural syndrome’ subtypes (Neary et al., 1998).  The 

most common subtype is fronto-temporal dementia, which presents with a profound alteration 

in personality and a frontal ‘dysexecutive syndrome’, comprising deficits in attention, 

abstraction, planning and problem solving.  Language, perception, memory and visuo-spatial 

function are relatively preserved.  Prominent grey matter atrophy is seen in the frontal cortices 

(Neary et al., 1998), and a pattern of reduced glucose metabolism in the frontal, anterior 

cingulate and temporal lobes is displayed in fronto-temporal dementia in contrast to the 

predominant temporo-parietal and posterior cingulate pattern seen in AD (Foster et al., 2007).  

Of clinical utility, PET is able to distinguish fronto-temporal dementia from AD more 

accurately than solely clinical assessment (Foster et al., 2007). 

The second subtype, termed progressive non-fluent aphasia, is a disorder of expressive 

language, with profound deficits affecting reading, writing, word retrieval and speech 
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production (Neary et al., 1998).  Comprehension is relatively intact and is accompanied by 

grey matter atrophy in the left fronto-temporal cortices.   

Semantic dementia is the third subtype, with a severe comprehension deficit, anomia 

(impaired word-finding), prosopagnosia (impaired recognition of faces), and associative 

agnosia (failure to assign meaning to an object), but fluent speech.  There is grey matter 

atrophy in the anterior temporal neocortices (Neary et al., 1998).  

1.5.3 The Lewy Body Dementias 
Parkinson’s disease associated dementia (PDD) and dementia with Lewy bodies (DLB) are 

both Lewy body dementias, sharing similar neuropathology and clinical features.  The 

distribution of the Lewy bodies, time course and presentation of dementia differs however 

PDD develops within the context of existing Parkinson’s disease, more than one year after the 

presentation of motor symptoms (Emre et al., 2007).  Conversely, DLB diagnosis precedes or 

occurs within one year of the development of motor symptoms (Emre et al., 2007) and is 

characterised by a dementia associated with fluctuating cognition, visual hallucinations and 

Parkinsonian motor features (McKeith et al., 1996).  PDD and DLB closely resemble each 

other with a diffuse pattern of grey matter atrophy in the temporal, frontal, occipital and 

parietal cortices in contrast with dominant temporal lobe atrophy in AD (Burton, McKeith, 

Burn, Williams, & O'Brien, 2004). 

1.6 Treatment 
AD therapeutic strategies prevent acetylcholine degradation, reduce glutamate (N-methyl-d-

aspartate antagonist), or remove components of the amyloid cascade (Klafki, Staufenbiel, 

Kornhuber, & Wiltfang, 2006; Masters & Beyreuther, 2006; Schott, Kennedy, & Fox, 2006).  

The cholinergic hypothesis is the basis for acetyl cholinesterase inhibition therapy for mild-

moderate AD (Klafki et al., 2006; Masters & Beyreuther, 2006; Schott et al., 2006).  The 

USA Food and Drug Administration currently approve five medications for the treatment of 

AD: acetyl cholinesterase inhibitors (rivastigmine, tacrine, galantamine and donepezil) and an 

N-methyl-d-aspartate antagonist, memantine (Neugroschl & Sano, 2010).  Acetyl 

cholinesterase inhibitors confer a modest improvement in cognitive function, activities of 

daily living and neuropsychiatric symptoms, and remain the first-line treatment in mild to 

moderate AD but are limited by both tolerability and inconsistent efficacy in patients 

(Neugroschl & Sano, 2010; Scarpini et al., 2003; Trinh, Hoblyn, Mohanty, & Yaffe, 2003).  

Over time, those treated with rivastigmine exhibit increased global cerebral perfusion, 

compared with those either treated with tacrine or remaining drug naïve (Stefanova, Blennow, 
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Almkvist, Hellström-Lindahl, & Nordberg, 2003).  Drug naïve patients or those with 

deteriorating cognition display temporo-parietal and frontal hypometabolism (Nobili et al., 

2002; Stefanova et al., 2006).  Acetyl cholinesterase inhibitors improve cerebral 

vasoregulation as well as the oft-reported improvement in synaptic function (Rosengarten et 

al., 2009).   

Memantine minimises the activities of daily living deficits and neuropsychiatric symptoms in 

moderate to severe AD, and acts to reduce excessive excitation of N-methyl-d-aspartate 

receptors by glutamate, leading to neuronal death (Hsiung & Feldman, 2008; Neugroschl & 

Sano, 2010; Scarpini et al., 2003).   

To date, no treatments are proven to be disease modifying despite the reported alterations in 

cerebral perfusion.  Future potential treatments in clinical trials include a $-secretase inhibitor 

aiming to reduce CSF amyloid !, resveratrol aiming to reduce plaque formation in transgenic 

mice models, and the blocking of tau aggregation using methylene blue to enhance 

mitochondrial function (Neugroschl & Sano, 2010).  A!42 immunisation failed to modify 

cognition or neurodegeneration despite the reduction of the overall amyloid ! burden (Holmes 

et al., 2008). Vitamin E may delay or slow the progression of AD (Doody et al., 2001; 

Neugroschl & Sano, 2010), but cholesterol or homocysteine lowering drugs (non-steroidal 

anti-inflammatory drugs and ginkgo biloba) do not confer benefit (Neugroschl & Sano, 2010).   

1.7 Neuropsychological profile 
The neuropsychological profile of AD is characterized by an initial anterograde episodic 

memory deficit followed by impaired attention, executive function, visuo-spatial processing, 

and language (Petersen, 1998; Rossor et al., 1996).  The best neuropsychological measures to 

predict progression to AD from cognitively unimpaired are the Boston naming test, immediate 

recall and the Wechsler Adult Intelligence Scale (WAIS) similarities (Jacobs et al., 1995).   

1.7.1 Memory 
The memory system is subdivided into short term (working) and long-term memory, requiring 

an intact frontal-striatal network and hippocampal formation respectively (Bennett, 2000; 

Hodges & Graham, 2001).  Working memory is the process of maintaining and storing a piece 

of information for a short period (Ungerleider, Courtney, & Haxby, 1998).  The ventro-lateral 

prefrontal cortex has been demonstrated to be responsible for storing the working memory for 

objects, and the dorso-lateral prefrontal cortex (DLPFC), for the working memory of spatial 

locations (Ungerleider et al., 1998).  Visuo-spatial working memory is predominantly located 

in the right hemisphere (Baddeley, 2003).  Subjects with AD have difficulty acquiring new 
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information, and it is suggested that the storage of working memory is intact and instead it is 

the focussing and switching of attention during working memory that is impaired (Germano & 

Kinsella, 2005).   

Long-term memory is further portioned into implicit procedural memory and explicit episodic 

and semantic memory (Hodges & Graham, 2001).  Episodic memory is the collection and 

retrieval of personal events – impairment of episodic memory is most likely the earliest 

manifestation of AD (Bennett, 2000).  Semantic memory is the memory of acquired 

knowledge, independent of context.  Both explicit memory subsystems require the 

hippocampal formation to encode memories and the neocortical association region to retrieve 

memories (Bennett, 2000). 

1.7.2 Attention 
The term attention describes how important and relevant stimuli have preferential processing 

and resources allocated (Mesulam, 1999).  Spatial attention is the shifting of attention to an 

object of interest, whether overtly (shifting gaze), or covertly (without eye movement) (Perry 

& Zeki, 2000).  In the presence of parietal lesions, the disengagement of covert visual 

attention is impaired (Posner, Walker, Friedrich, & Rafal, 1984).  AD subjects demonstrate an 

early deficit in the ability to disengage and shift visual attention (Parasuraman, Greenwood, 

Haxby, & Grady, 1992).  Within the domain of attention, three subtypes have been identified: 

selective, sustained and divided attention.  This distinction is important when interpreting 

results of neuropsychological tests and saccade tasks, because attending to stimuli utilises 

several neural networks depending upon the task demands (Perry & Hodges, 1999; Posner & 

Petersen, 1990).  That is, selective attention involves a posterior network which operates via: 

(i) the disengagement of attention, controlled by the posterior parietal lobe, (ii) the shifting of 

attention, controlled by the superior colliculus and (iii) the engagement of attention, 

controlled sub-cortically by the thalamus (Perry & Hodges, 1999; Posner & Petersen, 1990).  

Sustained attention requires the maintenance of attention, generated by a right fronto-parietal 

network.  Divided attention requires attending to multiple stimuli concurrently, and is thought 

to be dependent upon functions of the dorso-lateral prefrontal cortex and anterior cingulate 

gyrus (Perry & Hodges, 1999; Posner & Petersen, 1990).  Poor performance of both spatial 

and object shifts of attention correlates with hypoperfusion of the right superior parietal lobe 

and left inferior parietal lobe respectively (Buck, Black, Behrmann, Caldwell, & Bronskill, 

1997).   
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1.7.3 Executive function 
Executive function comprises decision-making, planning, organizing, motivation and the 

initiation and inhibition of behaviours (Baudic et al., 2006).  Executive dysfunction presents 

early in AD, prior to the emergence of sustained attention, language and constructional 

deficits (Baudic et al., 2006).  The neuropsychological measure of category fluency – which is 

dependent upon semantic knowledge – is markedly more impaired than letter fluency (Rosser 

& Hodges, 1994).   

1.7.4 Visuo-spatial processing 
Visual information is processed in numerous brain regions, the most important being the 

dorsal and ventral visual streams arising from the temporal and parietal association cortices to 

the frontal lobe (Haxby et al., 1991; Ungerleider et al., 1998).  The dorsal stream (occipito-

parietal), comprises the ‘where’ for object localisation and the ventral stream (occipito-

temporal), comprises the ‘what’ for object recognition (Haxby et al., 1991; Ungerleider et al., 

1998).  People with AD exhibit impairment of both visuo-spatial analysis and performance 

(Ritchie, 2005).  Analysis requires the perception and localization of visuo-spatial data, and 

subsequent performance (Ritchie, 2005).  These impairments result in ideomotor, ideational 

or constructional deficits in AD (Ritchie, 2005).  An imbalance between the ventral and dorsal 

visual pathways is present and the parietal lobe dysfunction may impair the top-down visuo-

spatial processing (Mosimann, Felblinger, Ballinari, Hess, & Muri, 2004).   

1.7.5 Language 
AD patients exhibit a reduced vocabulary and repetitive and circumlocutory speech (Ritchie, 

2005).  The predominant impairments are difficulties naming objects and reduced verbal 

fluency. 

1.8 Neuropsychiatric profile 
Neuropsychiatric symptoms of apathy, delusions, hallucinations, aggression, irritability and 

disinhibition in AD emerge gradually (Cummings et al., 1994), and correlate with grey matter 

loss (Bruen, McGeown, Shanks, & Venneri, 2008).  Over 88% of AD patients exhibit 

neuropsychiatric symptoms (Mega, Cummings, Fiorello, & Gornbein, 1996), for which the 

most beneficial pharmacological treatments are the atypical antipsychotics: risperidone and 

olanzapine, and cholinesterase inhibitors that confer a small and consistent benefit (meta-

analysis by Sink, Holden, & Yaffe, 2005).  Most neuropsychiatric symptoms are not 

determined by the degree of cognitive dysfunction (Mega et al., 1996), and instead present 

episodically at different stages of disease (Mohs, 1996).  Only apathy and agitation correlate 
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with declining cognitive function (Mega et al., 1996).  Depressive symptoms are often present 

– 10 to 50% of AD patients exhibit symptoms at any stage of disease – it can be clinically 

difficult to distinguish the vegetative depressive symptomatology from symptoms of dementia 

(Bennett, 2000).   

1.9 Biomarkers 
Biological markers facilitate the monitoring of disease progression and potential response to 

treatment (Schipper, 2007).  Several well-established cerebrospinal fluid (CSF) and 

neuroimaging biomarkers currently exist in AD (Jack et al., 2010; Perrin et al., 2009; 

Schipper, 2007).  The best combination of biomarkers for early diagnosis is positron emission 

tomography Pittsburgh interesting Compound-B imaging (PET-PiB) and CSF A!42 (Jagust et 

al., 2009).  MRI measures are more closely correlated to cognition compared to CSF 

biomarkers (Jagust et al., 2009; Vemuri et al., 2009). 

1.9.1 Cerebrospinal fluid biomarkers 
From the sampling of CSF, the identified components of AD pathology emerge as well-

established biomarkers.  These are A!40, A!42, phosphorylated tau and total tau protein (Perrin 

et al., 2009).  Most amyloid ! remains in the brain parenchyma, but a high concentration is 

found in the CSF and a low concentration in the plasma (Perrin et al., 2009).  In AD, a 

reduced CSF A!42 concentration reflects increased amyloid plaque deposition acting as an 

‘amyloid sink’ (Fagan et al., 2006; Jack et al., 2010; Perrin et al., 2009; Schipper, 2007).  

Total tau is a non-specific marker of neuronal destruction, compared with phosphorylated tau, 

which is present in neurofibrillary tangles and is a more specific marker of tangle formation 

(Schipper, 2007; Tarawneh & Holtzman).  Total tau also increases after acute stroke and 

conditions with extensive neurodegeneration such as Creutzfeld-Jacob disease (Blennow, 

Vanmechelen, & Hampel, 2001), FTLD, and DLB (Arai et al., 1997).  Increased 

phosphorylated and total tau correlate with dementia severity (Wallin, Blennow, Andreasen, 

& Minthon, 2006).  Though these CSF biomarkers are able to differentiate diagnostic groups 

(Bouwman et al., 2007; Petersen et al., 2010), they are insensitive to long-term cognitive 

changes (Bouwman et al., 2007), with the exception of isoprostane (a marker of lipid 

peroxidation and inflammation, Brys et al., 2009).  Abnormal concentrations of CSF 

biomarkers are however able to predict the progression from mild cognitive impairment to 

AD (Hansson et al., 2006; Mattsson et al., 2009; Shaw et al., 2009), particularly A!42, the 

total tau/A!42 ratio (Shaw et al., 2009) and phosphorylated tau (Brys et al., 2009). 
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1.9.2 Neuroimaging biomarkers 
Neuroimaging biomarkers that examine brain structure and function include grey matter 

density (volumetric morphometry, Chapter 3), amyloid deposition imaging, glucose 

metabolism and activity in the fMRI default mode network.  A strong link is present between 

structural MRI changes and the number of hippocampal formation neurons (Bobinski et al., 

1999) and neurofibrillary tangles at autopsy (Whitwell et al., 2008), supporting the utility of 

MRI measures.  Memory performance strongly correlates with both medial temporal lobe 

grey matter density and glucose metabolism in MCI (Walhovd et al., 2009).   

1.9.2.1 PET Pittsburgh interesting Compound-B 
PET is utilised to calculate the in vivo amyloid load with the radiotracer Pittsburgh interesting 

Compound-B ligand (PET-PiB) (Fagan et al., 2006).  Increased in vivo amyloid ! retention is 

found predominantly in the frontal, parietal, temporal and occipital cortices and striatum in 

early AD (Edison et al., 2007; Klunk et al., 2004), regions that also show grey matter atrophy 

(Buckner et al., 2005).  PET-PiB also reveals amyloid ! deposition in the cerebral vasculature 

(Jack et al., 2010).  Even cognitively unimpaired subjects may exhibit an AD-like pattern of 

increased amyloid deposits and reduced CSF A!42 (Fagan et al., 2009b; Mintun et al., 2006), 

and whole brain atrophy (Fagan et al., 2009a), potentially detecting a preclinical state of AD 

(Fagan et al., 2009a; Fagan et al., 2009b).  There is however no correlation between amyloid 

load and cognitive measures: amyloid deposition stabilises very early in the disease while 

synaptic loss continues (Edison et al., 2007; Engler et al., 2006; Rowe et al., 2007), with 

corresponding hypometabolism and reduced cognition (Engler et al., 2006).  This amyloid 

deposition is inversely correlated with temporo-parietal lobe hypometabolism (Edison et al., 

2007; Klunk et al., 2004).  

1.9.2.2 PET-glucose metabolism 
Cerebral blood flow (CBF) is tightly coupled to local neural metabolic demands, a coupling 

that may become dysfunctional in neurological disorders (Silverman & Phelps, 2001).  PET 

utilises glucose metabolism to measure the reduced energy demands of dead and 

dysfunctional neurons and synapses (Mosconi, 2005).  In baboons, a significant correlation is 

present between glucose metabolism and synaptic density (Rocher, Chapon, Blaizot, Baron, & 

Chavoix, 2003).  Age-related reduction of CBF is consistently reported in the frontal lobe 

(Silverman & Phelps, 2001), and some cognitively unimpaired subjects exhibit focal regions 

of hypometabolism in the temporal, parietal and frontal lobes associated with cognitive 

performance (Jagust et al., 2006).  The disruption to metabolism occurs early in functionally 

connected regions (Scarmeas et al., 2004c) and exhibits a pattern of hypometabolism in the 
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temporal, parietal and posterior cingulate (Chase et al., 1984; Edison et al., 2007; Foster et al., 

1984; Foster et al., 2007) and in more advanced AD extends into the frontal cortices (Chetelat 

et al., 2008; Meltzer et al., 1996; Mosconi et al., 2004; Mosconi et al., 2005; Scarmeas et al., 

2004c; Vander Borght et al., 1997).  This disease pattern is replicated using single photon 

emission computed tomography (SPECT) imaging and also associates with dementia severity 

(Bartenstein et al., 1997; Jagust, Eberling, Reed, Mathis, & Budinger, 1997).  The regions 

spared are the sensorimotor cortices, cerebellum and sub-cortical regions (Mosconi, 2005).  

Normally, correlations exist between entorhinal cortex perfusion and the perfusion of several 

cortical and limbic regions, but in AD only perfusion in the ipsilateral entorhinal cortex and 

temporo-occipital areas correlate with each other (Mosconi et al., 2004).  The absence of 

consistent reports of hippocampus hypometabolism suggests that perfusion has been 

unaffected, but many studies have not included hippocampus data (Mosconi, 2005).  Some 

have not found reductions in the hippocampus (Ishii et al., 1998), but a focussed region of 

interest analysis showed hippocampus hypometabolism in both MCI and AD subjects 

(Mosconi et al., 2005).  PET is better at initially detecting AD than clinical evaluation, but 

after 4 years, the diagnostic sensitivity of repeated clinical assessment and the initial PET scan 

proved to be similar (Jagust, Reed, Mungas, Ellis, & Decarli, 2007).  PET can also correctly 

identify the presence of AD in 88% of cases, confirmed by autopsy, and clinical decline 

(Silverman et al., 2001).  Cognitively unimpaired early onset familial AD carriers show AD-

like hypometabolism, in the absence of grey matter atrophy (Mosconi et al., 2006).  MCI is 

associated with an AD-like pattern of hypometabolism (Fouquet et al., 2009; Huang, Mattis, 

& Julin, 2007), with the posterior cingulate cortices being the earliest region metabolically 

altered (Huang et al., 2007).  

1.10 Conclusion 
Characteristic patterns of both neuropsychological and neuroimaging impairments are evident 

in AD.  The saccadic impairments (Chapter 2) and fMRI alterations during the performance of 

saccades (Chapter 4) will be outlined.  The structural deficits of grey matter atrophy (Chapter 

3) and CBF (Chapter 5) will also be described. 
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2 Human saccadic system 

2.1 Introduction 
The maintenance of clear and accurate vision in everyday life is one of the most basic of 

human requirements.  Components of the primate visual system evolved from early predators 

who required good vision straight ahead, with the subsequent development of frontally 

positioned eyes, a fovea and stereopsis (Robinson, 1978).  ‘Slow’ eye movements hold 

images steady, regardless of motion on the photoreceptor-dense fovea for the greatest visual 

acuity.  Without these eye movements, images would blur and slip from the retina with every 

head movement.  To counter this, the vestibulo-ocular reflex (VOR) senses head rotation and 

linear acceleration, allowing an image to be held steady upon the retina whilst the head is 

moving (Leigh & Zee, 2006).  Visually mediated reflexes aid the VOR during low frequency, 

sustained movements that fixate a small and near target, known as smooth pursuit.  Whilst 

fixating, we are able to turn our heads at more than 200°s-1 and are not cognizant of blurred 

vision at this speed (Robinson, 1978).  It is however nearly impossible to keep the eye 

completely motionless – at movements of less than 0.01°s-1, images fade on the retina 

(Robinson, 1978).  After foveal development, another eye movement requirement emerged: a 

movement to shift the fovea rapidly to best see an object of interest, termed a saccade (Leigh 

& Zee, 2006).  Many of our saccadic eye movements are made automatically, however at 

times we consciously direct our visual attention to a target of interest, or we inhibit our visual 

response to an object.   

2.1.1 Saccades in research 
Saccades are a motor response that can be measured non-invasively with great accuracy using 

eye-tracking equipment.  Abnormalities are seen in a large number of disorders, including for 

example, Huntington’s disease (Lasker, Zee, Hain, Folstein, & Singer, 1987), schizophrenia 

(Reuter, Rakusan, & Kathmanna, 2005) and Alzheimer’s disease (Fletcher & Sharpe, 1986).  

Saccade types range from externally generated saccades responding to a novel target, through 

to more cognitively demanding internally-generated saccades, that require working memory 

of target location.  A relationship exists between the speed, size and duration of saccades – a 

large amplitude saccade has both a faster top speed (peak velocity) and longer duration than a 

smaller amplitude saccade.  This relationship between the peak velocity of a saccade and its 

amplitude, is termed the main sequence relationship (Bahill, Clark, & Stark, 1975), and 
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exhibits marked within-subject variability (Bollen et al., 1993).  Saccadic accuracy is 

monitored at the end of the saccade and, if required, subsequent saccades are altered to 

maintain long-term saccadic accuracy (McLaughlin, 1967).  Inaccurate saccades are most 

often hypometric (approximately 7-10% of the saccade amplitude), and are followed by a 

secondary, corrective saccade (Baizer & Bender, 1989; Becker & Fuchs, 1969).  Saccadic 

latency can be influenced by a number of factors including the addition of a temporal gap – a 

gap between the end of a target and the following target (Saslow, 1967), target luminosity 

(Becker & Fuchs, 1969; Doma & Hallett, 1988; Kristjansson, Vandenbroucke, & Driver, 

2004), and auditory cues (Kristjansson et al., 2004; Zambarbieri, Schmid, Magenes, & 

Prablanc, 1982).  As the individual and the oculomotor system mature, saccadic parameters 

alter.  For example, Irving et al found latency to be shortest in adolescence at approximately 

172 ms and stabilises until the age of 50, after which latency gradually increases to 

approximately 264 ms at 80 years (Irving, Steinbach, Lillakas, Babu, & Hutchings, 2006).  

The maximum peak velocity reaches a zenith of 610 deg s-1 at 14 years, and gradually 

declines with age to 345 deg s-1 in the ninth decade (Irving et al., 2006).  The reduction in 

velocity has been ascribed to be due to a loss of contractility and mechanical efficiency of the 

ocular muscles (Irving et al., 2006).  The longer latency is suggested to be due to a loss of 

grey matter (Irving et al., 2006).   

2.1.2 The cortical and sub-cortical control of saccades 
Multiple populations of cortical and sub-cortical neurons contribute to the generation and 

execution of a saccade.  Much of this level of saccade research into the cortical regions and 

pathways (and described in this chapter) has been gained from single-unit neuron monkey 

recordings, and human lesion studies (e.g. post-stroke).  The translation from monkey 

anatomy to human anatomy does vary slightly, however similar fMRI activation patterns are 

exhibited in monkeys and humans (Ford, Gati, Menon, & Everling, 2009; Koyama et al., 

2004).   

Visual information is transmitted via the striate and extra-striate visual cortex to the frontal 

eye field (FEF) (Schall, 2002), the supplementary eye field (SEF) and the lateral intraparietal 

area (LIP, thought to correspond to the parietal eye field in humans) (Pare & Wurtz, 2001), 

and thence to the superior colliculus (SC, Figure 2-1) (Moschovakis, Scudder, & Highstein, 

1996; Scudder, Kaneko, & Fuchs, 2002).  It is usually necessary to activate the SC neurons to 

produce a saccade, as the SC primarily activates the pontine brainstem saccade generators.  

There are also direct connections from the FEF to the saccade generators (Schall, 2002; 

Scudder et al., 2002).  To initiate a saccade, neuronal activity must first surpass a threshold 
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(Munoz & Everling, 2004).  The SC saccade-related neuronal activity starts to increase when 

a stimulus in the visual field becomes a saccadic target (Leigh & Zee, 2006).  Neuronal 

activity in the FEF and LIP is more related to visual stimulus, whereas the SC activity is 

movement related (Wurtz, Sommer, Pare, & Ferraina, 2001).  A cortical eye field is defined 

as a region that responds to visual stimuli and has a low threshold for saccade stimulation 

(Leigh & Kennard, 2004; Scudder et al., 2002).  Electrical stimulation of the FEF, SEF 

(Tehovnik, Sommer, Chou, Slocum, & Schiller, 2000) and posterior bank of the intraparietal 

sulcus evokes saccades (Shibutani, Sakata, & Hyvarinen, 1984).  Though not an eye field and 

unable to produce a saccade, when stimulated, the dorso-lateral prefrontal cortex (DLPFC) is 

crucial to the performance of complex saccades that require working memory to recall a 

target’s location (Figure 2-2) (Funahashi, Bruce, & Goldman-Rakic, 1993a).  The drive for a 

saccade originates in excitatory input from the cortical eye fields to the SC and brainstem 

saccade generators, directly or indirectly via the basal ganglia (Hikosaka, Takikawa, & 

Kawagoe, 2000).  The basal ganglia participate in the selection of an appropriate response by 

releasing the tonic inhibition exerted upon the SC (Hikosaka et al., 2000).  

 

Figure 2-1 Schematic of cortical and sub-cortical organization of saccade generation and triggering.  SEF, 
supplementary eye fields; FEF, frontal eye fields; DL-Prefrontal Ctx, dorso-lateral prefrontal cortex; 
LGN, lateral geniculate nucleus; SC, superior colliculus; SNr, substantia nigra reticulata1. 

2.1.2.1 Sub-cortical regions  
Brainstem 

Two populations of mutually inhibitory neurons within the paramedian pontine reticular 

formation in the pons are responsible for producing the saccadic premotor commands.  The 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Image reprinted with permission from the American Physiological Society. Hikosaka, O. et al. (2000). Role of 
the basal ganglia in the control of purposive saccadic eye movements. Physiological Reviews, 80(3), 953-978. 

speed. Optokinetic response (OKR) would compensate
for the deficient performance of VOR in that the eyes
follow the motion of the whole visual field. Both VOR and
OKR are commonly present in different vertebrate spe-
cies, such as frogs and turtles (59, 58). One problem here
is that both VOR and OKR need to be reset intermittently;
otherwise, the eyes may end up in an eccentric position.
Even frogs show quick phases, although infrequently (60).
However, visual perception is virtually lost during the
resetting movement; therefore, the reset must be done
very quickly (the so-called quick phases). The quick
phases are produced by a specialized set of neurons in the
brain stem reticular formation that include burst neurons
and pause neurons (121). At some point in evolution, the
SC gained synaptic connections to the generators of quick
phases. This is probably the origin of saccadic eye move-
ment, as described in the following hypothetical scheme
of evolution.

The tectum (the homolog of the SC) is a prominent

brain structure in lower vertebrates (e.g., amphibians and
reptiles). It is a key station of “orienting response” in
which the animal orients its head or body quickly to a
newly appearing object (67, 297, 332). The orienting re-
sponse is essential for the survival of most animals in-
cluding invertebrates (144). Most vertebrates have multi-
ple sensory organs, and consequently, the orienting
response must be determined by taking into account mul-
tiple kinds of sensory information (visual, tactile, and
auditory). All of these sensory signals converge onto the
SC in a topographical manner, forming a spatial map
(319). The output of the SC is then led to the motor
networks in the spinal cord for head and trunk move-
ments to produce the orienting response (226, 264). In
mammals, the SC output is now connected to the brain
stem networks for quick phases (46, 102). The eye move-
ment thus produced would be an orienting response to an
object (rather than just a reset) and is called a saccadic
eye movement. Saccadic eye movement turned out to be

FIG. 3. Hierarchical organization of saccade mechanisms. The neural machinery for saccade is provided by the
mechanism of vestibulo-ocular reflex (VOR) and optokinetic response (OKR) as a quick phase generator that includes
burst neurons and pause neurons. The connection from the superior colliculus (SC) to the quick phase generator allows
the animal to orient its eyes quickly to an object using local visual information, which is generally referred to as “saccadic
eye movement.” Efferent connections to the SC from the cerebral cortical areas and the basal ganglia (i.e., SNr) enable
the selective control of saccades, especially by suppressing unwanted saccades. SCs and SCi, the superficial and
intermediate layers of the SC, respectively; Vest. N., vestibular nuclei. See Figure 2 for additional definitions.
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‘burst’ and ‘omnipause’ neuronal populations work together to produce the burst input to 

ocular motoneurons and generate a saccade (Fuchs, Kaneko, & Scudder, 1985).  Two sub-

populations of burst neurons are present – the excitatory burst neurons that discharge during 

ipsilateral saccades and inhibitory burst neurons that discharge during contraversive saccades 

(Scudder et al., 2002).  Inhibitory burst neurons receive input from the caudal SC (Sugiuchi, 

Izawa, Takahashi, Na, & Shinoda, 2005).  The burst neurons maintain the inhibition of 

omnipause neurons for the duration of the saccade and the discharge of activity is then 

projected to the ocular motoneurons in order to produce a saccade (Figure 2-1).  The 

population of inhibitory omnipause neurons fire continuously between saccades, but cease 

discharging during saccades and blinks (Scudder et al., 2002).  

Superior colliculus 

The SC (Figure 2-1) integrates cortical, cerebellar and basal ganglia input before a saccade is 

initiated (Everling & Fischer, 1998).  Electrical stimulation of the SC evokes saccades, the 

amplitude and direction of which is dependent upon the site of stimulation (Robinson, 1972).  

Visual information travels from the retino-geniculo cortical tracts to the primary visual cortex 

and thence to the SC (Maunsell & Newsome, 1987).  The dorsal SC plays a role in both the 

execution of task instructions and control of covert shifts of visual attention (Bell & Munoz, 

2008).  Fixation and small saccades can be generated by stimulation of the SC rostral pole.  

These cells suppress saccade-related neurons in the caudal SC and omnipause neurons during 

fixation (Munoz & Wurtz, 1992, 1995).  The caudal pole, in contrast, participates in the 

generation of larger saccades (Moschovakis et al., 1996).   

The substantia nigra pars reticulata (SNpr) contains saccade-related neurons in which 

discharge decreases before saccadic onset, while discharge simultaneously increases in the SC 

(Hikosaka & Wurtz, 1981).  Part of the brain stem, the SNpr is part of a pathway extending 

from the FEF via the caudate nucleus.  An important efferent projection from the SNpr exerts 

tonic inhibition upon the SC (Hikosaka & Wurtz, 1981) and the release of this inhibition 

increases SC activity and thus initiates a saccade (Hikosaka & Wurtz, 1983).  Suppression of 

the SNpr pathway results in a greater number of saccadic intrusions released from a 

disinhibited SC (Hikosaka & Wurtz, 1985b).  In contradiction, suppression of the SC prolongs 

the latency and reduces the peak velocity and amplitude of saccades (Hikosaka & Wurtz, 

1985a, 1986).  After the suppression of these regions by pharmacological agents, the longer 

latencies remain over time, though the dysmetria and velocity gradually improve as 

alternative compensatory processes take place (Hanes, Smith, Optican, & Wurtz, 2005; 

Hikosaka & Wurtz, 1986).  The SC and FEF are directly linked (Figure 2-1), and when the SC 
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is suppressed, saccades evoked by the FEF do not occur (Hanes & Wurtz, 2001), and after SC 

ablation, contralateral express saccades are abolished (Schiller, Sandell, & Maunsell, 1987).  

The FEF pathway to the brainstem is alone insufficient to elicit saccades, without the input of 

the SC (Hanes & Wurtz, 2001).  The SC plays an important role in orienting processes as it 

integrates sensory and motor inputs in order to shift the eyes to a target of interest (Robinson, 

1972). 

Cerebellum 

The cerebellum plays a significant role in the control of saccades, with lesions producing 

saccadic dysmetria (Waespe & Baumgartner, 1992; Zee, Yee, Cogan, Robinson, & Engel, 

1976). 

2.1.2.2 Cortical regions 
Three cortical eye fields are responsible for the triggering of saccades: the FEF, SEF and the 

parietal eye field (PEF, see Figure 2-2).  The human cortical eye fields correspond 

functionally to the monkey eye fields (Koyama et al., 2004), with the superior parietal lobule 

(SPL) in humans corresponding to the monkey intraparietal sulcus during the performance of 

the reflexive task.  The PEF (LIP in monkeys), and FEF are part of a volitional saccade 

network, including the basal ganglia, SC and cerebellum (Andersen, Brotchie, & Mazzoni, 

1992).  Other cortical regions include the posterior cingulate cortex (PCC) that may play a 

role in the monitoring of eye movements and confirming new eye positions.  In monkeys, the 

PCC neurons exhibit post-saccadic activity in response to the direction, amplitude and 

velocity (Mort et al., 2003; Olson, Musil, & Goldberg, 1996). 
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Figure 2-2 Schematic of the cortical control of saccades.  Regions of interest for this thesis include the 
SEF, supplementary eye field; DLPFC, dorso-lateral prefrontal cortex; FEF, frontal eye field; SPL, 
superior parietal lobule – part of the PEF; PEF, parietal eye field; SC, superior colliculus2. 

Frontal eye fields 

In monkeys, the FEF lies in the prearcuate gyrus – differing from the human FEF that lies 

more posterior within the precentral sulcus (Tehovnik et al., 2000), as evidenced by fMRI 

(Luna et al., 1998).  The FEF is critically involved in the triggering and generation of 

saccades (Dias & Segraves, 1999) and is suggested to play a role in mediating the 

coordination of eye, head and hand movements (Huerta, Krubitzer, & Kaas, 1987).  The FEF 

also contributes to volitional saccades, visually-guided saccades and the preparatory 

programming of antisaccades (Connolly, Goodale, Menon, & Munoz, 2002; Leigh & Zee, 

2006; Pierrot-Deseilligny, Muri, Ploner, Gaymard, & Rivaud-Pechoux, 2003b), though it is 

thought to contribute more to volitional antisaccades than to reflexive saccades (Ford et al., 

2009).  It is suggested that the performance of a correct antisaccade depends upon FEF 

activity prior to the stimulus appearing (Connolly et al., 2002).  The FEF has profuse 

reciprocal projections with the SEF, LIP, contralateral FEF, mediodorsal nucleus of the 

thalamus, and a direct projection to the SC (Huerta et al., 1987).  The FEF receives input from 

the thalamus that in turn receives projections from the SNpr, cerebellum and SC (Lynch, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Permission granted by Wolters Kluwer Health to reproduce this image from Pierrot-Deseilligny, C. et al, Eye 
movement control by the cerebral cortex (2004). Current Opinions in Neurology, 17(1), 17-25. 
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Hoover, & Strick, 1994).  Saccade-related neurons in the FEF are also driven in part by the 

SC via a direct ascending pathway (Sommer & Wurtz, 1998).   

The dorsomedial region of the FEF controls larger amplitude saccades, whereas the ventro-

lateral region of the FEF (Schall, 2002) controls smaller saccades.  The FEF selects and 

maintains a representation of upcoming saccades and also contributes to the selection of 

salient visual stimuli (Armstrong, Chang, & Moore, 2009).  As well as generating saccades, 

some sites within the FEF suppress saccades when stimulated (Burman & Bruce, 1997) and 

control gaze shift during a countermanding task.  Other regions exhibit fixation-related 

activity (Hanes, Patterson, & Schall, 1998) likely via projection to the fixation-related rostral 

pole of the SC and omnipause neurons (Stanton, Goldberg, & Bruce, 1988).  FEF lesions in 

monkeys impair both volitional and visually guided smooth pursuit (Keating, 1991) and 

impair saccades in both the delayed and reflexive tasks by prolonging latencies and increasing 

the performance of errors (Sommer & Tehovnik, 1997).  Following FEF inactivation, there is 

inaccurate fixation, and difficulty maintaining the spatial representation of remembered 

targets (Dias & Segraves, 1999).  Chronic left FEF lesions in humans’ results in reduced gain 

of contralateral gap reflexive and predictive saccades, and fewer predicting saccades (Rivaud, 

Müri, Gaymard, Vermersch, & Pierrot-Deseilligny, 1994).  In addition, the latency of correct 

antisaccades increases, but with no change in the rate of errors produced.  Thus the FEF does 

not seem to be involved in reflexive saccade inhibition (Gaymard, Ploner, Rivaud-Péchoux, & 

Pierrot-Deseilligny, 1999; Rivaud et al., 1994).   

In summary, the FEF plays a vital role in the generation of contraversive saccades, the 

suppression of anticipatory ipsilateral saccades, maintaining fixation in the contralateral 

hemifield (Sommer & Tehovnik, 1997) and controlling predictive saccades (Rivaud et al., 

1994). 

Supplementary eye field 

In monkeys, the SEF lies in the dorsomedial frontal cortex, a region anterior to the motor 

cortex, between the superior limb of the arcuate sulcus and dorsal to the cingulate cortex in 

the midline (Tehovnik et al., 2000).  The equivalent location in humans is located in the 

mesial frontal cortex on the medial wall of the inter-hemispheric fissure (Luna et al., 1998).  

In monkeys, stimulation of the SEF produces saccades at a specific spatial location (Tehovnik 

et al., 2000).  The SEF encodes each stimulus location, with subpopulations that encode the 

spatial and temporal information of the saccade separately (Campos, Breznen, & Andersen, 

2009).  The SEF utilises this information to influence target selection performed by the LIP.  
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SEF neurons retain the same spatial selectivity for both prosaccades and antisaccades but 

exhibit more activity before antisaccades, possibly due to the requirement to over-ride 

reflexive responses in that task (Schlag-Rey, Amador, Sanchez, & Schlag, 1997).  

In summary, the SEF neurons contribute to the learning (Lu, Matsuzawa, & Hikosaka, 2002), 

and timing selection of saccades (Isoda & Tanji, 2002). 

Dorso-lateral prefrontal cortex 

The DLPFC is located in the middle frontal gyrus and codes the visuo-spatial location of 

stimuli in working memory (Funahashi, Bruce, & Goldman-Rakic, 1989, 1990; Funahashi, 

Chafee, & Goldman-Rakic, 1993b).  Unlike the FEF, the DLPFC is devoid of motor activity 

related to generating saccades (Funahashi et al., 1993a) and any activity is associated with 

visuo-spatial selection (Joseph & Barone, 1987), and tasks requiring decision-making.  The 

DLPFC is reciprocally connected to the posterior parietal cortex and is able to ‘hold’ the 

visuo-spatial coordinates of a target in spatial memory for up to 20 s (Nyffeler et al., 2004).  It 

is thus well placed to program antisaccades.  The DLPFC and posterior parietal cortex share 

common efferent pathways with cortical and sub-cortical regions receiving input from both 

regions (Selemon & Goldman-Rakic, 1988).  Patients with frontal lobe lesions that include the 

DLPFC have impaired reflexive saccade inhibition (Pierrot-Deseilligny et al., 2003a).  The 

DLPFC also plays an important role in decision-making and is active when there is a 

requirement to choose a target (Hasegawa, Matsumoto, & Mikami, 2000).  Patients with 

unilateral DLPFC lesions exhibit markedly increased percentages of express saccades in the 

gap reflexive task, decreased predicting saccades in the predictive task and an increased 

percentage of errors in the antisaccade task (Pierrot-Deseilligny et al., 2003a; Ploner, Rivaud-

Pechoux, Gaymard, Agid, & Pierrot-Deseilligny, 1999).  

In summary, the DLPFC is responsible for the programming of antisaccades by maintaining 

the location of the target in working memory, and inhibiting the production of erroneous 

reflexive saccades.   

Parietal eye fields 

In human studies, the PEF is the equivalent of the LIP area in the monkey (Pierrot-

Deseilligny, Milea, & Muri, 2004) and lies along the intraparietal sulcus, extending into both 

the superior and inferior parietal lobes (SPL, IPL) (Luna et al., 1998).  The posterior parietal 

cortex comprises the SPL and IPL, and exhibits both visual and saccade-related activity 

(Andersen, 1989; Andersen et al., 1992).  The SPL shows robust retinotopic mapping of 

remembered target angles (Sereno, Pitzalis, & Martinez, 2001).  The area LIP exhibits 
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saccade-related activity and is involved in the planning, spatial localization and sensorimotor 

transformation of saccades (Barash, Bracewell, Fogassi, Gnadt, & Andersen, 1991a, 1991b).  

Only salient objects are represented in the parietal cortex, with the LIP describing the locus of 

attention, but not the spatial or temporal properties of the upcoming saccade (Goldberg, 

Bisley, Powell, & Gottlieb, 2006).  The LIP receives visual information from the extra-striate 

cortex and projects strongly to the FEF and SC (Andersen, 1989).  The LIP neurons encode 

spatial and temporal information during visual attention (Bisley & Goldberg, 2003) and 

transform and switch the coordinates of antisaccades (Zhang & Barash, 2000).  The neuronal 

output from the LIP to the FEF and SC is segregated – the LIP projection to the FEF largely 

comprises visual rather than saccade-related information (Ferraina, Pare, & Wurtz, 2002).  

Lesions of the parietal-SC tract show impaired contralateral accuracy to unpredictable stimuli 

(Gaymard, Lynch, Ploner, Condy, & Rivaud-Pechoux, 2003).  Parietal lobe lesions in humans 

result in greater variability of reflexive saccade latency and more temporal and spatial errors 

generated (Braun, Weber, Mergner, & Schulte-Monting, 1992).  Fewer express and 

anticipatory saccades are also generated (Braun et al., 1992).  

In summary, the PEF integrates sensory target location and motor information (Munoz & 

Everling, 2004), and is critical for shifts in visual attention, programming saccades to visual 

targets, and maintaining target memory (Leigh & Zee, 2006). 

2.1.3 Saccadic types used in this thesis 
The saccadic experimental types were selected to include both externally-generated saccades 

and internally-generated, or volitional saccades.  The automatic reflexive saccades would 

enable a robust acquisition of fMRI data as all participants would be able to perform these 

saccades, regardless of dementia severity.  Volitional saacades would be more cognitively 

demanding, thus reveal saccadic deficits and alterations in fMRI activity in the AD group.  

Only one complex task, the antisaccade, was selected because of the inability to explain 

difficult tasks once in the MRI scanner.   

2.1.3.1 Step reflexive saccades 
Reflexive saccades are generated in response to a novel, unexpected stimulus.  In the step 

reflexive task, the offset of the target being fixated occurs simultaneously with the onset of 

the next target (Figure 2-3). 

2.1.3.2 Gap reflexive saccades 
The addition of a temporal gap to the step reflexive task successfully reduces subsequent 

saccade latency (Saslow, 1967).  This gap effect has been extensively utilised to elucidate the 
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underlying anatomy of saccade preparation.  The gap reflexive task is characterised by a brief 

interval – commonly 200 ms – in which the fixation target disappears prior to the appearance 

of a peripheral target (Figure 2-3).  Performance of this task produces a bimodal distribution 

of saccadic reaction times, eliciting a population of ‘express saccades’ and later, a population 

of ‘reactive saccades’ (Fischer et al., 1993).  The first peak of express saccades with ultra-fast 

latencies lies between 100 and 135 ms and the second peak of reactive saccades lies between 

140 and 180 ms (Fischer et al., 1993).  Express saccades are invoked by the state of 

disengaged attention induced by the temporal gap that facilitates preparation for the upcoming 

peripheral target (Fischer & Weber, 1993). 

2.1.3.3 Predictive saccades 
Predictive saccades are volitional saccades generated in anticipation of a target of known 

location and timing (Isotalo, Lasker, & Zee, 2005).  Within the first few target presentations, 

subjects begin to make predictive saccades, earlier than to an unexpected target.  The 

successful performance of predictive saccades depends on the integrity of working memory to 

maintain and build a map of the target movement (Hutton, 2008).  Some have suggested the 

impetus for predictive saccades arise from the FEF, and the reduced peak velocity and 

hypometria (compared to reflexive saccades), is due to absent external visual input to the SC 

(Bronstein & Kennard, 1987).  There is no age-related decline of predictive saccade 

performance and regardless of age subjects are able to successfully maintain an internal 

representation of target motion (Abel & Douglas, 2007).  Predictive saccade velocity is 20% 

slower than the velocities of reflexive saccades (Smit & Van Gisbergen, 1989).  An abrupt 

transition occurs when switching between reactive and predicting saccades, the predicting 

saccades are influenced by the previous saccade latency (Shelhamer & Joiner, 2003).   

2.1.3.4 Antisaccades 
The antisaccade task is one of the most cognitively demanding saccadic tasks.  The correct 

performance of an antisaccade requires the suppression of a reflexive response to a visual 

stimulus and instead, the generation of a volitional saccade to the mirror opposite location 

(Figure 2-3)(Hallett, 1978).  Antisaccades are an important demonstration of the execution of 

internal goals, rather than purely sensory-driven responses like reflexive saccades (Everling & 

Fischer, 1998).  Single neuron and neuroimaging studies demonstrate that several cortical 

regions are involved in generating antisaccades: the DLPFC and FEF (DeSouza, Menon, & 

Everling, 2003; Everling & Munoz, 2000; Funahashi et al., 1993b), the SEF (Amador, Schlag-

Rey, & Schlag, 2004; Schlag-Rey et al., 1997), and the LIP (PEF in humans) (Zhang & 

Barash, 2000; Zhang & Barash, 2004).  A deficit in the inhibition of reflexive saccades to the 
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target results in more erroneous saccades generated towards the target, while a deficit in the 

generation of volitional saccades results in fewer antisaccades correctly made to the opposite 

side (Everling & Fischer, 1998).  The dominant hypothesis of antisaccade generation is a 

sequential process of reflexive saccade suppression followed by the execution of an 

antisaccade (Everling & Fischer, 1998; Everling & Munoz, 2000).  An alternative hypothesis 

is that the inhibitory process responsible for correct antisaccade performance programmes the 

reflexive and volitional saccades in parallel so they compete against each other (Massen, 

2004).  Massen proposes that if the volitional saccade is programmed and reaches threshold 

fast enough, an antisaccade is thus initiated and the reflexive saccade is cancelled.  If the 

processing is too slow, then a reflexive saccade is executed.  The ‘winner’ of the underlying 

competing neural processes determines the antisaccade performance (Massen, 2004).  

Antisaccade performance depends on the ability to maintain working memory of both the task 

and location of the stimulus and to be able to sufficiently activate the intention to make a 

saccade (Hallett, 1978; Hutton & Ettinger, 2006).   

An error rate of 20% is typical in healthy control subjects.  The majority of the errors are 

corrected (Ettinger et al., 2003; Evdokimidis et al., 2002; Smyrnis et al., 2002), though 

incorrect responses performed are often not consciously recognised by the subject (Mokler & 

Fischer, 1999).  Young children exhibit the greatest antisaccade error rate of 50% – this rate 

dramatically reduces to a 10% error rate by late adolescence (Munoz, Broughton, Goldring, & 

Armstrong, 1998).  This improvement in performance is thought to be parallel to the 

development of the prefrontal cortex throughout adolescence (Munoz et al., 1998).  

Advancing age prolongs the latency of antisaccades and significantly increases the percentage 

of errors performed (Abel & Douglas, 2007; Butler, Zacks, & Henderson, 1999).  These 

directional errors are subsequently corrected to produce an antisaccade (Olincy, Ross, Young, 

& Freedman, 1997).  An age-related increase of antisaccade errors (Butler et al., 1999) and 

processing time3 is present, though the spatial accuracy of saccades remains intact (Olincy et 

al., 1997).  Correct antisaccades exhibit markedly longer latencies than reflexive saccades – 

the latency of an erroneous saccade being similar to that of a reflexive saccade (Evdokimidis 

et al., 2002).  The increased latencies observed in the antisaccade task are thought to reflect 

the requirement to suppress reflexive responses as well as the more complex processing 

required (Edelman, Valenzuela, & Barton, 2006).  Contralateral activation of the FEF and SC 

neurons and inhibition of both ipsilateral neurons are required to generate an antisaccade 

(Munoz & Everling, 2004).  When an erroneous saccade is generated, insufficient inhibition 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 Processing time is the antisaccade latency minus the erroneous reflexive saccade latency (Olincy et al., 1997). 
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of the ipsilateral FEF and SC neurons is exhibited prior to target onset (Munoz & Everling, 

2004).  Two regions may participate in this necessary inhibitory process.  Firstly the SEF 

exhibits increased activity in the preparatory phase of a correct antisaccade and reduced 

activity for an erroneous trial (Amador et al., 2004).  Single cell recordings during the 

antisaccade task show greater saccade-related activity in the SEF (Everling & Fischer, 1998).  

The SEF also projects directly to both FEF and SC (Munoz & Everling, 2004).  Secondly, the 

DLPFC encodes target location and projects to both FEF and SC (Funahashi et al., 1989, 

1990; Funahashi et al., 1993b; Munoz & Everling, 2004) and lesions of these structures result 

in impaired reflexive saccade inhibition (Pierrot-Deseilligny et al., 2003a).  The effects of 

sub-cortical lesions show neither the basal ganglia nor the thalamus play a significant role in 

the suppression of reflexive saccades (Condy, Rivaud-Pechoux, Ostendorf, Ploner, & 

Gaymard, 2004).  Together, these findings support the major role of the DLPFC exerting 

direct inhibitory control on the SC (Condy et al., 2004). 

The final component of an antisaccade trial requires an accurate saccade to the mirror 

opposite location of the target.  The target coordinates are reversed by the LIP (Zhang & 

Barash, 2000), and integrated into the antisaccade in the time interval between target onset 

and the saccade initiation signal from the FEF and SC (Munoz & Everling, 2004).  
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Figure 2-3 Schematic of saccadic tasks.  Time runs from left to right, and up is rightwards.  The red line 
indicates the horizontal target position for the step and gap reflexive task.  In the antisaccade task the red 
line indicates the central fixation target.  The green line indicates the antisaccade target.  The dotted line 
indicates (stylized) eye position signal.  The predictive task was not illustrated as it appears in the same 
manner for a single trial as the step reflexive task.   

2.1.4 Eye movement abnormalities of Alzheimer’s disease 
2.1.4.1 Saccades 
Two eye movement impairments are consistently reported in AD.  First, an instability of 

fixation characterised by a high frequency of saccadic intrusions, (Bylsma et al., 1995; 

Fletcher & Sharpe, 1986; Pirozzolo & Hansch, 1981; Schewe, Uebelhack, & Vohs, 1999; 

Shafiq-Antonacci, Maruff, Masters, & Currie, 2003) and second, a high rate of errors 

generated in the antisaccade task (Abel, Unverzagt, & Yee, 2002; Boxer et al., 2006a; 

Crawford et al., 2005; Currie, Ramsden, McArthur, & Maruff, 1991; Fletcher & Sharpe, 

1986; Garbutt et al., 2008; Mosimann et al., 2005; Shafiq-Antonacci et al., 2003).  Other 



!
!

40 

abnormalities that are less consistently reported in these studies include increased latency, 

gain and peak velocity during the reflexive and predictive tasks, and reduced numbers of 

express saccades during the gap reflexive task.  Subjects with the solely cortical dementia 

AD, were found by Mosimann et al. (2005) to have minimal reflexive saccade impairments, 

compared with the cortical and sub-cortical dementia associated with Parkinson’s disease 

(PDD).  No significant saccadic differences have been noted in those with AD taking acetyl 

cholinesterase inhibitors or not (Crawford et al., 2005; Mosimann et al., 2004).   

2.1.4.1.1 Fixation 
Saccadic intrusions have been defined as saccades away from the target during fixation 

periods greater than 2° (Bylsma et al., 1995), 3° (Schewe et al., 1999), and up to 20° (Fletcher 

& Sharpe, 1986).  The increased number of saccadic intrusions performed by AD subjects 

during fixation periods – at 10.2 intrusions per minute – correlates with the Mini Mental 

Status Examination (MMSE, Schewe et al., 1999), and is suggested to be in anticipation of 

upcoming stimuli (Bylsma et al., 1995; Fletcher & Sharpe, 1986).   

2.1.4.1.2 Step reflexive task  
The presence of impaired saccade latency in AD remains uncertain.  Prolonged latencies of 

step reflexive saccades have been observed (Hershey et al., 1983; Hotson & Steinke, 1988; 

Pirozzolo & Hansch, 1981; Shafiq-Antonacci et al., 2003), but others have found normal 

latencies (Abel et al., 2002; Crawford et al., 2005), as detailed in Table 1.  Shafiq-Antonacci 

et al. reported prolonged latencies that were not correlated with the MMSE score.  Pirozzolo 

& Hansch (1981) found their AD group to have a mean latency of 158 ms, with significant 

latency differences between the mild, moderate and severe sub-categories of AD.  In the study 

by Abel et al. (2002), the inclusion of anticipatory saccades reduced the latencies in the AD 

group from 241 ms to 56 ms, and from 278 ms to 136 ms in their control group.  Neither 

group were found to be significantly different from each other, also no correlation was found 

with the MMSE.  Crawford et al, using a central cue to indicate the next stimulus, also did not 

find a significant difference in latencies between the AD and control groups.  

The primary gain was reported to be significantly different by Shafiq-Antonacci et al (2003) 

and Hotson et al. (1988), 0.91 vs., 0.99 and 0.89 vs. 0.95 in the AD and the control groups 

respectively.  Increased frequencies of anticipatory visually guided saccades have been 

described (Abel et al., 2002; Bylsma et al., 1995; Crawford et al., 2005; Fletcher & Sharpe, 

1986; Pirozzolo & Hansch, 1981; Schewe et al., 1999; Shafiq-Antonacci et al., 2003).  

Crawford et al (2005) found the control group produced more anticipatory saccades, at 4.5% 
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of the total responses, compared with 2.1% generated by the AD group.  Main sequence 

relationship curves show mean velocities are significantly slowed (Fletcher & Sharpe, 1986), 

but Bylsma (1995) did not find a difference in the gain or velocity of horizontal saccades in 

AD subjects.  

Table 1 Previous saccadic literature and effect sizes (subtraction of the mean AD group value from the 
mean control group value).  NR= Value not reported.  

Author AD group Control 
group 

Effect size 

Step reflexive latency (ms)    
Hotson et al. 326 238 -88 
Shafiq-Antonacci et al. 333 274 -59 
Crawford et al. 225 209 -16 
Abel et al. 241 278 37 
    
Antisaccade error proportions (%)    
Mosimann et al. 80 25 -55 
Abel et al. 71 35 -36 
Crawford et al. 53 18 -35 
Shafiq-Antonacci et al. 56 31 -25 
Fletcher et al. 74 NR NR 
    
Antisaccade correct latency (ms)    
Shafiq-Antonacci et al. 752 480 -272 
Mosimann et al. 596 431 -165 
Crawford et al. 331 293 -38 
 

2.1.4.1.3 Gap reflexive task 
The gap effect has been shown to be present in both AD and control groups, producing a 

mean latency decrease, without the production of express saccades (Abel et al., 2002; Boxer 

et al., 2006a).  In the study by Abel et al., there was not a distinct population of express 

saccades, as marked by the absence of a secondary peak of latencies in the AD group.  They 

did not find a significant group difference, with latencies of 178 ms and 180 ms exhibited 

respectively amongst the AD and controls, nor a significant correlation with the MMSE.  

Similar to the step reflexive task, when all saccades were included (including anticipatory 

saccades), the mean latencies decreased to -87 ms (AD) and 32 ms (controls).  Significant 

group differences were observed by Boxer et al. (2006) and Garbutt et al. (2008): AD 

latencies were 259 ms and 245 ms respectively, compared with the Controls of 215 ms and 

214 ms respectively.  In the study by Mosimann et al. (2005) there was no significant 

difference observed between the AD (165 ms), and the control (159 ms) groups.   



!
!

42 

2.1.4.1.4 Predictive task 
In a predictive task, all saccades generated were included to produce similar mean latencies of 

48 ms and 56 ms by the AD and control groups respectively (Abel et al., 2002).  The 

individual subject responses varied much more widely in the AD group, from extremely 

prolonged to extremely anticipatory and did not correlate with the MMSE.  The exclusion of 

anticipatory saccades from the analysis still resulted in a significant group difference for 

Shafiq-Antonacci et al (2003) and Mosimann et al (2005), generating mean latencies in the 

AD groups of 312 ms and 304 ms respectively, and the control groups, 251 ms and 238 ms 

respectively.  The percentage of anticipatory saccades in the AD group (23%) was 

significantly reduced compared to the control group (53%, Mosimann et al., 2005).  

Compared with controls (0.94), the AD group had significantly reduced primary gain (0.83) 

(Shafiq-Antonacci et al., 2003).  Numerous saccades were required to reach the target, though 

there was not a significant group difference in latency (294 ms AD, 327 ms controls, Fletcher 

& Sharpe, 1986).   

2.1.4.1.5 Antisaccade task 
AD subjects exhibit impaired suppression and generate erroneous reflexive saccades towards 

the target at a rate of 74% (Fletcher & Sharpe, 1986).  Antisaccade error rates in AD subjects 

range from 53% (Crawford et al., 2005), 56% (Shafiq-Antonacci et al., 2003), 71% (Abel et 

al., 2002) and 80% (Mosimann et al., 2005), with the corresponding control error rates in 

Table 1.  The errors that remained uncorrected were higher in the AD group at 25% 

(Crawford et al., 2005) and 47% (Abel et al., 2002) than controls (2.5% and 3.6% 

respectively).  Though episodic memory dysfunction is a key symptom of AD, it does not 

affect the retention of instructions over the duration of the antisaccade task, assessed by the 

frequency of errors generated in the first half of the task, compared to the second half 

(Crawford et al., 2005).  Mosimann et al. provided immediate feedback on antisaccade 

performance, with subsequent improvement in the error correction rate of the AD group 

(95%) to a similar level as controls (100%).   

The latencies of correct responses were significantly different in the AD group (Crawford et 

al., 2005; Mosimann et al., 2005; Shafiq-Antonacci et al., 2003), compared with the controls 

(Table 1).  The latencies of an erroneous response were markedly shorter at approximately 

260 ms in the AD group and 200 ms in the control group (Boxer et al., 2006a). 

Error rates correlated with the MMSE (Abel et al., 2002; Crawford et al., 2005; Shafiq-

Antonacci et al., 2003), the ADAS-cog and verbal fluency (Crawford et al., 2005).  Corrected 
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error rates correlated with the MMSE (Abel et al., 2002).  The latencies of correct 

antisaccades also correlated with the MMSE (Crawford et al., 2005).  Antisaccade 

performance (correct responses (%) and corrected errors plus correct responses (%)) 

correlated with the number of Stroop inhibition errors, Trails, MMSE and verbal fluency 

(Boxer et al., 2006a).   

2.1.4.2 Saccadic deficits in other dementias 
2.1.4.2.1 Fronto-temporal lobar degeneration  
No difference was demonstrated between FTLD groups and the Control or AD groups in the 

reflexive task measures of latency, gain or velocity (Boxer et al., 2006a).  Semantic dementia 

was not associated with a distinguishable saccadic deficit, but subjects with fronto-temporal 

dementia and progressive non-fluent aphasia generated more erroneous saccades than both 

semantic dementia and control groups in the antisaccade task (Boxer et al., 2006a; Garbutt et 

al., 2008).  In contrast to AD, Garbutt et al. and Boxer et al. found both groups were able to 

correct a greater proportion of these erroneous antisaccade responses.  The antisaccade 

performance of the FTLD group correlated with frontal lobe neuropsychological tests 

(Meyniel, Rivaud-Pechoux, Damier, & Gaymard, 2005) including the number of Stroop 

inhibition errors, Trails and Calculations (Boxer et al., 2006a).   

2.1.4.2.2 Parkinson’s disease dementia 
In the sole study examining saccades in PDD by Mosimann et al. (2005), impairments of both 

reflexive and complex saccade performance were observed, consistent with a pathological 

profile of cortical and sub-cortical neurodegeneration.  Reflexive, gap, and overlap saccades 

were impaired with prolonged latencies and reduced gain compared with the control group of 

healthy elderly.  When the more complex saccadic tasks of prediction and antisaccade were 

presented, the PDD group exhibited longer latencies, less prediction and more errors in the 

antisaccade task than the non-demented Parkinson’s disease group.  Saccades in the predictive 

task were hypometric compared with the AD subjects.   

2.1.4.2.3 Dementia with Lewy bodies 
DLB and PDD share similar clinical features and a similar pattern of neurodegeneration.  It 

follows then that the PDD saccadic deficits of reflexive saccade execution, and complex 

performance (i.e. prediction and inhibition of saccades) are also seen in DLB (Mosimann et 

al., 2005).  The AD group had no abnormalities of reflexive saccades, but both AD and DLB 

groups demonstrated impairment of complex saccades implying that intact cortical function is 

particularly important for complex saccade control (Pierrot-Deseilligny et al., 2003b). 
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The present study set out to apply more saccadic tasks i.e. the predictive, step and gap 

reflexive, and antisaccade tasks with comprehensive neuropsychological testing which could 

then characterise the performance of saccades in AD using fMRI.   

2.2 Methods 
The subjects attended three separate sessions at the Van der Veer Institute for Parkinson’s and 

Brain Research, Christchurch.  The first session was in the Eye Movement Laboratory for one 

hour.  The second session comprised neuropsychological testing, held in the Neuropsychology 

Laboratory for two hours.  The third session comprised MRI scanning for one hour.   

The Upper South B Regional Ethics Committee approved this study.  Subjects gave written, 

informed consent to participate in the study.  Any AD subjects thought to be unable to provide 

informed consent were to have written consent given by a legal representative acting in the 

best interests of the subject.  This was not required for any AD subject. 

2.2.1 Subjects 
21 mild-moderate AD subjects and 18 age- and sex- matched controls were recruited from the 

Memory Clinic at the Princess Margaret Hospital, Christchurch.  The author and the treating 

psychiatrist (Dr Brian Deavoll, who made the initial invitation to participate), identified 

potential AD subjects.  Interested subjects received an information sheet from the author.  

Additional methods of recruitment included an article in the local Alzheimer’s Society 

newsletter, and a local community newspaper.  Healthy elderly control subjects were recruited 

through the Van der Veer Institute volunteer database or were relatives of the AD subjects.  A 

neuroradiologist reviewed the structural MRI scans of all subjects.  Of the AD subjects, one 

subject no longer wished to participate in the study, two were excluded due to an inability to 

tolerate the MRI due to claustrophobia, two were excluded due to having a surgical metal 

implant that was incompatible with 3 T MRI, and one excluded due to the finding on 

perfusion MRI (arterial spin-labelled MR) of significant left fronto-temporal hypoperfusion.  

Of the control group recruited, two subjects were excluded after the MRI session with one 

subject displaying evidence of severe white matter disease and the other, evidence of a 

previous ischaemic stroke.  Following exclusions, the data from 15 AD and 16 control 

subjects were available for analysis.  

2.2.1.1 Inclusion criteria 
AD subjects with mild-moderate dementia that met the clinical criteria of the National 

Institute of Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and 

Related Disorders Association (NINCDS-ADRDA) for probable AD (McKhann et al., 1984), 
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were included in this study.  Control subjects were required to have no history of dementia 

and a MMSE score greater than 27/30. 

2.2.1.2 Exclusion Criteria  
AD patients with greater than moderate dementia were excluded, in order to include only 

subjects who could perform the saccadic tasks.  Subjects were excluded if any of the 

following were present: non-AD dementia; metabolic abnormalities that may account for the 

symptoms; cerebrovascular disease of a severity to account for the symptoms; a major 

depressive episode in the previous three months; other major psychiatric disorder (Dubois et 

al., 2007; McKhann et al., 1984); presence of centrally active drugs such as neuroleptics, 

known to affect saccades (Leigh & Zee, 2006); corrected visual acuity in their best eye worse 

than 6/12; more than moderate small vessel ischaemic changes on MRI identified by a 

neuroradiologist.  Exclusion criteria for MRI were: presence of a cardiac pacemaker, artificial 

heart valve or stent; neurosurgical clips, metal, surgical hearing device or neuroelectrical 

stimulator; metallic fragments in the eyes, shrapnel or gunshot injuries; or claustrophobia. 

2.2.1.3 Subject demographics 
Fifteen AD (8 female) and sixteen Control (7 female) subjects completed this study.  The 

groups were similarly matched for age, education and sex.  The average age of the AD 

subjects was 73.4 years, range 58 – 84 years.  The Control group had an average age of 

71.8 years, range 62 – 84 years.  The mean years of education were 13.1 and 14.8 years in the 

AD and the Control groups respectively (Table 2). 

2.2.2 Eye Movement Laboratory session 
Horizontal saccades were recorded in a single session in the Eye Movement Laboratory at the 

Van der Veer Institute using a SensoriMotoric iView X Hi-speed 1250™ video-oculography 

system (SMI, Berlin) for offline analysis.  A high speed DLP projector presented a 1024 by 

768-pixel image from custom experimental control software at 100 Hz on an 1114 mm wide 

by 853 mm high screen, 1678 mm from the eye.  Subjects were seated comfortably in a 

darkened room with head movements stabilized by a chin and headrest.  Only the movements 

of the left eye were recorded, at 1250 Hz, although two subjects had binocular recordings due 

to an equipment fault, recorded at 500 Hz.  The equipment was calibrated at the start of the 

testing session and, when necessary, between tests.  Corrected visual acuity was assessed with 

a standard 6 m Snellen chart. 
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2.2.2.1 Calibration 
Prior to the saccadic tasks, calibration was undertaken.  Subjects fixated a red square at 13 

positions varying in horizontal and vertical position.  The iView X system accepted each point 

if satisfactory fixation, via pupil tracking and corneal reflex, was maintained at that location 

for at least 400 ms.  Following calibration, the gaze position was tested against nine horizontal 

positions to validate the calibration in the horizontal zone in which stimuli would be 

presented. The calibration procedures were repeated if necessary in an iterative fashion until 

satisfactory calibration was achieved. 

2.2.3 Saccadic tasks 
The saccadic task designs were optimised to suit fMRI timing.  They were presented in 

repeating consecutive blocks, with an initial 12 s period where a blank grey screen was 

presented while the MR signal stabilised.  Five saccadic tasks were presented: fixation, 

predictive, step reflexive, gap reflexive and the antisaccade task.  The tasks were presented 

within two block-design series and two event-related design series.  The first series consisted 

of an ABC pattern of 27 s blocks, repeated four times: (A) step reflexive vs. (B) predictive vs. 

(C) fixation.  The second series also consisted of an ABC pattern of 27 s blocks, repeated four 

times: (A) step reflexive vs. (B) gap reflexive vs. (C) fixation.  The third and fourth series 

consisted of an event-related antisaccade task.  In each task, the target was a 16 x 16 pixel 

solid square.   

Due to a technical error, the gap manipulation was not implemented for seven AD and 10 

Control subjects.  Effectively, they performed two consecutive blocks of the step reflexive 

task (54 s), followed by fixation (27 s).  This second block was excluded from analysis so that 

the same possible number of step trials were analysed for each subject.  Fifteen of the subjects 

(AD n=9, Controls n=6) did perform series two. 

Instructions 

Before performing the first two series, subjects underwent a practice of the step reflexive task, 

repeated until the subject felt comfortable with the task.  They were instructed to “‘Look at 

the red square as quickly but as accurately as possible.  Sometimes the square will be moving, 

and sometimes it will be stationary.”  Before performing series three and four (antisaccades), 

subjects underwent a practice task that was repeated until the subject was familiar with the 

task and the author was satisfied that the subject fully understood the task.  Task 

comprehension was evident by the performance of corrected errors.  Subjects were instructed, 

“In this next task, there will be two squares, a green square and a red square.  The red square 
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will stay in the centre, but either side of the red square, a green square will pop up.  When that 

green square appears, I don’t want you to look at it.  In fact, I want you to look away from it 

to the mirror opposite side.  And then back to the red square in the centre” (Figure 2-3). 

2.2.3.1 Fixation 
The target was presented at the centre of the screen continuously for 27 s.  

2.2.3.2 Step reflexive task 
The target was initially displayed at the centre of the screen and then stepped pseudo-

randomly with a variable amplitude of 5, 10, or 15° left or right.  The new location served as 

the starting position for the following trial (a single trial is depicted in Figure 2-3).  The 

current target was extinguished simultaneously with the appearance of the next target.  All 

amplitudes were crossed with three inter-stimulus intervals (ISI, 500, 750, 1000 ms) to 

produce 36 trials within a 27 s block (Figure 2-4).  Each of the four blocks was a different 

sequence in the series. 

 

Figure 2-4 Tracing of an example step reflexive 27 s block from a Control subject, where a downward 
deflection represents a leftward saccade and an upwards deflection represents a rightward saccade.  36 
trials of variable ISI (500, 750, 1000 ms) were presented at variable amplitudes (5, 10, 15°).  The red 
tracing denotes the stimulus, while the black tracing denotes the eye movements of the subject. 

2.2.3.3 Gap reflexive task 
This paradigm was identical to the step reflexive task, except that the current target was 

extinguished 200 ms prior to the appearance of the next target (Figure 2-3).  All amplitudes 

were crossed with three inter-stimulus intervals (ISI) (500, 750, 1000 ms).  With the added 

gap, each stimulus was visible only for 300, 550 or 800 ms of that ISI.  This again produced 

36 trials within a 27 s block, with a mean ISI and amplitude equal to the predictive and step 

reflexive tasks (Figure 2-5).  The blocks were the same sequences of positions as the step 

reflexive task, altered only by the gap of 200 ms. 
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Figure 2-5 Tracing of an example gap reflexive 27 s block.  Stimuli were presented with a variable ISI 
(500, 750, 1000 ms) but each stimulus was only visible for 300, 550 or 800 ms, with a 200 ms gap 
commencing at the previous stimulus offset.  The red tracing indicates the stimulus, whilst the black 
tracing indicates the eye movements of a subject. 

2.2.3.4 Predictive task 
The target simply stepped between 7.5° left and 7.5° rightward of centre every 750 ms to 

produce 36 trials within a 27 s block.  

 

Figure 2-6 Tracing of an example predictive 27 s block, from a Control. 36 trials were presented at -7.5 
and 7.5° every 750 ms. The red tracing indicates the stimulus, whilst the black tracing indicates the eye 
movements of a subject. 

2.2.3.5 Antisaccade task 
Each trial began with the subject fixating a red target in the central position for a variable ISI 

of 10,500, 11,500, or 12,500 ms for 15 trials.  The red target was then extinguished and a 

green target was simultaneously presented at one of two positions (10° left or 10° right of 

centre) for 1500 ms.  The appearance of this green peripheral target cued the subject to 

execute a saccade to the exact opposite horizontal position, i.e. its mirror location.  Subjects 

refixated on the central fixation point at the end of each trial, when the red target reappeared 

there following 1500 ms.   
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Figure 2-7 Tracing of six antisaccade trials presented at -10 and 10° with varying ISI (10500, 11500, 12500 
s), from a Control subject.  The red tracing depicts the central fixation target, and the green depicts the 
peripheral target.  The black tracing depicts an example subject generating correct antisaccades and one 
direction corrected saccade (second trial). 

2.2.4 Analysis of saccades 
Data were stored on the iView PC and measured offline using in-house custom software.  

Right and leftward saccades were combined for analysis.   

2.2.4.1 Saccade identification 
The software searched forward in time until the horizontal eye velocity exceeded 80 deg s-1, 

determining saccade onset.  The software then searched forward until the first point at which 

the velocity dropped below a 5 deg s-1 threshold, which indicated the end of the primary 

saccade.  The saccade amplitude was measured as relative to the previous eye position.  

Movements in either the left or right direction were referred to as negative and positive 

respectively.  Reflexive and predictive saccades that were in the wrong direction, or saccades 

with a primary gain of less than 0.2, were excluded from further analysis.  Responses that 

comprised multiple saccades were described with reference to the primary and subsequent 

corrective saccades.   

2.2.4.2 Dependent measures 
The principal dependent measures were saccade latency and gain.  Latency was defined as the 

time elapsed from target onset to the initiation of the primary saccade toward it, expressed in 

milliseconds (ms) (c, Figure 2-8).  Primary saccade amplitude was defined as the difference 

between the eye position at the start of the first saccade (initial eye position) and the end of 

that saccade, expressed in degrees.  The gain was calculated by the division of the primary 

saccade amplitude (a, Figure 2-8) by the target amplitude (b, Figure 2-8). 
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Figure 2-8 The primary gain was calculated as the (a) primary saccade amplitude, (b) divided by the 
target amplitude (b).  Latency (c) was defined as the time elapsed from target onset to primary saccade 
onset.  

2.2.4.2.1 Anticipatory and express saccades 
The definition of express saccade latencies varies in the literature.  Previous AD saccadic 

research defined express saccades as occurring between 100 and 120 ms (Abel et al., 2002), 

but others employ a latency between 90 and 140 ms (Armstrong, Chan, Riopelle, & Munoz, 

2002; Chan, Armstrong, Pari, Riopelle, & Munoz, 2005; Fischer et al., 1993).  Fischer et al. 

(1993) defined saccades initiated less than 90 ms after target onset as anticipatory and not 

influenced by the target (Fischer et al., 1993).  Approximately 50% of prosaccades were 

directionally correct when initiated less than 90 ms after target onset (Munoz et al., 1998), 

whereas 95% of the prosaccades were in the correct direction when initiated more than 90 ms 

after target onset in the same study.  The criterion of 90 ms to 140 ms was applied in the 

present study due to the distribution of express saccades in the gap task: the lower limit of 

90 ms excluded anticipatory responses, and the upper limit of 140 ms included the express 

saccade peak that occurred between 100 and 135 ms in the study by Fischer et al.  

2.2.4.3 Task-specific measures   
2.2.4.3.1 Step and gap reflexive   
Only latencies between -600 ms and 800 ms were included in the analysis.  Anticipatory 

saccades were distinguished from true reflexive (i.e. reactive) saccades on the basis of latency 

less than 90 ms (refer 2.2.4.2.1).  The proportions of anticipatory and reactive responses were 

calculated in the step task.  Additionally, the proportion of express responses (90-140 ms), as 

a subgroup of reactive saccades, was measured in the gap task.  The extra block of step 

reflexive saccades that was performed by 17 subjects (refer 2.2.3), was excluded from 

analysis in order to maintain a balanced number of two blocks of the step reflexive task across 

all subjects.   

2.2.4.3.2 Predictive  
Saccades were classified into three groups according to their latencies (Isotalo et al., 2005): 

anticipatory saccades (latency % -200 ms); predictive saccades (-200 ms > latency < 100 ms); 

and reactive saccades (latency & 100 ms).  To analyse the predictive learning curve, an 
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exponential decay curve was calculated for each group, using the formula y=B+A*exp(-

alpha*t), where A was the starting mean latency value, B represented the plateau value 

reached once learning was completed, t was the Stimulus number, and alpha was the slope of 

the decay. 

2.2.4.3.3 Antisaccade 
Responses were classified as either correct (directed away from the target) or incorrect 

(directed towards the target).  If an incorrect response was performed, the saccade could then 

be further classified as ‘corrected’ if a subsequent saccade was made into the opposite 

hemifield (see Figure 2-3).  If fixation was not maintained (due to blinks or saccades) in the 

100 ms prior to target onset, the trial was excluded from analysis.  The proportion of correct, 

corrected erroneous and antisaccade errors were measured.  Anticipatory antisaccades and 

their corrected antisaccade were excluded from the analysis.  

2.2.4.4 Main sequence relationship 
The main sequence relationship was analysed only in the step reflexive task (strong task-

related differences in velocity exist).  Saccades with latencies between -1100 ms and 1100 ms 

were included in the analysis.  The data were fitted either using the equation 

Velocity=Velocity max * (1-exp (-amplitude/C)) for an exponential fit (Fletcher & Sharpe, 

1986), or (for three subjects), with a straight-line due to an inability for the curve to saturate.  

The predicted peak velocity for a 10° abducting and a 10° adducting primary saccade was 

then calculated for each subject, using the linear or exponential fit as appropriate.  The 

velocities were compared within subjects (to assess differences between abduction and 

adduction) and across subjects (to assess differences between the groups).   

2.2.4.5 Statistical analyses 
Data were analysed using the lm function for regression models and plotted using the ggplot2 

package (Wickham, 2009), within the statistical environment of R (R Development Core 

Team, 2010).  Univariate comparisons were made between AD and Control groups for all 

saccadic measures.  Independent two-sample Student t-tests were used to compare the effect 

of group (AD, Controls) upon task measure (latency, primary gain and antisaccade 

performance).  Of the variables that displayed significant differences between groups, the 

saccadic measure was compared while covarying for the confounding effect of cognition as 

measured by the MMSE, MoCA, ADAS-cog, and domains of visuo-spatial, executive 

function, attention and working memory.  
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A p-value of less than 0.05 was regarded as statistically significant.  Comparisons with a p-

value less than 0.00001, were truncated p<0.00001.  Z-scores of saccadic measures were 

calculated for the single case studies (Chapter 6), in order to compare them to the AD group, 

by subtracting the AD group mean from each subject mean, and dividing the result by the 

standard deviation of the AD group ((µAD - µsubject)/std devAD).  Task measures (step reflexive 

latency, the proportion of antisaccade errors and correct antisaccade latency), group, age, sex 

and years of education were analysed in a multiple regression model to assess non-

independent observations.  Age, sex and education years were not significant predictors and a 

reduced model omitting those variables was used in subsequent regression models.   

2.2.5 Neuropsychological tests 
After completing the eye movement tasks, all subjects were administered the MMSE 

(Folstein, Folstein, & McHugh, 1975), as a short dementia screening instrument, the Wechsler 

Test of Adult Reading (WTAR) as an estimation of pre-morbid intellectual functioning and 

the Geriatric Depression Scale (GDS) (Yesavage et al., 1982) as a screen for the presence of 

depression.  All subjects also undertook the following battery of neuropsychological tests in a 

dedicated neuropsychology session.  The Alzheimer’s Disease Assessment Scale-Cognitive 

(ADAS-cog, Rosen, Mohs, & Davis, 1984) measured the severity of the most important 

symptoms of AD – memory, language, praxis and attention.  A second general cognitive 

impairment screening test, the Montreal Cognitive Assessment scale (MoCA, Nasreddine et 

al., 2005), was also administered.  Tests of executive impairment included the Stroop (Bench 

et al., 1993) and Clock face drawing tasks (Sunderland et al., 1989).  Selective and sustained 

attention were assessed by Map Search and the Letter Cancellation task in the ADAS-cog.  

Language was assessed using the Odd Version of the Boston Naming Test (Williams, Mack, 

& Henderson, 1989), chosen to reflect the impairment of semantic memory in AD.  

Judgement of Line Orientation (JLO; Benton, Hannay, & Varney, 1975) assessed visuo-

spatial function.  The caregiver or relative of the AD subject was interviewed separately to 

assess activities of daily living (ADL) with the Alzheimer’s Disease Cooperative Study 

(ADCS) activities of daily living inventory, designed to assess the functional performance of 

AD patients for clinical trials (Galasko et al., 1997), the Alzheimer’s Disease Activities of 

Daily Living International Scale (ADL-IS) (Reisberg et al., 2005) and the Clinical Dementia 

Rating (Hughes, Berg, Danziger, Coben, & Martin, 1982).  The presence of psychiatric 

symptoms common in AD was examined using the Neuropsychiatric Inventory (NPI) 

(Cummings et al., 1994). 
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2.2.5.1 Neuropsychological data analysis 
Tests were scored manually after the session.  The data were adjusted for age, sex and 

education based on normative sample data sets provided by the test manual, and entered into a 

secure database.  The data were expressed as a z score relative to the normative data.  The 

neuropsychological tests were grouped into the following domains, and a domain score 

formed by taking the mean of the Z-scores of each of its constituent tests: Visuo-spatial, 

comprising the JLO, and VOSP; Executive function, comprising Letter fluency, Category 

fluency, Action fluency, Stroop inhibition; Attention and working memory comprising the 

TEA map search, Stroop colour and word naming.  These average scores were then used to 

correlate with saccadic measures and MRI data.  Receiver operating characteristic (ROC) 

analysis, i.e. the ability of the test to classify a subject as AD or Control, were generated using 

the measures of global cognition: MMSE, MoCA and ADAS-cog.  These were compared to 

the ROC analyses that were generated using saccadic and MRI measures (Chapter 7). 

2.3 Results  
2.3.1 Neuropsychological results 
Compared with the Control group, the AD group were significantly impaired on all tests of 

global cognition, and the domains of visuo-spatial, executive function and attention and 

working memory (Table 2). 
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Table 2 Mean and standard deviation of neuropsychological tests in the AD and Control groups. All tests 
expressed as Z-scores except the MMSE, MoCA, ADAS-cog, Neuropsychiatric Inventory and tests of 
Activities of Daily Living 

Domain (mean ±  sd) AD  Control  Between group 
comparisons 

Age, years (range) 73.4 (58-84) 71.8 (62-84) p=0.5 

Education 13.1±3.2 14.8±3.3 p=0.2 

WTAR 107±13.2 115±8.2 p=0.06 

Global cognition    

MMSE 21.9±4.8 29.3±0.9 p<0.00001 

MoCA 15.5±5.0 26.9±1.2 p<0.00001 

ADAS-cog 21.4±8.8 6.1±2.1 p<0.00001 

Visuo-spatial -0.3±1.3 0.8±0.6 p=0.007 
JLO -0.6±1.3 0.5±0.9 p=0.01 

VOSP -0.06±1.6 1.1±0.9 p=0.02 

Executive function -1.1±1.3 0.6±1.0 p=0.0003 

Letter fluency -0.8±1.5 0.7±1.4 p=0.007 

Action Fluency -0.7±1.2 0.02±1.2 p=0.1 

Category fluency -1.0±1.8 1.1±1.3 p=0.0008 

Stroop inhibition -1.7±1.9 0.3±1.2 p=0.002 

Attention, working memory, 
processing speed 

-1.1±1.4 0.3±0.8 p=0.001 
TEA Map Search -1.4±1.2 0.5±1.3 p=0.0001 

Stroop Colour naming -1.2±1.8 0.4±1.2 p=0.01 

Stroop Word naming -0.9±1.8 0.04±1.0 p=0.11 

Psychiatric status     

NPI  6.7±4.7 NA NA 

Activities of daily living    

CDR 1.1±0.4 NA NA 

ADL-IS Reisberg 1.7±0.5 NA NA 

ADCDS  NA NA 
!
2.3.2 Step reflexive task 
Step reflexive saccade latencies are summarized in Figure 2-9.  The lower left panel in Figure 

2-9 shows the proportions of anticipatory saccades performed in this task.  AD subjects 

performed fewer anticipatory (<90 ms) saccades (17.6±13%) than the Controls (27.1±16%), 

who also demonstrated a greater spread of values though this was not significant between the 

groups (p=0.08).  Compared with the Controls, the AD group exhibited significantly 

prolonged reactive saccade latencies at 245 ms, compared with 211 ms by the Controls 
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(p=0.04, see Figure 2-9, lower right panel).  The AD group also showed greater variability in 

their latencies than Controls, with a standard deviation of 90 ms, compared with 56 ms in 

Controls.  The difference of the means was 34 ms, 95% CI [12, 56].  There was not a 

significant group effect upon primary gain, as the AD group demonstrated a mean primary 

gain and standard deviation of 0.94±0.08, compared with the Control group 0.95±0.05 

(p=0.8).  

 

Figure 2-9 The histograms (10 ms bin width) show the distribution of the latencies of all saccades in the 
step reflexive task (top panel).  The left lower panel shows the distribution of the proportions of 
anticipatory saccades for each group.  The right lower panel shows a significant difference in the mean 
latencies and standard deviations of reactive saccades (>90 ms), p=0.04 (AD = 245±90 ms, 
Controls=211±56 ms).  The error bars display the standard deviation of each group. 

Computation of the main sequence relationship for reactive reflexive saccades showed no 

significant difference between groups at either 10º abducting (AD=461 deg/s, 

Control=434 deg/s) or adducting (AD=443 deg/s, Control=425 deg/s) saccades.  There was 

also no significant within-subject effect between 10º adducting and abducting saccades.  

There was no significant correlation for either group between step reflexive reactive latencies 

while covarying for the confounding effect of global cognitive measures – the MMSE, or the 

ADAS-cog (Figure 2-10).  The AD group demonstrated a significant correlation between the 

MoCA and latency (r=-0.09, p=0.05): for every MoCA point drop, there was an approximate 

increase in latency of 100 ms. 
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Figure 2-10 Linear regression of reactive reflexive saccade latencies as a function of global cognition.  The 
shaded region indicates the 95% confidence interval. MMSE AD=21.3-0.003x, p=0.94, r=-0.02; Control=25 
+ 0.02x, p=0.24, r=0.30. MoCA AD = 18.4-0.01x, p=0.05, r=-0.09; Control = 27.3-0.002x, p=0.95, r=-0.02. 
ADAS-cog AD = 23.5-0.09x, p=0.9, r=-0.04; Control = 9.0-0.01x, p=0.80, r=-0.07. 

There was a significant correlation between the step reflexive reactive latency and visuo-

spatial domain scores in the AD group (r=-0.6, p=0.03, Figure 2-11).  This is consistent with 

the visuo-spatial demands of reflexive saccades.  There was no significant correlation between 

latency and executive function or, somewhat surprisingly attention and working memory 

(Figure 2-11). 

 

Figure 2-11 Linear regression of reactive saccade latencies as a function of performance (Z-score) in the 
three neuropsychological domains.  The shaded region indicates 95% confidence interval.  Visuo-spatial 
AD = 4.1-0.01x, p=0.03, r=-0.6; Control = -1.1 + 0.009, p=0.40, r=0.2.  Executive function AD = -0.3-0.005x, 
p=0.60, r=-0.16; Control = -1.4+0.009x, p=0.6, r=0.14.  Attention and working memory AD = 2.1-0.01x, 
p=0.16, r=-0.4; Control = -1.9+0.01x, p=0.40, r=0.2. 

2.3.3 Gap reflexive task 
The distribution of the saccades produced when the 200 ms gap was introduced show two 

peaks (Figure 2-12).  These peaks correspond to the sub-populations of express and reactive 

saccades. 
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Figure 2-12 These histograms (bin width 20 ms) show the distribution of all saccades with a 200 ms gap 
(top panel) and 0 ms gap (step reflexive task, bottom panel) for both AD (left) and Controls (right).  The 
addition of the 200 ms gap induces two peaks of saccades, evident in both groups.  These peaks correspond 
to a population of anticipatory/and or express saccades, and the later peak to reactive saccades. 

The AD group showed a significant gap effect (p=0.004, Table 3) of decreased latency when 

the 200 ms gap was introduced (Figure 2-12).  This effect did not quite reach significance in 

the Control group (p=0.06).  Both groups generated express saccades: in the AD group 

19.4±6.8% and in the Control group 27.5±15% of reactive saccades produced were express 

saccades.  This difference was not significant between the groups (ns, p=0.19).  Significantly 

fewer anticipatory saccades were generated by the AD group (44±7.5%) than the Control 

group (62±6.1) in the gap reflexive task (p=0.0005).   

Table 3 Mean latency and standard deviation of the gap and step reflexive task. 

 Gap reflexive 
(-200 ms)  

Step reflexive 
(0 ms)  

Within group 
comparison 

AD 215±100 242±89  p=0.004 
Control 192±86 215±72 p=0.06 
!
2.3.4 Predictive task 
The learning curve of latency in the predictive task (Figure 2-13) demonstrated the prolonged 

time and more variable performance before the AD group reached a stable production of 

predictive saccades.  The learning curve was generated from the formula described in Chapter 

2.2.4.4. The plateau value (B) was where the stabilisation of prediction occurred at the most 
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negative latency.  Thereafter, all trials exhibited true predictive latencies, as defined by Isotalo 

et al. (2005).  In the AD group, this occurred after 25–30 trials and the mean latency taken 

from the fit was approximately -50 ms and in the Control group, the most negative values 

were reached after 15–20 trials, which corresponded to a mean latency of truly predictive 

saccades at -100 ms.  

The fitted y-intercept values were similar at 198 ms (AD) and 178 ms (Controls).  The curves 

for the AD group decreased less steeply than the Control group (as alpha = 0.11 vs. 0.21) and 

the curves were predicted to reach an asymptote at -58 ms (AD) and -103 ms (Control).  The 

predicted value for the last trials in each (i.e. stimulus 35) reached within less than 1 ms for 

the Control group, but the AD group still had 5 ms remaining before an asymptote was 

reached.  There was weak evidence that the AD group had not reached the asymptotic level of 

performance and some learning remained.  

 

Figure 2-13 The learning curve of the predictive task is shown with the mean latency for each of the 36 
trials across all the blocks.  An exponential decay curve has been fitted, using the formula in chapter 
2.2.4.4. 

Predictive saccade performance was summarized in Figure 2-14.  AD subjects exhibited 

significantly prolonged mean saccade latency and standard deviation (AD = 31±145 ms, 

Controls = -67±119 ms, p=0.05).  In the frequency distribution of predictive saccades, the AD 

group demonstrated a less prominent peak of saccades centred at -200 ms compared with the 

Controls. There were no statistically significant group differences between the mean latencies 

of the prediction categories of anticipatory (%-200 ms), predicting (-200> latency <100 ms), 

and reactive (&100 ms) responses (lower left panel Figure 2-14).  The proportion of predicting 
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saccades performed were similar for the AD and Control group at 31±24% and 36±21% 

respectively (p=0.3, Figure 2-14).  The AD group performed proportionally more reactive 

saccades than the Control group at 46% and 30% respectively (p=0.06).  The proportions of 

anticipatory saccades performed were not significantly different between the groups (AD: 

23±19% and Controls: 33±25%, p=0.16). 

 

Figure 2-14 The top panel shows a histogram (10 ms bin width) which illustrates the distribution of all 
latencies in the predictive task.  Reactive saccade peaks are seen in both groups.  A more substantial 
secondary peak of predictive saccades is shown in the Control group.  The lower left panel shows the 
latencies within the prediction categories.  Anticipatory saccades: (AD = -338 ms, sd = 91; Control = -303 
ms, sd = 77, p = 0.14); Predicting saccades: (AD = -54 ms, sd=85; Control = -73 ms, sd = 85, p = 0.08); 
Reactive saccades: (AD = 253 ms, sd = 112; Control = 204 ms, sd = 68, p = 0.051).  Error bars represent 
standard deviation. The lower right panel shows the proportion of saccades performed in each predictive 
category by the subjects in each group.   

The AD group exhibited a higher primary gain across all trials with a mean and standard 

deviation of 0.93±0.11, compared with the Control group (0.82±0.12, p=0.006).  There was a 

greater spread of primary gains across subjects in the AD group, compared with the Controls 

(Figure 2-15).  The Control group exhibited less variation in primary gain, though two 

subjects had a markedly lower primary gain than the remainder of the group.  There were no 

correlations identified between the primary gain of each subject and any neuropsychological 

measures. 
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Figure 2-15 Scatter plot of individual subjects’ primary gain for the predictive task. Primary gain mean ±  
standard deviation: AD=0.93±0.11, Control=0.82±0.12. 

There was a significant correlation between the mean predictive latency of each subject and 

the MoCA (p=0.04, Figure 2-16), and the scores of the visuo-spatial (p=0.006), executive 

function (p=0.02) and attention and working memory domains (p=0.01) in the AD group 

(Figure 2-17). There were no significant correlations between the mean predictive saccade 

latency of each subject and the tests of global cognition MMSE and the ADAS-cog in the AD 

group.  There were no significant correlations for the Control group. 

 

Figure 2-16 Linear regression of predictive saccade latencies as a function of global cognition. The shaded 
region indicates 95% confidence interval.  The sole significant correlation was demonstrated by the AD 
group with the MoCA test. MMSE AD=22.3-0.01x, p=0.22, r=-0.34; Control=29.2-0.001x, p=0.63, r=-0.13. 
MoCA AD=16.1-0.02x, p=0.04, r=-0.54; Control=26.7-0.002x, p=0.53, r=-0.17. ADAS-cog AD=20.6+0.03x, 
p=0.12, r=0.42; Control=6.3+0.003x, p=0.70, r=-0.11. 
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Figure 2-17 Linear regression of predictive saccade latencies as a function of neuropsychological domains.  
The AD group demonstrated significant correlations with all cognitive domains. The shaded region 
indicates 95% confidence interval. Visuo-spatial AD=-0.13-0.006x, p=0.006, r=-0.67; Control=0.71-
0.0008x, p=0.5, r= -0.17. Executive function AD=-0.85-0.005x, p=0.02, r=-0.61; Control=0.71+0.002x, 
p=0.33, r=0.26. Attention and working memory AD=-0.91-0.006x, p=0.01, r=-0.62; Control=0.23-0.01x, 
p=0.51, r=-0.18. 

2.3.5 Antisaccade task 
Two AD subjects were excluded from this analysis due to their failure to correct any 

antisaccade errors, indicating that the task instructions were not retained from the practice 

task.   

Correct antisaccade latency was significantly prolonged in the AD group (527±162 ms) 

compared to the Controls (406±98 ms) (p=0.008, Figure 2-18).  There was not a significant 

group effect for either the latencies of antisaccade errors or direction corrected antisaccades 

using a Student two-sample t-test.  In the correct antisaccade category, the AD group 

exhibited a greater spread of data values than the Control group as demonstrated by their 

standard deviations of 162 and 98 ms respectively (Figure 2-18).   

 

Figure 2-18 Mean latencies and standard deviations of antisaccades.  Error bars indicate standard 
deviation.  Correct antisaccades, p=0.02 (AD = 527 ms, sad=162; Controls = 406 ms, sad=98). Antisaccade 
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error, p=0.50, (AD = 289 ms, sad = 113; Controls = 266 ms, sad = 126). Corrected antisaccade error, p=0.2, 
(AD = 550 ms, sad = 142; Controls = 486 ms, sad = 110). 

The groups differed significantly in the proportion of antisaccade errors generated (p=0.004), 

with the mean proportion and standard deviation of errors performed by the AD group being 

55.2±36%, compared to Controls (23.4±17%).  The error correction rates of AD (93.1±14%) 

and Control (98.1±6%) groups were similar (p=0.23). 

The distributions of the antisaccade categories are summarized in Figure 2-19.  The Control 

group demonstrated a prominent peak of correct antisaccades at 300 – 400 ms, a peak that was 

less apparent in the AD group (Top panel, Figure 2-19).  In contradiction, the AD group 

exhibited a peak of faster, erroneous reflexive responses at 200 – 250 ms.  The distribution of 

the error corrected antisaccades was similar in both groups. 
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Figure 2-19 Histograms (50 ms bin width) showing the distribution of latencies for the categories of 
antisaccades in each group.  Anticipatory saccades were excluded.  The top panel shows the distribution of 
correct antisaccades.  The middle panel shows antisaccade errors.  The bottom panel shows error 
corrected antisaccades.  

There were significant correlations between the measures of global cognition and all three 

neuropsychological domains with the latency of correct antisaccades in the AD group (Figure 

2-20 and Figure 2-21).  There were no significant correlations between any cognitive measure 

and latency in the Control group. 
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Figure 2-20 Linear regression of correct antisaccade latency as a function of global cognition.  The AD 
group demonstrated a significant correlation between the correct antisaccade latency and all measures of 
global cognition.  The shaded region indicates 95% confidence interval. MMSE AD=35.6 -0.03x, p=0.003, 
r=-0.78; Control=29 -0.0004x, p=0.9, r=0.03. MoCA AD=28.5-0.02x, p=0.007, r=-0.73; 
Control=25.7+0.003x, p=0.73, r=0.1. ADAS-cog AD=-0.3+0.04x, p=0.005, r=0.75; Control=12.2 -0.02x, 
p=0.23, r=-0.33. 

 

Figure 2-21 Linear regression of correct antisaccade latency as a function of neuropsychological domains.  
The AD group demonstrated significant correlations between the correct antisaccade latency and all three 
cognitive domains.  The shaded region indicates 95% confidence interval.  Visuo-spatial AD = 3.6-0.007x, 
p=0.003, r=-0.78; Control = 0.22+0.001x, p=0.61, r=0.14.  Executive function AD = 3.1-0.008x, p=0.0002, 
r=-0.87; Control = -1.6+0.005x, p=0.22, r=0.34.  Attention and working memory AD = 3.7 -0.009x, 
p=0.0002, r=-0.88; Control = 0.15+0.0004x, p=0.91, r=0.031. 

Significant correlations were present between the proportion of errors generated and the 

measures of global cognition in the AD group, but not in the Control group (Figure 2-22).  In 

the AD group, there was a 12.5% increase in errors for each MMSE point drop (p=0.04), a 

9% increase in errors for each MoCA point drop (p=0.003), and a 5% increase in errors for 

each ADAS-cog point gained (p=0.003).  No correlations were present in the Control group. 
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Figure 2-22 Linear regression of antisaccade error proportions as a function of global cognition.  The AD 
group demonstrated significant correlation with all measures of global cognition as a function of the 
antisaccade proportion.  The shaded region indicates 95% confidence interval. MMSE AD=26.0 -7.9x, 
p=0.04, r=-0.58; Control=29.3-0.33x, p=0.83, r=-0.06. MoCA AD=21.3-10.9x, p=0.003, r=-0.76; 
Control=25.8+4.7x, p=0.09, r=0.45. ADAS-cog AD=11.2+19.0x, p=0.003, r=0.76; Control=4.6+6.1x, p=0.17, 
r=0.36. 

There was a significant correlation in the AD group between the proportion of antisaccade 

errors and the executive function domain (p=0.04, Figure 2-23).  No significant correlations 

were present with the other cognitive domain scores and the antisaccade error rate.  There 

were no significant correlations with the Control group.   

 

Figure 2-23 Linear regression of antisaccade error proportions as a function of neuropsychological 
domains.  A correlation was demonstrated in the AD group between the error proportion and the 
executive function domain.  The shaded region indicates 95% confidence interval.  Visuo-spatial AD = 
0.87-2.0x, p=0.07, r=-0.51; Control = 0.99-0.91x, p=0.34, r=-0.26.  Executive function AD = 0.15-2.1x, 
p=0.04, r=-0.58; Control = 0.23+1.4x, p=0.38, r=0.24.  Attention and working memory AD = -0.38-1.4x, 
p=0.28, r=-0.32; Control = -0.17+2.0x, p=0.07, r=0.46. 

There were no correlations present between the proportion of corrected antisaccades and 

neuropsychological measures in either group. 

2.3.6 Summary of saccadic results 
A summary of the saccadic task performance by the AD and Control groups was detailed in 

Table 4. 
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Table 4 Absolute effect size=mean Control – mean AD.  Latency and percentages (mean and standard 
deviation, SD) were truncated to the nearest whole number. 

Saccadic measure AD group Control group Effect size P-value 
Step reflexive     

Latency (SD) 245 (90) 211 (56) -34 0.04 
Gain (SD) 0.94 (0.08) 0.95 (0.05) 0.01 n.s 0.8 
Anticipatory (%) 18 (13) 27 (16) 10.5 0.08 

Gap reflexive     
Latency -200 (SD) 215 (100) 192 (86) -23  
Express (%) 19 (7) 28 (15) 8.1  
Anticipatory (%) 44 (8) 62 (6) 18  

Predictive task     
Latency (SD) 31 (145) -67 (119) -98 0.05 
Gain (SD) 0.93 (0.11) 0.82 (0.12) -0.11 0.006 

Antisaccade task     
Correct latency (SD) 527 (162) 406 (98) -121 0.02 
Error latency (SD) 289 (113) 266 (126) -23 0.5 
Error corrected latency (SD) 550 (142) 486 (110) -64 0.2 
Error proportion (%) 55 (36) 23 (17) -31.8 0.004 
Corrected proportion (%) 93 (14) 98 (6) 5 0.23 

 

2.4 Discussion 
The performance of saccadic eye movement tasks and the association between saccadic 

measures with neuropsychological measures of global cognition (MMSE, MoCA, ADAS-cog) 

and cognitive domain scores (visuo-spatial, executive function, attention and working 

memory) between a group of mildly to moderately demented AD subjects were compared 

with age- and sex- matched Control subjects. 

The following key results were found.  (i) Step reflexive saccade latencies were significantly 

prolonged in the AD group, and correlated with both the MoCA and visuo-spatial domain 

score.  (ii) A significant gap effect was present in both groups, and the number of express 

saccades generated did not differ between the two groups.  (iii) The AD group demonstrated 

significantly longer latencies in the predictive task, and these correlated with the MoCA, 

visuo-spatial, executive function, attention and working memory domain scores.  (iv) The AD 

group exhibited significantly higher primary gain than the Control group in the predictive 

task.  (v) There were significantly more antisaccade errors performed by the AD group, and 

these correlated with the MMSE, MoCA, ADAS-cog and executive function domain scores.  

(vi) Correct antisaccade latencies were significantly longer in the AD group, and these 

correlated with all neuropsychological measures.  
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Step reflexive task 

The finding of longer AD reactive step reflexive latencies in this study (Figure 2-9) is 

consistent with the observations by others (Hershey et al., 1983; Hotson & Steinke, 1988; 

Pirozzolo & Hansch, 1981; Shafiq-Antonacci et al., 2003).  We did not find a correlation 

between mean latencies and the MMSE, but there was a correlation with the mean latencies 

and both the MoCA and visuo-spatial domain score, a finding not previously reported (Figure 

2-10, Figure 2-11).  Abel et al. (2002) and Shafiq-Antonacci et al. also did not find a 

correlation between the reflexive saccade latencies and the MMSE.  Schewe et al (1999), did 

find a correlation with the MMSE, but from a combined group of AD and vascular dementia 

patients.  The MoCA appears to be more sensitive than the MMSE at measuring dementia 

severity (Smith, Gildeh, & Holmes, 2007; Zadikoff et al., 2008), due to its greater range and 

linearity (i.e. less prone to ceiling effects), and thus may be better placed to detect an 

association between dementia severity and measures such as latency.   

The impairment of both global cognition and particularly the loss of visuo-spatial capability 

appear to contribute to the generation of longer reflexive saccade latencies.  Frontal and 

parietal lobes are both involved in the control of reflexive saccades, and local damage due to 

the pathology burden of AD may alter their performance.  The posterior parietal cortex is 

responsible for the triggering of reflexive saccades (Pierrot-Deseilligny, Rivaud, Gaymard, & 

Agid, 1991), and thus involved in visuo-spatial tasks, including visual attention (Mesulam, 

1999).  Structural parietal lobe damage that impairs visual exploration also results in longer 

latencies and hypometric saccades (Heide & Kompf, 1998; Pierrot-Deseilligny et al., 1991).  

The prolonged latencies in my AD group correlated with dementia severity and posterior 

parietal function (visuo-spatial domain) is thus consistent with posterior parietal degeneration.  

Dysfunction of the FEF produces longer latencies and increased errors in the reflexive task 

(Sommer & Tehovnik, 1997), thus damage to the FEF in AD may contribute to prolonged 

reflexive saccades. 

Gap reflexive task 

Interpretation of the results of the addition of a temporal gap to the reflexive task demands 

more caution because of the small number of subjects (AD=8, Controls=6) who performed the 

task.  A significant gap effect was demonstrated in both groups, consistent with the findings 

of Abel et al. (2002), Boxer et al. (2006) and Garbutt et al. (2008).  Unlike the study by Abel 

et al., who found a distinct sub-population of express saccades only in his control group, this 

sub-population was exhibited in both our groups.  Abel et al. also found the AD group to be 

grossly anticipatory (<80 ms) in the step reflexive task, an effect worsened by the addition of 
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a temporal gap.  This anticipatory behaviour was attributed to the task being directionally 

predictable.  This finding was not replicated in the present study, comparing the immediately 

preceding step reflexive task of series two, compared to the gap reflexive task of series two in 

the AD group.   

Using fMRI, the FEF has been shown to increase activity during gap reflexive saccades, this 

corresponding to active disinhibition on the SC – when a gap is present, the SC is without 

inhibition and able to generate express saccades (Neggers, Raemaekers, Lampmann, Postma, 

& Ramsey, 2005).  Lesions of the FEF increase express saccade production (Braun et al., 

1992), and the lack of abnormalities in AD (i.e. the absence of increased express saccade 

production) suggests that the integrity of the frontal-SC pathway remains intact. 

Predictive task 

Simo et al. (2005) described the predictive task as requiring the learning of both the spatial 

and temporal location of the target and it is thus useful for evaluating procedural learning.  

The learning of the predictive task was impaired in our AD group, compared to the Control 

group, with a more gradual decay, and higher plateau values of predictive latencies (Figure 

2-13).  Motor skill learning generates an internal model in the prefrontal regions that shifts 

with practice to the premotor, parietal cortices and cerebellum (Shadmehr & Holcomb, 1997) 

and involves a frontal and parietal cortical loop to the basal ganglia and cerebellum 

(Hikosaka, Nakamura, Sakai, & Nakahara, 2002).  The acquisition of visuomotor skills is 

dependent upon both an intact striatum and cerebellum but not frontal lobes, as demonstrated 

in Parkinson’s disease (Doyon et al., 1997).  In a study by Crawford et al. (1989), those with 

Parkinson’s disease showed inaccurate prediction with increased spatial variability, but were 

able to transition from producing reactive saccades to predictive saccades as well as normal 

subjects, unlike our AD group which demonstrated increased total mean latency in this task 

(Figure 2-14).  Starkstein et al. (1997) found their AD group to demonstrate deficits in 

procedural learning, worse in those with severe anosognosia (impaired knowledge of 

cognitive deficit), compared with those with no anosognosia (50% of AD).  This may explain 

the increased variability of the AD group learning curve in the present study.  Thus, it was 

observed that within the group insight likely varied being worse in those with more severe 

dementia.  The subjects with more severe dementia and anosognosia – not assessed in this 

study – may have had a greater influence on the abnormal learning curve. 

The AD group demonstrated significantly longer latencies in the predictive task when all 

saccades were included, a result consistent with that of Abel et al. (2002) who demonstrated a 



!
!

69 

much greater spread of latencies within the AD group compared to controls.  In the present 

study, both groups demonstrated a spread of latencies, from predominantly reactive (&100 ms) 

saccades to grossly anticipatory (%-200 ms) saccades.  The proportion of reactive saccades 

performed in our study was higher in the AD group compared to the Controls.  In comparison, 

the Control group performed more anticipatory saccades – though none of these differences in 

prediction sub-categories showed significant differences between the groups.  Our AD group 

exhibited a significantly higher primary gain than the Control group (Figure 2-15).  It is 

difficult to interpret this result due to two control subjects performing saccades with a much 

lower primary gain than the remainder of the group.  Primary gain was not correlated with 

neuropsychological measures, and so the between-group difference appears to be driven by 

these two control subjects, rather than by cognition.  In contrast, the study by Shafiq-

Antonacci et al. (2003) found the primary gain to be significantly lower in the AD group.  

There was no correlation between the predictive latencies in the AD group and the MMSE 

and the ADAS-cog, similar to the study by Abel et al. (2002), who also did not find a 

correlation between latency and MMSE.  However, our AD group total predictive mean 

latencies did correlate with the MoCA, visuo-spatial, executive function and attention and 

working memory domains, a finding not previously reported (Figure 2-16, Figure 2-17). 

More detailed neuropsychological testing was performed in order to explore the link between 

saccadic behaviour and the different domains of cognition.  The predictive task does not 

require external visual stimuli for each saccade, and instead requires the maintenance in 

working memory of the timing and location of the next target, i.e. in the DLPFC (Pierrot-

Deseilligny et al., 2004; Pierrot-Deseilligny et al., 2003a).  The correlation between mean 

predictive latencies and the visuo-spatial domain score may reflect the increased reactive 

saccadic generation, and reduced tendency to predict by the AD group.  The similar range of 

latencies produced by the Control and the AD group might imply that the large variability in 

Controls is due to the freedom to choose a response strategy.  In AD, slower responses are 

more likely to be due to cognitive limitations, as demonstrated by a higher proportion of 

reactive saccades produced (p<0.06, Figure 2-16, Figure 2-17). 

Traditionally, it has been thought that the FEF initiates volitional saccades, and the PEF 

initiates reflexive saccades (Isotalo et al., 2005; Pierrot-Deseilligny et al., 2004).  Recent 

fMRI studies in healthy, young subjects however have demonstrated that both the frontal 

(FEF, SEF and DLPFC) and the parietal (SPL) lobes are involved in predictive saccades 

(Gagnon, O'Driscoll, Petrides, & Pike, 2002; Simo, Krisky, & Sweeney, 2005).  Potentially 
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then, saccadic observations in the present study could arise from deficits in both regions.  But 

more likely, the impaired performance in the predictive task in AD derives from impairment 

in the DLPFC, limiting the ability to ‘hold’ information on the predictable nature of the target.  

The first description of predictive saccades in AD studied via fMRI is reported in Chapter 4.   

Antisaccade task 

The latencies of correct antisaccades were significantly longer in the AD group (Figure 2-18), 

a finding consistent with the literature (Crawford et al., 2005; Mosimann et al., 2005; Shafiq-

Antonacci et al., 2003).  Crawford et al. found the latency of correct antisaccades in their AD 

group to also correlate with the MMSE.  My results extend this observation with the latency 

of correct antisaccades correlated with all neuropsychological measures including global 

cognition, visuo-spatial, executive function and attention and working memory in AD (Figure 

2-20, Figure 2-21).  The successful performance of antisaccades requires activation of 

multiple regions to coordinate this complex task, including the FEF, DLPFC, SEF and PEF, 

as demonstrated by fMRI (Connolly et al., 2002; Cornelissen et al., 2002; DeSouza et al., 

2003; Ford, Goltz, Brown, & Everling, 2005).  Thus, it is unsurprising that many cognitive 

domains are also required, including executive function and working memory, in the 

maintenance of spatial working memory and the inhibition of reflexive saccades, and attention 

and visuo-spatial domains in the transformation of coordinates in the PEF.  Grey matter and 

cerebral blood flow is known to be impaired in temporal, parietal and posterior cingulate 

regions (Chase et al., 1984; Convit et al., 2000; Edison et al., 2007; Foster et al., 1984; Foster 

et al., 2007; Thompson et al., 2003) and in more advanced AD, frontal cortices (Baron et al., 

2001; Chetelat et al., 2008; Kinkingnehun et al., 2008; Meltzer et al., 1996; Mosconi et al., 

2004; Mosconi et al., 2005; Scarmeas et al., 2004c; Thompson et al., 2003; Vander Borght et 

al., 1997).  Prolongation of correct antisaccade latencies is believed to be due to the 

requirement for reflexive saccade suppression (Edelman et al., 2006), but in the AD group 

may also be related to the longer and more involved task of programming and executing an 

antisaccade.   

Significantly more antisaccade errors (55%) were performed in the AD group, consistent with 

proportions reported by both Crawford et al. (2005) and Shafiq-Antonacci et al. (2003).  The 

proportion of errors in the AD group correlated with the measures of global cognition – 

MMSE, MoCA, ADAS-cog – and executive function domain scores (Figure 2-22, Figure 

2-23).  Previous research has found that error rate correlates with the MMSE (Abel et al., 

2002; Crawford et al., 2005; Shafiq-Antonacci et al., 2003), as well as verbal fluency and the 

ADAS-cog (Crawford et al., 2005).  In the present study, the error correction rates were high 
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in the AD group at 93% and in the Control group at 98%, and considerably higher than the 

correction rates reported by Crawford (75%) and Abel (53%) for the AD group.  High rates of 

error correction – without feedback – indicate that task instructions were understood (Boxer et 

al., 2006a).  The involvement of the DLPFC and frontal lobe in the antisaccade task is 

illustrated by the significant correlations between the proportion of antisaccade errors and the 

frontal lobe neuropsychological tests i.e. executive function and working memory.  Inability 

to suppress a reflexive response to an antisaccade target is present in frontal lobe lesion 

patients (Guitton, Buchtel, & Douglas, 1985), with DLPFC function particularly important for 

successful inhibition of reflexive saccades (Pierrot-Deseilligny et al., 2003a; Ploner et al., 

1999).  FEF lesions also result in an increased latency of correct antisaccades (Gaymard et al., 

1999; Heide & Kompf, 1998; Rivaud et al., 1994).  On this basis we might therefore expect to 

see greater alterations in the DLPFC and FEF fMRI activity during antisaccades compared to 

PEF activity in the AD group compared to the Controls due to their impaired antisaccade 

performance.  This relationship will be explored further by investigating the presence of 

greater grey matter atrophy, arterial spin-labelled perfusion MRI (ASL-MR), and altered 

fMRI brain activity (Chapter 3, 4 and 5).  Poor performance of the antisaccade task is not 

specific to AD, and is seen in a number of neurodegenerative conditions that are associated 

with impaired reflexive saccade inhibition: progressive non-fluent aphasia and fronto-

temporal dementia (Garbutt et al., 2008), progressive supranuclear palsy (Meyniel et al., 

2005), schizophrenia (Reuter et al., 2005) and Huntington’s disease (Lasker et al., 1987). 

Conclusions 

The measurement of saccades is a non-invasive method of probing the underlying brain 

structures responsible for controlling eye movements.  Saccadic performance was impaired in 

AD, and these measures of this impairment are correlated with declining cognition. The 

saccadic abnormalities exhibited in our AD group involved reflexive saccades, predictive 

saccades and the more cognitively demanding antisaccades, suggesting that both frontal and 

parietal cortical dysfunction contributed to these deficits.  The finding in the AD group of 

impaired reflexive saccade latencies that correlated with the MoCA and visuo-spatial domain 

score have not been reported previously.  In the predictive task, the impairment of latencies 

with the MoCA, visuo-spatial, executive function and attention and working memory domain 

scores have not been previously reported.  The demonstration of impaired motor learning in 

AD with a saccadic (predictive) paradigm has not been previously reported.  Correct 

antisaccade latencies also correlated with neuropsychological measures (MMSE, MoCA, 

ADAScog, executive function, visuo-spatial and attention and working memory domains).  
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This extends the observations of Crawford et al (2005) in which there was a correlation with 

the MMSE.   

In AD, it is clear from the present study and earlier studies that the underlying structural 

damage to brain regions and impaired cognition alter saccadic performance.  What remains 

unknown is the impact of these changes on the network of oculomotor regions involved in the 

control of saccades.  This question and the link between saccadic behaviour and underlying 

structure will be further explored in Chapter 4 using fMRI and grey matter atrophy measures 

and in Chapter 5 using ASL-MR in the same AD group. 
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3 Voxel based morphometry in AD 

3.1 Introduction 
Typical aging is accompanied by atrophy of the medial temporal lobe, particularly in the 

hippocampus, which far exceeds that of the entorhinal cortex (Raz, Rodrigue, Head, Kennedy, 

& Acker, 2004).  Longitudinal imaging of early onset familial AD carriers has revealed 

increased rates of whole brain (Fox et al., 2001) and hippocampal atrophy (Ridha et al., 2006) 

that predate diagnosis (Fox et al., 2001).  The global and regional amount of grey matter 

atrophy relates to the burden of amyloid very early in disease, before diagnosis of AD or even 

MCI (Chetelat et al., 2009).  MCI persons exhibit medial temporal lobe atrophy (Pennanen et 

al., 2005) three years before AD is diagnosed (Whitwell et al., 2007b).  Those who progress to 

AD show an ‘AD-like’ pattern of grey matter loss in the temporal lobe, orbito-frontal, 

posterior cingulate cortices, insula (Misra, Fan, & Davatzikos, 2009) and hippocampal region 

(Chetelat et al., 2002; Chetelat et al., 2005; Duarte et al., 2006), up to one year before 

diagnosis (Risacher et al., 2009).  At diagnosis a widespread pattern of grey matter loss is 

observed, severe throughout the temporal, parietal and frontal lobes (Whitwell et al., 2007b).  

Strong predictors of the progression to AD are the degree of hippocampal (Jack et al., 1999), 

and entorhinal cortex atrophy (Devanand et al., 2007).  Significantly increased rates of 

hippocampal atrophy are observed over time in AD, as the ‘progressive AD pathology is 

superimposed upon the atrophy of typical aging’ (Jack et al., 1998).  Cortical thinning is 

exhibited in the orbito-frontal, parietal and temporal cortices in AD and that thins further in 

focal regions as cognition declines (Lerch et al., 2005).  Hippocampal atrophy is unlikely to 

be the sole contributor to the episodic memory deficit found in AD.  For example, semantic 

dementia is also associated with medial temporal lobe degeneration but does not have the 

profound episodic memory deficit of AD (Nestor, Fryer, & Hodges, 2006).  Nestor et al. 

suggested that the combination of both medial temporal lobe damage and posterior cingulate 

cortex hypometabolism contributes to the episodic memory deficit of AD.  Hypometabolism 

of the posterior cingulate gyrus and right parieto-temporal cortex is seen concurrently with 

reduced grey matter of the amygdalae and hippocampus (Ishii et al., 2005; Kawachi et al., 

2006). 

3.1.1 VBM and saccades 
In a study of healthy young controls, Ettinger et al. (2005) found a significant negative 

correlation between the number of step reflexive spatial errors and grey matter volume of the 
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right inferior cerebellar lobe.  The antisaccade error rate correlated negatively with grey 

matter volume in the right DLPFC, consistent with the role of the frontal lobe in the 

performance of antisaccades.   

Grey matter volumetric analyses have been utilised to determine whether saccadic deficits can 

be attributed to focal degeneration in dementia (Boxer et al., 2006a).  Boxer et al described 

reduced volume in a portion of the right FEF that correlated with reduced antisaccade 

performance in AD.  Decreased volume of the pre-supplementary motor area and SEF were 

correlated with shorter antisaccade latencies (averaged latency of correct and incorrect 

responses).  In another study comprising several dementia types, the AD group exhibited 

reduced parietal and occipital lobe volumes, which correlated with increased horizontal and 

vertical reflexive saccade latencies (Garbutt et al., 2008).  

3.2 Methods 
Voxel based morphometry (VBM) allows the analysis of the grey matter density at each voxel 

in order to compare between groups (Ashburner & Friston, 2000).  

3.2.1 Methods Pre-processing 
All data analysis was performed using SPM5 (Wellcome Department of Cognitive Neurology, 

University College London, UK), on the platform Matlab (Matlab 7.6.0, R2008a, Mathworks, 

MA, USA).  The T1-weighted images, images were pre-processed and analysed by applying 

standard VBM procedures (Ashburner & Friston, 2000).  The T1-weighted images were 

simultaneously bias corrected and automatically segmented into different tissue classes: grey 

matter, white matter and CSF by the unified segmentation algorithm (Ashburner & Friston, 

2005), using a probabilistic atlas comprising 662 healthy elderly brains that were normalised 

to the Montreal Neurological Institute T1 template (Lemaître et al., 2005).  The use of an 

elderly brain template was to prevent bias caused by the normalisation of elderly brains to a 

‘young brain’ template (Lemaître et al., 2005). The images were then normalized and the grey 

matter images were modulated to preserve the original volume of each segment and resliced 

to 2 mm x 2 mm x 2 mm voxel sizes, to match the ASL-MR images.  Some brain regions 

expand or shrink as a result of spatial normalization (Ashburner & Friston, 2000), so the 

resultant grey matter images were smoothed with 10 mm full-width half-maximum isotropic 

Gaussian kernel.  The smoothed, resliced, modulated images were used as imaging covariates 

in the ASL-MR analysis to account for the potential confounding effect of atrophy (Chapter 

5).   
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3.2.2 Analysis 
The grey matter at each voxel between the AD and Control groups were compared using a 

two-sample t-test with an implicit binary mask comprising the average grey matter image 

from all subjects.  A statistical threshold of FDR < 0.05 with a 20 voxel spatial extent was 

applied to the main contrasts between AD and Controls which were as follows: 1) AD > 

Controls; 2) AD < Controls.  The difference in voxel values for each contrast formed a t-

statistic map and was displayed on a study-specific normalised image generated by averaging 

the normalised grey matter image from all subjects.  Anatomical regions were identified by 

superimposing the statistical map on the averaged, normalised T1-weighted image with 

reference to a brain atlas (Mai, Paxinos, & Assheuer, 2004) and were reported in MNI 

coordinates (x, y, z).  For the voxel with the peak of activation in each region, the Z-score was 

reported.  The whole-brain grey matter density was extracted from each subject using an in-

house custom Matlab script.  The mean and standard deviation of the group grey matter 

density was calculated and a two-sample t-test performed. Linear regression was then 

performed using the whole-brain grey matter density values, with each of the measures of step 

reflexive task latency, antisaccade error rate, correct antisaccade latency, and cognition i.e. the 

neuropsychological measures of global cognition and the three cognitive domains of visuo-

spatial, executive function and attention and working memory. 

3.2.2.1 Display of results 
All MR images in the present study were oriented in neurological rather than radiological 

convention, where the right side of the image corresponds to the right side of the brain.  The 

resulting SPM images were displayed on a study-specific normalised grey matter image 

generated by averaging the normalised grey image from all subjects.   

3.3 Results 
There were several regions of reduced grey matter density in the AD group compared with the 

Controls (Figure 3-1, Table 5): bilateral hippocampus and the left inferior temporal lobe.  

Some regions on the edge of the brain showed reduced grey matter density but were thought 

to be due to incorrect registration at the grey matter interface.  
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Figure 3-1 SPM depicting reduced grey matter in the AD group compared to Controls in the left inferior 
temporal gyrus (A) and the bilateral hippocampus (B).  The statistical threshold is set at FDR < 0.05 with 
a 20 voxel spatial extent. 

There were no regions of increased grey matter density in the AD group compared with the 

Controls.  A two-sample t-test between the mean whole-brain grey matter density values of 

the AD and Control groups did not reveal any significant difference (AD = 0.33±0.05, 

Controls 0.35±0.04, p=0.20). 

Table 5 Maxima (Z-score) and MNI coordinate (x, y, z) of grey matter in regions where there is less grey 
matter in the AD group compared with the Control group.  Results are shown at FDR=0.05, with a spatial 
extent of 20 voxels. 

Region x y z Z-score 
Left inferior temporal gyrus -58 -40 -30 4.73 
Right hippocampus 26 -14 -16 4.50 
Left hippocampus -30 -14 -20 4.20 
!
Controls showed ceiling or floor effects on MoCA and ADAS-cog and hence no correlation 

between these measures and grey matter density (Figure 3-3).  The Controls demonstrated a 

trend towards a positive correlation between the MMSE score and grey matter density 

(p=0.06).  AD meanwhile exhibited a range of impairments in both the MMSE (p=0.03) and 

the MoCA scores (p=0.05) that did positively correlate with grey matter density (Figure 3-3).  

The ADAS-cog score demonstrated a trend towards a negative correlation with the grey 

matter density values (p=0.07).  A correlation was not present between the mean global grey 

matter density value and the individual cognitive domain scores or the saccadic measures in 

either group.  
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Figure 3-2 Linear regression of whole-brain grey matter density as a function of saccadic measures.  The 
shaded region indicates 95% confidence interval. Reflexive latency: AD=262.8 + 54x, p=0.8, r=-0.06; 
Control=241.5 – 85x, p=0.38, r=-0.23. Antisaccade error proportion: AD=1.6 – 3.2x, p=0.18, r=-0.39; 
Control=0.02 – 0.6x, p=0.6, r=0.14. Antisaccade correct latency: AD=1150 - 1800x, p=0.08, r=-0.52; 
Control=146 – 726x, p=0.13, r=0.41. 

 

Figure 3-3 Linear regression of whole-brain grey matter density as a function of global cognitive scores.  
The shaded region indicates 95% confidence interval. MMSE: AD=2.6 + 58x, p=0.03, r=0.56; Control=33 -
11 x, p=0.06, r=-0.48. MoCA: AD=-3.2 + 56x, p=0.05, r=0.52; Control=30 – 7.6x, p=0.5, r=-0.18. ADAS-
cog: AD=52 - 91x, p=0.07, r=-0.48; Control=-5.6 + 33x, p=0.08, r=0.46. 

3.4 Discussion 
The investigation of grey matter density changes in AD revealed reduced grey matter density 

in the left inferior temporal gyrus, and bilateral hippocampus compared with the Control 

group (Figure 3-1).  A significant group difference was not present between the global grey 

matter densities.  There were no correlations between the whole-brain grey matter density 

values and neuropsychological or saccadic measures (Figure 3-2, Figure 3-3).  

Grey matter loss in AD begins in the temporal and limbic cortices (Convit et al., 2000; 

Thompson et al., 2003), spreads to the frontal and occipital cortices, and spares the sensori-

motor cortices (Baron et al., 2001; Kinkingnehun et al., 2008; Thompson et al., 2003).  

Regions with significant grey matter loss are associated with cognitive measures (Thompson 

et al., 2003).  In the present study, the regions of grey matter loss in the AD group were 

localized to the left inferior temporal gyrus and parahippocampal gyrus and bilateral 
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hippocampus, consistent with the established pattern of grey matter loss beginning in the 

medial temporal lobe.  The earliest regions to show grey matter atrophy are the medial 

temporal lobes, in those with mild AD, and were demonstrated up to three years before an AD 

diagnosis was made (Whitwell et al., 2007b).  It was interesting that reduced grey matter 

density was not also demonstrated in the parietal lobes – potentially due to the range of 

dementia severity in the AD sample (MMSE ranged from 13 to 29).   

Poor saccadic function in AD has been shown to be associated with regions of grey matter 

loss (Boxer et al., 2006a; Garbutt et al., 2008).  Boxer et al. found a region bordering the 

middle frontal gyrus and precentral sulcus, identified as the right FEF, in which grey matter 

density correlated with the antisaccade error rate.  This region of the FEF was suggested to 

behave in a similar fashion to the DLPFC by inhibiting reflexive saccades as described in 

focal lesion studies (Pierrot-Deseilligny et al., 2003a).  In young healthy controls, antisaccade 

performance also correlated with grey matter density in the DLPFC (Ettinger et al., 2005).   

Boxer et al. did not find a relationship between the latency of reflexive saccades and the 

density of the FEF grey matter, in contrast to a previously demonstrated correlation in a non-

imaging study by Pierrot-Desilligny et al.  Boxer et al. did however find a region bordering 

the bilateral pre-supplementary motor area and SEF, which correlated with the latency of 

antisaccades (correct and incorrect).  These regions are suggested to supervise antisaccade 

production by slowing the generation of saccades, in order for a less rapid reflexive response 

and subsequently aid which type of saccade to initiate within the FEF (Boxer et al., 2006a).  

Garbutt et al. also demonstrated correlations between the lobar volumes of the right temporal 

and bilateral parietal and occipital lobes with reflexive saccade latency, in both overlap and 

gap tasks in AD.  Grey matter atrophy of the frontal lobe in AD has not been found to be 

associated with reflexive saccade latency.  Ettinger et al. found that spatial errors during the 

reflexive task by his young controls correlated with the grey matter density of the right 

inferior cerebellar lobe – the cerebellar grey matter is suggested to be vital for spatial 

accuracy of saccades (Ettinger et al., 2005). 

Boxer et al. and Garbutt et al. found convincing structural correlates of saccades in AD.  

Though the present study demonstrated reduced grey matter density in the medial temporal 

lobe, there were no structural correlations with either neuropsychological or saccadic 

abnormalities in AD.  Boxer et al. focussed their analysis on the bilateral dorsal frontal lobe 

while Garbutt et al. focussed analysis on the lobar volumes of the frontal, temporal, parietal 

and occipital lobes.  A regional analysis was not performed in the present study as a voxel-
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based approach gives better anatomical localisation than a lobar approach.  Potentially the 

differences Boxer et al. and Garbutt et al. found were due to their use of regional analyses and 

their larger AD sample sizes of 18 and 28 respectively, compared with the sample in this 

study of 15 AD subjects for the reflexive task and 13 for the antisaccade task. 

Conclusions 

Reduced grey matter density was found in the medial temporal lobe in AD compared with 

Controls.  No relationship was found between grey matter density and both saccadic and 

neuropsychological measures.  Given previous findings however, this result may have been 

due to a smaller sample size, limited range of dementia severity and not utilising a region of 

interest analysis in the AD group. 
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4 Functional imaging of eye movements in AD 

Though the brain comprises but 2% of body mass, it uses 20% of the oxygen and glucose in 

the body and receives 20% of all blood (Smith, Matthews, & Jezzard, 2001).  The majority of 

this energy is used to generate local action potentials and post-synaptic potentials in grey 

matter (Attwell & Laughlin, 2001).  Neural activity is coupled with an increased uptake of 

glucose and blood flow, an uptake that is greater than the increase in oxygen consumption 

(Fox, Raichle, Mintun, & Dence, 1988).  Functional neuroimaging, which includes functional 

MRI (fMRI), positron emission tomography (PET) and single-photon emission tomography 

(SPECT), provides a method to understand the functional organisation of the brain by 

utilising direct and indirect measures of neuronal activity (Huettel, Song, & McCarthy, 2004).  

PET was the initial mainstay of functional neuroimaging, but the advent of fMRI has brought 

improved temporal resolution and subject safety.  FMRI is a scanning technique that utilises 

the different properties of oxygenated and deoxygenated haemoglobin to indirectly measure 

neuronal activity over time.  The goal of fMRI is to identify the ‘neural correlate’, or the 

pattern of brain activity exhibited in response to a stimulus (Huettel et al., 2004).  The major 

disadvantage of fMRI is that it can only supply a relative quantification of brain activity, 

compared with the direct PET measure of neuronal metabolism (Smith et al., 2001).  

4.1 Functional magnetic resonance imaging 
4.1.1 Blood oxygen level dependent response 
When the brain is active in response to a stimulus, neurons, glial cells and axonal synapses 

produce and receive action potentials (Menon & Kim, 1999).  This activity leads to a local 

increase in metabolism as neurotransmitters need to be delivered and removed from synapses 

(Menon & Kim, 1999).  Along with the increased blood flow due to the increased metabolic 

demand, more oxygenated blood is delivered (Lazar, 2008).  The increase in blood flow 

flushes the deoxyhaemoglobin from local capillaries and the venous system, replacing it with 

oxyhaemoglobin.  Deoxyhaemoglobin is paramagnetic and hence affects the local magnetic 

field and causes a local decrease in MR signal.  Increased oxyhaemoglobin (which is 

diamagnetic with a weak effect on the magnetic field) thus causes a local increase in MR 

signal (Huettel et al., 2004). First described in rats, it was found that increased deoxygenated 

haemoglobin induced local field inhomogeneity in blood vessels and the surrounding tissue 

with a subsequent reduction in the MR signal (Ogawa, Lee, Nayak, & Glynn, 1990).  The 

blood oxygen level dependent (BOLD) response arises from the interaction of three 

parameters responding to the increasing metabolic demand of active neurons: a marked 
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increase in cerebral blood flow (CBF), blood volume and the local field inhomogeneity 

elicited by deoxygenated haemoglobin (Logothetis & Pfeuffer, 2004; Logothetis & Wandell, 

2004).  The increased CBF and blood volume deliver more oxygenated haemoglobin to the 

region, reducing the amount of deoxygenated haemoglobin present and subsequently 

increasing the MR signal (Logothetis & Pfeuffer, 2004; Logothetis & Wandell, 2004).  An 

increase in the BOLD effect has been correlated with neural activity by using local field 

potentials, suggesting the evolution of the BOLD effect is due to neuronal inputs and the 

processing of these inputs rather than neuronal output (Buxton, 2002; Logothetis, Pauls, 

Augath, Trinath, & Oeltermann, 2001; Logothetis & Pfeuffer, 2004).  Single-unit and local 

field potentials correlate well with the BOLD signal, indicating coupling between the local 

neuronal activity and subsequent BOLD response (Kim et al., 2004).  Single-units respond 

much more rapidly after a stimulus presentation compared with the 3 to 4 s delay of the 

BOLD response (Kim et al., 2004).  The density of the local vasculature also correlates with 

the number of synapses in a region, rather than the number of neurons, with low density 

regions producing smaller or absent BOLD responses (Logothetis & Wandell, 2004).  There is 

a relationship between local neuronal metabolic demand and the density of the capillary 

network – regions with low vascular density exhibit reduced fMRI signal (Harrison, Harel, 

Panesar, & Mount, 2002).   

4.1.2 Haemodynamic response function 
The haemodynamic response function (HRF) describes how the BOLD signal changes over 

time in response to a stimulus (Figure 4-1).  The magnitude of this change is actually very 

small – only a 5% signal change occurs in the motor cortex compared to the total MR signal 

(Huettel et al., 2004).  The HRF displays an initial dip – this initial dip is closely localized to 

active regions (Zarahn, 2001), as this initial neural activity utilises more oxygen, reducing the 

MR signal, before a large compensatory increase in CBF (Menon et al., 1995).  Caffeine 

induced vasoconstriction completely eliminates the small dip (Behzadi & Liu, 2006).  The 

shape of the HRF exhibits considerable intersubject variability (Aguirre, Zarahn, & 

D'Esposito, 1998).   
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Figure 4-1 Depiction of the haemodynamic response function (HRF).  The HRF lags behind neuronal 
activity, with an initial dip, followed by rising BOLD signal that reaches a peak of activity at 4 to 6 s.  The 
HRF then decreases to baseline and further to undershoot, before returning to baseline 12 to 15 s after the 
neuronal event (figure adapted from Huettal et al (2004)). 

4.1.3 Experimental design 
The BOLD signal can be used to identify either spatial involvement in a given task, or the 

temporal pattern of that involvement, depending on the type of experimental design utilised. 

Blocked designs 

Blocked designs are a simple and robust mode of comparing an experimental condition to a 

control condition.  The blocks are of fixed length and neurons receive constant stimulation 

over that period, so the HRF does not return to baseline.  Blocked designs are powerful at 

detecting activity differences in a voxel between conditions, but are poor at describing the 

temporal change of activity.  The magnitude of signal change is in the order of 2 to 3% 

(Huettel et al., 2004).  By averaging the data during the condition, such a small amount of 

signal is able to be detected amongst the noise (Smith et al., 2001). 

Event-related design 

In an event-related design, the time between each stimulus is referred to as the interstimulus 

interval.  The optimal interstimulus interval is suggested to be between 12 to 14 s due to the 

HRF for a short (< 2s) stimulus, with the detected fMRI signal only 35% lower than in a 

blocked design (Bandettini & Cox, 2000).  The magnitude of signal change is in the order of 

1%.  These designs are very good at estimating the shape of the HRF and how the pattern of 

activity alters pre- and post- stimulus presentation.  Inferences can be made about the timing 

of neuronal activity in different brain regions, though event-related designs suffer from a lack 

of detection power (Huettel et al., 2004). 
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4.1.4 Analysis 
4.1.4.1 Pre-processing 
The aim of pre-processing is to ready the data for statistical analysis by minimising noise and 

artefacts in the data.  There are numerous sources of variability present in fMRI data: head 

motion, heart rate, respiration, and within-subject variability due to fatigue or practice effects 

(Huettel et al., 2004).  Some of the processing techniques used to counter such effects are 

described below. 

Slice timing 

Images are acquired one slice at a time, usually in an interleaved fashion to avoid cross 

contamination of signal between adjacent slices (Friston, 2007).  Different voxels are acquired 

at slightly different time points, corrected by shifting the voxel time-series to make the data 

on each slice correspond to the same time point, which is especially important in event-related 

designs (Lazar, 2008).  

Realignment 

Head motion artefacts significantly reduce the quality of the data.  To correct for head motion, 

images are realigned to a reference slice using a six parameter rigid body transformation of 

translation and rotation, which means that only the brain position changes can be corrected, 

not changes in shape (Friston et al., 1995; Lazar, 2008).  

Co-registration and normalisation 

In order to map functional data to structural data, it is necessary to align the T1-weighted 

structural image to best match the mean functional image using a rigid-body transformation. 

The co-registration enables brain activity to be localised anatomically, though considerable 

inter-subject anatomical variability remains.  Spatial normalisation counters this issue by 

scaling each brain so it resembles each of the other brains in a ‘standard space’, thence 

providing an ability to make statistical inferences by using structural segmentation parameters 

(Ashburner & Friston, 2005).  The most commonly used stereotaxic coordinate space is a 

template created by the Montreal Neurological Institute (MNI) based on 152 brains (Evans, 

Collins, & Milner, 1992). 

Smoothing 

Small amounts of smoothing improve the signal to noise ratio by blurring the MR signal 

across adjacent voxels and suppresses any remaining inter-subject differences (Lazar, 2008). 
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4.1.4.2 Statistical analysis 
General linear model 

The statistical analysis of fMRI data utilises the general linear model (GLM), performing a 

linear regression at each voxel.  The GLM models the measured signal time course as a linear 

combination of the expected time courses due to each stimulus (or other confound) at every 

voxel.  The GLM can be described mathematically as: 

Y(t) = X1(t).!1 + X2(t).!2 + X3(t).!3 + "(t) 

where Y(t) is the measured BOLD response over time, and the regressor Xn(t) is the expected 

signal time course due to stimulus n.  The weighting parameter !n is calculated for each voxel 

by minimizing the sum-of-squares difference between the measured and modelled signal.  # 

represents the residual error, the difference between the measured and modelled data.  The 

GLM can be conveniently rewritten using linear algebra as the vector equation: 

Y = X! + # 

If there are N time points in the data and p regressors then Y and ' are column vectors of 

height N, ! is a column vector of height p, and X is an N(p matrix.  The matrix X is 

determined by the experimental design, and is termed the design matrix.  In the design matrix 

each column corresponds to a stimulus built into the experiment, or a covariate that may 

confound the results, e.g. movement parameters.  The design matrix can be shown graphically 

by converting the numerical values in the matrix to a greyscale value, shown in the left panel 

of Figure 3.2. 

Fitting the measured signal time course results in a set of weights !n and residuals ' at each 

voxel.  If a value of !n is statistically significantly greater than zero then the voxel is 

considered to have a significant activation in response to that stimulus.  If we have multiple 

stimuli then we can also define contrasts based on the difference in activation between two 

stimuli.  For example we can test if the activation due to stimulus 1 is greater than that due to 

stimulus 2 by testing if !1 – !2 > 0.  This contrast can be written as [1 -1] where the numbers 

represent the multipliers of !1 and !2 respectively. 

Each voxel is analysed independently, with the same model.  Brain activations are where the 

time course correlates significantly with the stimulus function (Friston, 2007; Friston et al., 

1994). 
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Figure 4-2 The left panel depicts a design matrix where the first two columns contain two covariates of 
interest – the reflexive and predictive task, and the next six columns comprise covariates of no interest, the 
movement parameters.  The right panel depicts the BOLD response modelled over time with the design 
matrix and residual error.  Figure adapted from ‘The General Linear Model (GLM)’ presentation at the 
SPM course 2009, Wellcome Trust Centre for Neuroimaging, University of College London. 

Initially a ‘first-level’ analysis is performed for each subject, followed by a ‘second-level’, or 

random-effects analysis between groups to make population-based inferences (Friston, 2007; 

Lazar, 2008). 

The BOLD model predictors are then fitted to the smoothed functional data, using the 

ordinary least squares approach of minimising the sum of squared errors (actual data minus 

fitted data)2.  The data fitting requires the columns be scaled by the appropriate ! weights 

with one ! weight per column (Friston, 2007).  Contrasts of interest can then be specified, for 

example identifying the voxels that are more active in the reflexive task compared with 

fixation.  This results in a statistical parametric map that is a graphical representation of the 

statistical analysis performed at each voxel, as either a t- or F-statistic (Lazar, 2008).  The 

resulting statistic is the Student’s t distribution under the null hypothesis and is thence used to 

make statistical inference (Friston et al., 1994).  The local peaks of the statistical parametric 

map (SPM (t)) use p values generated from Gaussian field theory and are based on the highest 

value and the number of voxels within a region (Friston et al., 1994).   

Multiple comparisons 

A typical fMRI experiment may comprise more than 100,000 statistical tests, which leads to a 

significant multiple testing issue (Bennett, Wolford, & Miller, 2009).  The use of statistical 

thresholds such as the family wise error (FWE) rate or the false discovery rate (FDR) 

minimise the number of type I errors, or false positives, while attempting to maximise the 

‘hits’ (Bennett et al., 2009).  If a statistical threshold is too conservative less power is 

available to detect significant results, and if too liberal, there is a plethora of false positives 
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(Bennett et al., 2009).  Bennett suggested that a rigorous control of false positives is necessary 

and can be achieved by avoiding the use of uncorrected statistical thresholds.  To counter the 

issue of false positives, while not missing true effects, some people have combined an 

intensity threshold with a spatial extent threshold (Lieberman & Cunningham, 2009).  Bennett 

suggests researchers can use an uncorrected threshold with a spatial voxel extent, if they also 

include the FWE or FDR threshold required to maintain significance.  Also, he does not think 

it necessary to use a blanket threshold of 0.05 – a better balance of power and false positives 

may be best represented at a threshold of 0.01.  The disadvantage of such conservative and 

stringent thresholds towards the control of false positives leads to the missing of true effects 

with a trend towards reporting large rather than small effects (Lieberman & Cunningham, 

2009).  All voxels must be above the specified p value, but the cluster must also contain a 

specified number of adjacent, significant voxels.  Lieberman (2009) suggests that a p<0.005 

with a 10 voxel extent is much better at producing replicable, true results than an uncorrected 

threshold alone. 

4.1.4.3 Regions of interest 
Analysis of a small number of predefined regions helps to control for false positives due to 

fewer comparisons, and increases the signal to noise ratio.  The signal is averaged over the 

entire region and also allows the plotting of signal against behavioural variables (Poldrack, 

2007).  Regions of interest (ROI) can be determined anatomically using gyral anatomy or 

functionally from past studies but Poldrack states these should be determined a priori based 

on the study hypotheses.  To minimise bias, it is important to use atlas-based ROI, or 

functional data not from the current study (Poldrack, 2007; Poldrack & Mumford, 2009).  The 

advantage of studying well-known oculomotor networks is that the underlying anatomy is 

well described in the literature. 

4.1.4.4 Display of results 
Overlaying the map upon the individual’s structural anatomy (Devlin & Poldrack, 2007) 

produces the most accurate representation of an individual’s functional activation.  For group 

studies, Devlin et al. suggest that the most accurate visualisation is the use of a mean group 

structural image, which resolves the issue of activations acquired from numerous subjects 

with varying anatomy.  Their guidelines for the reporting of results state that MNI space is 

sample-based and thus more representative of the population.  This is in preference to the 

single-subject left hemisphere Talairach and Tournoux atlas.  Devlin et al (2007) suggest it is 

better to describe the activations in relation to gyral and sulcal anatomy rather than using 
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Brodmann’s areas.  Probabilistic atlases, which yield the likelihood that activations are 

present in a certain region has been developed (Eickhoff et al., 2005).   

4.2 Functional imaging in AD: from PET to fMRI 
The advent of neuro-imaging in the study of AD has not only greatly advanced knowledge of 

cerebral metabolism, but also elucidated grey and white matter changes, imaged in vivo 

amyloid ! and revealed the ‘default mode’ activity.  

4.2.1 PET and AD 
Task-related changes are evident in AD using PET, with a particular interest being the 

performance of visuo-spatial tasks.  Poor visuo-spatial performance correlated with a 

decreased metabolic rate of the bilateral inferior parietal lobe, and poor object perception 

performance was correlated with hypometabolism in the posterior temporo-parietal lobes in 

AD (Fujimori et al., 2000), with dysfunctional visuo-construction involving both the dorsal 

and ventral visual stream (Förster et al., 2010).  The combination of left temporo-parietal 

hypometabolism and a cognitive measure of visuo-spatial function predicted the progression 

to AD in a group of MCI subjects with an accuracy of 90% (Arnaiz et al., 2001).  As well as 

regions of hypometabolism, AD subjects also exhibit regions of hypermetabolism.  For 

example, during a non-verbal memory task the AD group exhibited hypermetabolism in the 

left FEF and in the hippocampus, in direct contrast to the controls who showed 

hypometabolism in these regions (Scarmeas et al., 2004d).  This increased temporal lobe 

metabolic activity may indicate compensatory activity in AD, with disturbed activity in the 

hippocampus altering function in this and other regions (Scarmeas et al., 2004d).  The neural 

correlates underlying semantic and episodic memory are altered in AD – better task 

performance being associated with increased prefrontal activity (Grady et al., 2003).  Again, 

this could reflect an adaption to disease by the recruitment of additional prefrontal cognitive 

resources (Grady et al., 2003).  The presence of APOE "4 is associated with CBF changes in 

the pattern of temporo-parieto hypometabolism even before a diagnosis of AD is made 

(Scarmeas et al., 2004a; Scarmeas et al., 2004b).  Poor memory encoding and retrieval is 

associated with the degree of hippocampal atrophy, whereas in MCI only memory retrieval is 

associated with reduced metabolism in the posterior cingulate cortex (Chetelat et al., 2003).  

Chetelat et al. and Scarmeas et al. (2004d), suggest that pathology in the hippocampus 

functionally affects remote brain regions such as metabolism of the posterior cingulate cortex.   

Education appears to be a protective factor against cognitive decline (Katzman, 2004), with a 

higher premorbid intelligence allowing more cognitive compensation (Alexander et al., 1997).  
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AD subjects with higher levels of educational attainment show greater temporo-parietal 

hypometabolism at the same stage of dementia than those with less educational attainment 

(Stern, Alexander, Prohovnik, & Mayeux, 1992).  Premorbid intelligence is inversely 

correlated with prefrontal, premotor and left superior parietal metabolism (Alexander et al., 

1997). AD subjects appear to recruit more cognitive resources than controls during tasks in 

order to successfully perform. 

4.2.2 FMRI and AD 
FMRI has been able to show changes in presymptomatic APOE carriers.  A working memory 

study of cognitively unimpaired APOE "4 carriers demonstrated greater activation during 

learning or recall in the prefrontal, superior temporal, inferior and superior parietal cortices 

than APOE "3 carriers (Bookheimer et al., 2000).  Similar regions were active in AD during 

working memory (Lim et al., 2008) and verbal memory tasks (Diamond et al., 2007).  

Memory paradigms reveal a strong relationship between the hippocampus and parietal cortex 

in all subjects using multivariate analysis, but in AD, the hippocampus (Celone et al., 2006) 

and parahippocampus are significantly less activated in this relationship (Rombouts et al., 

2000).   

The notion that there is local compensation and additional neural recruitment when 

performing a cognitively demanding task in AD is supported by the few visuo-spatial 

processing fMRI studies (Prvulovic et al., 2002; Thulborn, Martin, & Voyvodic, 2000; 

Vannini et al., 2008).  Reduced neural activity in the dorsal visual pathway is thought to be 

compensated for by neural recruitment, as evidenced by an increase in activity of the right 

medial temporal gyrus in the study by Vannini et al (2008).  Prvulovic et al (2002) found a 

reduced capacity to recruit the parietal cortex for visuo-spatial processing in their early AD 

group.  Reduced fMRI activity was only partially accounted for by focal atrophy and was 

associated with compensatory left ventral visual pathway recruitment (i.e. increased activity 

in the occipito-temporal cortex).  Rombouts et al. (2005) describe widespread reduction of the 

early BOLD signal in an AD group compared with controls during visual encoding 

(Rombouts, Goekoop, Stam, Barkhof, & Scheltens, 2005).  These results indicate that in AD 

brain regions affected by disease are able to compensate by recruiting additional neurons in 

order to maintain task performance.  Of particular importance is the parietal lobe, which is 

crucial during visuo-spatial tasks, and exhibits reduced activity beyond that expected from the 

degree of grey matter atrophy.  Other regions nearby (e.g. the occipito-temporal cortex) have 

the ability to assist in visuo-spatial processing via the recruitment of their neuronal 

populations. 
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4.2.2.1 Resting state fMRI 
Spontaneous brain activity consumes the majority of the brain’s energy (Fox & Raichle, 

2007).  Functional connectivity is described as the ‘temporal correlations between remote 

neuro-physiological events’ (Friston, 1994).  Some brain regions are functionally connected, 

creating a ‘default mode network’ that describes neural activity more active during a resting 

state than during cognitive processes (Raichle et al., 2001).  These regions include the 

posterior cingulate, ventral anterior cingulate cortices, and the inferior frontal and parietal 

regions (Mazoyer et al., 2001; Shulman & Fiez, 1997).  In young people, the medial temporal 

lobe and hippocampus also show prominent default mode activity (Greicius, Srivastava, 

Reiss, & Menon, 2004), which are the same regions that in AD show the most profound 

amyloid deposition (Buckner et al., 2005).  It is likely that memory processes are prominent in 

the function of the default mode, and when pathological changes occur in these regions, 

normal memory processes are vulnerable (Buckner et al., 2005).  The co-activation of the 

posterior cingulate cortex and hippocampus reflect the connectivity between these two 

regions, and the close involvement of the default mode network with episodic memory 

processing (Greicius et al., 2004).  An elderly control group exhibited a high amyloid burden 

and an aberrant default mode network pattern in the regions important for memory function 

(Sperling et al., 2009).  Sperling found that the posterior parietal cortex amyloid burden in 

these non-demented subjects corresponded with a paradoxical increase in default fMRI 

activity, similar to that seen in AD.  The medial parietal and posterior cingulate regions 

demonstrate marked deactivation in AD compared with controls (Lustig et al., 2003).  AD 

shows decreased functional connectivity, most profound between the posterior cingulate and 

precuneus, which correlates with reduced cognition (He et al., 2007).  There are also disturbed 

functional connections from the hippocampus to other cortical regions (Supekar, Menon, 

Rubin, Musen, & Greicius, 2008).  

4.2.3 Functional imaging and saccadic function 
Over the past years the imaging of saccadic function has developed from an initial PET study 

(Fox, Fox, Raichle, & Burde, 1985) to fMRI today (Polli et al., 2008).  A network of frontal 

and parietal eye fields are utilised in the generation and control of both saccades and smooth 

pursuit (Berman et al., 1999; Burke & Barnes, 2008; Petit, Clark, Ingeholm, & Haxby, 1997).  

Most saccadic functional imaging studies have involved young participants, but one study has 

explored age-related BOLD signal changes (Raemaekers, Vink, van den Heuvel, Kahn, & 

Ramsey, 2006).  The reflexive task exhibited an age-related shift from the posterior cortical 

regions to the frontal cortex after 30 years of age.  There were no significant differences seen 
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in antisaccade activity between older (55-72 years) and younger (18-30 years) age groups.  

Overall, the older age groups exhibited a globally reduced BOLD signal.  

4.2.3.1 Reflexive saccade imaging 
Results from both PET and fMRI consistently show that reflexive saccades are served by a 

frontal parietal network consisting of the FEF, SEF, and PEF (Anderson et al., 1994; 

Dyckman, Camchong, Clementz, & McDowell, 2007; Luna et al., 1998; Perry & Zeki, 2000; 

Petit et al., 1997; Simo et al., 2005; Sweeney et al., 1996).  In the reflexive task, regions that 

are more active include: FEF, SEF, PCC, SPL, the pre-frontal cortex, medial and superior 

temporal gyri and occipital lobe and cerebellum compared to fixation (Simo et al., 2005).  

During trials with a temporal gap, increased pre-target activity was exhibited in the FEF when 

compared with the PEF (Connolly et al., 2002).  This activity was more marked during gap 

antisaccade trials rather than gap prosaccade trials (Connolly et al., 2002).  The SC is difficult 

to image with traditional fMRI methodologies but has been successfully imaged using high-

field 7 Tesla fMRI and shown to be active in the execution of contralateral saccades (Krebs et 

al., 2010) and during gap reflexive saccades (Neggers et al., 2005).  As well as encoding 

saccades within the fronto-parietal network (Connolly et al., 2002), the FEF was shown to 

have increased activity during gap reflexive saccades which corresponds to the active 

disinhibition on the SC – when a gap is present, the SC is less inhibited and more likely to 

generate express saccades (Neggers et al., 2005).   

4.2.3.2 Predictive saccade imaging 
The predictive task requires learning of both the spatial and temporal regularity of the target 

and is thus useful for evaluating procedural learning (Simo et al., 2005).  A paradigm with 

predictable direction and timing rapidly induces anticipatory behaviour.  Latencies drop from 

those similar to reflexive saccade latency to less than 80 ms, and behaviour changes from a 

sensory to a memory-driven response (Simo et al., 2005).  The predictive task activates very 

similar regions to those active in the reflexive task when compared with fixation, including 

the FEF, SPL, cerebellum (Gagnon et al., 2002), SEF, pre-frontal cortex, ACC, temporal, and 

occipital lobes (Simo et al., 2005).  The effect of the motor component of saccades can be 

removed by subtracting the reflexive task from the predictive task (Gagnon et al., 2002; Simo 

et al., 2005).  In the study by Simo using a young healthy control group, the task appears to 

involve the pre-frontal, pre-supplementary motor area, anterior cingulate cortex (ACC), 

hippocampus, medial-dorsal thalamus, putamen and cerebellum during prediction, in 

comparison to the more sensory-driven reflexive task.  On the other hand, the reflexive task 

induces more activity than the predictive task in the FEF, superior parietal gyrus, a portion of 
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the PCC, cerebellum and the occipital lobe.  In all tasks with a predictive component in either 

direction or timing, the dorsal portion of the FEF and SEF are more active than during 

reflexive saccades (Gagnon et al., 2002).   

There is a dissociation between the neural control of sensory and memory-driven saccades 

(Simo et al., 2005).  Predictive saccades activate regions that maintain spatial working 

memory whereas the externally-driven reflexive task activates regions important for spatial 

attention.  Thus, Simo et al. suggest that reflexive saccades utilise a fronto-parieto-occipital 

network whereas the predictive task utilises a prefrontal-hippocampal memory network.  

Though the FEF is active in both the reflexive and predictive tasks, the reflexive task elicits 

activity in the medial FEF while the predictive task elicits activity in the lateral FEF.  Simo 

suggests therefore that the FEF is separated in accordance with the varying requirements to 

perform the predictive and reflexive tasks, with differing cortical and sub-cortical 

connections.   

Utilising an arrow-guided volitional paradigm, Mort et al. (2003) observed that the FEF, IPS 

and lateral occipital area were more active in the volitional task than a reflexive task.  The 

reflexive task activated a posterior network including the precuneus, posterior cingulate 

cortices (PCC) and the IPL, compared with volitional saccades.  The PEF appeared to be 

involved in both tasks, though it is not known to what extent it contributes to the volitional 

saccades.  Two of the three cortical eye fields (FEF and PEF) were more involved in the 

volitional task – possibly reflecting increased cognitive processing requirement in the absence 

of an external target.  

4.2.3.3 Antisaccade imaging 
In an early PET study by Sweeney et al. (1996), performance of antisaccades was found to 

activate the DLPFC, PEF, FEF, supplementary motor area, caudate, putamen and left 

thalamus, whereas deactivations were exhibited in the ventromedial prefrontal cortex.  The 

generation of a successful antisaccade requires the activation of a network prior to target 

presentation – also described as the ‘preparatory set’ – observed using event-related design in 

the FEF (Connolly et al., 2002; Cornelissen et al., 2002; DeSouza et al., 2003; Ford et al., 

2005), DLPFC (DeSouza et al., 2003; Ford et al., 2005), PEF (Ford et al., 2005), pre-

supplementary motor area and the SEF (Curtis & D'Esposito, 2003; Ford et al., 2005).  It has 

been suggested by Connolly et al. (2002) that these fronto-parietal areas active in the 

preparatory set are involved in a network associated with the successful inhibition of reflexive 

saccades and the subsequent generation of an antisaccade. 
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The DLPFC is thought to be crucial to the inhibition of an initial erroneous reflexive saccade 

to the target and maintenance of the spatial location of the subsequent correct saccade as 

evidenced by PET (Doricchi et al., 1997; O'Driscoll et al., 1995; Sweeney et al., 1996) and 

fMRI (DeSouza et al., 2003; Ford et al., 2005; McDowell et al., 2002) studies.  When an 

antisaccade also has to be performed, activity increases in the DLPFC compared to trials that 

only require inhibition (without a subsequent reflexive saccade), or during reflexive saccades 

(Brown, Goltz, Vilis, Ford, & Everling, 2006).  The increase in antisaccade activity in the 

FEF and PEF exhibited in previous research during blocked trials is thought to arise from 

preparatory activity, rather than the response to the stimulus (Ford et al., 2005).   

In the study by Ford et al., correct antisaccades were associated with increased BOLD activity 

in the right DLPFC, right ACC and SEF compared with erroneous trials in the late 

preparatory epoch.  In the brief period following the antisaccade instructional cue, pre-

supplementary motor activity was reduced prior to the appearance of the target when 

antisaccade errors were performed (Cornelissen et al., 2002; Curtis & D'Esposito, 2003).  

There was increased pretarget activity of the FEF and SEF, but not the PEF (Connolly, 

Goodale, Goltz, & Munoz, 2005).  The FEF contributes to spatial working memory by both 

selecting and maintaining saccade goals (Curtis & D'Esposito, 2006).  Measuring how well 

the signal in one region is represented by the signal in another region reveals that the FEF and 

SEF are functionally connected during performance of antisaccades (Miller, Sun, Curtis, & 

D'Esposito, 2005).  Such coherence is required in order to maintain the preparatory set in a 

FEF and SEF network to a greater extent in volitional than reflexive saccades.  

The predominantly right-sided frontal activation exhibited when performing correct trials is 

consistent across imaging studies (DeSouza et al., 2003; Ettinger et al., 2008; Ford et al., 

2005; McDowell et al., 2002).  The right-sided dominance in the antisaccade task is thought 

to be due to the role of the right hemisphere in visual attention (McDowell et al., 2002).   

Antisaccade imaging in Schizophrenia  

Schizophrenia is the neurological disease most frequently studied using fMRI to probe the 

monitoring and generation of antisaccades, because persons with this disorder make many 

conspicuous errors during this task.  Schizophrenics do not exhibit increased activity in the 

right DLPFC, as seen in controls during antisaccades, an observation which suggests a role 

for the DLPFC in saccade inhibition (McDowell et al., 2002).  In control subjects, reduced 

activity in the ACC is associated with antisaccade errors as the ACC is thought to be 

important in performance evaluation (Polli et al., 2008).  Reduced activity in the ACC is 
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interpreted as a disease-related ‘blunting’ of the ACC neurons ability to monitor and yield 

feedback from errors. 

4.2.3.4 Attention 
Attention and saccadic function are closely linked, as the direction of saccade usually mirrors 

the shift in attention (Mesulam, 1999).  Mesulam maintain that the left hemisphere directs 

attention resources to the contralateral hemifield and shifts attention in a contraversive 

direction, compared with the right hemisphere, which directs attention resources to both 

directions and hemifields.  The right hemisphere is also thought to devote more resources to 

attention, as tasks that require attention exhibit right hemisphere dominance.  Mesulam 

proposes that the right hemisphere shows greater activation with attention shifts to either side, 

whereas the left side exhibits greater activation with a shift in attention to the right side.  A 

large spatial attention network comprises the FEF, posterior parietal cortex, cingulate cortices, 

basal ganglia, thalamus, insula and temporo-occipital region, with hemispheric laterality 

exhibited in the right parietal cortex (Gitelman et al., 1999).  The covert attention and 

oculomotor networks overlap considerably in the FEF, SEF, ACC, anterior insula, IPL, IPS 

and posterior temporal lobes (Nobre, Gitelman, Dias, & Mesulam, 2000).  The DLPFC is 

more active during covert attention compared to saccades, and potentially the overlapping 

areas contain task-specific neuronal populations which fMRI has so far been unable to 

delineate (Nobre et al., 2000).  Visual attention activated a network of frontal, parietal, 

occipital-temporal and primary visual cortices in the study by Hao et al. (2005), with a 

reduction of activity in parietal and frontal lobes in their AD group compared to controls 

during this visual attention task.  

4.2.4 Functional imaging, saccades and Alzheimer’s disease 
The sole prior study to use fMRI to investigate saccades in AD applied one saccadic paradigm 

comprising of repeated 30 s of a step reflexive task block, followed by 30 s of fixation on a 

1.5 Tesla scanner without MR compatible eye tracking equipment (Thulborn et al., 2000).  

There was not a laboratory session, therefore no saccadic behavioural data was acquired and 

only the MMSE was applied to the 18 AD and 10 control subjects who participated.  The four 

brain regions analysed were the FEF, SEF, IPS and prefrontal cortex by manually counting 

the active voxels present above a T-statistic of 2.5, and calculated the proportion of active 

voxels in each region.  Thulborn et al. found a reduced proportion of active voxels were 

present in the right IPS in two-thirds of AD subjects, compared with the left IPS at a threshold 

of p<0.1.  In comparison, the control group and one-third of the AD group demonstrated a 

higher proportion of active voxels present in the right IPS during the reflexive task compared 
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to fixation, at a significance of p<0.001.  No differences were reported between-groups, in 

other regions or were correlated with the MMSE.  Thulborn et al. suggested that the findings 

reflected dysfunctional spatial attention present in the AD group.  

The present study set out to apply more saccadic tasks i.e. the predictive, gap reflexive and 

antisaccade tasks on a 3 Tesla scanner with an MR compatible eye tracker to further 

characterise the performance of saccades in AD using fMRI.  Of pertinence were the 

application of more saccadic tasks that were more cognitively demanding and the acquisition 

of behavioural data, as well as the application of comprehensive neuropsychological testing. 

4.3 Methods 
The same subjects that undertook saccadic testing in Chapter 2 participated in the MRI 

session. 

4.3.1  MRI study 
Horizontal eye movements during the fMRI study were elicited by stimuli presented via an 

Avotec (Stuart, Florida) Silent Vision 7021 system.  This displayed the same 1024 x 768 pixel 

images as in the Eye Movement Laboratory, but at a lower refresh rate of 60 Hz.  The image 

was presented to the subjects via fibre optic glasses in dual stalks that were positioned in front 

of the eyes within the MRI bore.  Whilst the stimuli were presented, real-time images of the 

eye were simultaneously acquired using the Avotec Real Eye 4501 system integrated into the 

fibre optic glasses.  This eye video signal was fed into the iView X™ eye tracker PC to 

provide an accurate gaze position recording matched to the saccadic task displayed.  Once 

optimal eye tracking was achieved, a five point horizontal calibration of the iView X™ eye 

tracker PC was performed before the saccadic tasks began.  Precise calibration and a clear 

recording of saccades were difficult to achieve due to noisy eye video input from the fibre 

optic glasses4. The eye movement data contained too much noise to be analysed with 

precision offline.  The data could however, be used online to at least ensure that the subjects 

were performing the task correctly.  That is the subject was awake and saccading or fixating 

as required, and to assess the direction of antisaccade responses.  The timing of the stimulus 

display, saccade recording, and fMRI scanning were synchronised by a trigger sent from the 

MRI scanner to the stimulus computer and thence to the eye-tracking computer.  Targets were 

displayed at the same pixel positions within the 1024 x 768 pixel display as in the Eye Lab.  

The apparent optical distance of the displays could not be assessed objectively in the Avotec 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Noisy data output is a common problem amongst researchers using the Avotec Real Eye 4501 system – 
personal communication.   
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MRI display system as they were adjusted to account for optical focussing.  Therefore, the 

stimuli were not necessarily displayed at consistent absolute angular positions across subjects, 

though relative positions were preserved.  The laboratory testing was within two weeks prior 

to the scan with a brief re-training period immediately prior to entering the MRI bore ensured 

the comprehension of task instructions.  Within the bore, instructions were reinforced with 

verbal reminders before each experiment began.  Subjects were positioned comfortably supine 

in the scanner, with light padding to prevent excessive head motion.  Hearing protection was 

provided.   

 

Figure 4-3 Subject wearing Avotec fibre-optic glasses, about to enter the MRI bore. 

For each subject, a grey screen displaying ‘Welcome to the Eye Movement Lab’ was 

presented for 12 seconds prior to the initiation of each series.  This initial 12 s of dummy 

acquisitions allowed MR signal stabilisation.  Each subject performed four functional tasks, 

listed below as series 1-4.  The sequence and timing of the trials were identical to those 

performed in the Laboratory, as described in chapter 2.2.3. 

Series 1  Step reflexive vs. Predictive vs. Fixation  

The 12 s of grey screen was presented before the paradigm began, with a reflexive block 

followed by a predictive block followed by fixation in an ABC block design.  Each saccadic 

block (A and B) contained 36 trials.  Each 27 s block was repeated four times for a total time 

of five minutes and 36 s [12 s + four repetitions of three 27 s blocks]. 

Series 2  Step reflexive vs. Gap reflexive vs. Fixation 

As for series 1, but with a gap reflexive block substituted for the predictive block.  

Series 3  Antisaccade 
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The 12 s of a grey screen was presented before the paradigm began in an event related design, 

with fifteen trials presented within three minutes and 48 s, with the intervening periods 

comprising fixation.   

Series 4 Antisaccade 

This series was an exact replication of series 3. 

4.3.2 Structural MRI Acquisition 
High resolution T1-weighted images5 were acquired at 3 Tesla (TR = 6.644 ms6; TE = 2.832 

ms; TI = 400 ms; 225 x 250 field of view (FOV) with a 256 x 256 x 158 matrix size; slice 

thickness, one mm; 158 slices; flip angle = 15°).   

4.3.3 FMRI data acquisition 
Functional imaging data were collected using a T2*-weighted gradient-echo EPI sequence7 

(TR =3000 ms; TE =35 ms; flip angle = 90°; 64 x 64 x 40 matrix; FOV 240 x 240; slice 

thickness, 4 mm).  Forty axial slices co-planar with the anterior commissure and posterior 

commissure were acquired interleaved, encompassing the whole brain.  The first four volumes 

of each series (i.e. 12 s) were automatically discarded to allow MR signal stabilisation, 

resulting in 108 volumes being acquired for each blocked design series, and 76 volumes for 

each event-related series. 

4.3.4 FMRI analysis 
All data analysis was performed using SPM5 (Wellcome Department of Cognitive Neurology, 

University College London, UK), on the platform Matlab (Matlab 7.6.0, R2008a, Mathworks, 

MA, USA). 

4.3.4.1 FMRI data pre-processing 
Images were corrected for differences in slice acquisition times in order that the data on each 

slice correspond to the same point in time using Fourier phase shift interpolation, with the 39th 

slice as the reference for estimating time correction.  Slice-timing correction was performed 

prior to spatial realignment due to the long TR (3000 ms) and interleaved data acquisition.  

The images within each series were aligned to the first image, and all images were then 

aligned to the first image of the first series using a six-parameter rigid body transformation to 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 T1-weighted images: images that provide contrast based on the T1 relaxation time of the tissue which are 
generated with a short TE and an intermediate TR.  The image is bright in those voxels with a short T1 value – 
white matter, and dark in areas with long T1 values – CSF. 
6 TR: repetition time (TR) is the time between successive radiofrequency pulses. 
7 T2*: images sensitive to the amount of deoxygenated blood and therefore used to measure the BOLD contrast.  
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correct for head motion during data acquisition.  The realigned images were then re-sliced 

with the 4th degree B-spline interpolation method in order to match the first image voxel-for-

voxel (Friston et al., 1995).  Images with more than 1 mm per TR of motion were repaired 

using the software ‘ArtRepair’ which applied a linear interpolation from the nearest 

unrepaired image (Mazaika, Fumiko, Glover, & Reiss, 2009).  The anterior commissure was 

set as the origin for all images.  The T1-weighted structural scan from each subject was co-

registered to the mean functional image, using a voxel-to-voxel affine transformation.  The 

T1-weighted images were processed as described previously (Chapter 3.2.1).  All images were 

warped to a standard space, with a resampling of the functional image voxel size to 3 mm x 3 

mm x 3 mm, using the segmentation parameters previously calculated.  Each image was 

smoothed to a full-width of 8 mm at half-maximum (FWHM) resolution with a Gaussian 

kernel to reduce between-subject spatial localization differences.   

4.3.4.2 Subject level analysis 
The pre-processed functional scans were statistically modelled per subject.  In the first level 

analysis, each voxel was modelled with a design matrix containing the parameter estimates 

(the task conditions and the covariates of no interest which comprised the movement 

parameters) as shown in Figure 4-4. 

4.3.4.2.1 Blocked design 
The smoothed functional data was modelled statistically on a voxel–by-voxel basis using the 

mass univariate approach of a general linear model (GLM).  A design matrix was specified 

per subject, comprising one row per image and one column per condition (Figure 4-4).  For 

each subject, the blocked design series were modelled separately but placed together within 

the same design matrix.  Eight conditions were defined in the model per series: two saccadic 

tasks per series (series one: step reflexive and predictive, series two: step reflexive and gap 

reflexive), and the six movement parameter conditions of no interest, defined in the 

realignment procedure.  All runs were modelled with the canonical HRF, a single function to 

define the HRF (Friston et al., 1998).  In Figure 4-4, the weighting parameters !n corresponds 

to each column in the design matrix (chapter 4.1.4.2).  In the left panel of Figure 4-4, !1 and 

!9 correspond to the step reflexive task in series one and two.  !2 correspond to the predictive 

task in series one and !10 corresponds to the gap reflexive task in series two.  



!
!

99 

 

Figure 4-4 In the left panel, two design matrices are depicted with series one on the left and series two on 
the right.  In matrix one, the !1 and !2 comprise the step reflexive and the predictive blocks and in matrix 
two, the !9 and !10 comprise the step reflexive and the gap reflexive blocks.  In the right panel, the two 
design matrices comprise series three and four.  The first three columns are the antisaccade canonical 
HRF, time and dispersion derivatives.  The remaining six columns in each matrix are the movement 
parameters created in the realignment process. The fixation task comprises the baseline contrast.   

4.3.4.2.2 Event-related design 
The onset of each antisaccade series was initiated after four volumes (12 s) were acquired.  

Each trial was aligned to the time of onset of the peripheral green stimulus.  For each subject, 

the two event-related designs series were modelled separately, but partitioned together within 

the same matrix.  In order to model changes in timing of the HRF, the informed basis set 

included temporal and dispersion derivatives (Friston et al., 1998).  The two antisaccade 

series were combined for analysis.  Nine regressors were defined in the model per series 

(Figure 4-4): one saccadic task per series (antisaccade), two regressors describing the 

evolution of the HRF (time and dispersion derivatives) per condition, and the six movement 

parameters defined in the realignment procedure.  Instead of using a single function to model 

the HRF, the informed basis set uses two functions, allowing for haemodynamic variability 

across individuals (Friston et al., 1998).  In the right panel of Figure 4-4, !1 and !10 

correspond to the antisaccade task in series three and four. 

4.3.4.3 Parameter estimation 
The predicted BOLD model was best ‘fitted’ to the actual smoothed functional data using 

linear regression at each voxel, by using the ordinary least squares approach of minimising the 
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sum of squared errors (actual data minus fitted data)2.  The data fitting required the columns 

be scaled by the appropriate ! weights, with one ! weight per column for each voxel (Friston, 

2007).  The functional data could then be used to generate contrast images at the individual 

subject, or first level.  

4.3.4.4 Contrasts 
Firstly, simple effects of each condition were analysed per subject using t-tests.  A statistical 

parametric map was generated for each comparison of interest.  Statistical parametric maps 

(SPM’s) are maps of t-statistics showing the ratio of the effect size to the variability.   

Series one: Step reflexive vs. Predictive vs. Fixation 

Step reflexive > fixation: !1 + !9 > 0; step reflexive < fixation: -!1 -!9 > 0.   

Predictive > fixation: !2 > 0; predictive < fixation: -!2 > 0.   

Step reflexive > predictive: !1 - !2; step reflexive < predictive: !2 - !1. 

Series two: Step reflexive vs. Gap reflexive vs. Fixation 

Step reflexive > gap reflexive: !9 - !10,; step reflexive < gap reflexive: !10 - !9. 

Series three and four: Antisaccade 

Antisaccade > fixation: !1 + !10 > 0; antisaccade < fixation: -!1 - !10  > 0. 

4.3.4.5 Group analysis 
Second-level analyses were carried out on the contrast images generated at the first-level for 

each subject.  With these data, group activation maps were calculated by pooling the data for 

each contrast across all subjects.  Group SPM (t) maps were computed by using these contrast 

maps and employing a random effects analysis (Friston, Holmes, Price, Buchel, & Worsley, 

1999).  The resulting statistics were shown as a statistical parametric map (SPM).  The p 

values were based on the region’s peak value and the number of active voxels (Friston et al., 

1994).  All within-group and between-group comparisons were analysed using a one-sample 

t-test, threshold at p< 0.005 uncorrected, with a spatial extent of 10 voxels.  If a region was 

statistically ‘active’ in one group and not the other, it did not necessarily equate to a 

significant difference between the groups (one could just achieve significance, the other not).  

Therefore it was important to perform direct between-group analyses.  Between-group 

analyses were computed using two-sample t-tests, which were applied as follows: 1) AD > 

Controls; AD < Controls.  The difference in voxel values for each contrast formed a t-statistic 

map.  This intensity and cluster threshold allowed the examination of small effects of the 

saccadic network whilst correcting for false positives (Lieberman & Cunningham, 2009).  The 
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evoked BOLD time-course in the event-related series three and four (antisaccade) were 

plotted for each group in the bilateral FEF and SPL using the data visualisation toolbox for 

second level analyses in SPM, rfxplot (Glascher, 2009).  Anatomical regions were identified 

by superimposing the statistical map on the averaged, normalised T1-weighted image with 

reference to a brain atlas (Mai et al., 2004) and were reported in MNI coordinates (x, y, z).  

For the voxel with the peak of activation in each region, the Z-score was reported.  

4.3.4.6 Regions of Interest 
Regions of interest (ROI) were established a priori based on previous fMRI saccade studies 

and established non-human primate electrophysiology data as described in Chapter 2.1.2.  The 

ROI in the present study were the FEF, SEF, DLPFC, PEF (SPL and IPL), superior frontal 

gyrus (SFG), anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), precuneus, 

supramarginal gyrus, hippocampus, thalamus and caudate. 

The FEF lies on the superior precentral sulcus and immediately adjacent gyral surfaces (Luna 

et al., 1998).  Luna described considerable inter-subject variability in the anterior and 

posterior location of the precentral sulcus, accounting for a spread of activity.  The SEF lies 

posterior to the precentral sulcus, and anterior to the caudate head and ventral to the cingulate 

sulcus.  The SPL lies on the medial bank of the intraparietal sulcus and immediate adjacent 

gyral surfaces.  The IPL lies on the lateral bank of the intraparietal sulcus and immediate 

adjacent gyral surfaces (Luna et al., 1998).   

Similarly weighted mean activations within ROI were estimated using the MarsBaR toolbox 

for each a priori ROI (Brett, Anton, Valabregue, & Poline, 2002).  The anatomical ROI were 

based on gyri normalised to the MNI template from MarsBaR.  In MarsBaR, one summary 

value was calculated to represent the time-course of all voxels within a ROI.  The mean 

summary time course was calculated using the already specified individual contrast images 

for each ROI.  The group mean and 95% confidence interval were calculated and plotted for 

each ROI.  A linear regression was performed for each ROI against an appropriate saccadic 

measure (e.g. step reflexive latency, antisaccade error proportion or correct antisaccade 

latency), global cognition (MoCA, MMSE and ADAS-cog) and the cognitive domains (visuo-

spatial, executive function, attention and working memory). 

The SC was not included due to its small size, vulnerability to pulsation and the necessity of 

focussed MR imaging to successfully image this structure (Himmelbach, Erb, & Karnath, 

2007; Krebs et al.; Neggers et al., 2005).  
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4.4 Results 
4.4.1 Reflexive saccades 
Within-group 
The standard statistical threshold of p < 0.005 was applied to both groups, but this threshold 

proved to be too liberal due to the robust activations elicited by the reflexive task which did 

not allow anatomical differentiation.  In order to produce meaningful results known to occur 

bilaterally in oculomotor experiments, an absolute T threshold of 5 was chosen for both 

groups which corresponded to a threshold of FDR=0.00125 for the AD group and 

FDR=0.0005 for the Control group, both with a spatial extent of 10 voxels.  This allowed the 

comparison within Figure 4-5 (AD vs. Control) and within Table 6 (AD vs. Control) to be 

directly compared. 

 

Figure 4-5 Within-group comparison of the step reflexive task vs. fixation.  The left panel depicts 
activation in the AD group; the right panel depicts activation in the Control group.  The colour bar 
indicates t-values from 5 (red) to 16 (yellow). This corresponds to the statistical threshold displayed in 
Table 6. 

The AD group exhibited increased activity during the reflexive task compared to fixation in 

the following regions: bilateral FEF, DLPFC, SEF, SPL, thalamus, right supramarginal gyrus, 

right precuneus, right middle temporal gyrus, and the right occipital gyrus (Table 6).  No 

regions showed reduced activity during the reflexive task in the AD group.   

In the Control group, regions that were more active when performing the reflexive task 

compared with fixation were the bilateral FEF, SEF, supramarginal gyrus, thalamus, right 
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DLPFC, right SPL, and right insula as displayed in Figure 4-5.  Two regions exhibited 

reduced activity during the reflexive task compared to the baseline of fixation in the AD 

group.  These regions were the PCC and the right insula (Table 6).   

Table 6 MNI coordinate (x, y, z) and maxima (Z-score) in brain regions where the reflexive task elicits 
increased or reduced activity than the fixation task.   

Region x y z z-score 
AD: Reflexive > fixation   
Left FEF -42 6 39 4.45 
Right FEF 48 3 36 4.46 
SEF 0 6 57 4.81 
Left DLPFC -21 3 45 4.65 
Right DLPFC 27 -3 45 4.82 
Right supramarginal gyrus 48 -42 27 4.88 
Right SPL 33 -54 45 4.65 
Left SPL -24 -54 57 4.38 
Right precuneus 21 -72 24 4.79 
Right middle temporal gyrus 39 -51 0 5.19 
Right occipital gyrus 15 -69 -12 5 
Left thalamus -12 -12 15 4.25 
Right thalamus 9 -15 15 4.61 
     
Control: Reflexive > fixation   
Left FEF -51 -3 39 5.7 
Right FEF 48 0 48 6.21 
Right DLPFC -24 -3 48 5.79 
Left supramarginal gyrus -51 -39 42 5.8 
Right supramarginal gyrus 39 -54 36 6 
Right SPL 21 -72 45 6.38 
Right insula 48 9 -3 4.93 
Left thalamus -21 -9 -6 4.75 
Right thalamus 18 -15 12 4.73 
     
Control: Fixation > reflexive     
PCC -6 -45 36 3.14 
Right insula 42 -18 -3 3.15 
!!
Both groups activated regions known to be involved in eye movement control, and qualitative 

comparison between the two groups in Figure 4-5 and the Z-scores in Table 6, demonstrated 

that the AD group had reduced activation in all regions compared to the Control group. 

Between-group 
Four brain regions exhibited statistically significant differences between the AD and Control 

groups whilst performing the reflexive task compared to fixation.  The right middle temporal 
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gyrus was more active in the AD group compared to the Control group when performing the 

reflexive task as depicted in Figure 4-6A.  In contrast there was reduced activity in the AD 

group in the left supramarginal gyrus, right FEF and left occipital gyrus, compared to the 

Control group (C and D in Figure 4-6 and Table 7).   

 

Figure 4-6: There was increased activity in the right middle temporal gyrus (A) in the AD group 
compared to the Control group.  There was reduced activity in the AD group compared with the Control 
group in the left supramarginal gyrus (B), right FEF (C) and left occipital gyrus (D) respectively in the 
reflexive task compared to fixation.  These correspond to the statistical threshold displayed in Table 7. 

Table 7 MNI coordinate (x, y, z) and maxima (Z-score) in regions showing increased brain-related activity 
during the reflexive task compared with fixation between the AD and Control groups.   

Regions x y z Z-score 
Reflexive task: AD < Controls 
Left supramarginal gyrus -54 -42 48 4.27 
Right FEF 48 3 18 3.15 
Left occipital gyrus -24 -75 -3 2.98 
     
Reflexive task: AD > Controls 
Right middle temporal gyrus 36 -54 0 3.29 
!
Region of interest analysis 
The previous statistical analyses were performed on each voxel in the brain, while the region 

of interest analysis was performed only on the voxels within one of thirteen regions (Figure 

4-7).  Several regions showed significant activation compared to fixation at p < 0.05 

Bonferroni corrected when performing the reflexive task.  In the AD group these regions were 
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the bilateral DLPFC and superior frontal gyrus, IPL, SPL, FEF, thalamus and the right 

supramarginal gyrus.  In the Control group, the bilateral IPL, SPL, FEF, supramarginal gyri, 

thalamus, and right DLPFC, right superior frontal gyrus, right hippocampus, and right 

precuneus were significantly active. 

 

Figure 4-7 The mean summary time course and 95% confidence interval of the task reflexive > fixation 
for each group in the regions of interest for AD and Controls. On the y-axis, 0 denotes no change. On the 
x-axis, L denotes left and R denotes right. * Denotes regions which were significantly more active at 
p<0.05, Bonferroni corrected. There were no regions that were significant in the comparison reflexive < 
fixation.   

4.4.2 Predictive task 
Within-group 
The BOLD response of the predictive task compared with fixation was analysed for each 

group and results depicted in Figure 4-8. 

In the AD group the bilateral FEF, DLPFC, SPL, thalamus, the SEF, left supramarginal gyrus, 

right middle temporal gyrus, right parahippocampal gyrus, right precuneus and the cerebellum 

were more active during the predictive task compared with fixation.  The only region that was 

less active in the AD group during the predictive task compared to fixation was the right 

insula (Table 8). 
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Figure 4-8 One sample t-test of the predictive task compared to fixation for each group. Left panel depicts 
activation in the AD group; the right panel depicts activation in the Control group. The colour bar 
indicates a t-threshold of 3 to 8.  This corresponds to the threshold of p > 0.005 uncorrected and the 
coordinates displayed in Table 8.  

The Control group demonstrated greater activation in the predictive task compared with 

fixation in the following regions: bilateral FEF, SPL, SEF, right DLPFC, left post central 

gyrus, right IPL, right supramarginal gyrus, right middle temporal gyrus and right insula.  

There were no regions that were less active when performing the predictive task in the 

Control group (Table 8).   
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Table 8 MNI coordinate (x, y, z) and maxima (Z-score) for brain regions showing greater and reduced 
activity during the predictive task compared with fixation for both the AD and Control groups.   

Regions x y z Z-score 
AD group: Predictive > Fixation    
Left FEF -45 3 51 3.5 
Right FEF 48 0 36 3.26 
SEF -9 -3 60 3.18 
Left DLPFC -24 -9 45 3.23 
Right DLPFC 27 -3 45 3.1 
Left SPL -24 -42 45 3.31 
Right SPL 24 -39 36 4.4 
Left supramarginal gyrus -45 -39 24 3.3 
Right precuneus 6 -72 45 3.08 
Right middle temporal gyrus 27 -39 12 4.1 
Right parahippocampal gyrus 3 -51 0 3.99 
Left thalamus -15 -9 18 4.56 
Right thalamus 18 -15 18 3.71 
Cerebellum 0 -75 -15 3.6 
     
AD group: Fixation > Predictive    
Right insula 39 -24 15 3.54 
     
Control group: Predictive > Fixation    
Left FEF -48 -9 48 4.51 
Right FEF 48 0 48 4.64 
SEF 3 18 51 3.71 
Right DLPFC 33 3 60 3.91 
Left post central gyrus -66 -18 18 3.39 
Left SPL -36 -45 51 3.94 
Right SPL 42 -54 54 3.87 
Right IPL 36 -45 36 2.75 
Right supramarginal gyrus 57 -54 30 3.25 
Right insula 48 12 -3 3.15 
Right middle temporal gyrus 57 -51 9 3.76 
!
Between-group 
The AD group exhibited greater activity in the right SPL, left precuneus, left superior 

temporal gyrus, left insula, and the cerebellum compared with the Control group when 

performing the predictive task compared with fixation, (Figure 4-9 and Table 9). 
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Figure 4-9 Image depicts the regions where the AD group showed greater activity than the Control group 
during the predictive task.  A) Represents the right SPL, B) the precuneus, C) the left superior temporal 
gyrus and D) the left insula. This corresponds to the statistical threshold displayed in Table 9. 

There were no regions in which the AD group exhibited reduced activity compared to the 

Control group. 

Table 9 MNI coordinate (x, y, z) and maxima (Z-score) for regions which were more active in the 
predictive task than fixation in the AD group compared with the Control group.   

Regions x y z Z-score 
Predictive task: AD > Controls 
Right SPL 27 -39 36 3.71 
Left precuneus -3 -75 45 3.41 
Left superior temporal gyrus -54 -60 27 3.15 
Left insula -36 -12 -3 3.06 
Cerebellum -15 -45 -15 3.15 
!
Region of interest 
No regions of interest showed significantly greater activity in either the AD or the Control 

group during the predictive task compared with fixation (Figure 4-10).  This was surprising 

considering the reasonably extensive activation during the predictive task as outlined in the 

whole-brain analysis in Table 8, and Figure 4-9. 
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Figure 4-10 The mean summary time course and 95% confidence interval of the task predictive > fixation 
for each group in the regions of interest for AD and Controls.  There were no regions significantly 
different at a threshold of p<0.05, Bonferroni corrected.   

4.4.3 Comparison of the predictive and reflexive tasks 
To compare response-related activity between the two task types, the reflexive task was 

compared directly with the predictive task.  A one-sample t-test was performed at every voxel 

comparing the reflexive task to the predictive task within the AD and the Control groups.  In 

the AD group, most saccade-related regions were more active in the reflexive task than the 

predictive task.  These regions included the bilateral DLPFC, insula, thalamus and SEF, along 

with the left FEF, right superior frontal gyrus, right SPL, right middle temporal gyrus, left 

superior temporal gyrus, right ACC, left cingulate gyrus, right occipital gyrus and cerebellum 

(Figure 4-11 left column, Table 10). 

In the Control group, similar regions to those detailed above for AD, were more active during 

the reflexive task than the predictive task.  These regions were the bilateral FEF and inferior 

frontal gyrus, SEF, right DLPFC, right SPL, left insula, left superior temporal gyrus, right 

inferior temporal gyrus, left thalamus and right caudate head (Figure 4-11 right column, Table 

10).   
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Figure 4-11 Comparison showing where regions were more active during the reflexive than predictive 
task.  The AD group results were depicted on the left, and the Control group results depicted on the right.  
This corresponds to the statistical threshold displayed in Table 10. 

In both the AD and Control groups, there were no regions that were more active during the 

predictive than the reflexive task. 
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Table 10 MNI coordinate (x, y, z) and maxima (Z-score) in regions where the reflexive task resulted in 
more activity compared with the predictive task in the AD and Control groups.   

Regions x y z 
Z-
score 

AD group: Reflexive > Predictive    
Left FEF -45 6 36 3.09 
SEF -9 9 54 3.82 
Right superior frontal gyrus  9 48 9 3.66 
Left DLPFC -21 3 51 4.48 
Right DLPFC 27 0 45 4.14 
Right SPL 24 -75 39 4.21 
Left insula -42 21 -6 4.07 
Right insula 45 -6 12 4.62 
Left superior temporal gyrus -39 -36 6 3.77 
Right middle temporal gyrus 39 -48 6 4.36 
Right ACC 9 24 3 4.16 
Cingulate gyrus -3 39 27 3.59 
Left thalamus -18 -12 0 3.30 
Right thalamus 9 -15 6 2.97 
Right occipital gyrus 12 -69 6 4.38 
Cerebellum 0 -63 -30 3.59 
     
Control group: Reflexive > Predictive    
Left FEF -27 -9 63 4.77 
Right FEF 30 0 48 4.86 
SEF 3 21 51 3.47 
Right DLPFC 54 9 18 4.45 
Right inferior frontal gyrus 42 39 -9 4.01 
Left inferior frontal gyrus -48 42 21 3.54 
Right SPL 54 -45 36 4.79 
Left insula -33 -3 3 3.79 
Left superior temporal gyrus -66 -36 12 3.21 
Right inferior temporal gyrus 51 -60 -12 3.12 
Left thalamus -24 -15 3 4.50 
Right caudate head 24 -3 15 3.98 
!
Comparison of the two tasks directly between the groups was very difficult methodologically.  

True activations from deactivations were unable to be differentiated between the groups 

without four comparisons, and this analysis was therefore not reported. 

Region of interest 
Regions in which there was significant activation in the AD group during the reflexive task 

compared to the predictive task were the bilateral caudate, DLPFC, superior frontal gyri, SPL, 

right IPL and right supramarginal gyrus (Figure 4-12).  The Control group exhibited 
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significant activations in bilateral IPL and SPL, right DLPFC, right FEF and right 

supramarginal gyri in the reflexive compared to the predictive task (Figure 4-12).  

 

Figure 4-12 The mean summary time course and 95% confidence interval of the task reflexive > predictive 
for each group in the regions of interest for AD and Controls. There were no regions that were significant 
in the comparison reflexive < predictive. 

4.4.4 Gap reflexive task 
No differences were detected between step reflexive and gap reflexive tasks, but this is likely 

to be due to the smaller numbers of subjects who performed this task (AD=9, Controls=6). 
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4.4.5 Antisaccade task 
Within-group 
In the AD group, more activity was seen in bilateral FEF, SEF, DLPFC, right inferior frontal 

gyrus, right SPL, right superior and middle temporal gyrus, and left insula during the 

antisaccade task compared with fixation.  There were no regions where less activity was seen 

in the antisaccade task compared with fixation in the AD group (Figure 4-13, Table 11). 

 

Figure 4-13 The AD group performing the antisaccade task where red indicates more activity during the 
antisaccade task than fixation.  The colour bar represents a t-threshold of 3, regions of which correspond 
to the statistical threshold displayed in Table 11.   

Table 11 MNI coordinate (x, y, z) and maxima (Z-score) in regions where the AD group demonstrated 
more activity in the antisaccade task compared with fixation. 

Region x y z Z-score 
AD: Antisaccade > fixation   
Left FEF -48 3 48 4.08 
Right FEF 48 18 36 2.96 
SEF 9 3 63 3.45 
Left DLPFC -27 -3 48 3.28 
Right DLPFC 30 0 48 2.91 
Right inferior frontal gyrus 48 12 0 4.01 
Right SPL 27 -81 36 3.8 
Right superior temporal gyrus 63 -48 18 4 
Right middle temporal gyrus 51 -33 0 3.78 
Left insula -39 12 -3 3.24 
!
!
!
!
!
!
!
!
!
!
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The Control group exhibited more activity in the following regions during antisaccades 

compared with fixation: bilateral DLPFC, SEF, SPL, IPL, supramarginal, superior and 

inferior temporal, and occipital gyri, right FEF, right inferior frontal gyri, left insula and left 

thalamus (Figure 4-14 red regions, Table 12).  The Control group also exhibited regions with 

less activity in the antisaccade task compared with fixation (Figure 4-14 blue regions, Table 

12).  Those regions were the bilateral DLPFC, post-central gyri, right ACC, left PCC, the 

body of the cingulate gyrus, superior frontal gyrus, superior temporal gyrus, right insula, left 

SPL and right middle temporal gyrus.  Two different sub-regions of the DLPFC exhibited 

increased and reduced activity respectively.  

 

Figure 4-14 The Control group performing the antisaccade task where red is more activity during the 
antisaccade task, and blue is less activity during the antisaccade task compared with baseline.  The colour 
bar represent a T threshold from 3.5 to 12, which corresponds to the statistical threshold displayed in 
Table 12. 
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Table 12 MNI coordinate (x, y, z) and maxima (Z-score) where the Control group demonstrates more 
activity in the antisaccade task compared with fixation, and regions where the Control group demonstrate 
less activity in the antisaccade task compared with fixation. 

Region x y z Z-score 
Controls: Antisaccade > Fixation   
Right FEF 48 3 48 4.75 
SEF 6 3 69 4.44 
Left DLPFC -24 0 60 4.39 
Right DLPFC 27 -3 57 4.53 
Right inferior frontal gyrus 36 36 27 3.43 
Left SPL -30 -60 54 5.41 
Right SPL 30 -63 51 4.85 
Left IPL -30 -75 27 5.28 
Right IPL 15 -78 21 4.66 
Left supramarginal gyrus -60 -30 27 4.49 
Right supramarginal gyrus 54 -39 27 4.96 
Left insula -39 15 -6 3.26 
Left superior temporal gyrus -57 9 -3 4.33 
Right superior temporal gyrus 51 6 9 4.34 
Left inferior temporal gyrus -51 -60 6 3.68 
Right inferior temporal gyrus 51 -51 9 5.66 
Right occipital gyrus 18 -66 -9 5.39 
Left occipital gyrus -24 -63 -3 4.47 
Left thalamus -27 -30 0 3.13 
     
Controls: Antisaccade < Fixation     
Left DLPFC -21 42 42 5.28 
Right DLPFC 21 36 45 4.43 
Left superior frontal gyrus -12 51 39 5.02 
Right superior frontal gyrus -12 21 60 3.46 
Left post-central gyrus -36 30 66 3.26 
Right post-central gyrus 45 -24 48 3.47 
Right ACC 6 36 9 4.75 
Left PCC -6 -57 30 5.16 
Cingulate gyrus (body) 0 -36 39 4.36 
Right insula 39 -21 18 4.06 
Left SPL -42 -60 27 3.92 
Left superior temporal gyrus -60 -18 -6 3.59 
Right superior temporal gyrus 60 -12 -3 3.12 
Right middle temporal gyrus 45 -24 0 3.74 
!
Between-group 
Regions noted to be more active in the AD group compared with Controls during the 

antisaccade task were the right DLPFC, SEF, left supramarginal gyrus, right IPL, right middle 

temporal gyrus, the right ACC, left PCC and cingulate gyrus, and the bilateral insula (Figure 

4-15, and Table 13). 
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Figure 4-15 Image depicts regions that were more active in the AD group compared with the Control 
group during the antisaccade task vs. fixation.  The image is thresholded at a t-threshold of 2.7 which 
corresponds to the statistical threshold displayed in Table 13. 

There were no regions that exhibited reduced activity in the AD group compared with the 

Controls. 

Table 13 Maxima (Z-score) and MNI coordinates (x, y, z) of antisaccade-related activity in the AD group 
compared with the Control group. 

Region x y z Z-score 
Antisaccade: AD > Controls   
R DLPFC 39 21 39 2.93 
SEF -9 18 57 2.82 
Left supramarginal gyrus -54 -54 24 3.86 
Right IPL 24 -60 27 3.55 
Right ACC 6 42 6 3.96 
Left PCC -9 -51 30 3.07 
Cingulate gyrus -18 -45 9 3.12 
Right middle temporal gyrus 45 -27 0 3.76 
Right insula 36 -15 12 2.77 
Left insula -39 -15 18 3.55 
!
Haemodynamic response function timecourse 

The time course of the HRF was modelled for the FEF and SPL for both groups.  These 

regions were selected due to their importance as crucial saccadic regions.  The DLPFC was 

not modelled due to two distinct regions within this region evident during the antisaccade 

task.  The peak coordinates for both regions were used to model the time course in each 

group.  A similar peak in the HRF in the left FEF was reached in both the AD and Control 

groups.  This peak then decreased to undershoot, before increasing towards baseline at the end 

of the 15 s time course (Figure 4-16).  A higher peak in the right FEF in the AD than the 

Control group was reached, which was sustained for the rest of the trial.  In the Controls, after 
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an initial peak, the evoked responses decreased to a substantial undershoot for the remainder 

of the trial. 

 

Figure 4-16 The mean event-related BOLD response in the FEF in the AD and Control groups.  The time 
is from 3 s before, to 15 s after target presentation.  Shaded areas represent the 90% confidence interval. 

In both groups, the left SPL reached a similar peak; however the Controls exhibited a marked 

undershoot, compared with the sustained positive activity in the AD group (Figure 4-17).  In 

both the left and right SPL, the evoked response began at a much-reduced value in the AD 

group, and then increased to a similar peak in both groups.  Similar to the left SPL, the AD 

group exhibited a sustained, positive evoked response in the right SPL, compared with the 

marked undershoot in the Control group. 
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Figure 4-17 The mean event-related BOLD response in the SPL in the AD and Control groups.  The time 
is from 3 s before, to 15 s after target presentation.  Shaded areas represent the 90% confidence interval. 

Region of interest analysis 
During the antisaccade task, the regions that were significantly active in the AD group were 

the bilateral inferior and superior parietal lobule and the right hippocampus.  In the Control 

group those regions were bilateral superior parietal lobule, precuneus, supramarginal gyri, and 

right inferior parietal lobule.  The Control group exhibited regions where the mean summary 

time course was negative, thus more active during fixation than during antisaccade 

performance.  These regions were bilateral anterior and posterior cingulate gyri and medial 

superior frontal gyri.   
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Figure 4-18 The mean summary time course and 95% confidence interval during the antisaccade task, 
compared to fixation as a baseline in the regions of interest for AD and Controls. * Denotes regions 
significantly different in the comparison antisaccade > fixation.  ^ Denotes regions that were significantly 
different in the comparison antisaccade < fixation, both are p<0.05, Bonferroni corrected. 

4.5 Discussion 
4.5.1 Reflexive task 
This study describes the relationship between functional abnormalities in the brain during 

reflexive saccade performance in AD compared with Controls.  FMRI was used to directly 

compare the activity in brain regions associated with the externally generated step reflexive 

saccades to fixation in both AD and Control groups.  An extensive network of cortical and 

sub-cortical regions were activated in both AD and Control groups when performing reflexive 

saccades compared to fixation (Figure 4-5).  These included fronto-parietal regions which 

have consistently been shown to be active during reflexive saccades: FEF, SEF, precuneus, 

SPL, IPL (Luna et al., 1998), and posterior cingulate (Keedy, Ebens, Keshavan, & Sweeney, 

2006), temporal and occipital lobes, cerebellum, and basal ganglia (Simo et al., 2005).   

Frontal activations were observed in the FEF, SEF and the DLPFC in both AD and Control 

groups.  The FEF in the present study in both groups was located within the precentral sulcus, 

in an area sometimes referred to as the ‘inferior’ FEF (Kato & Miyauchi, 2003).  Several 
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previous fMRI studies have reported that there are two saccadic subregions within the FEF 

(Luna et al., 1998; Simo et al., 2005), a medial/superior region, and a more lateral/inferior 

region.  Only the superior FEF is saccade-specific, compared with the inferior FEF, which is 

active during both saccades and blinking (Kato & Miyauchi, 2003).  Simo et al. found the 

medial/superior region to be more active during reflexive saccades rather than predictive 

saccades, while volitional and predictive saccades were associated with more activity in the 

lateral/inferior region (Mort et al., 2003; Simo et al., 2005), in contrast to the present study.  

This discrepancy is puzzling, as the paradigms in both studies were markedly similar.  The 

DLPFC is commonly active during the antisaccade and predictive task and is thought to be 

important in inhibiting reflexive saccades and maintaining spatial working memory for 

subsequent saccades (DeSouza et al., 2003; Ford et al., 2005; McDowell et al., 2002; Simo et 

al., 2005).  It is surprising that both groups exhibited robust DLPFC activation during 

reflexive saccades, a task that requires neither inhibition nor ‘learning’.  The large numbers of 

anticipatory (<90 ms) reflexive saccades might involve spatial memory, as is seen during 

volitional tasks and spatial attention (Nobre et al., 2000; Pierrot-Deseilligny et al., 1991), but 

has not previously been shown to be active in reflexive tasks.   

In the posterior parietal region, bilateral SPL in both groups was activated.  Additionally, the 

right precuneus was active in the AD group.  The SPL and IPL play an important role in 

generating reflexive saccades, and along with the FEF exhibit preparatory activity during both 

prosaccades and antisaccades (Connolly et al., 2002).  Lesions of the parietal lobe impair 

reflexive saccade latencies (Braun et al., 1992).  Thus the changes seen in the reflexive 

saccade behaviour in AD with increased saccadic latency may be attributed to the relative 

reduction of activity in the SPL, supramarginal gyrus and precuneus (Table 6).  The step 

reflexive latency was also correlated with dysfunction in the MoCA and visuo-spatial domain 

score (Figure 2-10, Figure 2-11) in the AD group. 

Compared to fixation, no regions were found to be less active in the AD group during the 

reflexive task, but the PCC and the right insula were less active in the Control group.  It is not 

understood what the role of the PCC is during human saccades.  In monkeys, the PCC shows 

greater activity after saccades are generated, perhaps to monitor performance (Olson et al., 

1996).  

The reflexive task compared between groups 

Direct comparison of the reflexive task between the AD and Control groups showed the AD 

group had more activity in the middle temporal gyrus bilaterally and reduced activity in the 



!
!

121 

right FEF, left supramarginal and left occipital gyri compared with the Control group (Figure 

4-6, Table 7).  Visual neglect occurs after a lesion to the right supramarginal gyrus (Perry & 

Zeki, 2000).  The right supramarginal gyrus is involved in both saccades and attention shifts 

(Perry & Zeki, 2000) and is suggested to play an ‘alerting’ role, notifying other regions of a 

potentially salient visual stimulus, in addition to its role in motion processing (Claeys, 

Lindsey, De Schutter, & Orban, 2003).  Thus it appears to be involved in the decision to make 

a saccade (Perry & Zeki, 2000).   

Middle temporal gyrus activation that extends into both the superior and inferior temporal 

gyri has been suggested to be associated with covert shifts in visual attention (Corbetta et al., 

1998; Gitelman et al., 1999; Nobre et al., 2000).  The middle temporal gyrus is also an area 

sensitive to moving stimuli, as a lower-order motion processing system (luminance-based), 

compared with higher-order systems where attention in directed to moving, important objects 

(Claeys et al., 2003; Martin, Haxby, Lalonde, Wiggs, & Ungerleider, 1995; McCarthy et al., 

1994; McKeefry, Watson, Frackowiak, Fong, & Zeki, 1997; Tootell et al., 1995).  In the AD 

group, the present study exhibits increased activity in the middle temporal gyrus and reduced 

activity in the FEF and supramarginal gyrus, which may be due to the increased demands of 

spatial attention in the reflexive task.  Increased neuronal resources may be required for the 

AD group to perform the task, reflected in ‘over-activity’ of the middle temporal gyrus.  A 

ceiling-effect however may be reached in the FEF and supramarginal gyrus because of the 

underlying structural damage to the neural networks in AD, with resultant insufficient 

neuronal compensation.  

Prior visuo-spatial fMRI studies in AD 

There have been few studies that have explored visuo-spatial deficits in AD (Fujimori et al., 

2000; Prvulovic et al., 2002; Thiyagesh et al., 2009) and to date only one saccadic fMR 

imaging study has been reported (Thulborn et al., 2000).  Thulborn et al. utilised a reflexive 

paradigm comprising repetitions of 30 s fixation and 30 s reflexive task blocks on a 1.5 T 

scanner, without MR compatible eye tracking equipment.  18 AD subjects and 10 healthy 

elder controls undertook the MMSE and fMRI.  There was no laboratory session (no 

behavioural data collected), in contrast to the present study in which both comprehensive eye 

movement and neuropsychological data were collected.  The use of the Avotec MR eye-

tracker allowed us to monitor task compliance by subjects.  Higher field (3 T) MRI used in 

this study effectively doubled the signal of a 1.5 T magnetic field and increased the spatial 

and contrast resolution.  The regions examined by Thulborn et al. were the FEF (along the 

precentral sulcus), SEF (medial frontal lobe), IPS (intraparietal sulcus) and prefrontal cortex 
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(anterior to prefrontal sulcus in middle frontal gyrus).  The present study included, but was 

not limited to these four regions and examined other cortical and sub-cortical saccadic regions 

(Chapter 4.3.4.6).  The images were thresholded with the T-statistic lying between 2.5 and 5.5 

in the Thulborn et al. study, compared with a higher T-statistic of 3.0 in my study.  Thulborn 

manually counted the number of voxels above this threshold that were active, and then 

calculated the proportion of active voxels in the four regions.  The AD subjects reportedly had 

fewer active voxels in the right IPS (67% of subjects), compared with the left IPS at a 

threshold of p<0.1.  Their controls had fewer active voxels in the left IPS at p< 0.001, 

compared with the right IPS, along with the other 33% of their AD group.  No differences 

between the groups were reported.  This is in comparison to the significant between-group 

effect found in the present study (Figure 4-6, Table 7).  The presence or absence of a 

significant effect in a region does not imply a significant difference exists between two groups 

and therefore direct between-group comparisons are required to make this conclusion 

(Poldrack et al., 2008).  In the present study, the AD and Control groups were directly 

compared with the AD group exhibiting increased activity in the middle temporal gyrus and 

reduced activity in the right FEF, left supramarginal and occipital gyri, compared to the 

Control group. 

The overlapping attention and oculomotor networks 

Visuo-spatial attention and saccades have neural networks that overlap and include the FEF, 

SEF, ACC, SPL, IPL, DLPFC, posterior temporal cortex, thalamus, insula and basal ganglia 

(Corbetta et al., 1998; Gitelman et al., 1999; Nobre et al., 2000).  This overlap is suggested by 

Corbetta et al. to be due to the saccadic response being modulated by visuo-spatial attention 

and to preparatory saccadic activity being associated with covert shifts in attention.  More 

activity is present in the right frontal and parietal lobes, including the inferior frontal gyrus, 

during attention compared with eye movements.  In comparison, saccades utilise a posterior 

parietal-occipital region including the cuneus and PCC.  The right hemisphere devotes more 

resources to attention than the left hemisphere, evidenced by a right-sided dominance in tasks 

requiring visual attention (Mesulam, 1999).  Visual attention is impaired in AD (Rizzo, 

Anderson, Dawson, Myers, & Ball, 2000), with a reduced range of visuo-spatial attention in 

visual search (Parasuraman, Greenwood, & Alexander, 2000).  The reduction in activity in the 

SPL, temporo-parieto-occipital cortex, DLPFC, FEF, PCC and thalamus was suggested to be 

due to impaired visuo-spatial perception in AD, with compensatory increased activity in the 

IPL (Thiyagesh et al., 2009).  Those findings are somewhat similar to my study, where there 
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was reduced activity in the parieto-occipital lobe and the FEF in the AD group and increased 

activity in the temporal lobe, compared with the Control group. 

Conclusions 

The role of impaired attention during the acquisition of saccadic fMRI is difficult to ascertain.  

The pertinent information would be acquired by the additional performance of an attention 

task block, and then subtracted from the step reflexive block.  Visuo-spatial attention was 

impaired in our AD group (Table 2), and likely to influence performance of the sensory-

driven reflexive saccades.  Increased activity in the middle temporal gyrus in the AD group 

likely reflects compensatory recruitment and reliance on the lower-order movement 

processing system, due to reduced resources available in the posterior parietal (supramarginal 

gyrus and IPL) higher order processing complex.  The FEF is crucial to the generation of 

saccades, and the reduction in activity in the right FEF may be associated with impaired 

reflexive saccade performance in the AD group.   

4.5.2 Predictive task 
The present work is the first to investigate fMRI of predictive saccades in AD.  Reports have 

been previously published in young control subjects (Gagnon et al., 2002; Simo et al., 2005).  

In the present study, the predictive task activated an extensive saccadic network in both AD 

and Control groups when compared with fixation.  The regions activated during the predictive 

task compared with fixation were very similar to those reported by Simo et al. (FEF, SEF, 

DLPFC, PEF), in both the AD and Control groups, with the addition of the supramarginal 

gyrus, precuneus, middle temporal gyrus, thalamus and cerebellum (Figure 4-8, Table 8). 

Both the AD and Control groups demonstrated increased activity in the FEF, and in the SEF 

(Figure 4-8), consistent with Gagnon et al.  As previously described, two anatomical peaks of 

activity were observed by Simo et al. in the FEF during predictive and reflexive tasks: a 

medial/superior region, and a more lateral/inferior region.  Simo et al. found the 

medial/superior region to be more active during reflexive saccades rather than predictive 

saccades, while predictive saccades were associated with more activity in the lateral/inferior 

region.  The increased activity in the SEF has been shown by Gagnon et al. to be due to the 

learning and coordination required of an internally generated sequence.  In addition, both 

groups displayed increased prefrontal activity in the DLPFC.  The DLPFC is critical for its 

role in working memory – the dorso-lateral region receives dense projections from the inferior 

parietal association cortex and specializes in spatial working memory, regardless of the 

cognitive challenge of the task (Levy & Goldman-Rakic, 2000).  Procedural learning was 
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impaired in the AD group (Figure 2-13), and the DLPFC is known to play a crucial role in 

working memory, and may also play a crucial role in the implementation of procedural 

learning however this relationship is not quantified in the present study. 

The previous studies by Gagnon et al. and Simo et al. have not reported regions exhibiting 

reduced activity, a finding replicated in our Control group (Table 8) during the predictive task 

compared to fixation (Gagnon et al., 2002; Simo et al., 2005).  The AD group however, 

showed reduced activity in the insula a region involved in the monitoring of errors (Polli et 

al., 2008).  Thus this reduced insula activation may be related to the slower learning due to 

reduced feedback.  Sub-cortical activation was observed in the thalamus and cerebellum in the 

AD group. 

During predictive saccade performance, a copy of each saccadic motor command is 

maintained in the thalamus (Sommer & Wurtz, 2002, 2006, 2008).  The FEF neurons rely on 

thalamic input via the SC-thalamus-FEF pathway, which encodes the upcoming eye 

movements.  The integrity of this pathway is important for producing predictive saccades, and 

in AD, the increased activity may represent additional neural recruitment to maintain this 

process, despite impaired performance. 

Between group comparisons 

The saccadic learning curve (Figure 2-13) revealed that learning the regularity of the 

predictive task was much more quickly achieved in the Control group.  The increased activity 

in the temporo-parietal cortices in AD may reflect this longer period of learning and a greater 

degree of reactive reflexive behaviour generated by the parietal eye fields compared to the 

Controls, who more quickly adopted an automatic mode.  The cerebellum also demonstrated 

increased activity in the AD group (Figure 4-9, Table 9).  This structure, which is normal in 

AD, has a role in the programming of the metricity and internal dynamics of the saccade (i.e. 

acceleration, deceleration and timing) (Leigh & Kennard, 2004).  Thus the increased 

cerebellar activity in the AD group may well represent a compensation for cognitive 

impairment, devoting greater neural resources in the AD group.  The primary gain on the 

other hand (Figure 2-15), was increased in the AD group compared to the Controls and may 

relate to the increased cerebellar activation.  However the increased activity of the cerebellum 

is more likely related to the timing and learning required in the predictive task in the AD 

group, rather than saccadic hypermetria.  
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Conclusions 

In summary, both groups demonstrated activation of well-recognised brain regions in the 

predictive task.  The impairment of procedural learning in the AD group as evident from a 

slower transition from reflexive saccades to predictive saccades was associated with increased 

activity in the temporo-parietal cortices.  The mean overall latency of saccades in the 

predictive task in the AD group correlated with visuo-spatial, working memory and attention, 

and executive function (Figure 2-16, Figure 2-17), consistent with the demands of a task that 

requires the maintenance of spatial and temporal information in working memory (DLPFC), 

and attending to salient stimuli.  Thus functional imaging of the predictive task in AD appears 

to be a useful measure of motor skill learning and was able to differentiate the AD from the 

cognitively unimpaired group. 

4.5.3 Comparison of the reflexive and predictive tasks 
A direct comparison of the reflexive with the predictive task removes the shared motor 

component underlying saccade generation.  Our fMRI study, contrasting the sensory-driven 

reflexive task with the procedural memory-driven predictive task in AD and in comparison 

with Controls, demonstrated differences in activation pattern between the two tasks (Figure 

4-11, Table 10).  Unexpectedly, the predictive task did not elicit increased activity in any 

region compared with the reflexive task in either group.  In contradistinction, the reflexive 

task induced greater activity in the fronto-parietal system, occipito-temporal cortex and basal 

ganglia than the predictive task in both groups.  The difference in parietal lobe activity during 

the predictive task was limited to the right SPL, and was much reduced compared to the 

robust posterior parietal cortex activations seen in the reflexive task.   

The superior FEF activation in the Control group corresponds in location with the portion of 

the FEF suggested by Simo et al. to be responsible for reflexive saccades.  Simo et al. suggest 

the division of the FEF is due to the varying requirements to perform the predictive and 

reflexive tasks with differing cortical and sub-cortical connections.  The DLPFC, SEF, 

thalamus, and right-sided medial temporal regions were also more active during the reflexive 

task in the AD group.  Simo et al. described the DLPFC as more active in the predictive task, 

unlike the Control or the AD group in the present study.  The AD group activated the 

inferior/lateral FEF during the reflexive task, whereas the Control group activated the 

superior/medial FEF, behaving like the controls in Simo et al.  In AD, normal functioning 

may be disrupted, with different regions of the FEF and the DLPFC needing to be recruited in 

order to complete the reflexive task.  Logan et al. (2002) found that older adults under-recruit 

the frontal cortex, and then non-selectively recruit additional structures within the frontal 
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cortex to acquire sufficient neural resources in order to perform the task.  My results would 

suggest that this effect might be more marked in the AD than in the Control group. 

Parietal lobe activity was limited to the right SPL in both groups in the reflexive compared to 

the predictive task, and has already been demonstrated to be important for both groups in the 

reflexive task (Table 6).  Simo et al. found the reflexive task elicited greater activity in the 

medial FEF, SPL, PCC, occipital lobe and the cerebellum compared with the predictive task 

in young controls, very similar to the regions found to be more active in our groups. 

It is surprising that no brain regions were more active in the predictive task than the reflexive 

task.  Potentially, the reflexive task may be more robust at eliciting activations compared with 

the predictive task.  The reflexive task alone demonstrated much more intense activation 

(Table 6, Z-score 4.25-6.36), compared with the predictive task alone (Table 8, Z-score 2.75-

4.64).  Also, as discussed previously, the impaired procedural learning in the AD group was 

associated with more reflexive saccades being produced, which in turn would reduce the total 

activity resulting from the performance of predictive saccades.  The direct comparison of two 

tasks may then also result in regions being more active in the reflexive task, but not accurately 

reflect the differing neural responses elicited by the tasks.  The same numbers of saccades 

were performed in each block (reflexive vs. predictive), but as first explained, there may have 

been ‘overflow’ of reflexive saccade activity into the predictive block.  On the other hand, the 

laboratory data demonstrated a typical learning curve and rapid transformation from reflexive 

saccades to predictive saccades in the Control subjects, yet they also demonstrated increased 

activity in the reflexive compared to the predictive task (Figure 4-11).  It may be that the 

predictive task was not cognitively challenging enough to overcome the robust activations of 

the reflexive task.  It would be therefore interesting to utilise an event-related study of a 

memory-guided or predictive task compared with a reflexive task, similar to that of Brown et 

al (2004).  This elegant task design however is difficult to implement in a cognitively 

impaired population, as it is reliant upon the recognition of a presented cue and the associated 

saccadic task. 

The differences in findings between the studies by Gagnon et al. (2002) and Simo et al. 

(2005) may be attributed to different methodologies applied.  Gagnon et al. found only the left 

dorsal FEF and SEF were more active in the predictive task compared with the reflexive task 

in controls.  Simo et al. found the predictive task to generate greater activity in the DLPFC, 

pre-supplementary motor area, PCC, IPL, caudate, putamen and hippocampus compared with 

the reflexive task.  Gagnon et al. used a three-step sequence and a reflexive task that returned 
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to the centre after each trial, so that half of the saccades in the ‘reflexive’ task were actually 

return saccades that were predictable in direction and size.  Simo et al. utilised similar 

reflexive and predictive paradigms to the tasks performed in the present study. 

Simo et al. suggested that the hippocampus may have a role in the spatial memory component 

of the predictive task and a portion of the hippocampus may be responsible for procedural 

learning.  No activation was noted in the hippocampus during our predictive task (Figure 4-8), 

which was not unexpected considering the size of the region and the susceptibility to noise-

induced artefacts in the bases of the temporal lobes.  Simo et al. also suggested that both the 

prefrontal-parietal loop and the prefrontal-thalamus loop and a working memory network are 

involved in inducing anticipatory responses in the procedural learning of the predictive task.  

Predictive saccades should therefore require greater activity in the regions that maintain 

spatial working memory versus the externally driven reflexive task, which is more demanding 

of spatial attention, findings not enforced by the results of our study due to the inability to 

demonstrate greater activity during the predictive task compared with the reflexive task. 

Conclusions  

In summary, an extensive network of fronto-parietal, occipito-temporal and basal ganglia 

regions were activated in both groups in the reflexive task compared to the predictive task.  

Surprisingly, predictive saccades did not elicit greater activity than reflexive saccades in 

either group.  This comparison may require a different experimental design to probe the 

differing neural networks in each task. 

4.5.4 Antisaccade task 
The generation of a successful antisaccade requires an extensive brain network including the 

DLPFC, PEF, FEF, supplementary motor area, caudate, putamen and left thalamus and 

deactivations in the ventromedial prefrontal cortex (Sweeney et al., 1996).  Activity is 

demonstrated even before the target is presented, in the FEF (Connolly et al., 2002; 

Cornelissen et al., 2002; DeSouza et al., 2003; Ford et al., 2005), DLPFC (DeSouza et al., 

2003; Ford et al., 2005), IPS (Ford et al., 2005), pre-supplementary motor area and the SEF 

(Curtis & D'Esposito, 2003; Ford et al., 2005).  To date, no fMRI studies of antisaccades in 

AD have been reported.  Both groups (AD and Control) activated a fronto-parietal-temporal 

network of regions in the antisaccade task.   

The FEF, DLPFC and SEFs were active in our AD group (Figure 4-13, Table 11), and also in 

the Control group (Figure 4-14, Table 12).  These regions are crucial for the successful 

performance of the antisaccade task.  The FEF plays a central role in the initiation of saccades 
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by selecting the type of saccade and when it will occur (Connolly et al., 2005).  Activity 

persists through the task, implying that the FEF contributes to working memory by selecting 

and then maintaining saccadic goals (Curtis & D'Esposito, 2006).  Compared with an 

erroneous antisaccade, the FEF, SEF and right IPS all show increased activity when a correct 

antisaccade is performed (Cornelissen et al., 2002; Curtis & D'Esposito, 2003) – the FEF 

demonstrated a higher peak with a more marked decline during error trials (Cornelissen et al., 

2002).  The early rise in these regions is suggestive of inhibitory processing.  This response 

can only be measured with an instruction cue prior to target onset, not implemented in this 

study. 

During the antisaccade task, the DLPFC is thought to inhibit the initial, erroneous, reflexive 

saccade and to maintain the spatial location of the subsequent correct saccade (DeSouza et al., 

2003; Doricchi et al., 1997; Ford et al., 2005; McDowell et al., 2002; O'Driscoll et al., 1995; 

Sweeney et al., 1996).  The Control group demonstrated two distinct regions within the 

DLPFC: one that exhibited reduced activity during the antisaccade task; and one that 

exhibited greater activity during antisaccades (Table 12).  It may be that the middle frontal 

gyrus contains two populations of neurons – one that is responsible for maintaining the spatial 

working memory during antisaccades, and a region that is suppressed during saccades and is 

fixation-related.  It was therefore not surprising that in an a priori ROI analysis that these 

effects ‘cancelled out’ (Figure 4-18).  Alternatively, what I have interpreted as being DLPFC 

may in fact represent an extension of the FEF into the middle frontal gyrus.  Luna (1998), 

who defined the fMRI location of the FEF, stated there was considerable anatomic variability 

in its location in a young control group.  This may be more marked in an older population and 

even more so in an AD population where there is additional atrophy.  Though an elderly brain 

template was utilised to minimise potential bias, variable spatial locations may ‘average’ to 

different foci within the DLPFC. 

Active parietal lobe regions included the right SPL in the AD group (Figure 4-13, Table 11) 

and the SPL, IPL and supramarginal gyrus in the Control group (Figure 4-14, Table 12).  The 

IPS (PEF) is proposed to participate in the bilateral selection of the appropriate saccadic 

response and plays a role in spatial working memory by maintaining the spatial cue and then 

transforming the coordinates to be ready for motor execution (Curtis & D'Esposito, 2006).  

Increased activity in the SPL is associated with the increased demand for visual attention 

(Kimmig et al., 2001).  Little is known of the function of the precuneus in saccades though it 

is active during antisaccades (Kimmig et al., 2001), memory-guided saccades (Brown et al., 
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2006) and reflexive saccades (Brown et al., 2006; Keedy et al., 2006; Luna et al., 1998; Mort 

et al., 2003).    

The SPL in the present study demonstrated sustained activity in the AD group throughout 

each antisaccade trial (Figure 4-17).  This was markedly different from the Control group that 

demonstrated a decrease in the evoked BOLD response following an initial rise.  The 

sustained activity may reflect the increased rate of erroneous reflexive saccade production in 

AD.  The brief increase and then decrease of the PEF in Controls probably reflects the 

requirement of coordinate transformation as part of the performance of a successful 

antisaccade.  Ford et al. (2005), proposed that multiple responses to the antisaccade are 

occurring.  These include the transformation of the coordinates, generating antisaccades, 

erroneous reflexive saccades, and corrected antisaccades, and the return saccade to the 

fixation point.  With the current fMRI temporal resolution, it is difficult to discern what is 

modulating the BOLD response. 

There were no regions in the AD group that demonstrated reduced activity during the 

antisaccade task compared with fixation.  On the other hand, the Control group demonstrated 

several regions of reduced activity during the antisaccade task: part of the DLPFC, left 

superior frontal gyrus, ACC, PCC, insula, SPL, left superior and right middle temporal gyrus 

(Table 12).  The study by Brown et al. (2006) demonstrated increased activity in the superior 

frontal sulcus, supramarginal gyrus and PCC during inhibition of a saccade.  The reduction of 

activity in these regions in the present study may be due to the influence of erroneous trials 

that reduce activity, as demonstrated in the ACC and insula by Polli et al. (2008). 

Between groups 

The direct comparison between AD and Controls during antisaccades, demonstrated increased 

activity in the AD group in the frontal (right DLPFC and SEF) and parieto-temporo-occipital 

cortices (left supramarginal gyrus, right IPL, left PCC, and right middle temporal gyrus, 

Figure 4-15, Table 13).  Right-sided dominance in the antisaccade task, as demonstrated by 

increased activity in the AD than in the Control group, is thought to be due to the role of the 

right hemisphere in visual attention (McDowell et al., 2002) and is consistent across studies 

(DeSouza et al., 2003; Ettinger et al., 2008; Ford et al., 2005; McDowell et al., 2002).   

Additionally, the right ACC and insula were more active in the AD than in the Control group 

during the antisaccade task (Table 13).  The role of the ACC is to monitor and evaluate task 

performance in order to learn from errors (Polli et al., 2008).  In schizophrenia, activity in the 

ACC, insula and amygdale is inversely correlated with the antisaccade error rate, and during 
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erroneous trials there is reduced activity in these regions (Polli et al., 2008).  The insula is 

connected with the rostral ACC and shows increased activity during errors, along with the 

inferior frontal regions, the left precuneus and PCC (Garavan, Ross, Murphy, Roche, & Stein, 

2002; Menon, Adleman, White, Glover, & Reiss, 2001).  The insula was more active in the 

AD group compared with the Control group during antisaccades, consistent with greater 

activity in a group that generated more errors.  Along with the cingulate cortices, the insula 

and ACC may monitor the errors generated.  What is unknown is how the error feedback 

subsequently modulates behaviour.  Potentially, increased activity in these regions during 

errors feed directly into the SEF, DLPFC and PEF preparatory activity, in order to improve 

performance on the next antisaccade.  In the AD group, these regions may monitor errors, yet 

the feedback network may be impaired due to reduced integrity of the cortical eye field 

connections.  This hypothesis could be tested using combined fMRI and diffusion tensor 

imaging. 

Conclusions 

The present work is the first to investigate fMRI of antisaccades in AD.  Both groups 

activated regions previously shown to be involved in antisaccade production.  The AD group 

demonstrated greater activity in the temporo-occipital cortex compared with the Control 

group.  This could be due to the cognitively challenging nature of the antisaccade task and the 

non-selective recruitment of alternative neural networks (Logan, Sanders, Snyder, Morris, & 

Buckner, 2002).  Overall, the AD group demonstrated reduced activity in all oculomotor 

regions (comparing the Z-scores in Table 11 AD; to Table 12 Controls) as the task demand 

increased.  This is consistent with the notion of a ‘resource ceiling’ of available neurons, 

described by Reuter-Lorenz et al. (2010), and speculated to have been reached in the AD 

group.  The robust nature of the antisaccade task BOLD response detected in the AD group is 

promising for future research into this task. 

4.5.5 Cognitive compensation models 
As we age, the brain undergoes numerous changes, both functional; with a decline in 

processing speed, working memory and long term memory (Park et al., 2002); and structural, 

with age-related shrinkage of the medial temporal lobe (Raz et al., 2004).   

The loss of regional neuronal specialisation in older adults is termed ‘dedifferentiation’ 

(Reuter-Lorenz & Park, 2010), and manifests in older adults as more widespread activity in a 

brain region, in particular the ventral visual cortex (Park et al., 2004) which is related to the 

volume of global grey matter (Voss et al., 2008).  Further reduction in global grey matter, as 
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revealed in our AD group, (Figure 3-1), should result in even greater dedifferention of brain 

regions than in healthy older adults.  A lack of regional specificity may account for the other 

regions recruited by the AD group in order to perform saccadic tasks.  In particular, the 

recruitment of the DLPFC and the middle temporal gyrus in the reflexive task alone (Table 6), 

and when compared to the predictive task (Table 10) might be accounted for by this 

compensation.  The DLPFC and temporal lobe are not regions typically involved in these 

tasks, and thus the FEF, and PEF may have reduced functional specificity in AD and be non-

selectively recruited in order to perform the task.   

In the study by Logan et al., non-selective recruitment of neural resources was most profound 

in older adults (73 years plus) and represents difficulty in the selection of appropriate regions, 

due to the physiological changes that occur during advanced aging.  The differences between 

the AD and Control groups may reflect the under-recruitment of the posterior parietal cortex 

during the reflexive task.  Both groups recruited similar and expected regions in the within-

group analyses, and the increased activity in the middle temporal gyrus in AD, compared with 

the Controls could be due to compensatory and inappropriate recruitment of neurons. 

The scaffolding theory of aging and cognition (STAC) states that the aging brain is adaptive, 

and maintains cognitive function at the highest level by engaging compensatory ‘scaffolding’, 

or recruitment of additional neural circuitry to ‘shore-up’ declining neuronal structure and 

function (Park & Reuter-Lorenz, 2009).  Park et al. (2009) states that as the brain ages, there 

is continuous functional reorganisation and repair of neural networks in order to support 

cognition.  Older and younger adults display increased frontal lobe activation, but the older 

adults also exhibited increased activity in the DLPFC, and paradoxically, decreased activity in 

the parahippocampal gyri (Gutchess et al., 2005).   

Cabeza et al. (2002) found high-performing older adults manifest less asymmetry of fMRI 

activations than low performers, to counteract age-related neuronal changes.  In comparison, 

low performers recruit similar asymmetric networks to young adults, but with much less 

efficiency.  Instead, the high performing older adults recruit extra neurons in the ipsilateral 

frontal cortex, which may involve the recruitment of an alternate network – the compensation 

hypothesis (Cabeza, Anderson, Locantore, & McIntosh, 2002).  This hypothesis is further 

substantiated by evidence that older adults under-recruit frontal regions during memory 

encoding compared with young adults (Logan et al., 2002).  Instead, they also recruited extra 

regions in the frontal cortex in a non-selective manner.  
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Increased prefrontal activity in the older adults may be compensating for the volumetric 

decrease of the medial temporal lobe, or a shift from posterior network activity to anterior 

cortical activity, as was observed in the oculomotor system by Raemakers et al. (2006) in 

response to deficient posterior cortical processing ability.  Older adults perform better than 

younger adults by utilising processing resources from both prefrontal lobes in cognitively 

challenging tasks, whereas younger adults only access both hemispheres in the most complex 

of tasks (Reuter-Lorenz, Stanczak, & Miller, 1999).  This was seen in the recruitment of the 

DLPFC in the reflexive task compared with the predictive task in both our AD and Control 

groups (Table 10).  The activity shown in younger adults with increased task demand mirrors 

the internal challenges of aging by older adults.  Scaffolding is promoted by cognitive 

activity, with high levels of education protective against AD (Stern et al., 1992; Wilson & 

Bennett, 2003).   

In AD the pathological burden of disease plus the extrinsic challenges of a cognitively 

demanding task such as the antisaccade task necessitate additional help in order to perform 

the task.  Thus, in normal aging, regions need to be recruited to provide the scaffolding to 

meet the extrinsic challenges.  But in AD, the substantial underlying structural changes limit 

the ability of these persons to engage the extra scaffolding required, and so recruitment is 

incomplete, collapses, and cognitive function is unable to be retained.  This process may 

underlie the less specific activation (i.e. wider spread) in the reflexive task in the AD group 

(Figure 4-6) as the network may need to work even harder because of processing deficiencies 

in the aging and diseased brain and the need to recruit more neural resources to achieve the 

same output as a younger brain (Reuter-Lorenz & Cappell, 2008).  This hypothesis, termed 

the compensation-related utilisation of neural circuits hypothesis (CRUNCH), is 

complementary to STAC.  AD subjects may have fewer resources available and therefore 

demonstrate reduced activation in brain regions and poor performance in tasks.  Our AD 

group demonstrated increased activity compared with the Control group in both the predictive 

and antisaccade task (Figure 4-9, Figure 4-15), compatible with the notion that extra 

scaffolding needed to be engaged utilising increased neural resources, though not sufficient to 

achieve the same level of performance as the Control group.  Cognitive differences between 

the AD and Control groups emerge despite the compensatory processes.  Cognitive reserve in 

the aged brain, described by Stern et al (2002), complements the scaffolding hypothesis, and 

exists throughout one’s lifespan.  Cognitive reserve describes the recruitment of alternative 

neural pathways when existing pathways cannot cope with the cognitive challenge (Stern, 

2002). 
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4.5.6 The use of imaging covariates 
The vast majority of fMRI oculomotor studies use young and healthy subjects, but an older 

population may differ in the magnitude and location of fMRI saccadic response, making it 

challenging to compare the present study to previous fMRI studies (Abel & Douglas, 2007; 

Irving et al., 2006).  The sole previous study that used older healthy subjects found that the 

older subjects had reduced BOLD signal globally, and relatively greater activation in the FEF 

and SEF when performing prosaccades compared with younger subjects (Raemaekers et al., 

2006).  In the reflexive task, the older subjects demonstrated a shift in activation from the 

posterior cortical regions to the frontal cortex.  These changes are postulated to arise from a 

number of factors: a) grey matter atrophy, b) reduced cerebral blood flow, and c) age-related 

vascular changes that reduce the responsiveness to neural metabolic demands (Raemaekers et 

al., 2006).  Should fMRI images from older participants therefore be corrected for grey matter 

atrophy and/or perfusion?   

The correction for grey matter atrophy has been widely utilised in ASL-MR perfusion studies 

involving elder subjects and dementia subjects (Alsop, Casement, de Bazelaire, Fong, & 

Press, 2008; Alsop, Detre, & Grossman, 2000; Asllani et al., 2008; Melzer et al., 2011).  Grey 

matter atrophy of the hippocampus is associated with reduced fMRI activity in the medial 

temporal lobe and increased compensatory activity in the prefrontal lobes during memory 

tasks in AD (Garrido et al., 2002; Remy, Mirrashed, Campbell, & Richter, 2005).  A fMRI 

study in AD found that grey matter atrophy correction partially accounted for an activation in 

the SPL, and Prvulovic et al. recommended atrophy correction be used widely.  Conversely, 

Thiyagesh et al. (2009) found no evidence that grey matter atrophy was associated with fMRI 

reductions during visuo-spatial perceptions in AD.   

Reduced CBF is a feature of AD (Chapter 1.9.2.2 and 5.1), but the utilisation of a measure of 

arterial blood flow changes may be inappropriately combined with BOLD, which measures 

the change in deoxygenated venous blood.  ASL-MR has been compared with the BOLD 

response and has shown simultaneous reduction in BOLD response and perfusion in an AD 

group during a memory encoding task (Fleisher et al., 2009).  

Neither the necessity nor the utility of using imaging covariates during the analysis of fMRI in 

older subjects has been demonstrated by the reported studies.  AD is characterised by focal 

grey matter atrophy and reduced CBF, and the value of ‘correcting away’ these features is not 

clear.  Due to this uncertainty, these features were decided to be very unlikely to aid the 

interpretation of the fMRI results in the present study. 
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5 Arterial spin-labelled MRI in Alzheimer’s disease 

5.1 Introduction  
Cerebral blood flow (CBF) in AD has been studied using the modalities of PET, which 

measures the metabolism of glucose in neurons, single photon emission computed 

tomography (SPECT), which measures the metabolism of neurons but using a gamma-ray 

emitting radio-isotope, and more recently arterial spin-labelled MRI (ASL-MR).  ASL-MR is 

a non-invasive technique used to quantitatively measure CBF, available to a limited number 

of centres internationally.  Compared to PET, ASL-MR enables the acquisition of high quality 

images without ionizing radiation.  Instead, the water in arterial blood is used as an 

endogenous contrast.  The pattern of CBF in AD has been well described using PET, with a 

few studies recently applying ASL-MR (Alsop et al., 2000; Asllani et al., 2008; Johnson et 

al., 2005).  The aim of this study was to elucidate a multivariate AD-related perfusion pattern, 

and the relationship between CBF, saccadic and neuropsychological measures. 

5.1.1 PET – glucose metabolism 
Age-related reduction of CBF has been reported in the frontal lobe (Silverman & Phelps, 

2001), with some healthy subjects exhibiting focal regions of hypometabolism in the 

temporal, parietal and frontal lobes that are associated with cognitive performance (Jagust et 

al., 2006).  AD subjects exhibit a pattern of hypometabolism in the temporal, parietal and 

posterior cingulate (Chase et al., 1984; Edison et al., 2007; Foster et al., 1984; Foster et al., 

2007) which in more advanced AD, extends into the frontal cortices (Chetelat et al., 2008; 

Meltzer et al., 1996; Mosconi et al., 2004; Mosconi et al., 2005; Scarmeas et al., 2004c; 

Vander Borght et al., 1997).  This disease pattern has been replicated using SPECT imaging 

and is associated with dementia severity (Bartenstein et al., 1997; Jagust et al., 1997).  The 

sensori-motor cortices, cerebellum and sub-cortical regions are spared (Mosconi, 2005).  

Subjects with MCI display an AD-like pattern of hypometabolism (Fouquet et al., 2009; 

Huang et al., 2007), with the posterior cingulate cortices being the earliest region affected 

(Huang et al., 2007).  MCI subjects who do not progress to AD exhibit a metabolism pattern 

that indiscriminately affects brain regions across subjects (Huang et al., 2007).  Disconnection 

between the medial temporal lobe and the posterior cingulate cortex may account for the early 

posterior cingulate hypometabolism observed in AD (Bradley et al., 2002; Matsuda, 2001; 

Minoshima et al., 1997), and be due to the early pathological processes affecting the medial 

temporal lobe (Bradley et al., 2002). 
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5.1.2 Arterial spin-labelled MRI 
ASL-MR is a relatively new technique, with the first study quantifying CBF in AD reported 

by Alsop et al (2000), since when some eight papers have been published.  CBF is reduced in 

the temporal, frontal and parietal cortices compared to controls (Alsop et al., 2000; Asllani et 

al., 2008; Johnson et al., 2005).  Hypoperfusion in the temporo-parietal association cortex and 

posterior cingulate cortices correlates with the MMSE (Alsop et al., 2000).  Unlike AD, those 

with MCI display no regions of hypoperfusion compared to controls (Johnson et al., 2005).  

Most of the reports have employed the GLM as the mode of analysis and which gives a 

broadly similar spatial characterisation of CBF changes as multivariate analysis.  The use of 

multivariate analysis is advantageous as it allows individuals to receive a score reflecting their 

expression of a perfusion network in an unbiased fashion.  Using principal component 

analysis (PCA), Asllani et al. (2008) generated a scaled sub-profile model of CBF.  The 

expression of each principal component is quantified by a subject scaling factor with an 

increased subject scaling factor indicating an increase in blood flow with positive voxels and 

a decreased subject scaling factor indicating reduced blood flow with negative voxels.   

Arterial spin-labelled MRI in other dementias 

Distinct patterns of hypoperfusion are exhibited by other dementias, with significant frontal 

lobe hypoperfusion in FTLD, compared with hypoperfusion in the parietal cortex and 

precuneus in AD (Hu et al., 2010).  Fronto-temporal dementia has reduced CBF in the middle 

frontal cortex and right superior frontal cortex compared to controls, but when compared to 

AD, the fronto-temporal dementia group have no regions of relative hypoperfusion but 

comparatively increased perfusion in the inferior parietal lobe, precuneus and posterior 

cingulate cortices (Du et al., 2006).  Ischaemic white matter lesions are thought to disrupt the 

sub-cortical – cortical connections and generate the pattern of frontal and parietal perfusion 

abnormalities found in sub-cortical ischaemic vascular dementia (Schuff et al., 2009).  

Compared with AD, DLB has reduced perfusion in the frontal and parieto-occipital lobes but 

which improves after two weeks of cholinesterase inhibitor treatment (Fong, Inouye, Dai, 

Press, & Alsop, 2011). 

Arterial spin-labelled MRI and BOLD 

ASL-MR has also been used to measure neuronal activity in comparison to BOLD in AD.  

Reduced BOLD and perfusion in the medial temporal lobe during memory encoding 

differentiates a non-demented group with a high risk of developing AD, from a low risk non-

demented group (Fleisher et al., 2009).  Fleisher et al. suggest that the BOLD signal 

difference between the groups is due to cerebral perfusion difference, rather than indirect 
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neuronal metabolism difference.  Measurement of the arterial transit time and arterial blood 

volume indicate that CBF is reduced in AD – although there is no difference in arterial transit 

time, there is a trend towards a lower arterial blood volume (Yoshiura et al., 2009). 

5.1.3 Arterial spin-labelled MRI – technical aspects 
A MR radio pulse tags the arterial blood water at the mid-cerebellum level, accessing both 

vertebral and carotid arteries (1, Figure 5-1).  After a brief transit time of 1.5 s, the tagged 

water reaches the brain tissue and induces a local reduction in magnetization and thus a 

decrease in the MR signal (2, Figure 5-1).  A second ‘control’ image is taken, without 

magnetization (3, Figure 5-1).  The resulting CBF map is the subtraction of the tagged image 

from the control image (Liu & Brown, 2007).  Many repetitions are required to produce an 

adequate signal to noise ratio, and a typical scan duration is 8 min 11 s.  

 

Figure 5-1 

1.  A magnetic pulse from the MRI ‘tags’ the arterial blood water.  

2.  The ‘tagged’ blood reaches the brain tissue 1.5 s later and a ‘tagged’ image is obtained.  The ‘tagged’ 
blood causes a local reduction in magnetization, resulting in a reduction in the received MR signal.  

3.  A subsequent ‘control’ image is obtained 1.5 s later, without magnetization of the arterial blood water.  

4.  The final CBF map is the ‘tagged’ image subtracted from the ‘control’.  This map reflects the arterial 
blood delivered to each voxel within the slice. 

5.2 Methods  
Fourteen AD subjects and 16 Control subjects were included in the analysis of ASL-MR data.  

One AD subject from the original group of 15 was excluded due to large motion artefacts in 
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the ASL-MR images.  All images were oriented in neurological convention, where the right 

side of the figure represented the right side of the brain, and were displayed on a study-

specific, normalised grey matter image, generated by averaging the normalised grey image 

from all subjects. 

5.2.1 Data acquisition 
ASL data was acquired using a pseudo-continuous labelled spiral sequence.  Pseudo-

continuous acquisition has the advantage of a high signal-to-noise ratio and low T1 decay of 

the labelled spins.  TR = 6000 ms, TE = 9.2 ms, labelling duration = 1500 ms, transit time = 

1500 ms, and 30 images were acquired with a five mm thickness for a total scan time of 8 min 

11 s (Alsop et al., 2000).  The arterial blood water was ‘tagged’ at the cerebello-pontine angle 

by the magnetic pulse of the MRI (1, Figure 5-1).  An image, without tagging, was obtained 

as the ‘control’ image (3, Figure 5-1).  The ‘tagged image’ was subtracted from the ‘control’ 

image to obtain an approximation of CBF (4, Figure 5-1).  The resulting 3D images were 

reconstructed and from these datasets, reference images and the average CBF map was 

calculated.  The data was acquired in the same session as the other MR images 

5.2.2 Pre-processing 
All pre-processing and subsequent analysis used SPM5 (Wellcome Department of Cognitive 

Neurology, University College London, UK) and in-house custom scripts using the platform 

Matlab (Matlab 7.6.0, R2008a, Mathworks, MA, USA).  The ASL images were manually 

oriented to the anterior commissure via the coordinates defined by the T1-weighted structural 

image.  The CBF map was co-registered to the mean fMR image, in order for the CBF map, 

fMR and T1-weighted images to be aligned.  The CBF map was then normalised and 

rewritten to 2 mm x 2 mm x 2 mm voxels, using the normalization parameters produced 

during segmentation of the T1-weighted image.  Each image was smoothed to a full-width of 

8 mm at half-maximum (FWHM) resolution with a Gaussian kernel to reduce between-

subject spatial localization differences.  A study-specific binary grey matter mask was 

generated by averaging all AD (n=15) and Control (n=16) modulated, normalised grey matter 

images, thresholded so that voxels with less than 10% likelihood of being grey matter were 

excluded.  

5.2.3 Univariate analysis 
The global CBF difference was modelled by an ANCOVA with AD vs. Control as a between-

groups factor and with the smoothed, resliced and modulated grey matter image for each 

subject included as a covariate to account for the effect of atrophy on perfusion.  The BPM 
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toolbox implemented in SPM5 was used, with the data masked with a study-specific binary 

grey matter mask (Casanova et al., 2007).  A statistical threshold of FDR (false discovery 

rate) < 0.05 with a 10 voxel spatial extent was applied to the main contrasts between AD and 

Controls which were as follows: 1) AD > Controls; 2) AD < Controls.  Brain regions showing 

significant perfusion change were manually identified using a brain atlas (Mai et al., 2004).   

The global CBF was extracted from each subject using an in-house custom Matlab script.  

The mean and standard deviation of the group global CBF was calculated and a two-sample t-

test was performed.   

The global CBF values were compared for the two groups as a function of saccadic measures 

(step reflexive task latency, antisaccade error rate and the latency of correct antisaccades), and 

neuropsychological measures (global cognition and Z-scores of the three cognitive domains of 

visuo-spatial, executive function and attention and working memory).  The saccadic measures 

chosen were those that were significantly different in AD compared to Controls (Chapter 2). 

5.2.4 Multivariate analysis 
Data were analysed using principal component analysis (PCA), based on methods described 

by Melzer et al using custom in-house scripts (Melzer et al., 2011).  Unlike in GLM, where 

subjects are explicitly divided into groups e.g. AD and Control, PCA is data-driven, with no a 

priori distinction between subjects or group.  Each principal component accounts for variance 

in the data, with the first component usually accounting for the largest amount of variability.  

Each component described an eigenvector, with each subject exhibiting an ‘expression’ of 

that vector – a higher score described a greater expression of that component, which can be 

visualised as an image.  These scores could be positive or negative.  30 principal components 

were obtained and graphed to illustrate where the first discontinuity on the slope occurred: 

this determined how many principal components were chosen for subsequent analysis.  The 

study-specific grey matter mask was thresholded at 10%, and was applied to the ASL-MR 

data in order to measure solely grey matter perfusion.  The expressions of the principal 

components were entered into a backward stepwise binomial logistic regression with group as 

the dependent variable in order to determine which components discriminated the groups.   

A multiple regression was then performed for each of those principal components, to ascertain 

whether diagnostic group, age, sex, years of education, and global cognition (MMSE) were 

predictors of the expression of that component using the statistical environment of R (R 

Development Core Team, 2010).  The principal components, which were AD-related 

predictors, were combined linearly by applying the beta coefficients generated in the logistic 
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regression to create an AD perfusion pattern.  A single network was created i.e. combining 

information from several components to give more discriminating power. 

Bootstrapping was used to assess the reliability of the perfusion network by resampling the 

network from each subject 500 times as described by Asllani et al (2008).  The output was an 

AD network at each iteration and the average network was created.  A Z-score was calculated 

using the point estimate of a voxel weight, divided by the standard deviation of that voxel – 

small variability indicates a reliable network pattern (Asllani et al., 2008).  A network 

threshold was applied where significant voxels (Z-score±1.96, corresponding to p<0.05) were 

identified as related to AD perfusion.   

Three regions were defined: from the voxels with negative loading (<-1.96), voxels with 

positive loading (>1.96), and the rest of the brain (>-1.96 to < 1.96).  The network score from 

each region was extracted.  A multiple regression was performed on the z-network score for 

each region to ascertain whether diagnostic group, age, sex, years of education, and global 

cognition (MMSE) were predictors of regional perfusion within the statistical environment of 

R.  The differences between groups were assessed with a 95% confidence interval.  A second 

linear regression was performed to ascertain whether the measures of global cognition, and 

the cognitive domains of visuo-spatial, executive function, and attention and working memory 

were associated with perfusion in these three regions. 

5.3 Results 
Univariate analysis 

A voxelwise comparison of the group differences in the ASL-MR perfusion images is shown 

in Figure 5-2.  Overall, a pattern of hypoperfusion was displayed in the AD group compared 

to the Control group in the posterior temporo-parietal cortices, thalamus and the left 

hippocampus as described in Table 14.  No regions of increased perfusion in AD subjects 

were found. 
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Figure 5-2 Regions where there was reduced CBF in AD compared with Controls.   

Table 14 MNI coordinates (x, y, z) and maxima (Z-score) for regions with decreased ASL-MR values 
between AD and Controls  

Region x y z Z-score 
AD<Controls 
Right supramarginal gyrus 44 -82 16 3.45 
Right SPL 46 -66 40 3.43 
Left precuneus -18 -58 14 4.76 
Right superior temporal gyrus 42 -32 26 4.18 
Left superior temporal gyrus -58 -48 24 3.42 
Right inferior temporal gyrus 38 -80 -16 3.45 
Left occipital-temporal gyrus -42 -34 -28 4.35 
Right occipital gyrus 8 -98 10 3.53 
Left occipital gyrus -10 -76 8 4.19 
Left hippocampus -30 -12 -28 3.34 
Left thalamus -12 -18 14 4.01 
Right thalamus 4 -20 14 3.76 
!
The whole-brain CBF values of the AD group were significantly lower than the Control group 

(p=0.02) as shown in the left panel of Figure 5-3.  Grey matter perfusion was reduced in the 

AD group at 37.9±5.6 ml/100g/min, compared to the Control group at 46.9±5.7 ml/100g/min.  

Both groups demonstrated a spread of CBF values as shown in the right panel of Figure 5-3.  

Two of the Control subjects exhibit similar perfusion to the lower half of the AD group.  

These subjects did not display any cognitive impairment, or significant small vessel ischaemic 

change. 



!
!

142 

 

Figure 5-3 Left panel represents the mean and 95% confidence interval of whole brain CBF measured in 
ml of blood flow per 100 g of grey matter per minute for the AD and Control groups.  The AD group had 
significantly reduced perfusion (p=0.02): AD = 37.9 [32.3, 43.5], Controls = 46.9 [41.2, 52.3].  The right 
panel shows the spread of CBF values across subjects.  Two Control subjects exhibit raw perfusion at the 
lower limit of the AD group and one AD subject exhibits high perfusion towards the upper limit of the 
Control range, compared with the AD group mean.  

Linear regression was performed comparing the whole brain CBF from each individual to 

saccade measures, and cognitive measures.  There were no correlations between the whole-

brain perfusion and either saccadic or neuropsychological measures in the AD group.  In 

Controls, however, the correct antisaccade latency was negatively correlated with the whole-

brain CBF (r=-0.7, p=0.009), i.e. longer latencies associated with lower global perfusion 

(Figure 5-4).  No other measures were significantly correlated in the Control group. 
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Figure 5-4 Linear regression was performed with global cognition (top panel), the cognitive domains 
(middle panel) and saccadic measures (bottom panel).  None of these comparisons reached significance in 
the AD group.  Global cognition: MMSE (AD: r=0.2, p=0.6, Control: r=-0.4, p=0.2), MoCA (AD: r=0.2, 
p=0.5, Control: r=0.3, p=0.4), ADAS-cog (AD: r=-0.2, p=0.6, Control: r=0.2, p=0.5).  Cognitive domains: 
Visuo-spatial (AD: r=-0.02, p=0.96, Control: r=-0.1, p=0.7), Executive function (AD: r=0.2, p=0.8, Control: 
r=0.3, p=0.6), Attention and working memory (AD: r=0.2, p=0.7, Control: r=0.3, p=0.97).  Saccadic 
measures: step reflexive latency (AD: r=0.02, p=0.95, Control: r=-0.4, p=0.2), Antisaccade error 
proportion (AD: r=-0.2, p=0.5, Control: r=0.1, p=0.7), Correct antisaccade latency (AD: r=-0.2, p=0.6, 
Control: r=-0.7, p=0.009).  

Principal component analysis 

The eigenvalues were plotted and after the fifth component, the first discontinuity in the slope 

of the graph occurred.  Therefore, the first five principal components were chosen for further 

analysis. The five principal components were analysed in a multiple regression model as the 

dependent variables and with diagnostic group, age, sex, years of education, and a measure of 

Whole brain CBF

M
M

SE

0

5

10

15

20

25

30

!

!

!

!

!

!

!

!

!!

!

!

!!

!

!

!

!

!

!

!

!

!!

!

!

!!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

M
oC

A

0

5

10

15

20

25

30

!!

!

!

!!

!

!

!!

!

!

!!

!!

!

!

!!

!
!

!!

!

!

!!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

AD
AS

co
g

5

10

15

20

25

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

Vi
su

os
pa

tia
l

−3

−2

−1

0

1

2

3

!

!

!

!

!!

!
!

!

!

!

!

!

!

!

!

!

!

!!

!
!

!
!

!

!

!

!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

Ex
ec

ut
ive

 fu
nc

tio
n

−3

−2

−1

0

1

2

3

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

At
te

nt
io

n 
an

d 
wo

rk
in

g 
m

em
or

y

−3

−2

−1

0

1

2

3

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!

!

!

!

!
!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

R
ef

le
xi

ve
 la

te
nc

y 
(m

s)

180

200

220

240

260

280

300

320

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

An
tis

ac
ca

de
 e

rro
r p

ro
po

rti
on

−0.2

0.0

0.2

0.4

0.6

0.8

!

!

!

!

!

!

!

!

!!

!

!

!
!

!

!

!

!

!

!

!!

!

!

30 40 50 60

Group
!! AD

Control

Whole brain CBF

C
or

re
ct

 A
nt

is
ac

ca
de

 la
te

nc
y 

(m
s)

300

400

500

600

700

800

!!

!

!

!

!!

!

!

!

!

!

!!

!

!

!

!!

!

!

!

!

!

30 40 50 60

Group
!! AD

Control



!
!

144 

global cognition (MMSE) as multiple predictors.  Age, sex, and years of education were not 

significant predictors for any component.   

The first and the fifth component explained 28.4% and 5.5% of the variance respectively and 

are displayed in Figure 5-5.  The second, third and fourth components did not discriminate the 

groups.  These dot plots show whether the principal components categorically discriminate 

the groups: the first component does discriminate the groups, but the fifth component does 

not.  The first component is a binary disease-related indicator, whereas the fifth component is 

a general cognition-related indicator, independent of disease (bottom panel Figure 5-5).  

Group was a significant predictor for the first principal component (adjusted R2=0.28, !=-

0.02, p=0.004).  The MMSE was a significant predictor for the fifth principal component 

(adjusted R2=0.45, !=-0.26, p=0.0001) (bottom right Figure 5-5).   

 

Figure 5-5 Top panel is a dot plot depicting the eigenvalue of each subject for PC 1 (left) and PC 5 (right).  
PC 1 ±  standard deviation (AD=-0.07±0.14, Control=0.06±0.08) demonstrated that the AD group was 
significantly different from the Control group using a two-sample t-test (p = 0.008).  PC 5 (AD=-0.02±0.07, 
Control=0.02±0.04) did not demonstrate a between-group difference (p = 0.09). Bottom panel depicts a 
scatter plot of the 1st and 5th principal components to show the relationship between these components and 
the MMSE. 

Perfusion network 

An AD-related perfusion network was obtained that combined the first and fifth principal 

components.  Regions of the network with a negative loading showed reduced perfusion in the 
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right precuneus, bilateral SPL (more extensive on the left), the bilateral inferior temporal gyri, 

the left middle and inferior frontal and occipital gyri.  Regions of the network with a positive 

loading were the cingulate gyrus, right orbito-frontal gyrus, right precentral gyrus, right 

thalamus and right insula (p=0.05, Figure 5-6).   

 

Figure 5-6 The AD-related perfusion network pattern, displayed with negative expression of the network 
(i.e. hypoperfusion, in blue) in the AD group compared with the Control group and regions of positive 
expressions of the network are shown in red.  The regions correspond to a Z-score exceeding ±1.96, or p < 
0.05. 

To understand the network’s physiological meaning, perfusion values in each of its regions 

were assessed.  The three investigated regions were the regions of positive network loading 

shown in red, the regions of negative voxel loading in the network shown in blue and the rest 

of the brain, shown in grey (Figure 5-6).  The region of reduced perfusion in the frontal and 

posterior regions were significantly different in the AD group compared to Controls.  In these 

regions, perfusion was lower in AD compared to Controls by 16 ml/100g/min, p < 0.004 

(Figure 5-7).  The region of positive loading was not significantly different in the AD group 

compared to Controls (Figure 5-7).  This indicated that the perfusion in this region (red, 

Figure 5-6) was preserved, rather than increased in the AD group.  The rest of the brain region 

(grey, Figure 5-6) was mildly but significantly reduced in the AD group compared with 

Controls with a mean of 8.5 ml/100g/min, p < 0.02 (Figure 5-7).  This gave exactly the same 

result as the univariate whole-brain CBF values in Figure 5-3, as expected.   
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Figure 5-7 The CBF values measured in mL/100g/min were displayed for the preserved (red), reduced 
(blue) and the rest of the brain (grey). The region of preserved CBF (mean, 95% confidence interval) in 
AD (39.5 [35, 44]), Controls (33.3 [25 ,42]), p=0.5 was not significantly different between the groups.  The 
region of reduced CBF in AD (33.3 [25, 42]), Controls (49 [42, 56]), p=0.004 was significantly different 
between the groups.  The rest of the brain in AD (35.7 [30, 41]), Controls (44 [39, 50]), p=0.02 was also 
significantly different between the groups. 

Neither the reduced, nor preserved perfusion values in these regions were associated with 

measures of global cognition or the cognitive domains of visuo-spatial, executive function, or 

attention and working memory upon performing a linear regression. 

5.4 Discussion 
The key results in this assessment of cerebral perfusion in AD were, firstly, that whole-brain 

CBF values were significantly lower in the AD group compared with the Control group 

(p=0.02) (Figure 5-3), and secondly, that an AD-related network was generated which was 

able to separate the AD group from Controls.   

Discrimination of AD from Controls 

Reduced global perfusion using univariate analysis was exhibited in the temporal and parietal 

cortices, thalamus and the left hippocampus in the AD group, compared with the Controls 

(Figure 5-2).  There were no regions of increased perfusion exhibited.  These regions support 

those identified in previous ASL-MR studies in AD (Alsop et al., 2000; Asllani et al., 2008; 

Johnson et al., 2005).  Asllani et al. noted hypoperfusion in the temporo-parietal cortices, 

cingulate gyrus, and precuneus in AD, with only the middle temporal and parahippocampal 

gyri hypoperfusion being associated with cognition.  This pattern of hypoperfusion in the 

temporo-parietal cortices (Hu et al., 2010; Sandson, O'Connor, Sperling, Edelman, & Warach, 

1996) and frontal lobe regions (Alsop et al., 2000; Johnson et al., 2005) has been well 

described in ASL-MR using GLM.  One of these studies also reported increased perfusion 

occurring in the right ACC, DLPFC and insula (Hu et al., 2010).  In my study, I found 
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reduced perfusion in the hippocampus with grey matter as a covariate, rather than grey matter 

being directly corrected for as suggested by Alsop et al (2008) who found increased perfusion 

in the hippocampus with direct correction of grey matter concentration.  The posterior 

temporal and parietal cortices however, revealed a perfusion and atrophy mismatch.  The 

temporo-parietal cortices – including the precuneus, SPL, supramarginal gyrus, superior and 

inferior temporal gyri – exhibited significant hypoperfusion, but no atrophy that was confined 

to the hippocampus (see Chapter 3.3).   

Comparing the multivariate to univariate analysis, multivariate analysis (PCA) was better able 

to measure subtle perfusion differences and differentiate the groups in the present study.  In 

the AD-related perfusion network, PCA negative loadings (blue region indicative of reduced 

perfusion, Figure 5-6) were seen in the SPL, inferior and middle temporal gyri, inferior frontal 

gyrus, occipital gyrus and the precuneus.  Positive loadings were found to represent preserved 

rather than increased perfusion in the AD group (red, Figure 5-6), in the cingulate, orbito-

frontal gyrus, precentral gyrus, insula and thalamus with no statistical difference in the 

perfusion values between the two groups (Figure 5-7).  The thalamus exhibited reduced 

perfusion in AD compared to Controls with univariate analysis, but was not significantly 

reduced with multivariate analysis, instead exhibited preserved perfusion. 

My study is the first to identify regions of preserved perfusion in an AD-related perfusion 

network using ASL-MR.  The perfusion network in this study confirms the regions of reduced 

perfusion reported by Asllani et al., which is the sole prior ASL-MR study to detect a 

covariance pattern in AD.  Two PET investigations (Habeck et al., 2008; Scarmeas et al., 

2004c) also found a covariance pattern that displayed reduced perfusion in the temporo-

parietal, and frontal cortices, and additionally the parahippocampal gyrus, posterior cingulate 

cortex and the hippocampus in AD.  Asllani et al. (2008) found no regions of increased or 

preserved perfusion, though Scarmeas et al. found positive loadings in the insula, cuneus, 

lingual and fusiform gyri, and Habeck et al. in the frontal lobe, none of which were associated 

with cognition.  Similar regions showed preserved perfusion in the present study in the 

cingulate, orbito-frontal gyrus, precentral gyrus, insula and thalamus.  

Pathological processes in AD 

Potentially, posterior cortical perfusion deficits occur earlier than neuronal loss (in the form of 

grey matter atrophy) in these regions.  This hypothesis is supported by prior studies.  For 

example, Chetelat et al. (2003) proposed that early grey matter loss in the hippocampal region 

might influence posterior cingulate cortical disruption via reduced connectivity between the 
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two regions.  They found the functional disturbance of the posterior hypometabolism far 

exceeds the structural disturbance of grey matter atrophy in the affected regions except for the 

hippocampus that exhibits similar degrees of atrophy and hypometabolism, very similar to the 

observations of the present study.  Chetelat et al. suggest that this posterior cingulate 

structural-metabolic dissociation is due to hippocampal disconnection to the posterior 

cingulate, or to early amyloid deposition or the absence of functional compensation in the 

posterior cingulate.  It would be very pertinent in this context to directly assess the structural 

connectivity between the hippocampus and posterior cingulate using DTI in AD.   

Recent research proposes the early involvement of the vascular system in the initiation of AD, 

suggesting that the vascular changes in AD cause significant neuronal damage.  That is, 

amyloid ! targets the microvasculature, with ensuing local inflammation, accumulation of 

amyloid and a local breach of the blood brain barrier (Popescu et al., 2009; Rhodin & 

Thomas, 2001).  With the blood brain barrier now permeable, it allows the deposition of 

amyloid ! that narrows the vessel lumen, causing reduced cerebral blood flow and the 

availability of metabolic substrates, thereby promoting neuronal damage (Rhodin & Thomas, 

2001).  Thus the reduction in blood flow in the posterior cortices – as evidenced in my study – 

may reflect early AD which then progresses to grey matter atrophy and diagnosis later (Huang 

et al., 2007).  This pattern of hypoperfusion preceding atrophy is seen in MCI (Huang et al., 

2007) and in the MCI associated with Parkinson’s disease (personal communication, T. R. 

Melzer, Van der Veer Institute, 2011).  None of the patients in the present study had advanced 

dementia and it would clearly be important to undertake the same analyses in a sample of AD 

patients with moderate-severe dementia, or to follow the present sample longitudinally, so as 

to discern whether parieto-occipital atrophy does eventually occur in the regions of 

hypoperfusion in the less severely affected patients.  

The claim of increased sub-cortical perfusion in Parkinson’s disease and AD has been found 

to represent in reality only a relative increase due to the normalisation of grey matter in these 

regions (Borghammer, Cumming, Aanerud, Forster, & Gjedde, 2009), based on the 

mathematics involved.  In other words, the sub-cortical regions of apparent increased blood 

flow can be taken to represent regions of preserved perfusion.  The value of directly testing 

perfusion as done in Figure 5-7, allows the discrimination of preserved flow from increased 

flow.  Scarmeas et al. suggests that perfusion in one region can affect another.  This proposal 

is supported by Alsop et al. (2008), who observed that the hippocampus exhibited increased 

perfusion but reduced perfusion in the bilateral precuneus and parietal lobes and the left 

inferior temporal lobe.  Thus it is likely that there is significant interconnection between the 
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regions of reduced perfusion, particularly the temporal and parietal regions, and that 

disturbance in these regions affects spatially distant nodes of the perfusion network in the 

frontal gyrus.  The preserved regions in my study may also be part of this distributed 

perfusion network and represent relative vascular compensation to regions of reduced 

perfusion. 

The co-activation of the posterior cingulate cortex and hippocampus during resting state fMRI 

reflects the connectivity between these two regions, and is reduced in AD, and the close 

involvement of this default mode network with episodic memory processing (Greicius et al., 

2004).  Disconnection between these two regions may account for the early posterior 

cingulate hypometabolism in AD (Bradley et al., 2002; Buckner, 2004; Matsuda, 2001; 

Minoshima et al., 1997), due to the early pathological processes affecting the medial temporal 

lobe (Bradley et al., 2002).  Alternatively, a direct loss of local neurons may occur 

concurrently in the regions that are disconnected (Buckner, 2004). 

Saccades, cognition and perfusion  

Though posterior temporo-parietal regions of hypoperfusion appear to be an early marker of 

AD, the relationship with cognition is uncertain.  The finding of a relationship between 

reduced CBF and cognition in AD has been found in ASL-MR with the MMSE (Alsop et al., 

2000), though other studies, including my own, have not reported this finding (Asllani et al., 

2008).  Perfusion changes have been shown to progress in concert with the underlying AD 

pathology over time – the earliest regions with reduced perfusion are in the medial temporal 

lobe and posterior cingulate, followed by a larger temporo-parietal deficit and finally the 

frontal lobes are affected (Bradley et al., 2002).  Therefore one might anticipate that a 

sensitive marker of cognition might correlate with the early perfusion changes seen in the 

posterior cortex.  Though saccades are altered in AD and the measures of step reflexive 

saccade latency, antisaccade error proportion and correct antisaccade latency (Chapter 2.3) in 

this study were associated with dementia severity, there were no associations with perfusion 

changes in AD.  There was not a linear relationship, but perhaps a stepwise change occurs – 

the early decreased antisaccade performance in AD and reduced perfusion is not notably 

additive.  A limitation of this study was that a proportion of the AD subjects were taking 

acetyl cholinesterase inhibitors, which can increase global perfusion (Stefanova et al., 2003).  

My single case study of posterior cortical atrophy (Chapter 6.4.4), did not however show a 

change in perfusion when treated with rivastigmine.   
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Conclusions 

ASL-MR provides a reliable measure of perfusion that is similar to PET in young and elderly 

subjects (Xu et al., 2010), does not involve the use of a potentially harmful exogenous tracer 

and increases the sensitivity and accuracy of AD diagnosis, compared with high resolution 

structural imaging (Raji et al., 2010).  I have derived an AD-related perfusion network that 

significantly separates AD from Controls in an unbiased fashion, with regions of both reduced 

and preserved cerebral perfusion.  This predominantly temporo-parietal and inferior frontal 

network may reflect disrupted structural connections between network regions with an 

inability to compensate for these deficits.  It is difficult, from my results at least, to propose 

ASL-MR perfusion measures as useful markers of dementia severity in AD.  That is, it seems 

to distinguish AD from Controls categorically and an anatomical image is produced, 

consistent with AD pathology, but the degree to which AD subjects expressed the network did 

not correlate with various disease related measures, therefore it may not be a useful marker of 

severity or a marker of progression over time.  It would be pertinent however to compare this 

AD-related network with networks in other dementias (e.g. Parkinson’s disease with 

dementia) to ascertain differences across neuro-pathologies.   
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6 Single case studies: Posterior cortical atrophy and corticobasal 

syndrome 

The typical presentation of AD has been described as a cortical dementia with an anterograde 

episodic memory deficit and the gradual emergence of impaired attention, executive function, 

visuo-spatial processing, language and neuro-psychiatric symptoms as the disease progresses 

(Cummings et al., 1994; Petersen, 1998; Rossor et al., 1996).  However, AD can present with 

a varying clinical profile, including focal cortical signs of aphasia, apraxia, visuo-spatial 

deficit, and even motor symptoms of bradykinesia, tremor and rigidity (Forstl et al., 1992).  

There are suggestions that a ‘visual’ variant of AD (posterior cortical atrophy, PCA) is a 

distinct entity and can be separated using MRI (Whitwell et al., 2007a).  AD pathology can 

also underlie corticobasal syndrome (CBS) (Chand, Grafman, Dickson, Ishizawa, & Litvan, 

2006).  To date, the saccadic profile of PCA has not been examined, and neither has fMRI of 

saccades or ASL-MR imaging been undertaken in this condition.  The saccadic profile of 

CBS has been published (Garbutt et al., 2008; Vidailhet et al., 1994), but fMRI during 

saccade performance or ASL-MR have not been reported.   

The opportunity was taken to examine a single case of each of PCA and CBS in comparison 

to our AD group.  The saccadic, neuropsychological and MR methodologies described in 

Chapters 2, 3, 4 and 5 were applied to ascertain whether these measures could potentially 

separate the single cases from the AD group.  

6.1 Posterior cortical atrophy 
Posterior cortical atrophy (PCA) is a dementia characterised initially by complex visual 

dysfunction and atrophy of the posterior cortices with clinical features that may include 

Balint’s syndrome, visual agnosia, alexia, prosopagnosia, transcortical sensory aphasia and 

Gerstmann’s syndrome (Mendez, Ghajarania, & Perryman, 2002; Tang-Wai et al., 2004; 

Tang-Wai & Mapstone, 2006).  Early PCA is suggested to be a distinct variant from early AD 

with prominent visuo-spatial dysfunction, impaired reading and writing, but relatively intact 

memory and preserved insight (McMonagle, Deering, Berliner, & Kertesz, 2006; Mendez et 

al., 2002).  Compared with AD, the most prominent presenting symptom and 

neuropsychological deficit exhibited in PCA is impaired visuo-spatial function (Charles & 

Hillis, 2005; Whitwell et al., 2007a) with markedly less impairment of memory or verbal 

fluency (Mendez et al., 2002; Whitwell et al., 2007a).  Insight is relatively preserved, with 

concurrent increased rates of depression (Mendez et al., 2002).  The frequency of the ApoE-
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e4 allele genotype is similar in both AD and PCA (Migliaccio et al., 2009; Tang-Wai et al., 

2004).  When AD neuropathology is present, the only feature that differentiates AD from 

PCA is the distribution of pathology, with a significantly higher neurofibrillary tangle density 

present in the primary visual cortex and visual association areas, but fewer neurofibrillary 

tangles and plaques present in the hippocampus and subiculum when compared with typical 

AD subjects (Tang-Wai et al., 2004).  Grey matter loss is most profound in the posterior 

cortex, extending from the primary visual cortex to the parietal and posterior temporal 

cortices (Whitwell et al., 2007a) with a right hemispheric dominance (Migliaccio et al., 2009).  

The occipital lobes also show significant atrophy but minimal atrophy is present in the frontal 

cortices (Schmidtke, Hull, & Talazko, 2005).  When compared to AD, posterior cortical 

atrophy subjects exhibit greater atrophy of the right lateral occipito-temporal lobe and less 

atrophy in the left medial temporal lobe (Whitwell et al., 2007a).  A single case study 

revealed an AD-like CSF biomarker profile and hypometabolism of the posterior cortices, 

predominantly in the right hemisphere (Kambe, Motoi, Ishii, & Hattori).  PET-PiB uptake – 

indicative of extra neuronal amyloid – is prominently increased in the occipital lobe but also 

present in the parietal, temporal, frontal and posterior cingulate cortices (Tenovuo, 

Kemppainen, Aalto, Nagren, & Rinne, 2008), mirroring the pattern of grey matter atrophy 

including the right-sided predominance (Kambe et al., 2010).  This distribution differs from 

the predominant frontal, parietal and posterior cingulate cortical PET-PiB uptake observed in 

AD (Tenovuo et al., 2008).  Hypometabolism, measured with FDG-PET, is most apparent on 

the medial surface of the parietal cortex (Schmidtke et al., 2005) and the adjoining temporo-

parieto-occipital lobes, predominantly on the right (Kambe et al., 2010).  The pattern of 

hypometabolism does vary between subjects, extending into adjacent regions of occipital and 

temporal lobes in some (Schmidtke et al., 2005).  

Neither fMRI nor ASL-MRI has been applied to the study of a PCA subject.  The primary 

aim of the present preliminary case study was to elucidate the patterns of blood flow and the 

behavioural and corresponding fMRI BOLD changes in a typical PCA subject.  A secondary 

aim was to assess the effect of the introduction of an acetyl cholinesterase inhibitor on these 

MRI and behavioural measures, in order to determine whether cognitive findings can be 

improved, and whether they can be reflected in the saccadic or imaging findings.   

6.1.1 Case description 
A 58-year-old male was referred to a neurologist (TJA) with a two-year history of progressive 

cognitive decline.  His principal concerns were with deteriorating short-term memory and 

word finding.  On questioning, he admitted to dressing apraxia, difficulty with figures and 
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was not driving after two near-accidents due to poor decision-making.  He had no visual 

hallucinations.  Six months earlier, he had undergone neuropsychological testing which had 

indicated deterioration in most domains, but in particular, difficulty with visuo-spatial and 

calculation tasks.  MRI was performed that showed moderate generalised atrophy with 

particular atrophy in the posterior cortex (Figure 6-1).  Visual acuity was normal at N5 

bilaterally, but he was unable to determine the visual form of any Ishihara colour plates 

(including the text plate).  Optic ataxia was present bilaterally along with finger agnosia, left-

right confusion and marked dyscalculia.  He commenced 4.5mg per 24-hour rivastigmine 

patches, which were increased after three months to 9.5mg per 24-hour.   

 

Figure 6-1 Structural images from the PCA subject.  T1-weighted images demonstrate atrophy of the 
posterior cortex.   

6.2 Corticobasal syndrome 
Corticobasal syndrome (CBS) is a sporadic progressive tauopathy with onset in mid- to late 

adulthood, and core clinical features comprising combined cortical and sub-cortical 

dysfunction (Boeve, Lang, & Litvan, 2003).  The term corticobasal degeneration (CBD) was 

coined by Gibb et al., with cases typically presenting with focal dystonia and myoclonus of an 

upper limb, the alien limb phenomenon, and/or an akinetic-rigid syndrome.  The underlying 

pathology was a tauopathy, with atrophy of the frontal and parietal cortices (Gibb, Luthert, & 

Marsden, 1989).  An increased frequency of tau polymorphisms is associated with CBS 

(Houlden et al., 2001).   

Pathological changes are mostly shown in the superior frontal, superior parietal, and pre- and 

post-central gyri (Dickson et al., 2002).  Fronto-parietal atrophy is prominent, with relative 

preservation of temporal and occipital lobes (Dickson, 1999).  Cortical impairments include 

an asymmetric rigidity and apraxia, alien limb phenomenon, cortical sensory loss, myoclonus, 

and mirror movements whereby the contralateral limb involuntarily mimics the action of the 

other limb (Boeve et al., 2003).  Other findings include frontal release signs, asymmetric 

hyperreflexia and extensor toe response (Boeve et al., 2003).  Frontal cognitive impairments 

are common with executive function more severely impaired, and memory and learning 

relatively intact compared with AD (Pillon et al., 1995).  Sub-cortical dysfunction includes 
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dystonia, which is an early, common manifestation of the disease, a postural and action 

tremor (distinct from the rest tremor of Parkinson’s disease), and an absent levodopa response 

(Boeve et al., 2003).  Neuropsychiatric symptoms of apathy, depression, irritability and 

agitation are common (Litvan, Cummings, & Mega, 1998).   

There have been cases of people with clinically diagnosed CBS with the characteristic 

features of asymmetric limb apraxia, constructional and visuo-spatial impairment, acalculia, 

dysexecutive syndrome, and non-fluent aphasia, but who at autopsy exhibited AD pathology 

(Chand et al., 2006).  An early impairment of memory may have been a clue for an atypical 

AD presentation (Chand et al., 2006).  Subjects with AD pathology exhibited atrophy of the 

posterior frontal lobes, the temporal lobes, and the superior and inferior parietal lobes 

compared with controls (Josephs et al., 2010; Okazaki et al., 2010).  Greater atrophy was also 

present in the temporal and inferior parietal cortices in these subjects with atypical AD when 

compared to the CBS group with CBD pathology at autopsy, which predominantly showed 

atrophy of the posterior frontal lobe (Josephs et al., 2010).  Both groups exhibited basal 

ganglia loss with sparing of the hippocampus.  CBS subjects exhibit atrophy of the superior 

parietal lobule, posterior cingulate, occipital cortices, caudate, putamen and the pre-motor 

cortex, in particular the FEF (Boxer et al., 2006b).  Those with AD pathology had parietal 

hypoperfusion compared with a fronto-temporal hypoperfusion with CBD pathology, as 

measured by SPECT (Hu et al., 2009). 

Increased latency of saccades, associated with an apraxia score, is the key eye movement 

feature of CBS (Vidailhet et al., 1994).  Garbutt et al. (2008) found that CBS and AD subjects 

share similar saccadic deficits and impairment of visuo-spatial cognitive measures – increased 

vertical and horizontal latency, and reduced primary gain of reflexive saccades.  Compared 

with controls, more antisaccade errors are generated and fewer erroneous saccades are 

corrected, similar to the pattern shown in AD.   

Diagnosis of CBS can be challenging, with features of CBS overlapping with progressive 

supranuclear palsy, and fronto-temporal dementia (FTD) (Josephs et al., 2006).  Patients who 

present with CBS may develop FTD or progressive aphasia within several years, and some 

present who with cognitive deficits attributed to FTD or progressive aphasia may 

subsequently go on to develop CBS (Kertesz, Martinez-Lage, Davidson, & Munoz, 2000).  

MRI shows atrophy of the frontal, anterior temporal and parietal lobes, with SPECT revealing 

hypoperfusion in these regions (Kertesz et al., 2000).  
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The MR techniques of fMRI and ASL-MR have yet to be applied to the study of a CBS 

subject. 

6.2.1 Case description 
A 74-year-old man presented with a two-year progressive dementia syndrome and 

parkinsonism.  He had difficulty recognising familiar faces or remembering their names, a 

slowness of speech and movements, a ‘vacant’ expression, and increased conversational 

repetition.  He often felt muddled and confused in conversations, though he would at times 

participate in and initiate conversation.  He had difficulty with word finding.  He had no 

hallucinations or rapid eye movement sleep behaviour disturbance.  He had lost manual 

dexterity over several years and had a tremor in the right arm.  He had no falls and was steady 

upon his feet with no orthostatic dizziness.  He was not incontinent.  He was able to navigate 

with a map.  He could independently undertake activities of daily living and household tasks 

including vacuuming, dish washing, and making hot drinks and simple snacks.  On 

examination, he had slow, effortful speech and brisk facial reflexes.  Visual fields were 

normal, colour vision with Ishihara plates intact and an unrestricted range of eye movements.  

Saccades were difficult to initiate but of normal velocity.  Crude testing of antisaccades by the 

bedside was performed accurately.  He had very brisk palmo-mental reflexes with a hint of a 

grasp reflex in the right hand and moderate neck and trunk rigidity.  In the upper limbs he had 

a resting tremor of the right hand and there was mild to moderate bradykinesia with the left 

more affected than the right side.  In the lower limbs he had minimal bradykinesia and 

rigidity. Upon walking he had a good stride with normal arm swing.  There was no evidence 

of alien limb phenomenon, myoclonus or dystonia.  The features thus were of progressive 

non-fluent aphasia with Parkinsonian features, and a diagnosis of probable corticobasal 

syndrome was made (TJA).   

6.3 Methods 
The methodology for the saccadic, neuropsychology and MR imaging in the two subjects 

were identical to the procedures implemented for the AD and Control groups in Chapters 2, 3, 

4 and 5.  The only difference was that the PCA subject underwent all sessions twice, 

separated by five months.  The first research sessions of saccade measurement, 

neuropsychology and MRI were obtained prior to the commencement of rivastigmine in a 

drug naïve state.  Five months later all three sessions were repeated, after two months 

maintenance on the higher rivastigmine dose. 
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6.3.1 Statistical analyses 
6.3.1.1 Saccades 
A Z-score ((meanAD - meansubject)/standard deviationAD) was calculated for the saccade task 

latencies in order to show how many standard deviations the CBS and the PCA subjects were 

from the AD group means. 

6.3.1.2 FMRI 
A t-test was performed which allowed the comparison of each subject to the AD group, to 

determine whether the subject fell within 95% of the clinical population.  The comparisons 

were 1) PCA or CBS > AD and 2) PCA or CBS < AD.  The two groups (AD and either the 

CBS or PCA subject), each represented two separate populations, even with a sample size of 

one.  A statistical threshold of p < 0.005 with a 10 voxel spatial extent was applied.  

Significant brain regions were manually identified using a brain atlas (Mai et al., 2004). 

6.3.1.3 Arterial spin labelled MR 
At the group level, a t-test was performed comparing the AD group with the CBS or the PCA 

subject using the smoothed, normalised CBF maps for each group as described in Chapter 5.2. 

The comparisons were 1) PCA or CBS > AD and 2) PCA or CBS < AD.  A statistical 

threshold of p < 0.005 with a 10 voxel spatial extent was applied.  The whole brain perfusion 

value was extracted for each subject and the group mean and standard deviation calculated.  A 

paired t-test was performed comparing the ASL-MR data pre- and post-rivastigmine 

treatment. 

6.4 Results 
6.4.1 Neuropsychology 
The PCA subject was unable to perform the JLO, VOSP, or the Tea Map search at either visit 

and was unable to complete Stroop Inhibition upon the second visit and therefore received the 

lowest possible score on these tests.  There was no significant difference pre- and post- 

rivastigmine treatment in the neuropsychological scores of the PCA subject, who was 

similarly impaired compared to the AD group in global cognition, but markedly more 

impaired in the visuo-spatial, attention and working memory domains Table 15.  The CBS 

subject was not assessed on the attention or working memory tests due to fatigue.  The CBS 

subject was less impaired in global cognition and in the visuo-spatial domain than the AD 

group, but was much more impaired than either the PCA subject or the AD group in the 

executive function domain Table 15. 
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Table 15 Neuropsychological mean scores (±sd) for the PCA subject, visit one (1) and two (2), all AD (15) 
subjects and all Control (16) subjects.  Domain scores were averaged across constituent tests (in bold). A 
dash (–) indicates the test was not performed. 

Domain (mean ±  sad) PCA (1) PCA (2) CBS AD  Control  

Global cognition      

MMSE 19 15 24 21.9±4.8 29.3±0.9 

MoCA 13 13 17 15.5±5.0 26.9±1.2 

ADAS-cog 24.83 24.67 11.83 21.4±8.8 6.1±2.1 

Visuo-spatial -2.50 -2.50 -0.75 -0.3±1.3 0.8±0.6 

JLO -2.50 -2.50 1.0 -0.6±1.3 0.5±0.9 

VOSP -2.50 -2.50 0.5 -0.06±1.6 1.1±0.9 

Executive function -2.08 -2.17 – -1.1±1.3 0.6±1.0 

Letter fluency -1.0 -1.0 -3.0 -0.8±1.5 0.7±1.4 

Action fluency -2.0 -2.0 -2.0 -0.7±1.2 0.02±1.2 

Category fluency -2.33 -2.67 -2.67 -1.0±1.8 1.1±1.3 

Stroop inhibition -3.0 -3.0 – -1.7±1.9 0.3±1.2 

Attention, working memory, 
processing speed 

-3.0 -3.0 – -1.1±1.4 0.3±0.8 

TEA Map Search -3.0 -3.0 – -1.4±1.2 0.5±1.3 

Stroop Colour naming -3.0 -3.0 – -1.2±1.8 0.4±1.2 

Stroop Word naming -3.0 -3.0 – -0.9±1.8 0.04±1.0 

Psychiatric status       

Neuropsychiatric Inventory 0 0 2 6.7±4.7 NA 

Activities of Daily Living-
Significant Other reports 

     

ADL-IS Reisberg 1.72 1.84 2.49 1.7±0.5 NA 
!
6.4.2 Saccades 
The majority of step reflexive saccades performed by both subjects were reactive (>90 ms), 

CBS (79%) and the PCA subject (89%), as compared with AD (79%, sd=13) and Controls 

(68%, sd=17).  The mean step reflexive latency of the PCA subject (372 ms) was prolonged 

being 1.4 standard deviations above the mean latency of the AD group (245 ms), but the CBS 

subject (269 ms) exhibited a similar latency to the AD group (Figure 6-2).  The CBS (8%) and 

PCA (13%) subjects performed fewer express saccades in the gap reflexive task, compared 

with the AD group (19%, sd=2).   
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Figure 6-2 The error bars display the mean latency of reactive step reflexive saccades and standard 
deviation of each group.  AD = 245±90 ms, CBS = 269 ms, Control = 211±56 ms, PCA = 372 ms.   

In the predictive task, both subjects generated mostly reactive saccades (CBS = 80%, PCA = 

95%), compared with the AD group (46%, sd=13) and the Control group (30%, sd=14).  The 

PCA subject did not perform any saccades in the anticipatory subgroup of the predictive task, 

whilst the CBS subject performed 7% of saccades that were anticipatory, considerably fewer 

than performed by both the AD (23%, sd=19) and the Control group (34%, sd=25). 

The CBS subject (328 ms) and PCA subject (389 ms) both demonstrated prolonged latency of 

antisaccade errors compared with the AD group (289 ms, Figure 6-3).  In contrast, latency of 

correct antisaccades was reduced in both the CBS (485 ms) and PCA (497 ms) subjects, but 

was not significant compared to the AD group (527±162ms). 
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Figure 6-3 The mean latency and standard deviation of the antisaccade task is displayed.  Correct: AD = 
527±162 ms; CBS = 485 ms; Control = 406±98 ms; PCA = 497 ms. Error: AD = 289±113 ms; CBS = 328 
ms; Control = 266±98 ms; PCA = 389 ms. Error corrected: AD = 550±141 ms; CBS = 623 ms; Control = 
486±109 ms; PCA = 733 ms. 

The PCA subject exhibited an 80% antisaccade error rate, of which 90% were corrected.  The 

CBS subject made fewer reflexive responses (i.e. errors) to the antisaccade target (56%) and 

was able to correct 95% of responses.  The CBS subject demonstrated a very similar error rate 

and error-corrected rate to the AD group as shown in Table 16. 

Table 16 The mean proportion and standard deviation of erroneous antisaccade and direction errors 
corrected. 

Antisaccade (mean±sd%) PCA CBS AD Controls 

Erroneous antisaccade 80 56 56±34.5 23±16.8 

Direction errors corrected 90 95 94±13.9 98±5.8 
!
There was little change in the saccade parameters measured in the PCA subject after five 

months of rivastigmine treatment. 

6.4.3 FMRI 
PCA 

There were no regions in the PCA subject that exhibited greater or lesser activity than in the 

AD group during either the reflexive, predictive or antisaccade tasks at a threshold of p<0.005 

uncorrected with a voxel extent of 10. 

CBS 

There were no regions more active in the CBS subject than the AD group when performing 

the reflexive task.  Regions that were less active in the CBS subject during the reflexive task 

were the left insula, and bilateral caudate head, which were all more than three standard 
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deviations below the AD group (pink, Figure 6-4, Table 17).  When performing the predictive 

task, the CBS subject exhibited less activity in the left DLPFC, left insula and caudate head, 

the right thalamus and the right ACC than the AD group (green, Figure 6-4, Table 17). 

 

Figure 6-4 Regions of activity in the CBS subject compared to the AD group.  The image is threshold to a 
T-statistic of 3.  Reduced activity is displayed in the reflexive task (pink), in the predictive task (green) 
and in the antisaccade task (blue) in the CBS subject compared to AD.  Increased activity in the 
antisaccade task compared to baseline in the CBS subject compared to AD (yellow). 

Table 17 Regions that show less activity in the CBS subject compared to the AD group during the 
reflexive and the predictive tasks. 

Region x y z Z-score 
Reflexive: CBS < AD    
Left insula -42 -12 -6 3.73 
Left caudate head -15 21 6 3.68 
Right caudate head 15 21 15 4.04 
     
Predictive task: CBS < AD   
Left DLPFC -36 27 24 3.31 
ACC 3 42 12 3.82 
Left insula -36 18 -6 3.56 
Left caudate head -12 21 9 4.63 
Right thalamus 6 -30 12 2.96 
!
Several regions including the right SPL, left precuneus and bilateral occipital gyri were more 

active in the CBS subject compared with the AD group during performance of the antisaccade 

task (yellow, Figure 6-4, Table 18).   The right DLPFC and the right superior temporal gyrus 

were less active in the CBS subject than the AD group (blue, Figure 6-4, Table 18) during this 

task. 
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Table 18 Regions that show more activity in the CBS subject compared with the AD group during the 
antisaccade task.  

Region x y z Z-score 
Antisaccade: CBS > AD   
Left precuneus -6 -87 12 3.91 
Right SPL 21 -54 48 3.21 
Left occipital gyrus -21 -60 3 4.01 
Right occipital gyrus 18 -69 6 3.82 
     
Antisaccade: CBS < AD   
Right DLPFC 21 15 27 3.66 
Right superior temporal gyrus 27 -51 24 3.63 
!
6.4.4 Arterial spin-labelled MR 
The whole-brain perfusion value of the CBS subject (32.5 ml/100g/min) was slightly reduced 

compared to the AD group with a Z-score of -0.6.  The whole-brain perfusion value of the 

PCA subject (10.9 ml/100g/min) was markedly reduced compared to the AD group (37.9 

ml/100g/min) with a Z-score of -2.8.  The low whole brain perfusion value demonstrated by 

the PCA subject was consistent across both MRI sessions (Figure 6-5). 

 

Figure 6-5 Whole brain perfusion values measured in ml per 100 g of grey matter per minute.  Error bars 
represent standard deviations.  AD = 37.9±9.7, Controls=46.9±10.8, CBS=32.5, PCA=10.9. 

PCA 

The PCA subject exhibited numerous regions of hypoperfusion compared with the AD group, 

in the order of 2.5 to 4.3 standard deviations (Table 19).  These regions included the right 

DLPFC, orbital frontal gyri and left inferior frontal gyrus, right supramarginal gyrus and left 

cingulate gyrus, left middle temporal gyrus and the hippocampus.  Sub-cortical regions 
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demonstrating reduced perfusion in the PCA subject were the cerebellum and the thalami 

(Figure 6-6, Table 19). 

 

Figure 6-6 Regions of reduced perfusion in the PCA subject compared to the AD group.   

Table 19 Regions of hypoperfusion within the PCA subject compared to the AD group.  The Z score 
demonstrates how many standard deviations the PCA subject is from the AD group within those regions. 

Region x y z Z-score 
ASL: AD > PCA    
Right DLPFC 42 6 28 2.89 
Left inferior frontal gyrus -48 28 -10 3.3 
Left orbital gyrus -2 54 -14 2.75 
Right orbital gyrus 4 44 -12 2.67 
Left cingulate gyrus -8 -14 50 4.16 
Right supramarginal gyrus 50 -54 36 2.74 
Left middle temporal gyrus -52 -58 14 2.73 
Right hippocampus 20 -26 -26 4.28 
Right thalamus 18 -32 -2 4.86 
Left thalamus -14 -26 6 2.67 
Right cerebellum 26 -68 -22 3.8 
!
There were no significant changes found after rivastigmine treatment in the PCA subject. 

CBS 

Two small regions of hypoperfusion were exhibited in the CBS subject compared with the 

AD group in the right hippocampus and left cerebellum (Figure 6-7, Table 20).  There were 

no regions of relatively increased perfusion in the CBS subject. 
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Figure 6-7 Regions of hypoperfusion in the CBS subject compared to the AD group.  (A) is the left 
cerebellum and (B) is the right hippocampus.   

Table 20 Regions of hypoperfusion within the CBS subject compared to the AD group.   

Region Voxels x y z Z-score 
ASL-MR: AD > CBS     
Right hippocampus 57 20 -28 -26 3.62 
Left cerebellum 67 -14 -34 -28 3.22 
!

6.5 Discussion 
These two case studies investigated the saccadic profile in single cases of PCA and CBS 

compared to an AD group both in the laboratory and during fMR imaging, and the pattern of 

perfusion. 

Posterior cortical atrophy 

The main findings in the PCA subject were i) prominent visuo-spatial, working memory and 

attention cognitive domain deficits, which were more severe than the AD group; ii) markedly 

prolonged reflexive and volitional saccade latency; iii) high antisaccade error rate (80%) with 

the majority (90%) corrected; iv) fMR imaging of reflexive and predictive tasks was not 

different from the AD group; v) markedly reduced whole-brain perfusion compared to the AD 

group using ASL-MR imaging, and regional hypoperfusion in the frontal and temporo-

parietal lobes.  

PCA is proposed as a distinct variant of AD, with prominent visuo-spatial dysfunction 

(McMonagle et al., 2006; Mendez et al., 2002; Whitwell et al., 2007a), but the saccadic 

profile of PCA has not been previously described.  Impairment of step reflexive saccade 

latency has been reported in AD by some (Hershey et al., 1983; Hotson & Steinke, 1988; 

Pirozzolo & Hansch, 1981; Shafiq-Antonacci et al., 2003), but others have found normal 

latencies (Abel et al., 2002; Crawford et al., 2005).  The AD group in the present study 

demonstrated significantly prolonged step reflexive saccades (245 ms) compared with the 

Control (211 ms) group, but much shorter than the PCA subject (372 ms).  In humans with 
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parietal lobe lesions, reflexive saccade latencies have been shown to be more variable, though 

not prolonged (Braun et al., 1992).  The parietal lobe contains the parietal eye field, which 

integrates sensory and motor information (Munoz & Everling, 2004), and is critical for 

shifting attention, programming saccades, and maintaining target memory (Leigh & Zee, 

2006).  The fact that no difference was exhibited during fMR of the reflexive and predictive 

tasks appears to be due to the prolonged nature of the saccadic latencies resulting in fewer 

saccades performed.  The prolonged reflexive latencies in PCA suggest that the significant 

pathology of the parietal lobe slows the integration of sensorimotor information to a greater 

extent than in AD, who also exhibit temporo-parietal pathology. 

The second prominent saccadic impairment was impaired inhibition of erroneous reflexive 

saccades in the antisaccade task.  This deficit is seen in patients with frontal lobe lesions, 

including the DLPFC (Pierrot-Deseilligny et al., 2003a) and also in AD, with error rates 

reported as ranging from 53% (Crawford et al., 2005), 56% (Shafiq-Antonacci et al., 2003), 

71% (Abel et al., 2002) to 80% (Mosimann et al., 2005), and 56% in the present study.  In 

comparison to the AD group, the PCA subject had a much higher error rate (80%), though he 

corrected the vast majority of these saccades (90%), as did the AD group (94%).  Thus, the 

PCA subject understood the task (as evidenced by the correction rate), but exhibited a very 

strong ‘visual grasp reflex’, where errors are unable to be inhibited and which is characteristic 

of frontal lobe disease (Fletcher & Sharpe, 1986).  Though previously thought to affect 

predominantly the posterior cortex, these results suggest frontal lobe involvement too.  

PET studies in PCA have demonstrated hypometabolism on the medial surface of the parietal 

cortex and the temporo-parieto-occipital lobes, predominantly on the right (Kambe et al., 

2010), similar to the pattern of grey matter atrophy (Migliaccio et al., 2009; Whitwell et al., 

2007a).  ASL-MR imaging in the present study revealed perfusion deficits in the frontal lobes, 

hippocampus and thalamus, as well as the established posterior cortical regions.  The 

perfusion data used grey matter as an imaging covariate, thereby correcting for the effect of 

grey matter density loss on CBF.  The ASL-MR sequence demonstrated a significant 

perfusion deficit, which was not reflected in an altered BOLD signal in these regions.  ASL-

MR gives a direct measure of arterial blood flow compared with BOLD, which measures the 

activity of neurons indirectly by measuring the change in deoxygenated blood over time.  The 

perfusion data, together with the saccadic deficits exhibited, would suggest frontal lobe 

involvement in this PCA subject.  Interestingly, the hippocampus and thalamus were also 

hypoperfused, though memory performance was similar to the AD group.  The most 

prominent neuropsychological findings in PCA is visuo-spatial dysfunction (Charles & Hillis, 
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2005) with minimal grey matter atrophy evident in the frontal lobes (Schmidtke et al., 2005), 

though amyloid ß was present in the frontal lobes additionally (Tenovuo et al., 2008).  These 

results in addition to the present study suggest that the alterations in CBF  and pathology in 

PCA may more closely mirror AD than previously thought. 

Corticobasal syndrome 

The CBS subject exhibited very similar saccadic and MR deficits to the AD group.  The main 

neuropsychological findings were significantly impaired executive function compared with 

the other cognitive domains, markedly worse than in the AD group.  This is consistent with 

the findings of Pillon et al (1995) in CBD, of a dysexecutive syndrome, with memory and 

learning relatively intact compared to AD. 

The CBS subject exhibited similar step reflexive and antisaccade latencies to the AD group.  

The antisaccade error rates were identical at 56%, compared with 56% in the AD group, with 

similar rates of error correction at 95% and 94% respectively.  These findings are consistent 

with those reported by Garbutt et al (2008) who reported that saccadic impairments were 

similar in AD and CBS groups, with increased vertical and horizontal latency, more 

antisaccade errors generated, and fewer erroneous saccades corrected than controls.  Though a 

similar saccadic profile was evident, fMRI of saccades in the CBS patient demonstrated 

reduced activity in the caudate and insula during the step reflexive task compared with the 

AD group.  In the predictive task, there was reduced activity in the DLPFC, ACC and sub-

cortical regions when compared to the AD group.  There was no perfusion deficit in these 

areas.  The antisaccade task generated greater activity in the precuneus, SPL and bilateral 

occipital gyri and reduced activity in the DLPFC and superior temporal gyrus in the CBS 

subject compared with the AD group.  The FEF, PEF and DLPFC are important in the 

performance of antisaccades with the FEF planning the antisaccade, the DLPFC maintaining 

the spatial working memory of the target and the PEF transforming spatial information 

(Connolly et al., 2002; Curtis & D'Esposito, 2003; Ford et al., 2005).  The regions of greater 

activity the CBS patient may have required additional neural recruitment in order to perform 

the tasks adequately.  Decreased activity in the DLPFC may be associated with the error rate 

of 56%, and increased erroneous reflexive saccades are performed.  The CBS subject 

demonstrated a similar saccadic profile to the AD group that may suggest two theories.  The 

CBS subject exhibited similar regional involvement to the AD group, or alternatively the CBS 

subject represented an atypical clinical presentation of AD but with AD-like oculomotor and 

MRI deficits.  
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In CBS, pathology has been reported present in the superior frontal, superior parietal, and pre- 

and post-central gyri (Dickson et al., 2002), and atrophy is seen in these regions, in particular 

the FEF (Boxer et al., 2006b), with relatively preserved temporal and occipital lobes 

(Dickson, 1999).  Atrophy has also been seen in the posterior cingulate, occipital cortices, and 

basal ganglia (Boxer et al., 2006b).  Cases with a CBS presentation but AD pathology 

demonstrate parietal hypoperfusion compared with fronto-temporal hypoperfusion in those 

with CBD pathology, as measured by SPECT (Hu et al., 2009).  In our study, ASL-MR of the 

whole-brain showed hypoperfusion in the right hippocampus and left cerebellum in the CBS 

subject, compared to AD but not elsewhere.  Thus the perfusion patterns were very similar in 

the CBS subject and the AD group, suggesting that this subject may manifest an atypical 

presentation of AD.  Presentations of focal cortical signs of aphasia, apraxia, visuo-spatial 

deficit and motor symptoms of bradykinesia, tremor and rigidity typical of CBS have been 

described in AD (Forstl et al., 1992).  However, given that this was a single subject without 

pathological confirmation, cautions needs to be exercised in drawing any firm conclusions. 

Conclusion 

In summary, the subject with PCA demonstrated a similar pattern of saccadic deficits similar 

to AD, though much more severe.  In addition there were no fMRI differences between the 

subject and the AD group.  On the other hand, he demonstrated greater hypoperfusion of both 

frontal and posterior cortices.  Thus, the saccadic and perfusion deficits were more severe in 

PCA, compared to AD despite similar global cognitive results.  The CBS subject 

demonstrated significant overlap with the AD group in both saccadic and perfusion profile, 

with small clusters of hypoperfusion outside of the traditional cortical regions.  Significant 

fMRI differences were demonstrated in all saccadic tasks in the CBS subject, compared to 

AD.  Perfusion and saccadic measures demonstrate a potential ability to differentiate single 

subjects from a group, though clearly larger samples are required to validate these 

observations. 
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7 Concluding remarks 

The combination of saccadic and MRI measures in an AD group was undertaken and 

produced novel findings.  Firstly, the well-described abnormality of a prolonged step reflexive 

saccade latency was found in the AD group that also correlated with the MoCA and visuo-

spatial cognitive domain score.  Saccadic procedural learning in the predictive paradigm was 

impaired in the AD group compared to the Control group.  Increased erroneous antisaccade 

responses were generated by the AD group (55%) compared to the Control group (23%), 

which correlated with the MMSE, MoCA, ADAS-cog and the cognitive domain of executive 

function.  The latencies of correct antisaccades were prolonged in AD, which correlated to all 

the neuropsychological measures.  The AD group exhibited reduced cognitive resource 

availability, as evidenced by reduced fMRI activity throughout all saccadic tasks.  During the 

step reflexive task, increased activity was found in the middle temporal gyrus in the AD group 

compared to the Control group, reflecting increased alternative cognitive networks recruited.  

In contrast, reduced activity was also found in the FEF in the AD group.  Increased activity 

was found in the temporo-parietal cortex during the predictive task, which may be due to a 

slowed transition from reflexive to predictive saccades in AD.  The AD group exhibited an 

area of increased activity in the temporo-occipital cortex compared to the Controls, but 

overall had reduced activity.  An AD-related perfusion network separated the AD group from 

the Control group with regions of both reduced and preserved perfusion.  There was a region 

of greater atrophy of grey matter in the AD group, which was not related to either saccadic or 

neuropsychological measures.  Characteristic saccadic, fMRI and perfusion profiles were 

reported from single cases of PCA and CBS subjects. 

In order to summarize the ability of the differing modalities of saccadic, neuropsychological 

and MR measures to distinguish the AD from the Control group, ROC analyses were 

generated.  Overall, the best discriminating marker was the MoCA neuropsychological test 

(Figure 7-1).  All of the neuropsychological measures: MMSE, ADAS-cog, executive 

function, and attention and working memory (with the exception of the visuo-spatial domain) 

proved to be superior diagnostic markers to both saccadic and MRI measures.   
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Figure 7-1 Ability of various neuropsychological tests to discriminate AD subjects from the Controls.  
Area under the curve (AUC): MoCA=0.989, MMSE=0.973, ADAS-cog=0.967, Executive function=0.806, 
Attention and working memory=0.777, Visuo-spatial=0.757. 

The step reflexive saccade latency (AUC=0.779) was the best of the saccadic markers at 

discriminating the two groups, followed by the proportion of antisaccade errors (AUC=0.764) 

and the correct antisaccade latency (AUC=0.767) (Figure 7-2).  These three saccadic 

measures were utilised as they all demonstrated significant impairment in the AD group 

compared to the Control group.  All three were very similar in their discriminative power. 

 

Figure 7-2 Ability of various saccadic measures to discriminate AD subjects from the Controls.  AUC: 
Reflexive latency=0.779, Correct antisaccade latency=0.767, Antisaccade error=0.764. 

The mean perfusion value from the CBF network region identified as having reduced 

perfusion was the superior MR marker for discriminating the two groups (AUC=0.804).  The 

remainder of the MRI measures also discriminated the two groups, but not as well as either 

neuropsychological or saccadic measures (Figure 7-3). 
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Figure 7-3 Ability of various MR measures to discriminate AD subjects from the Controls.  AUC: CBF 
network reduced=0.804, Whole-brain=0.728, Whole-brain grey matter=0.608, CBF network 
preserved=0.580. 

Neuropsychological performance still remains the superior clinical marker of disease in the 

diagnosis of AD.  But the addition of both saccadic and MRI data however adds useful 

functional and structural information to the clinical profile.  Separately, no measure is a ‘gold-

standard’ biomarker for AD, but utilising the three modalities provides substantial 

information.  The inclusion of solely volumetric MRI measures however, does not improve 

disease prediction beyond that accomplished by cognitive measures alone, displaying relative 

insensitivity to the underlying patho-physiology of AD (Fleisher et al., 2008). 

7.1 Limitations 
A major limitation of the current study was the absence of gap reflexive data for some 

subjects, due to a technical error.  An overlap reflexive task was not induced comparing this 

to the other two less cognitively demanding reflexive tasks would have been desirable.  A 

third limitation was the number of AD subjects.  Ideally, I would have liked to include more 

AD subjects, however, it took 2.75 years to recruit this sample of 15 subjects, with many 

potential subjects meeting the exclusion criteria.  This difficulty perhaps underlines the need 

to develop a neurologically-driven local dementia clinic, which would facilitate a sustained 

AD research group. 

7.2 Future work 
Much of the groundwork has been laid to perform a more comprehensive study of saccades in 

AD using MRI measures.  A longitudinal assessment of the current sample could assess the 

progression of saccadic and MRI measure deficits with worsening dementia.  A larger sample, 
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including cohorts of younger subjects and a mildly cognitive impaired group would provide a 

well-defined sample from which to make wider inferences across age and disease spectrums.  

A complete study of gap reflexive and overlap reflexive would be of considerable interest, 

because of the impairment of the step reflexive task reported in the present study.  The 

implementation of a task with an instructional cue detailing whether to perform a reflexive 

saccade or an antisaccade, similar to that utilised by Desouza et al. (2003) would assess the 

decisional capacity of an AD group to decide what saccadic task to perform.  This would 

allow the event-related analysis of the preparatory period and the delineation of activity in AD 

prior to generating an erroneous response.  It is not apparent if an AD group would be able to 

perform this task, compared to their ability to adequately perform a single event-related task 

in the present study.  The addition of a visual attention task that is able to be subtracted from a 

saccadic task, such as that implemented by Corbetta et al (1998), would be useful to define 

the key differences between the visual attention and the oculomotor deficits observed in AD 

using fMRI. 

Other MRI future analysis that will be completed from the present study includes the 

combination of diffusion tractography imaging with fMRI defined ‘seeds’ (Kim & Kim, 

2005), to ascertain the structural and functional connections of oculomotor regions between 

the cortical eye fields.  The DTI and the ASL-MR data will be used to probe structural 

integrity and the perfusion relationship between the medial temporal lobe and posterior 

cingulate in AD.  I acquired DTI data for half of all my subjects.  The use of multivariate 

techniques such as independent component or Bayesian analysis may also be applied to the 

data.  I would also like to compare the AD group to other dementia groups such as fronto-

temporal lobar degeneration, DLB and PDD in order to discern the effect of the differing sub-

cortical and cortical pathologies upon the resulting fMRI and ASL-MR signals. 

7.3 Summary 
The elucidation of the underlying saccadic neural networks in AD is important to understand 

as it reveals how the disease modulates behaviour and cognition.  What is of key interest is 

how the inherent compensatory mechanisms can cope with the pathological burden of AD, 

and still retain adequate performance of cognitive tasks.  The utilisation of a sensorimotor 

task (saccades) in combination with the varying modalities of MR imaging allowed a 

preliminary investigation into the mapping of the structural and functional alterations found in 

AD.  The evolution and refinement of these techniques are exciting for the future of dementia 

research. 
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