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Abstract

Alzheimer’s disease (AD) involves pathophysiological damage in the medial

temporal lobe (MTL), an area of the brain implicated in spatial processing. Con-

sequently, testing spatial cognition has become a promising approach for iden-

tifying early behavioural changes in AD compared to healthy aging. Immersive

virtual reality (iVR) is a suitable medium for administering spatial tasks due to

its naturalistic spatial interaction and controlled stimulus presentation, with an

iVR path integration test already demonstrating impressive diagnostic potential

for early AD. Additionally, modern head-mounted virtual reality displays come

equipped with integrated eye tracking, permitting combined exploration of AD-

related eye movement changes alongside spatial testing. In this thesis, I de-

scribe the development of a novel iVR spatial memory task with concomitant

eye-tracking for detecting ageing- and AD-related behavioural and gaze fixa-

tion changes. The task was based on a classic viewpoint-shifting paradigm that

was previously untested in older or memory-impaired participants. The design,

development, and feasibility of the task are reported prior to results on the diag-

nostic potential of eye movement and memory metrics for discriminating partic-

ipants at high risk of AD from lower-risk individuals, with a secondary focus on

healthy age-related differences. Participants with Mild Cognitive Impairment and

presence of AD biomarkers (MCI+) were compared to those without biomarkers

(MCI-) and to healthy, age-matched adults. Healthy younger participants were

also recruited to examine aging effects. Group differences were observed in

how, where and when participants viewed spatial stimuli during memory en-

coding and retrieval. These effects extended beyond differences in task per-

formance, were dependent on spatial condition, and outperformed traditional

neuropsychological tests in identifying MCI+ participants from controls. Find-

ings provide early support for a spatial eye-tracking task as a promising addition

to future diagnosis of AD.



Impact Statement

As the leading cause of dementia, Alzheimer’s disease (AD) poses a major

global health challenge, with the first disease-modifying treatments only recently

approved for clinical application. Earlier detection of the disease has been pro-

posed as a contributing factor to the success of future pharmacological treat-

ments. This thesis presents primary evidence that a novel spatial memory test,

augmented with eye-tracking, could improve early diagnosis of AD beyond the

capabilities of existing clinical tests. This builds upon previous work demonstrat-

ing the diagnostic utility of spatial tests hosted in immersive virtual reality.

Any impact on AD diagnosis derived from this work would not be immedi-

ate. Larger-scale diagnostic trials are required to establish the accuracy of any

potential new test, including studies that validate immersive technology for use

in clinical practice. However, an overarching aim of this line of research is to in-

form and transform diagnostic practices on a wide scale, potentially influencing

regional, national, and even international approaches.

Aside from clinical diagnosis, the findings in this thesis could influence fu-

ture research either in this field or other disciplines employing similar method-

ologies. For example, employing eye tracking as a measure of memory retrieval

was a novel approach for the spatial paradigm employed in this thesis, setting

a precedent for subsequent research into spatial cognition using this technique.

Indeed, differences in viewing patterns were found between healthy younger and

older adults, which may contribute to our understanding of memory processing

in ageing. Alternatively, the findings related to the use of virtual ‘teleportation’

could support work that makes use of virtual reality technology more broadly.
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Overview

The aim of this thesis was to develop a new spatial memory task in immer-

sive virtual reality as a potential contributor to early diagnosis of Alzheimer’s

disease (AD). The task required detection of a moved object under different

subject and scene rotations. This allowed manipulation of egocentric (subject-

to-object), allocentric (object-to-object), and self-motion (walking) contributions

to spatial memory, including movement by instant transposition (‘teleporting’)

as a comparator to walking. Memory monitoring abilities were assessed by a

simple confidence rating, and gaze fixation patterns were analysed, extending

measurement of memory-related cognition beyond just task performance.

Chapter 1 introduces the background to this line of research, providing a ra-

tionale for targeting early AD using spatial cognition and eye movements. A

review of clinical Alzheimer’s diagnostics is outlined to set the thesis aims in

context, before describing relevant cognitive neuroscience findings in the fields

of spatial cognition, memory monitoring, and eye movements.

Based on this background, I predicted that participants with early AD would

show impairments in self-motion and allocentric processing during spatial mem-

ory, measured by task performance and eye movements on key visual areas of

interest. I also expected memory monitoring accuracy to be lower in AD, mea-

sured by a decoupling of confidence ratings from task performance. Crucially,

I expected task measures to outperform traditional neuropsychological tests in

predicting presence of AD.

Before delving into results, Chapters 2 and 3 describe the development of

the task and relevant methodological details. Chapter 2 outlines the general

approach for the whole thesis, whereas Chapter 3 details a feasibility study

to calibrate and refine the task before testing on patients with mild cognitive
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impairment (MCI).

The remainder of the thesis provides a series of analyses comparing task

measures across different participant groups. Chapter 4 starts by introducing

the participant sample, which consisted of healthy younger and older adults, as

well as a group of participants with MCI split by results of cerebrospinal fluid

biomarkers of Alzheimer’s pathology: MCI participants with positive biomarkers

were recruited as an early AD group.

Chapter 4 then describes more detailed hypotheses before covering a

broad range of group- and condition-level differences across numerous task

measures. This is the most results-dense chapter, and accordingly, frequent

summaries will be provided to aid understanding. Overall, I found that spa-

tial memory results were unexpectedly similar between MCI groups, but that

eye movements showed greatest differences between biomarker-positive and

biomarker-negative participants, although not in the hypothesised condition.

Chapter 5 extends key findings by investigating time-dependent changes in

gaze behaviour. A bespoke methodology is described, including two alterna-

tive approaches to statistically comparing time-series data between groups.

Findings in this chapter revealed that further ageing-related and AD-related dif-

ferences were present when examining gaze measurements at a more granular

level, but results otherwise corroborated those from the previous chapter.

Perhaps the most important analysis, Chapter 6 presents findings showing

that eye movement measures in the simplest egocentric condition discriminated

biomarker groups with superior accuracy than traditional neuropsychological

metrics. However, a combination of conventional tests and eye movements

showed the greatest potential to classify biomarker-positive participants overall.
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To complete the main body of the thesis, Chapter 7 presents a summary of

all key findings throughout the thesis, discussing them in the context of previous

research, Alzheimer’s diagnostics, and methodological limitations.

An additional methodology was developed for clustering eye movement pat-

terns during object-location encoding. This analysis did not yield ageing- or

AD-related results due to methodological limitations, but is provided in Appendix

A as a foundation for future work.
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Rey Rey-Osterrieth Complex Figure Test

TMT B Trail-Making Test part B
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Chapter 1

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that ac-

counts for 60-80% of dementia cases (Garre-Olmo, 2018), known for its insid-

ious and eventually severe cognitive, behavioural and neuropsychiatric symp-

toms (López and DeKosky, 2008). The management of these symptoms places

enormous financial and emotional burden on patients, healthcare systems,

healthcare workers and informal carers (Castro et al., 2010; Mahoney et al.,

2005; Lowin et al., 2001). Moreover, the prevalence of AD is estimated to dou-

ble or triple by 2050 from 2019 figures (Nichols et al., 2022), leading the World

Health Organisation (WHO) to describe it as a growing epidemic and global

health priority (WHO, 2023; Winblad et al., 2016). Only recently have potential

disease-modifying treatments resulted from experimental interventions (Sims et

al., 2023; Vitek et al., 2023), albeit with important caveats around efficacy and

generalisability (Manly and Deters, 2023). One likely explanation for the many

failed pharmacological trials to date is that treatments are started too late in the

progression of the disease (Mehta et al., 2017; Laske, 2014). Therapies may be

more effective if targeted in earlier stages of the disease before significant brain

damage has occurred (Guest et al., 2020). Therefore, a major research goal is

to investigate methods of earlier AD diagnosis (Whitehouse and George, 2016).

Impairments in spatial navigation and memory are among the earliest de-

tectable cognitive symptoms of AD, caused by pathophysiological damage in

the medial temporal lobe (MTL), including entorhinal cortices and hippocampi

(Serino et al., 2014). Improving the detection of spatial cognition impairments
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may improve the detection of this early brain damage, and hence AD itself. An

increasingly popular way of testing spatial cognition is through immersive vir-

tual reality (iVR), technology that presents a simulated three-dimensional en-

vironment, giving the impression that the user has stepped into a computer-

generated world by allowing six mechanical degrees of freedom (see Figure

1.1). This technology allows naturalistic user interaction with realistic inputs

for spatial processing (optic flow, proprioceptive, and vestibular feedback) while

allowing the experimenter complete control over environmental features and au-

tomated collection of behavioural data. These advantages have already allowed

an existing iVR spatial task to detect participants with early cognitive markers of

AD (Howett et al., 2019; Castegnaro et al., 2023).

There is scope for development of further iVR spatial AD tests based on

current understanding of space and memory processing. This thesis will com-

bine three spatial test components for AD diagnosis into a single iVR paradigm.

First, a viewpoint-shifting object-location memory task was translated to an iVR

platform for potential AD diagnostic assessment. Testing object-location recog-

nition from a shifted viewpoint has been used to study spatial memory since

Piaget and Inhelder first documented young children’s difficulty transforming

spatial information (Piaget and Inhelder, 1956). Since then, a classic spatial

updating paradigm involving either table or viewer rotation has formed the basis

of numerous experiments to understand object-location memory from a shifted

viewpoint (Simons and Wang, 1998, Wang and Simons, 1999; Burgess et al.,

2004; Negen et al., 2018; Hilton et al., 2020; Segen et al., 2021; Heywood-

Everett et al., 2022). However, this viewpoint-shifting task has not been utilised

in AD studies (although see Chan et al., 2016; Chen et al., 2019), despite its util-

ity in testing spatial memory. This thesis will primarily describe the development

of an adapted iVR spatial updating task for testing early signs of AD.

An unexplored domain in spatial cognition in AD is the accuracy of sub-

jective judgements of spatial memory performance. A body of evidence sug-
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gests a dysfunction in the ability of AD patients to accurately monitor their mem-

ory in other domains (Souchay et al., 2002; Dodson et al., 2011; Yu et al.,

2020; Li, Sun, et al., 2022; Li, Pan, et al., 2022). However, testing of spa-

tial memory-monitoring has not been translated into AD diagnostics, let alone

from a viewpoint-shifting object-location task. A simple confidence rating was

introduced to the spatial updating iVR task to assess whether spatial memory

monitoring could add value to early AD diagnosis.

Finally, measurement of spatial memory in AD can be enhanced through

the use of eye-tracking (Bueno et al., 2019). In experimental literature, tracking

eye movements has proven to be a powerful way of exploring encoding and re-

trieval processes during memory tasks, providing insights into how ocular and

attentional mechanisms influence or reflect mnemonic processing (see Ryan et

al., 2020 for a review). For example, a small number of studies have used eye-

tracking to investigate memory encoding behaviour in healthy younger and older

adults in spatial updating tasks (Segen et al., 2021, Hilton et al., 2020). Addi-

tionally, impressive diagnostic accuracy for AD has been achieved with memory

paradigms making use of concurrent eye-tracking (Parra et al., 2022; Zola et al.,

2013). However, the combination of spatial updating and eye-tracking has not

previously been used to study memory retrieval processes nor test for discrimi-

nation of AD.

Accordingly, this thesis will present a new iVR spatial updating paradigm of

a viewpoint-shifting task with additional assessment of spatial memory monitor-

ing and concomitant eye-tracking for potential contribution to future diagnosis of

AD. The remainder of this chapter will review current understanding of relevant

literature for this undertaking and present a more detailed rationale. The first

section describes the current state of clinical AD diagnosis and its prodromal

stages to set in context the task of identifying new cognitive diagnostic tools for

the disease. Following this, a review of spatial cognition, memory-monitoring,

and eye-tracking literature is presented in relation to AD. The spatial updating
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paradigm will be introduced, with a rationale for hosting such a task in iVR. Fi-

nally, aims and predictions for outcomes of healthy ageing and early AD groups

will be described.

Figure 1.1. Illustration of the six mechanical degrees of freedom provided by immer-
sive virtual reality. The technology usually involves wearing a head-mounted display,
allowing translation along and rotation around three dimensions in space. Pink straight
arrows represent translational motion through three-dimensional space, green curved
arrows represent rotational movement. Note that some forms of iVR only provide three
degrees of freedom by allowing head rotations without translational movement. Head-
set modelled on the HTC Vive Pro Eye used in this thesis.
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1.1 Alzheimer’s disease and its clinical diagnosis

AD is characterised by a progression of cognitive and behavioural symptoms

that usually develop later in life. The majority of cases are sporadic with un-

known aetiology, although increased likelihood of diagnosis comes with greater

age, lower education and presence of genetic risk factors (Povova et al., 2012;

Armstrong, 2019). There are also familial, early-onset types of AD, which of-

ten have clear genetic markers that can diagnose the presence of the disease

much earlier than sporadic forms. For the purposes of this thesis, the goal of

earlier AD diagnosis refers to the sporadic form, which does not have a reliable

early marker of the disease. Nevertheless, both sporadic and familial AD have

very similar early cognitive symptoms, leading to behavioural problems such as

an inability to navigate a well-trodden environment (Pai and Lee, 2016; Tu and

Pai, 2006; Passini et al., 1995), or forgetting familiar details of people, places,

and events (Bature et al., 2017; Almkvist et al., 1998). With progression of the

disease, neurocognitive impairment becomes global, underpinned by cerebral

atrophy of up to 40-70% brain volume loss (Schott et al., 2003). Consequently,

in moderate to severe stages of AD, patients cannot easily perform activities of

daily living without caregiver support (Livingston et al., 2020)

In clinical settings, AD is most commonly diagnosed by testing episodic

memory on traditional neuropsychological tests (NICE, 2018) such as the Mini-

Mental State Examination (Folstein et al., 1975) or the Montreal Cognitive As-

sessment (Nasreddine et al., 2005). Indeed, memory dysfunction was the first

cognitive symptom to be documented by Alois Alzheimer in his original descrip-

tion of the disease (Alzheimer, 1906), and has subsequently become the most

widely-recognised phenotype of AD (Cahill et al., 2015). Numerous studies

have described early impairment in recalling verbal or visuospatial information

(Greenaway et al., 2006; Almkvist, 1996; Grossi et al., 1993; Martin et al., 1985),

which is used to differentiate between AD and other causes of dementia (Dier-

ckx et al., 2007; Estévez-González et al., 2003; Swainson et al., 2001).
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Reduced cognitive function is a common characteristic of ageing without

dementia (Deary et al., 2009), and detection of neurodegenerative disease is

usually measured in comparison to this process. When a patient shows evi-

dence of cognitive impairment which does not preclude activities of daily living,

they are diagnosed with a pre-dementia state known as mild cognitive impair-

ment (MCI). This is a heterogeneous category of diagnoses identified through

cognitive tests, whereby between 40-60% of patients will progress to a diagno-

sis of dementia within a few years (Geslani et al., 2005; Petersen, Stevens, et

al., 2001; Petersen, Doody, et al., 2001; Petersen et al., 1999). If the neuropsy-

chological profile of these participants reflects a specific impairment in memory

function, they will often be diagnosed with so-called amnestic MCI (aMCI). This

group has a higher conversion rate to AD than other MCI subtypes (Fischer et

al., 2007), and is considered in both clinical and research settings to indicate

prodromal AD.

By the time episodic memory impairment is detectable by standardised

neuropsychological tests, AD pathology is likely to be wide-spread throughout

the brains of patients (Petersen, 2009). The accompanying neurodegenerative

damage is irreversible, and may be too late to halt, let alone reverse. This is the

reasoning behind recent efforts to diagnose the disease earlier than currently-

detectable episodic memory loss, which some believe could significantly con-

tribute to effective treatments (Guest et al., 2020; Mehta et al., 2017; Laske,

2014).

There is ample evidence that the underlying neuropathology of AD pre-

dates the earliest cognitive impairments by many years (Jack et al., 2019). Early

biological markers of AD brain changes are hence common targets for new di-

agnostic tools, and indeed there has been a recent push towards biological

characterisation and diagnosis of the disease (Jack et al., 2018; Selkoe, 2011).

Methods of clinically-approved testing for Alzheimer’s biomarkers are currently

aimed at quantifying levels of two key AD-related proteins in the cerebrospinal
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fluid: amyloid-β42-peptide (Aβ) and phosphorylated tau (p-Tau). These proteins

indicate the presence of neuritic plaques and neurofibrillary tangles, respec-

tively, that have both been connected to synaptic loss and nerve cell death in

the disease (Hardy and Selkoe, 2002; Thal et al., 2002; Price and Morris, 1999;

Braak and Braak, 1991). These biological hallmarks of the disease have con-

tributed to the establishment of the so-called Amyloid/Tau/Neurodegeneration

(ATN) Framework in Alzheimer’s disease diagnosis (Jack et al., 2018). This con-

ceptualisation of the disease aims to provide a common definition of its biological

underpinnings for research purposes, highlighting the interaction between Aβ,

Tau and neuronal damage.

Currently, presence of Alzheimer’s proteinopathies can be clinically inves-

tigated in the United Kingdom through one of two means: (1) a lumbar punc-

ture and subsequent test of cerebrospinal fluid (CSF) for Aβ and p-Tau, and (2)

Positron Emission Tomography (PET) of these proteins (NICE, 2018). Generally,

thresholds for protein quantities are used to inform differential diagnosis, such

that a patient with MCI and presence of Aβ and/or p-Tau may be categorised as

biomarker positive (MCI+), and therefore in the prodromal stages of AD. By con-

trast, biomarker negative MCI patients (MCI-) are more likely to have suffered

cognitive impairment for an alternative reason, such as depression, anxiety, an-

other type of dementia, cerebrovascular disease, or normal age-related decline

(Wang et al., 2021; Wisse et al., 2015). Clinical examination of AD biomarkers

is therefore a highly valuable procedure, recommended as a supportive compo-

nent to early AD diagnosis (NICE, 2018; Wolfsgruber et al., 2017).

Unfortunately, the availability of clinical AD biomarker testing is mired by

practical barriers. Lumbar punctures to acquire CSF samples are invasive pro-

cedures requiring trained specialists, with variability between laboratories lead-

ing to testing biases (Mattsson et al., 2010). Moreover, if a patient cannot un-

dergo a lumbar puncture for any reason, the alternative PET scan requires in-

gestion of a radioactive tracer, which reduces patient acceptability despite its
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relative safety (May et al., 2020). Furthermore, PET is a highly expensive scan-

ning technique, with low availability due to its rarity (McMahon et al., 2003; Wit-

tenberg et al., 2019). These limitations likely contribute to low diagnosis rates,

which are estimated at 20-50% in the UK and just 10% in developing nations

(Patterson, 2018).

Several alternative means of testing for AD biomarkers have been pro-

posed, but are currently only available in research settings. For instance, blood-

based biomarker testing has shown high predictive validity for CSF protein levels

(Gao et al., 2023; Varesi et al., 2022) via a relatively cheap, available and less in-

vasive procedure. Even less invasive biomarker testing includes saliva samples

(Paraskevaidi et al., 2020) and breath-based tests (Emam et al., 2020). With

further investigation, standardisation, and regulation, these forms of biomarker

testing could reduce the cost and improve the availability of Aβ and p-Tau de-

tection in clinical practice.

Despite developments in biomarker testing, research into new early cogni-

tive markers of AD is still important for a number of reasons. For one, neuropsy-

chological impairment can directly relate to the clinical symptoms that impact on

people’s ability to function in daily life, which biological markers aim to predict

(Livingston et al., 2020). For example, an impairment in spatial processing may

lead to people with AD getting lost in a familiar environment (Coughlan et al.,

2018). Cognitive markers of AD also play an important role in the development

of new treatments as outcome measures for intervention effectiveness (Andrews

et al., 2019; Mehta et al., 2017).

Moreover, protein and genetic biomarkers do not currently have sufficient

predictive validity for diagnosis because many people develop significant pro-

teinopathy and neurodegeneration without cognitive symptoms (Dubois et al.,

2021; Livingston et al., 2020; Jack et al., 2019). For example, a 65 year-old

with positive amyloid biomarkers but intact cognition has just a 2.3-2.5% risk of

developing AD in the following 10 years (Brookmeyer and Abdalla, 2018). Clini-
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cal diagnosis of AD still relies on neuropsychological assessment, which partly

explains why the aforementioned ATN network is not recommended for medical

diagnosis, as a biological definition of AD separated from cognitive symptoms

is not yet accurate enough for clinical identification (Jack et al., 2018). Accord-

ingly, developing more sensitive tools for cognitive impairment is still important

for earlier identification of the disease.

Figure 1.2. Model of biological, cognitive and functional markers through different
stages of Alzheimer’s disease progression. The green line represents a hypothesised
potential early dysfunction in spatial cognition, which may allow earlier diagnosis of MCI
(dotted black line and arrow) compared to traditional neuropsychological tests (Trad.
Neuropsych). CSF biomarkers would pre-date this but do not have sufficient predictive
validity alone (see main text). Aβ: amyloid-beta; p-Tau: phosphorylated tau; CSF: cere-
brospinal fluid; ADLs: activities of daily living. Adapted from Jack et al., 2010 and Jack,
2022.
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1.2 Spatial cognition as a cognitive marker of AD

Novel cognitive markers of AD will likely be successful if they place high neu-

rocognitive demand on brain regions with early neuronal damage in AD. Func-

tions of the medial temporal lobe (MTL) are appropriate targets for this (Mori

et al., 1997; Cavedo et al., 2014; Jack et al., 1998): in early stages of the dis-

ease, amyloid plaques and neurofibrillary tangles accumulate in the hippocam-

pal formation and entorhinal cortices (Price and Morris, 1999; Thal et al., 2002;

Braak and Braak, 1991). These depositions have been specifically linked to

neuronal damage (Bloom, 2014; Cárdenas et al., 2012) with volume reductions

detectable in MTL areas by structural MRI scans of AD patients’ brains (Schott

et al., 2003). Furthermore, recent cases of resistance and resilience to familial

AD have specifically implicated intact entorhinal cortices in significantly delayed

memory loss (Lopera et al., 2023; Arboleda-Velasquez et al., 2019). These

results suggest that identification of early AD may be achieved by testing the

cognitive functions underpinned by MTL areas.

Figure 1.3. Basic illustration of medial saggital view of the human brain, with the medial
temporal lobe highlighted in red. The hippocampus and entorhinal cortex are labelled,
with dotted lines representing potential borders; labels of other areas of the MTL are
omitted, as are details of the wider brain. Relative sizes not precisely to scale.
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1.2.1 Spatial cognition and the medial temporal lobe

Areas of the MTL have been heavily implicated in spatial memory and navigation

(Bird and Burgess, 2008; Burgess et al., 2002). An important area of research

on the neural underpinnings of these functions has been the identification of

several specialised groups of cells with spatially-modulated firing patterns, such

as place cells and grid cells (Hartley et al., 2014). Place cells, found mainly

in the hippocampus, fire when an animal is in a specific location in an environ-

ment, independent from the direction it is facing (O’Keefe, 1976). Collectively,

these cells’ corresponding place fields provide a cognitive representation of the

animal’s environment, or ‘cognitive map’ (O’Keefe & Nadel, 1978). Grid cells,

discovered mainly in the entorhinal cortex (Hafting et al., 2005) fire when an an-

imal is located at a series of different locations in an environment, organised in

a grid-like arrangement (Grieves, Roddy & Jeffery, 2017). These and other spe-

cialised cells have been shown to be critical for navigation and representation of

the environment in non-human animal studies (Hartley et al., 2014).

Evidence supports the existence of spatially-specialised cells in humans as

well (Epstein et al., 2017). For example, functional magnetic resonance imaging

(fMRI) studies have demonstrated a six-fold grid cell-like signal during naviga-

tional tasks that is consistent with the arrangement of grid cell firing discovered

in non-human animals (Kim and Maguire, 2019; Doeller et al., 2010). More-

over, in-vivo neurophysiology studies have directly recorded firing patterns from

human MTLs that are consistent with place cells (Ekstrom et al., 2003; Jacobs

et al., 2010; Miller et al., 2013), and grid cells (Jacobs et al., 2013; Maidenbaum

et al., 2018). Case studies of people with MTL lesions have also shown spe-

cific impairments in spatial functioning, including navigation and topographical

difficulties (Bird et al., 2007; Cipolotti et al., 2006; Spiers et al., 2001), impaired

recollection of scenes (Bird et al., 2008), and reduced memory for object loca-

tions from a shifted viewpoint (King et al., 2002).

Although the MTL’s involvement in spatial processing is well established,
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spatial cognition is not exclusive to this brain region. A distinction is often made

between two ‘frames of reference’ used to represent spatial information that

are tied to separate, but highly connected, regions of the brain. Egocentric

representations reflect subject-to-object relationships, important for movement

through an environment because navigation requires representation of the body

in relation to environmental cues (Colombo et al., 2017). Evidence suggests this

type of processing is underpinned by the caudate nucleus and areas of the me-

dial and posterior parietal lobe (Cook and Kesner, 1988). Allocentric processing,

in contrast, is object-to-object, world-centred representation, independent from

the subject’s point of view and centred on environmental landmarks (Ekstrom

et al., 2014; Klatzky, 1998). This relies on processing in the hippocampus, par-

ticularly hippocampal place cells (Ekstrom et al., 2003), which are supported

by head-direction cells for orientational information (Taube, 2007; Taube, 1998)

and entorhinal grid cells for path integration (Hafting et al., 2005). Success-

ful navigation and memory of spatial environments requires representation and

retrieval of both egocentric and allocentric frames (Burgess, 2006; Burgess,

2008). However, the allocentric frame has been more closely connected to the

MTL and is therefore a good target for testing damage to this brain area (King

et al., 2002).

Several previous studies have demonstrated impairments in allocentric spa-

tial memory in early AD. One test required participants to identify an arrange-

ment of four mountains from a shifted viewpoint (see Figure 1.4; Hartley et al.,

2007). This 4 Mountains Test (4MT) has demonstrated differential discrimination

of MCI participants with and without evidence for Alzheimer’s biomarkers (Chan

et al., 2016). Another study suggested a specific impairment in allocentric dis-

tance judgement may be present in AD during an object-location memory task

(Ruggiero et al., 2020).

Studies focusing on spatial navigation abilities, rather than memory of ex-

ternal object positions, have also found results consistent with an allocentric im-
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pairment in AD. For example, human real-world and virtual maze studies have

found that aMCI participants were significantly impaired on allocentric subtests

(Hort et al., 2007; Laczó et al., 2014; Lee et al., 2014). Likewise, virtual (Howett

et al., 2019) and blindfolding (Mokrisova et al., 2016) path integration tests have

found impaired navigation performance in AD populations. It should be noted

that several spatial navigation studies in AD have also found egocentric impair-

ments (Laczó et al., 2014; Weniger et al., 2011; Serino et al., 2015). This may

be explained by a specific impairment in the transition between the two refer-

ence frames; two studies have found AD-specific impairments in egocentric-

allocentric switching and syncing (Serino et al., 2015; Ruggiero et al., 2018),

leading some authors to suggest an impairment in translating spatial informa-

tion from an allocentric to egocentric representation (Serino and Riva, 2013).

Although the specific mechanism of impairment is still under investigation,

allocentric tasks have now consistently presented difficulties for participants with

AD, supporting this type of spatial memory for diagnostic testing of the disease.

The spatial updating task developed in this thesis was based on this understand-

ing, with significant allocentric components included.

1.2.2 Self-motion

Another key component of spatial processing is the updating of spatial informa-

tion as an animal moves through the environment (Taube, 2007; Kropff et al.,

2015; Shine et al., 2016). Self-motion cues such as optic flow, vestibular feed-

back, and motor efference copy are used to track the position of the animal (Ell-

more and McNaughton, 2004; Angelaki, 2014; Sherrill et al., 2015) and external

surroundings (Chan et al., 2012). Importantly, studies implicate the entorhinal

cortex in self-motion calculations of an animal’s position in space (Campbell and

Giocomo, 2018; Mallory et al., 2021). A spatial test may therefore be sensitive to

AD damage if entorhinal self-motion processing is required for task performance

(as in Howett et al., 2019).
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Figure 1.4. (Left) diagram illustrating the difference between egocentric and allocentric
representations; (Middle) an example stimulus from the 4 Mountains Test. Participants
must memorise an arrangement of four mountains like this one. After a few seconds, the
scene disappears and a forced alternative choice of four landscapes is shown, with only
one matching the first mountains but from a shifted viewpoint. Reproduced from Hartley
et al., 2007; (Right) Diagram of a trial in the Path Integration Test (PIT; Howett et al.,
2019), which requires participants to walk two sides of a triangle, and try to complete it
by returning to the starting position. MCI+ participants have greater absolute distance
and angular error than MCI- participants. Figure reproduced from Castegnaro et al.,
2023.

The importance of self-motion in healthy allocentric memory has been

demonstrated in experiments requiring participants to remember object loca-

tions from a shifted viewpoint. Several studies have shown that self-motion to

a new viewpoint led to better memory performance than shifting the viewpoint

without self-motion (Chance et al., 1998; Simons and Wang, 1998; Burgess et

al., 2004; Holmes et al., 2018; Tascón et al., 2018). In this spatial updating

paradigm, encoded object locations remain consistent with self-motion if a par-

ticipant walks to a new viewpoint while the objects remain stable (see Figure

1.5). Alternatively, object locations are inconsistent with self-motion if the par-

ticipant’s viewpoint remains the same and the configuration of objects rotates

instead. Simons and Wang demonstrated that memory performance from a

shifted viewpoint was greater with self-motion consistency than without (Simons

and Wang, 1998). Burgess, Spiers and Paleologou extended this by demon-

strating that the performance-enhancing effect of self-motion consistency was

dissociable from—but additional to—that of allocentric consistency: by varying

consistency of object locations with the position of an external cue (Figure 1.6),
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they showed that participants detected a moved object better when the configu-

ration of the objects was consistent with either self-motion or external cues, and

a greater boost when both were consistent (Burgess et al., 2004). This suggests

that self-motion processing independently contributes to object-location repre-

sentations, and an impairment in this functionality may contribute to difficulties

in spatial memory.

The benefits of self-motion to object-location memory have not been tested

before in early AD, but research suggests an impairment in self-motion process-

ing may be present in the disease. For example, self-motion is a key component

of path integration (Evans et al., 2016; Campbell and Giocomo, 2018), which

has been specifically impaired in AD participants when tested using iVR (Howett

et al., 2019) and real-world blindfolding (Mokrisova et al., 2016) paradigms as

previously mentioned. Indeed, path integration impairment has been linked to

entorhinal cortex damage in mouse models of AD (Ying et al., 2023). However,

it is worth noting that one study also found intact path integration performance

from participants with hippocampal or entorhinal lesions (Shrager et al., 2008).

In addition to path integration, research suggests an impairment in optic

flow functions during self-motion perception in AD participants (Wang, Guo, et

al., 2017), and an increased likelihood of vestibular dysfunction (Agrawal et al.,

2020). Taken together, previous results suggest that the major components

contributing to self-motion updating of spatial representations may have been

impaired in AD studies. Therefore, the benefit of self-motion to object-location

memory may also be impaired in AD patients.

Accordingly, the spatial updating task presented in this thesis will include

variation of self-motion to test for AD-related impairments in this functionality,

and potentially provide better diagnostic accuracy for early AD than if focusing

on allocentric memory alone. The details for how self-motion was manipulated

are provided in Section 1.5 of this Chapter. Before then, two further extensions

to this paradigm are introduced and explained: memory monitoring and eye-
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tracking. The following two sections will outline the main reasons for including

these adaptations.
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Figure 1.5. Cartoon demonstrating the manipulation of egocentric and self-motion
consistency in the spatial updating paradigm. Left-hand figures show a third-person
schematic, right-hand figures show the first-person view. The participant views the ob-
ject from the first viewpoint (encoding, top); during a period of occlusion where the
participant cannot see the table, one object moves; four different retrieval conditions are
created by rotating either the participant or table around the centre of the table.
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Figure 1.6. Diagram of the spatial updating paradigm including variation of consistency
with an external cue. The same process as Figure 1.5 applies, but with another factor:
an external cue was manipulated to be consistent or inconsistent with the encoded
positions of the objects. Reproduced from Burgess, 2008.

1.3 Memory monitoring

Another area of cognition with potential for detection of AD is the assessment of

subjective memory-monitoring abilities. Memory-monitoring, or ‘metamemory’,

is defined broadly as people’s knowledge of their own memory (Chua et al.,

2014). This can be tested more specifically via memory monitoring accuracy,

which refers to people’s ability to correctly judge the accuracy of their objective

memory performance (Lam et al., 2012). There is evidence for an impairment

in episodic memory monitoring in participants with AD (Dodson et al., 2011;

Souchay et al., 2002): patients were poor at judging the accuracy of their recog-

nition memory, even when their performance was the same as healthy controls.

In later stages of the disease, this dysfunction may contribute to a more global

unawareness of cognitive dysfunction known as anosognosia (Galeone et al.,

2011). However, studies have also found metamemory impairments in the earli-

est stages of cognitive impairment by documenting self-monitoring inaccuracies

in participants with subjective cognitive decline (Li, Sun, et al., 2022; Yu et al.,

2020; Li, Pan, et al., 2022)—a preclinical diagnosis defined by subjective experi-

ence of cognitive impairment without a measurable reduction in memory perfor-
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mance (Jessen et al., 2020). These results suggest that impairments in memory

monitoring may be detectable earlier than objective memory dysfunction.

However, other results suggest that memory monitoring in early AD remains

intact. For example, studies have shown no difference in confidence ratings

of answers to general knowledge questions by AD participants compared to

healthy controls (Bäckman and Lipinska, 1993; Lipinska and Bäckman, 1996;

Cosentino et al., 2007), indicating an intact ability to monitor semantic memory

performance. Similar findings have been found in prodromal stages of the dis-

ease (Chi et al., 2022), suggesting that semantic—but not episodic—memory

monitoring is spared early in the disease. However, intact episodic memory

monitoring has also been found in AD patients compared to healthy controls

(Gallo et al., 2012), despite findings suggesting the opposite, as described in the

previous paragraph. Furthermore, some studies have found reduced episodic

memory monitoring abilities in healthy ageing in the absence of neurodegen-

erative disease (Comblain et al., 2004; Dodson et al., 2007 ; Johnson et al.,

2015; Angel et al., 2022). The reason for these discrepancies may lie in the

results of one study, which found that impaired metamemory was specifically

related to nonverbal episodic memory (Cosentino et al., 2007). These results

suggest that the type or sub-type of memory may be important for detecting

impairments in memory monitoring abilities in AD, dissociable from healthy age-

related changes.

To the best of my knowledge, no previous studies have assessed spatial

memory as a sub-type of memory monitoring in AD or ageing. However, ev-

idence suggests that variability in memory monitoring in AD patients may be

related to specifics of neuroanatomical decline (Cosentino et al., 2007). Fur-

thermore, memory monitoring impairment in prodromal stages of AD has been

linked to cortical thinning and neural activity alterations in the MTL (Li, Sun, et

al., 2022). Considering that spatial memory impairment related to MTL changes

has been a consistent finding of early AD (see sections 1.2.1 and 1.2.2), spa-
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tial memory monitoring is worth investigating in AD to test whether this domain

of metamemory is particularly useful in detecting the disease. Accordingly, a

memory monitoring component was included in the iVR spatial task as a poten-

tial contributor to AD diagnosis.

1.4 Eye movements as a marker of AD

Eye tracking is a promising, powerful measure of cognitive functioning for spa-

tial testing in AD, in part due to the connection between eye movements and the

MTL. Indeed, there is evidence for analogous specialised cells for eye move-

ment ‘navigation’ as for whole-body spatial navigation (Nau, Julian, and Doeller,

2018). For example, entorhinal cortex visual grid signals have been shown to

be anchored to visual space, similar to how grid cells represent navigable space

(Killian et al., 2012). Furthermore, Nau and colleagues provided MRI evidence

of a hexadirectional visual grid signal in the entorhinal cortex during a controlled

gaze direction task, similar to the pattern of firing during spatial navigation (Nau,

Navarro Schröder, et al., 2018). Similarly, visual border cells have been found

to fire near the border of visual space, analogous to boundary vector cells in

spatial navigation (Killian et al., 2012).

In more naturalistic paradigms, a well-documented ‘preferential viewing’ ef-

fect has been related to MTL functioning. This phenomenon refers to the in-

creased likelihood of participants viewing novel or changed stimuli (Manns et

al., 2000; Ryan et al., 2020), essentially demonstrating a memory effect on eye

movements. For example, visual fixations were greater for objects that had been

moved within a previously viewed scene (Yeung et al., 2019). This was asso-

ciated with increased entorhinal cortex volume (Yeung et al., 2020). Moreover,

humans and primates with lesions to the MTL exhibited a reduced preferential

viewing effect (Zola et al., 2000; Ploner et al., 2000; Hannula et al., 2007; Lu-

cas et al., 2018), suggesting that memory processing in the MTL influences eye

movements.
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Eye movements have also been more explicitly linked to memory perfor-

mance. For example, when participants were free to explore a visual scene,

fixation patterns predicted subsequent memory performance (Fehlmann et al.,

2020; Olsen et al., 2016; Loftus, 1972) as well as activity in the MTL (Liu et al.,

2017; Fehlmann et al., 2020). Indeed, several studies have found that recogni-

tion of previously viewed visual stimuli was improved when participants looked

at the same features at encoding and retrieval (Mäntylä and Holm, 2006; Holm

and Mäntylä, 2007; Foulsham and Kingstone, 2013), even showing recapitula-

tion of fixation sequences made during first viewing (Wynn et al., 2018; Wynn

et al., 2016; see Wynn et al., 2019 for a review). This gaze reinstatement ef-

fect has been connected to areas of the MTL including the hippocampus and

parahippocampal gyrus in fMRI studies (Wynn et al., 2022; Ryals et al., 2015),

supporting the theory that eye movements themselves are embedded into mem-

ory representations (Bicanski and Burgess, 2020; Bicanski and Burgess, 2019;

Wynn et al., 2019). Accordingly, dysfunction in the MTL may disrupt gaze rein-

statement, although this explicit connection has not yet been studied.

The above pattern of results suggests that eye tracking would be sensitive

to Alzheimer’s-related damage, and indeed eye movement changes have been

observed in patients with MCI and AD. For example, key differences in saccades

(fast movements between periods of fixated gaze) have been observed in AD

through prosaccade and antisaccade paradigms (see Opwonya et al., 2022 for

a review), which require the participant to intentionally saccade towards or away

from a target stimulus, respectively. AD patients performing these tasks have ex-

hibited reductions in saccadic velocity, accuracy and initiation speed compared

to healthy control volunteers (Molitor et al., 2015).

Eye movement differences have also been found during memory-related

paradigms in patients with MCI, AD and MTL damage. For instance, research

has supported a reduced preferential viewing effect in AD (Crutcher et al., 2009),

which elsewhere predicted conversion from MCI to AD (Zola et al., 2013). In-



1.4. Eye movements as a marker of AD 41

deed, these studies showed that AD patients would fixate less on incongruous

or changed areas of visual scenes, indicating a reduced memory effect on eye

movements.

Preferential viewing effects are necessarily only observable during mem-

ory retrieval (i.e. after the first viewing of the stimulus). Additionally, differences

in how early AD participants encode information during memorisation of visual

stimuli have been found. For example, one study found that participants at ge-

netic risk of familial AD spent less time fixating the stimuli during learning, in-

terpreted as contributing to ineffective encoding strategies (Pavisic et al., 2021).

This same study found that symptomatic AD participants showed greater in-

equalities in the distribution of their fixation patterns across visuospatial stimuli.

This finding is somewhat in contrast to studies that have found a more random—

and therefore equal—distribution of fixation, as measured by transition entropy,

in participants with MCI (Coco et al., 2021) and MTL damage (Lucas et al.,

2018). Still, these findings indicate that an encoding dysfunction related to MTL

damage is detectable via eye-tracking. This is one example of the utility of

eye-tracking over memory performance alone, which cannot easily dissociate

between encoding and retrieval impairments.

Utilisation of eye-tracking in spatial memory paradigms has been imple-

mented, but only rarely, despite the importance of vision for spatial processing

(Lester et al., 2017; Burkhardt et al., 2023). Indeed, eye-tracking can reveal

mnemonic differences where declarative memory cannot. For example, one

study used eye tracking to examine gaze patterns during object-location mem-

ory and found that viewing patterns during spatial location encoding in healthy

younger and older adults were different despite equal performance on the mem-

ory task (Segen et al., 2021). Specifically, older adults would attend to more

information during encoding than younger adults. A similar study found that

older adults had different patterns of fixation sequences when memorising ob-

ject locations (Hilton et al., 2020). These studies demonstrate the power of
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eye-tracking in spatial memory tasks, which has rarely been included elsewhere

(see also Coco et al., 2023). However, these authors only examined encoding

patterns i.e. eye movements during the learning phase of the memory task.

There is a gap in the literature for examining eye movements during spatial

memory retrieval, especially after a shifted viewpoint.

To summarise, tracking eye movements during spatial memory could be a

promising approach for testing AD. Indeed, several studies have shown diagnos-

tic discrimination of the disease using eye movements alone (Zola et al., 2013;

Pavisic et al., 2021; Parra et al., 2022). Some of these have involved spatial

elements by virtue of including visuospatial stimuli (e.g. Pavisic et al., 2021).

However, the combination of eye tracking for studying spatial memory under dif-

ferent spatial reference frames in AD is scarce. Previous relevant studies have

only presented visuospatial tasks from an egocentric reference frame through

the use of two-dimensional desktop tasks (Coco et al., 2023), or avoided gaze

analysis during retrieval phases (Segen et al., 2021; Hilton et al., 2020). Using

eye-tracking to examine memory retrieval patterns during allocentric memory

has not been done before, but could be a promising way of measuring spatial

impairment in AD.

1.5 A spatial updating paradigm in immersive virtual

reality

The spatial updating task used by several others to investigate spatial memory

processing in healthy adults (see Section 1.2.2) can be adapted to examine

spatial memory performance in early AD. This paradigm allows variation in the

use of egocentric and allocentric strategies by shifting the participant’s viewpoint

of a configuration of objects between encoding and retrieval.

In the task, participants view a table of objects twice, separated by a period

of occlusion. On the second viewing, they must detect a spatial change, such
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as a moved object. By manipulating the rotation of the participant or the objects

around the centre of the table between viewings, the availability of egocentric

strategies can be varied. For example, if there is no change between viewings,

or if both the participant and the table have rotated by the same amount around

the centre of the table, then an egocentric visual ‘snapshot’ can be used to de-

tect any changes (Simons and Wang, 1998; Burgess et al., 2004). However, if

the participant moves to a new viewpoint for the second viewing without the table

rotating, they cannot use egocentric strategies but can use object-to-object (allo-

centric) relative positions to solve the task (see Figures 1.5 and 1.6). Moreover,

if the participant walks to the new viewpoint, then the positions of the objects

are consistent with their self-motion cues. Indeed, the act of self-motion has

been shown to contribute to memory performance in the spatial updating task

when a viewpoint is shifted (Simons and Wang, 1998; Burgess et al., 2004). Ac-

cordingly, walking to a new viewpoint involves both allocentric and self-motion

processing (Burgess et al., 2004) that could be impaired in participants with AD

due to MTL damage.

Teleporting and self-motion. The effects of self-motion on memory perfor-

mance in this task have previously been varied by including table rotations. As

described in Section 1.2.2, the effects of self-motion and egocentric views on

spatial change detection can be tested by including two further conditions: (1)

the table rotates but the subject stays at the same viewpoint, and (2) the partici-

pant moves to a new viewpoint and the table also rotates. These two conditions

provide both same and shifted viewpoints while disrupting the consistency of

object locations with the participant’s self-motion (Figure 1.5).

For this thesis, the spatial updating paradigm was adapted to disrupt self-

motion in a new way. Immersive virtual reality (iVR) has the advantage of allow-

ing both (a) naturalistic self-motion through the virtual environment, providing

proprioceptive, optic flow, and vestibular cues that mimic real-world movement,

and (b) unnaturalistic instant transposition of the viewing camera, also known as
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‘teleportation’. This functionality allows the removal of normal self-motion during

allocentric viewpoint shifts by having the participant teleport to the new view-

point instead of walking. Previous research has shown a reduced performance

for healthy adults in a spatial updating task when teleporting to a new view-

point compared to walking (with no rotation of the objects; Castegnaro, 2021,

ch. 4, p. 149). This effect could be due to the disruption of self-motion up-

dating of object locations, which normally provides a boost to spatial memory

(see Section 1.2.2), implying that teleportation is a useful tool for investigating

movement without self-motion. However, for this to be valid, teleporting and ro-

tating the table should not be more difficult than walking and rotating the table.

This is because both conditions remove the consistency of object positions with

self-motion, but maintain the egocentric view (because both conditions involve a

shift of view and table rotation by the same angle around the centre of the table,

see Figure 1.7).

Eye-tracking. Modern iVR systems now include integrated eye-tracking, al-

lowing measurement of eye movements during the spatial updating task. The

paradigm also lends itself well to measurement of gaze location because the

main visual stimuli (the objects on the table) can be distinctly separated into ar-

eas of interest without ambiguity of the foveated object. Indeed, eye-tracking has

been used with a similar paradigm to examine encoding strategies in younger

and older adults (Segen et al., 2021; Hilton et al., 2020). However, eye move-

ments were not examined during retrieval in these studies because (a) it was not

the focus of the hypotheses, and (b) retrieval viewing varied greatly in length due

to differing reaction times, making comparisons of eye movement patterns more

difficult. Yet, viewing patterns during memory retrieval may reveal important

details of task-relevant eye movements, as evidenced by preferential viewing

effects (see Section 1.4). To allow for comparison between retrieval phases, a

fixed-length period of forced viewing was introduced before allowing selection of

the target object.
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Spatial memory monitoring. The final adaptation to the paradigm was the in-

clusion of a confidence rating scale after deciding which object had moved. This

was a cheap and easy way to include a measure of spatial memory monitoring:

a first for this task in AD participants.



1.5. A spatial updating paradigm in immersive virtual reality 46

Figure 1.7. Cartoon demonstrating the egocentric and self-motion changes in the spa-
tial updating paradigm if the participant teleports instead of walking. Teleporting dis-
rupts naturalistic self-motion while allowing viewpoint shifts. The implications for this
in the Teleport-Rotate condition are not straightforward (hence the question mark), and
are discussed further in Section 4.3.2.1 following more detailed hypotheses.
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1.6 Aims and predictions

This thesis describes the development of the aforementioned extended

viewpoint-shifting spatial updating task in iVR, with additional collection of con-

fidence and eye movement data to measure spatial memory monitoring and

memory-related fixation patterns, respectively.

I first aimed to determine the feasibility of this new task due to the inclu-

sion of several new components, including virtual teleportation, eye-tracking,

and iVR use by older adults. Indeed, replication of previous spatial memory

results in healthy participants was a secondary aim for this adapted task. Al-

though healthy older adults have shown impairments in allocentric navigation

tasks (Harris et al., 2012; van der Ham et al., 2020; Zhang et al., 2021), stud-

ies of viewpoint-shifting paradigms have not found differential effects of shifted

perspectives with age (Segen et al., 2021; Hilton et al., 2020). Therefore, older

adults were expected to replicate previous patterns of spatial memory results,

showing improved performance when object locations were consistent with ego-

centric views, and allocentric conditions with self-motion via walking. Healthy

younger and older adults were included to test the prediction that older adults

would perform generally worse overall, regardless of task conditions.

I further aimed to test whether this adapted paradigm would provide useful

discrimination of participants with early AD and therefore demonstrate diagnos-

tic utility. This was achieved by recruiting participants with MCI who had re-

ceived clinical biomarker testing, allowing comparison of those with presence of

Alzheimer’s biomarkers (MCI+) from those without (MCI-). This approach, while

challenging for recruitment, provided a powerful means of dissociating MCI due

to AD from other causes in the absence of longitudinal follow up.

Due to the likely impairment of allocentric processing, I expected MCI+

participants to find detection of the moved object more difficult than MCI- or

age-matched cognitively normal controls when the task conditions required al-

locentric processing and self-motion via walking (Retrieval B in Figure 1.5, or
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the ‘Walk’ condition in Figure 1.7). MCI+ participants were predicted to perform

worse than control groups in conditions where they walked to a shifted viewpoint,

but less so when teleporting to the new viewpoint. Conversely, a specific impair-

ment in allocentric representations and self-motion processing should result in

equal performance between MCI+ and MCI- participants when object locations

were inconsistent with external cues or self-motion (as in Retrieval C and D

in Figure 1.5), and when object movement could be detected with egocentric

strategies (Retrieval A and C in Figure 1.5). Note that these condition-specific

hypotheses will be revisited and elaborated upon in Chapter 4 prior to the main

results of the study.

For eye movements, an iVR system with integrated eye-tracking was used

to simultaneously collect eye movement data during the task. I predicted that

MCI+ participants would be distinguishable from control participants based on

eye movements at encoding and retrieval. Most intuitively, eye movements that

have shown a relationship to MTL memory, such as preferential viewing of the

moved object at retrieval (Yeung et al., 2019) and gaze reinstatement compared

to the encoding scan-path (Wynn et al., 2019), were predicted to follow the same

pattern of results as memory performance.

Conversely, some eye movement measures were predicted to negatively

correlate with memory performance and Alzheimer’s risk. This may have been

the direct inverse of preferential viewing effects, such as fixating on the objects

that did not move, or related to the absence of strategic eye movement patterns.

Indeed, as mentioned in 1.4, participants with MTL damage had more random

or less predictable patterns of fixations on an arrangement of shapes (Lucas

et al., 2018; Coco et al., 2021).

For spatial memory monitoring, I predicted that participants with early signs

of AD would show less consistency between confidence ratings and memory

performance than healthy controls. Indeed, a confidence rating alone does not

provide this information, but the relationship between confidence and task per-
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formance was compared and contrasted across groups, with the expectation

that participants with early signs of AD would show more decoupling between

confidence and task performance.

Finally, and perhaps most importantly, I aimed to demonstrate that differ-

entiation of MCI+ participants from controls would be most accurate from task-

derived measures compared to traditional neuropsychological tests when train-

ing classification models. Further, I predicted that a combination of memory,

memory monitoring, and eye-tracking measures would outperform any single

measure.

More specific hypotheses and results are described in Chapter 4. Before

this, details of the task, its technical development and data pipeline are detailed

in Chapter 2. The feasibility of the task for testing younger and older adults is

then described in Chapter 3. Following this, the results of the above predic-

tions are presented in Chapters 4-6, which detail the findings from a series of

analyses comparing groups on eye movement and behavioural measures.



Chapter 2

Materials and Methods

This chapter contains details of the development of the study paradigm. The

virtual reality implementation of the task is described including the processing

of eye data. The details in this chapter hold across all successive chapters.

2.1 Materials and setup

The task was developed in the Unity3D game engine (version 2018.3.9f1) and

run using the HTC Vive Pro Eye system (HTC, n.d.), which includes a head-

mounted display (HMD) with integrated eye trackers. The two included ‘Base

Stations’ were placed in opposite corners of a space at least 2.5m x 2.5m. The

HTC Vive Wireless Adapter and accompanying battery pack were attached to

the top of the HMD to allow for free movement during the task. This was impor-

tant because movement and rotation during the task led to twisting and tangling

of the cable if the HMD was tethered to the operating computer.

The manufacturer’s reported specification of the eye tracking states a 120

Hz eye sample frequency, a 0.5-1.1° accuracy within the middle 20° field of view

and a trackable field of view of 110° (HTC, n.d.). Developers can interact with the

eye tracking functionality using the SRanipal Software Development Kit (SDK),

which was accessed using the Unity3D game engine. Raw data output from

the eye tracking included timestamped gaze origin and direction, pupil position

and size, and eye openness. Additionally, gaze origin and direction are used

by the SRanipal SDK to calculate a ray vector cast from the origin of each eye.

The intersection of this vector with a virtual object can be recorded online and
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combined into one world-space gaze point per eye sample. These gaze points

formed the basis of fixation and saccade calculations, as described in Section

3.2.5.

The virtual environment (Figure 2.1C) was modelled on a mountainous re-

gion with irregular distal cues (mountains) and unique, mid-distance cues in four

cardinal directions to aid with orientation. In the centre of the environment was a

circular table with a coloured border and an opaque dome on top with an arrow

shape to show table direction (and therefore rotation). Two objects, a log and a

rock, were placed closer to the table and dome to allow for proximal visual cues.

A boundary warning system was programmed into the virtual environment.

If a participant moved within 35 cm of the border of the VR ‘play area’, then an

obvious sign appeared indicating that the participant should move back towards

the centre of the arena.
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Figure 2.1. Stills of the equipment and virtual environment. (A) The HTC Vive Pro Eye
with wireless adapter and controller (photograph included with permission). (B) View
of four objects at encoding from a participant’s view. Participants had 7 seconds to
memorise the arrangement of objects. For a demonstration of exemplary trials, please
see here: youtu.be/Wyw3wo7WMMI. (C) View of the wider virtual environment. For a
360° view, see here: youtu.be/IC0bgC 54. (D) The table was occluded by a dome
between viewings.

https://youtu.be/Wyw3wo7WMMI
https://youtu.be/IC0bgC_wr54
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2.2 Task design and trial structure

Figure 2.2. Schematic of trial structure. Six possible conditions were defined by combi-
nations of participant movement (Stay, Walk, Teleport) and table rotation (Still, Rotate)
between encoding and retrieval phases. Demonstration also available in video format
youtu.be/Wyw3wo7WMMI.

https://youtu.be/Wyw3wo7WMMI
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Figure 2.3. Conditions organised by table and participant movement with condition-icon
key. Small icons will be used throughout the thesis to indicate conditions.

Participants were asked to detect which object had moved within an arrange-

ment of four or five objects on a circular table between a first (encoding) and

second (retrieval) viewing period, each lasting 7 seconds. They had to select

which object they thought had moved, before rating their confidence in their

choice on a scale from 1-10, with 1 being ‘not at all confident’ and 10 being

‘extremely confident’.

First and second viewing periods were visually distinguishable by the colour

of the table border. This was included as a visual reminder of the phase of the

task, added following early piloting. After the second viewing, the table border

changed colour again, indicating that it was time to select which object moved.

This was done by pointing and clicking with the controller. Another 5 seconds

was allowed here before the trial timed out and the occlusion dome came down

(see Figure 2.2 and youtu.be/Wyw3wo7WMMI for a task demonstration).

https://youtu.be/Wyw3wo7WMMI
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In each trial, participants first viewed the array of objects from the starting

viewpoint. The dome then occluded their view of the objects. Before the second

viewing, they either stayed at the same viewpoint or moved to another viewpoint

135° around the centre of the table. This angular shift was chosen based on

previous literature (Heywood-Everett et al., 2022) as it likely required a higher

degree of allocentric spatial processing compared to smaller angles that can

be partially solved using egocentric views (Burgess et al., 2004). It was also

important to avoid angles that could allow idiosyncratic or non-spatial strategies,

such as 90 or 180° (Mou and McNamara, 2002).

Trials that required participants to shift to a different viewpoint were split

into two types of movement: walking and teleporting. This latter movement

involved the participants instantly transposing their position within the virtual

environment to the desired viewpoint with the click of a button. Specifically,

participant movement was virtually transposed to the new position after they

pointed to an enlarged viewpoint marker at the desired location and clicked the

trigger on the controller. Participant rotation was not shifted, so they had to turn

towards the table after teleporting. This also provided physical movement to

control against the effect of self-motion in trials that required walking.

During half of the trials, the table rotated between first and second viewings

by 135°. For trials where participants had moved between viewings, this meant

the configuration of objects on the table was viewed from the same perspective

at first and second viewings, but both the participant and the table had shifted

with respect to external cues. For trials where the viewpoint was the same at

first and second viewings, the table rotating meant the participants were viewing

the configuration from a different perspective at the second viewing.

Accordingly, trials varied by both participant movement and table rotation.

Participants either stayed in the first viewing position (‘Stay’), or moved to the

shifted viewpoint by walking (‘Walk’) or teleporting (‘Teleport’). Additionally, the

table either stayed still (‘Still’) or rotated (‘Rotate’), creating six different possible



2.3. Objects 56

trial conditions named after the change between viewings:

Stay-Still, the participant Stays and the table is Still: no change;

Stay-Rotate, only the table rotates away from the participant;

Walk-Still, the participant walks to the second viewing;

Walk-Rotate, the participant walks and the table rotates;

Teleport-Still, the participant teleports to the second viewing;

Teleport-Rotate, the participant teleports and the table rotates.

Figure 2.3 shows these conditions organised by participant and table move-

ment. Note that Walk and Teleport combined will sometimes be referred to as

Move (i.e. Move-Rotate or Move-Still trials).

Each participant completed 9 of each of the six conditions for a total of

54 trials. These were split into three sessions of 18 trials with three of each

condition randomly ordered. Participants had a short break between each ses-

sion. The rotation of the participant or viewpoint was counterbalanced to include

include number of clockwise and anticlockwise rotations, which have shown to

have an effect on memory in ageing (Castillo-Escamilla et al., 2022) but were

not the target for hypotheses.

2.3 Objects

Configuration objects were a counterbalanced sample of four from 21 easily-

recognisable and distinguisable three-dimensional models (shown in Section

2.5 in the next chapter), many selected from OpenVirtualObjects (Tromp et al.,

2020) and some from previous experiments (Castegnaro, 2021, ch. 4, p. 149).
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Chapter 3 discusses the choice of number of objects for the final version of the

task.

Objects were contained within invisible spheres with 8 cm radius, equivalent

to a 3-dimensional visual area of interest (AOI) for that object (see Figure 2.4).

AOIs were larger than the bounds of the object’s visible shape. This was to

account for gaze points at the edge of the visible borders of objects, which may

be erroneously detected as a gaze point on the table or an object behind it.

The size of these AOIs was systemtically determined during development, as

described in Chapter 3.

Figure 2.4. Visualisation of an area of interest (AOI) sphere surrounding an object, with
gaze points registered there (green) and on the table nearby (red).

In each trial, four objects were placed on the table with contrasting colours

and shape, without repetition within a trial or between consecutive trials. Object

locations were generated with a pseudo-random placement algorithm. This first

placed one object in a random position on the table, the next object on another

random position on the table at least 28 cm away, and so on until all objects were

placed. After placing all four objects, one object was randomly selected and

moved to a pseudo-random location, maintaining the minimum 28cm between

objects. This second configuration was then saved and the two configurations

were shuffled to form a configuration pair.

Object shift distance was counterbalanced by condition by one of three
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distances: 40±1cm, 55±1cm or 70±1cm. This allowed for a range of different

types of configurations, and reduced the predictability of the object shift.

Configurations were discarded if they formed a regular shape (approxi-

mately equal angles or distances between objects in the convex hull) or if two

or more objects were in line from the perspective of either viewpoint. Although

these helped avoid regular shapes that were too easy to remember, the effect

of the shape of the configuration on change detection is unknown. Therefore,

one configuration pair was generated for each of the 54 trials, and configuration

pairs were counterbalanced across participants and conditions to reduce any

confounding effect of spatial configuration.

2.4 Procedure

Before beginning the experiment, participants were asked to name the objects

from a printout (Figure 2.5). This was to avoid any distracting confusion over the

identity of an object during the task.

Participants first underwent a training session of two guided trials at the

very start and sixe further trials covering all conditions. After the training ses-

sion, participants went through 13 practice trials. This included two trials per

condition, plus an extra no change trial. For healthy control groups, if partici-

pants failed 2 out of 3 of the no change practice trials (the easiest condition),

the practice was automatically cut short for the researcher to check the par-

ticipant’s understanding. The practice block was run again until the participant

passed this criterion, up to a maximum of three times, which was never reached.

Participants then completed the experimental protocol (all three blocks) with

five minute breaks between them. The whole procedure lasted approximately

90 minutes.
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Figure 2.5. Final selection of objects used in the task.

2.5 Data collection

For each viewing period, data were recorded per frame for world-space gaze

point, pupil diameter, eye openness, eye position, eye direction, headset posi-

tion & rotation and controller position & rotation.

Object selection, confidence and trial parameters were recorded at the end

of each trial. The locations of all visible objects in the environment were logged

at the start of the session and after each change in position.

Data from the VR task were saved to raw data files, which were formatted,

checked for validity and uploaded to a relational database (“PostgreSQL”, 2022).

2.6 Data management, processing and engineering

Eye tracking data and the measures derived from the task were organised into

different levels of nested granularity, visualised in Figure 2.6. The most fine-

grained level was per frame, where eye movement data and geometric infor-

mation on virtual objects were recorded. For eye-movements, frame-level data

was used to calculate event-level measures, which in this case was split into

fixations and saccades as described later in this section. These were used to

compute viewing- and trial-level measures that were further divided into different

conditions or combined on a per-participant, per-condition or per-group basis.

At the frame level, eye tracking data were checked for tracking loss. Periods
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Figure 2.6. Diagram representing levels of granularity in the dataset. These levels will
be referred to throughout the thesis.

of tracking loss were identified using built-in eye openness and pupil diameter

parameters. These indicated whether an eye trace was validly recorded at each

frame. Periods of tracking loss <100ms were considered technical malfunctions

and were linearly interpolated (Ghose et al., 2020). For gaze point data, peri-

ods of tracking loss between 100ms and 1000ms were interpolated only if the

distance before and after the tracking loss was less than 8cm (radius of an AOI

sphere). This maximised the proportion of available data for estimating fixation

times on AOIs by assuming that these periods of tracking loss were during a

fixation. All other periods of tracking loss were marked as missing data and

linearly interpolated for filtering, but not included in further analysis.

Frame-level data were also filtered and smoothed to improve signal-to-

noise ratio, including eye and head position data. Filtering approaches followed

previously documented procedures (Das et al., 1996; Diaz et al., 2013). All

frame-level signals were up-sampled to 1000 Hz using linear interpolation before

filtering with a first-order low-pass Butterworth filter with 30 Hz cutoff frequency.

Eye data were then filtered with a 5-point (per 120 Hz frame) median filter and



2.6. Data management, processing and engineering 61

5-point moving average filter. Camera position and rotation were filtered with a

7-point median filter and 5-point moving average filter. Derivatives of gaze and

camera signals were calculated from these signals (e.g. velocity).

Frame-level data were used to classify two distinct functional and oculo-

motor events: fixations and saccades. The former are periods of maintained,

localised gaze used for visual information gathering, accounting for between

70% and 90% of gaze time (Bogartz and Staub, 2012; Einhäuser et al., 2006;

Ford et al., 1959). Saccades, conversely, are the fast, ballistic eye movements

between fixations, during which visual information is actually suppressed (Matin,

1974). Identification of fixations from saccades is a common step in process-

ing eye-tracking data (Salvucci and Goldberg, 2000). The approach to this is

detailed in the next chapter, Section 3.2.5.

Smaller oculomotor events were not identified due to the low precision

of the eye-tracker, including post-saccadic oscillations and microsaccades

(Holmqvist and Blignaut, 2020). Additionally, smooth-pursuit eye movements

were not examined here because all AOIs were static during viewing periods.

Finally, pupillometric measures were not analysed as they were not relevant to

hypotheses.

2.6.1 Eye movement measures

After partitioning eye movement data into fixations and saccades, many differ-

ent measures can be extracted to summarise or describe viewing behaviour.

Typically, an appropriate time period is chosen and the number or duration of

fixations on AOIs are calculated as straightforward memory-related eye move-

ment derivatives. I adopted this approach as the most basic method of analysing

eye movements, calculated from the standard 7s viewing period at encoding and

retrieval. These viewing-level measures were used to compare viewings within

and across participants.

However, summarising eye measures at the viewing level fails to account
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for most temporal or sequential information. Although researchers may extract

measures derived from the temporal dimension, such as the time before the first

fixation on a key AOI. However, this still ignores potentially insightful temporal

dynamics of viewing behaviour within viewing periods.

There are several analytical approaches available to account for dynamic

time data. One approach involves calculating the probability of fixating on an

AOI over time and fitting models to the resulting time-series data (Oleson et

al., 2017). This approach allows for time-dependent measurements of viewing

behaviour based on an averaged viewing period, including the change in gaze

behaviour. An implementation of this approach is described in chapter 5.

While this type of analysis can search for changes in viewing patterns over

time, it does not easily account for the viewing behaviour between AOIs. A

number of studies have focused on studying fixations based on the transition

patterns between AOIs, sometimes referred to as the ‘scan-path’ (Anderson et

al., 2015; Noton and Stark, 1971; Yarbus, 1967). This class of measurement

requires calculation of the transitions between AOIs, usually combining fixations

within AOIs into one ‘external’ fixation.

There has been some debate on the best way to analyse scan-paths

(Hayes et al., 2011; Wollstadt et al., 2021). One popular approach involves

modelling them as Markov chains because each AOI can be represented as

states in a fixation sequence, with transitions between them. Transition prob-

abilities can be calculated between AOIs and information theoretic measures

such as Shannon Entropy can be calculated per scan-path (Krejtz et al., 2015;

Krejtz et al., 2014; Ebeid and Gwizdka, 2018; Lee et al., 2022). Indeed, scan-

path entropy has been shown to be higher in participants with medial temporal

lobe damage (Lucas et al., 2018) and MCI (Coco et al., 2021) and was therefore

included as an outcome measure in this study.

However, this approach still ignores most temporal information, because a

Markov chain assumes that each state is dependent only on the previous one,
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whereas evidence supports eye movement planning beyond the next fixation

(Hoppe and Rothkopf, 2019). More advanced techniques have been developed

to account for this, but they either sacrifice ease of interpretation (Hayes et al.,

2011) or comparability across differing scan-paths (Wollstadt et al., 2021). For

this latter issue, a range of scan-path comparison statistics have been devel-

oped to measure the similarity between one fixation sequence and another. For

example, the Levenshtein distance or string-edit method measures the distance

to edit one string of symbols into another, with a cost for insertion, deletions and

substitutions (Mathot et al., 2012). This algorithm was adapted for ‘MultiMatch’,

a set of measures that quantify the similarity between a pair of scan-paths based

on the sequence of fixation durations, distances, or vectors (Dewhurst et al.,

2012; Jarodzka et al., 2010).

When using a comparative measure to quantify the similarity between two

scan-paths, one loses the advantage of a single statistic per scan-path that can

be compared between trials or participants. In other words, similarity metrics

like Levenshtein distance and MultiMatch are relative measures, requiring two

scan-paths for calculation. Although a limitation in some cases, this is a useful

approach for paradigms that involve two or more viewing periods per trial such

as this one. Specifically, a key eye movement analysis involved the approxima-

tion of a gaze reinstatement effect (see Section 1.4) by comparing scan-paths at

encoding and retrieval viewing periods for each trial. However, some design fea-

tures of the current paradigm created complications for quantifying similarities

between scan-paths at the first and second viewings. Firstly, the scene changed

between the two viewings: moving one object not only moved the AOI, it also

created an extra AOI: the previous position of the moved object. Furthermore,

viewpoint shifts and table rotations changed the world-space and egocentric po-

sitions of the objects.

To partially accommodate these issues, the MultiMatch ‘shape’ similarity

metric was used to quantify a gaze reinstatement effect, but only in trials without
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table rotation. This meant that a comparison between the world-space vector

sequences at encoding and retrieval were made to estimate gaze reinstatement.

An analysis of an egocentric gaze reinstatement effect in Move-Rotate trials was

not performed for this thesis.

In addition to comparing scan-paths within trials, similarity metrics provide a

potential means of comparing scan-paths between participants on similar stim-

uli. Accordingly, a data-driven methodology for analysing scan-path differences

at encoding was developed by combining MultiMatch with a clustering algorithm.

This did not contribute to the results of the thesis, but can be found in Appendix

A.



Chapter 3

Feasibility of the paradigm for testing

younger and older healthy adults

Abstract

The feasibility of the new immersive virtual reality task was tested in healthy

younger and older adults.

Methodology. Four- and five-object versions of the task were assessed for

performance in younger and older adults with a view to prevent any floor effects.

Eye tracking precision and data collection feasibility were tested, including cal-

ibration of areas of interest (AOIs) around objects. A bespoke fixation identifi-

cation procedure was developed and tuned against a published method. Eye

movement associations with task performance were examined to test for task

modulation of fixation patterns. Usability and acceptability of the task procedure

was assessed by brief semi-structured interview.

Summary of findings. All participants found the task acceptable and usable,

although several participants commented on its difficulty. The five-object version

of the task was found to be too difficult for older adults specifically, with sev-

eral participants performing at or below chance. AOI sizes required adjustment

after assessing erroneous fixations. Eye tracking precision was low for some

visual field targets. A new ‘GazeCollide’ fixation identification algorithm was de-

veloped, showing improved data processing speed over the most comparable

method. Participants had significantly greater fixation time on the moved object

in correct trials, supporting task-relevant effects of eye movements.
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Conclusions. A four-object version of the task was used for further data col-

lection. Precision of the integrated eye-tracker was likely too low for saccadic

measures; eye metrics based on fixations were employed for analysis of task

results from a larger sample.
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3.1 Introduction

Before testing any scientific hypotheses, the feasibility of the new task was

tested. The term feasibility study was used in the broad sense here: in de-

termining whether it was possible or reasonable to run a larger-scale research

project on the paradigm in question. Indeed, the main purpose of a feasibility

study in research is to ascertain whether a paradigm can work to test hypothe-

ses, rather than test the hypotheses themselves (Bowen et al., 2009). As a

result, methodologies can vary greatly according to the specifics of the study de-

sign. However, they commonly include an assessment of user experience, often

allowing participants to suggest improvements to the paradigm. For this study, I

combined this user-focused assessment with some task-specific feasibility tests

of technical functioning, task difficulty, and eye-tracking data processing.

For assessing task difficulty, the most important population to test for feasi-

bility were age-matched control participants. If these participants found the task

difficult to perform or use, it was likely due to age-related factors, or the design

of the task itself, which I aimed to dissociate from Alzheimer’s-related cognitive

and behavioural changes. Any potential floor effects could obscure differences

between healthy and patient groups when aiming to find a measure that dis-

criminated between them. An appropriate task difficulty therefore required older

adult participants to perform above chance—the probability of a correct answer

if they were randomly guessing.

Ideally, the feasibility of the task in older adults with memory impairments

would have also been tested, if not to assess their memory performance, then

to check usability and acceptability in a population that may have had different

needs than their unimpaired counterparts. Unfortunately, participants with mild

cognitive impairment (MCI) were unable to be recruited when the task was ready

for feasibility testing due to delays related to the COVID-19 pandemic. However,

I have included qualitative results of the first five patient participants, collected

at a later date for the main study results described in Chapter 4. The details
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of the task itself could not be changed after these participants were tested, but

their experiences were still documented.

In addition, a younger adult group was recruited to test the feasibility of

examining age-related differences and replicating previous findings (Burgess et

al., 2004; Simons and Wang, 1998). One consideration for making the task

appropriate for older adults was a potential ceiling effect in this younger group:

the task could become too easy for them. It was preferable to ensure both

age groups were not performing at floor or ceiling, but because I was most

focused on calibrating the difficulty to an age-matched control group for patient

comparison, it was a priority to keep the older group above chance.

As this was the first use of this eye-tracking equipment for this paradigm,

the feasibility of collecting eye movements during the task was important to con-

firm. Eye tracking allows for rich data collection, but the data can be low quality

and require several pre-processing steps (see Section 2.6). For example, to

make sure the eye data was usable for testing scientific hypotheses, I tested the

technical feasibility of calibrating the eye tracking consistently, the precision and

accuracy of the eye tracker, and early hypothesis-related results based on eye

movement measures.

An important processing step for the eye-tracking data was partitioning

gaze samples into fixations and saccades. A bespoke algorithm was developed

for this purpose. Therefore, a key feasibility step was to validate its use and cal-

ibrate its parameter thresholds. Eye movement comparisons between groups

relied on this algorithm in later chapters. Therefore, to assess whether the algo-

rithm was fit for use, key fixation-derived measures were tested for task-relevant

effects. For example, an association between fixations on the moved object and

task performance was expected even with a small, feasibility sample. This step

provided a check that eye-tracking data were potentially useful or appropriate

for testing hypotheses.
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3.2 Methods

3.2.1 Task Design

The task structure was identical to the design detailed in the General Methods

Section 2.2, except that some participants were given a version of the task with

five objects per configuration, and some with four. This was the main method of

calibrating the task difficulty for older adults. A five-object task would be more

consistent with earlier versions of the viewpoint-shifting paradigm (Burgess et

al., 2004; Mou and McNamara, 2002; Simons and Wang, 1998). However, an

easier four-object version was ultimately more appropriate for older adults, who

had not been tested on the paradigm before.

3.2.2 Participants

Thirteen healthy younger participants (7 female, mean age 25.1, age range 20-

33) and eleven healthy older adults (6 female, mean age 73.1, age range 61-80)

participated in the study after giving their informed consent. The study was

approved by the UCL Research Ethics Committee (SHaPS-2018-JK-027). Only

participants without the following were recruited:

• A visual impairment that could not be corrected-to-normal, including colour

visual deficiency (colour-blindness);

• Significant mobility problems or injuries that may cause problems with the

task;

• Significant mental health disorders;

• Difficulty with verbal or written instructions due to communication needs or

language barriers;

• A diagnosis of dementia;

• Other neurological conditions including cerebrovascular disease.
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In addition, five participants with mild cognitive impairment (MCI) were

asked qualitative feasibility questions, but did not contribute to the dataset for

other areas of feasibility testing. These participants were recruited with the

same eligibility criteria aside from allowing for the diagnosis itself. The details of

the diagnostic criteria for MCI can be found in Chapter 4 (Section 4.2.1).

3.2.3 Qualitative feasibility

A brief, semi-structured interview was used to collect data on usability and ac-

ceptability, as well as researcher observation. Participants were all asked the

following, with encouragements to expand upon answers where appropriate:

1. how clear the training instructions were;

2. how easy or difficult they found the task to navigate (ignoring perceptions

of performance);

3. their understanding of the task after practice trials;

4. whether they found anything confusing about the task;

5. how they found the visibility of the objects;

6. their overall experience of the task.

Answers were recorded in writing for content analysis. Additionally, the re-

searcher observed the following:

1. participants’ ability to navigate the task,

2. participants’ tolerance of the task and VR in general, and

3. whether any safety risks arose.

3.2.4 Technical feasibility and data quality
3.2.4.1 Eye tracking calibration consistency

Functioning of the manufacturer’s built-in eye tracking calibration was noted for

each participant by the researcher. The only details of calibration results for
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developers was success or failure. If the calibration failed, it was attempted up

to twice more, including after a system reboot.

3.2.4.2 Precision and accuracy

Measuring precision and accuracy was important for comparing eye tracking

results across studies, determining the quality of the data, and assessing the

suitability of the eye movement analysis. For example, if eye tracking was too

inaccurate or imprecise, then it would be inappropriate to examine measures

such as intra-fixation gaze patterns.

The precision and accuracy of the eye tracking were assessed using Gaze-

Metrics (Adhanom et al., 2020). This open-source software was designed for

immersive virtual reality (iVR) headsets with integrated eye-tracking. These data

were useful to collect for the HTC Vive Pro Eye system because, as mentioned,

the manufacturer’s calibration software did not allow developers access to de-

tailed results.

GazeMetrics appeared as a calibration programme, providing a series of

dot targets to fixate on, locked to the participant’s view (Figure 3.2A). The ac-

curacy measurement was calculated as the difference between the reported

fixation location and the intended target. The spatial precision metric quantified

the variability in gaze measurements by calculating the root mean square (RMS)

of the angular differences between eye vector samples (equations for accuracy

and precision are shown in equations 1 and 2 in Adhanom et al., 2020).

GazeMetrics was tested on participants after in-built calibration and before

the task. Accuracy and precision were recorded per fixation target on raw eye-

tracking data; no pre-processing steps described in Section 2.6 were performed

prior to this.

3.2.5 Fixation identification

A custom eye-event algorithm was written to classify fixations from saccades.

Traditional identification of fixations from saccades has involved manual labelling
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by one or more human expert coders. This usually relies on a set of rules and at

least two coders, who must demonstrate a minimum level of agreement. How-

ever, sourcing expert coders with the availability to code hundreds of viewing

periods is a significant limitation of manual coding, and precluded it from this

study. Moreover, manual approaches allow for more uncontrolled subjectivity,

and agreement between coders can vary significantly, affecting event-level fea-

tures such as the number of fixations (Hooge et al., 2018). This has lead some

to conclude that it should not be considered the gold-standard fixation identifi-

cation technique (Hooge et al., 2018).

Alternatively, identifying fixations from saccades is commonly performed by

one of several computational algorithms. The problem lends itself well to an

algorithmic approach because these eye-events are often defined by changes

in derivatives of eye position such as dispersion, velocity, or acceleration. How-

ever, there is no clear consensus on which is the most effective or reliable fix-

ation identification algorithm (as reviewed in Andersson et al., 2017). The lack

of agreement is likely because the most widely used methods are based on

thresholds of velocity or spatial dispersion, which may not generalize across

eye-tracking equipment, study design, or pre-processing steps. Efforts to create

generalised algorithms have been published (e.g. Zemblys et al., 2019), but this

can come at the expense of simplicity or data processing speed.

Choosing the appropriate fixation identification algorithm for VR-based eye

tracking requires some unique considerations compared to traditional eye track-

ing methods, and also opens up unique opportunities. In VR environments, the

user is interacting with a 3D world, and therefore their head movement must be

taken into account in the eye tracking calculations. These calculations are in-

tegrated into the VR development software, but traditional fixation identification

algorithms must still be adapted to account for free head movement during a

fixation period.

Very few algorithms have been developed or adapted for use with VR-based
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eye tracking. One study adapted the Identification by Dispersion Threshold al-

gorithm (Salvucci and Goldberg, 2000) for use with VR (VR-IDT) using the HTC

Vive Pro Eye (Llanes-Jurado et al., 2020. The algorithm searches for fixations

by calculating the angular eye shift frame-to-frame and applying a dispersion

threshold with a moving time window of a minimum length. To adapt this ap-

proach to iVR, if a fixation is identified based on dispersion and time thresholds,

head movement is averaged for the fixation.

To the best of my knowledge, VR-IDT is the only published method for eye-

event classification with the same equipment as this study (although see Chen

and Hou, 2022 for an unpublished approach with many similarities). Unfortu-

nately, the algorithm is relatively slow to label data; VR-IDT takes on average

1.4 seconds to label a 7 second viewing period from this study (Figure 3.3). The

anticipated dataset for the diagnostic study was estimated to constitute >10,000

viewing periods, which would take >4 hours to process fixations alone. The iter-

ative nature of data analysis would likely require re-running fixation processing

several times, adding a considerable time burden on data processing.

3.2.5.1 GazeCollide

Although several alternative methods exist that could be adapted to the VR sys-

tem (Salvucci and Goldberg, 2000), a custom fixation identification algorithm

was developed to take advantage of the integration of eye-tracking and visual

stimuli in a single system. Using the SRanipal software development kit imple-

mented in the HTC Vive Pro Eye, the foveated object can be registered at run-

time. SRanipal interacts with the Unity game engine to automatically project a

line in 3D space using the known location and orientation of the eyes as the ori-

gin and direction of the line vector. As a developer, it is then relatively simple to

register where this gaze line ‘collides’ with world-based objects. For a task such

as this one, where AOIs are well-defined and spaced apart (i.e. the objects, with

the exception of the Table, discussed in Section 3.2.6), fixations can be mostly
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demarcated by which object is registered per frame. This is because they es-

sentially provide stimuli-driven dispersion thresholds. Of course, this relies on

pre-defined AOI boundaries, which were determined using a custom methodol-

ogy detailed in Section 3.2.6 of this chapter. Additionally, a velocity threshold

was applied to detect saccades within AOIs, which was particularly important

for consecutive fixations on the table itself. This was calculated by the angular

velocity in the eye direction, rather than the world-space point-to-point velocity,

which is not appropriate for 3D environments. A formalisation of this algorithm,

named ‘GazeCollide’ can be found in Algorithm 1.

Algorithm 1: GazeCollide algorithm
Data: Gaze Array : array of gaze point tuples (t, o, gx, gy gz):

timestamp t; gaze object o; and gaze collision point g x, y and z.
Parameters: Max. Velocity vmax, Min. Duration dmin

Result: Fixation labels: array f1,2,...,t with 1/0 for fixation/saccade.
Result: Fixation start labels: array s1,2,...,t with 1 marking the start of a

fixation and 0 not.
Result: Fixation end labels: array e1,2,...,t.

1 f1,2,...,t ← 1, assign 1 to all f ;
2 for all T2, T3, ..., Tt, vectorized do
3 Calculate angular velocity vt between Tt and Tt−1;
4 if vt > vmax then
5 ft ← 0, mark as saccade; /* velocity threshold */

6 if ot ̸= ot−1 and ft = 1 then
7 st ← 1; /* fixation start */

8 if ot ̸= ot+1 and ft = 1 then
9 et ← 1; /* fixation end */

10 Assign 1 to all f between where s = 1 and e = 1;
11 Combine consecutive fixations if separated by one gaze point;
12 for all consecutive points where f = 1 do
13 if duration of consecutive points d < dmin then
14 f ← 0

GazeCollide was designed with processing speed in mind where possible.

However, another reason for developing this new algorithm was its suitability to
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the hypotheses of the study. My main eye-tracking hypotheses related to which

AOIs participants fixated on and for how long. GazeCollide was inherently based

on this information, while filtering out gaze samples that were too fast to be

fixations. In contrast, VR-IDT is based on the angular movement of the pupils;

the gaze object must be identified after fixation labelling and one fixation may

cross multiple objects, requiring further heuristics and post-processing to label

a fixation as being on one AOI instead of another.

However, it should also be acknowledged that GazeCollide is a bespoke

method and may not generalise well to other studies. Indeed, the paradigm for

this study varied from the VR-IDT study (Llanes-Jurado et al., 2020) in several

key ways, one being that the main AOIs—the configuration objects—were de-

liberately placed a minimum distance from each other. Although viewers could

look at the table near or between objects, the most salient visual stimuli were

spaced apart by 28 cm, unlike Llanes-Jurado and colleagues’ study, avoiding

some ambiguity in the foveated AOI.

3.2.5.2 Calibrating GazeCollide thresholds

As discussed, there is no real gold standard by which to validate new eye-event

detection algorithms (Hooge et al., 2018). The best option is to validate against

manual labelling of established datasets (such as in Zemblys et al., 2019). How-

ever, reliable expert labelling was not feasible for this study due to time con-

straints, and validation of GazeCollide on an existing dataset was not possible

because of differences in equipment and the algorithm’s need for distinct, pre-

registered AOIs. Despite my previous reasoning against its use, the most rele-

vant eye-event algorithm to compare GazeCollide to is VR-IDT, which has been

calibrated for use in experimental paradigms with the same equipment (Llanes-

Jurado et al., 2020). Accordingly, GazeCollide was compared against VR-IDT

in two key ways. Firstly, in fixation labelling speed: both algorithms were timed

on classification of fixations and saccades for 100 random trials (2 viewing pe-
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riods per trial) from the feasibility sample and compared for differences using a

paired-samples t-test with a one-tailed alternative hypothesis that GazeCollide

would run significantly faster than VR-IDT.

The second way GazeCollide was compared to VR-IDT was in tuning the

velocity threshold of the former. Any new fixation algorithm should identify a pro-

portion of fixation samples consistent with eye-movement literature, which sug-

gests between 70% and 95% for adult eye-tracking studies (Bogartz and Staub,

2012; Einhäuser et al., 2006; Ford et al., 1959). Indeed, the optimised thresh-

olds for the VR-IDT algorithm resulted in ∼90% fixation samples in their original

study (100ms time window, 1.6◦ dispersion threshold). To ensure GazeCollide

captured an appropriate proportion of fixation samples, this was calculated per

viewing for a range of velocity thresholds and matched to the same measure

from VR-IDT using author-optimised thresholds. This was achieved by calcu-

lating the sum of square differences between the proportion of fixation samples

identified by each GazeCollide velocity threshold and the optimised VR-IDT al-

gorithm, as described in equations 3.1-3.3.

ϑ∗ = argmin
ϑ∈θ

(
Sϑ

)
(3.1)

S =
v∑

j=1

(
Pdj − Pgj

)2

(3.2)

P =
1∑n

k=1 Tk

×
n∑

k=1

TkFk (3.3)

In words, the proportion of fixation samples were calculated for each view-

ing period using equation 3.3 by multiplying each gaze point duration in T by

it’s corresponding fixation label in F as determined by the fixation algorithm.

A fixation label was 1 for fixations and 0 for saccades, so multiplication would

result in the sum of fixation gaze point durations. This sum was then divided by

the total gaze duration for that viewing period. Then, for each velocity threshold
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ϑ in θ, P for GazeCollide algorithm g was subtracted from the VR-IDT algorithm

d for each j in viewing periods v. The minimum sum of squares was then used

to select the optimum velocity threshold ϑ∗.

Previous velocity-based algorithm thresholds range from <20°/s to 100°/s (

Salvucci and Goldberg, 2000; Zelinsky and Loschky, 2005; Spieler et al., 2006;

Llanes-Jurado et al., 2020; Nárai et al., 2021). Based on visual inspection of

velocity-time charts (see Figure 3.4a for an example), I used a range of 20°/s

to 90◦/s in steps of 10°/s as parameters in GazeCollide for equation 3.2. A

minimum fixation duration threshold of 100ms was applied to all algorithms, as

this has commonly been found as a useful threshold for removing fixations that

are too short for processing visual information and therefore unable to be fixa-

tions (Manor and Gordon, 2003). It is also an optimised parameter for VR-IDT

(Llanes-Jurado et al., 2020).

To check that changing velocity thresholds would not make a difference

to key outcome measures, each velocity threshold was used to calculate four

eye-tracking metrics:

1. The proportion of fixations on the moved object, which was relevant to the

main study hypotheses, and tested for changes to fixations on configuration

objects.

2. The proportion of fixation time, or ‘dwell proportion’ on the moved object;

3. The proportion of fixations on the table. This was chosen because fixations

on the table, while still relevant to hypotheses (detailed in Section 4.3.1 in

the next chapter), were on less salient visual features of the environment

(less to focus on) than the configuration objects and may therefore show

different fixation patterns.

4. The dwell proportion on the table.
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To test for main effect of algorithm-threshold pair on fixation-derived met-

rics, one-way Analyses of Variance (ANOVAs) were calculated per metric

(α < .05). Further, to test for any group-dependent effect of varying the

threshold, the interaction between velocity threshold and group in predicting

each metric was calculated using a two-way mixed-effects ANOVA.

Figure 3.1. Visualisation of an area of interest (AOI) sphere surrounding an object
(green wire frame), reproduced from Chapter 2. Green markers are gaze points regis-
tered to the object, red markers are gaze points on the table nearby.

3.2.6 Calibrating the size of AOI spheres

The second threshold to calibrate for GazeCollide was the spatial definition of

each AOI. This was determined by the radius of the collision sphere for objects

on the table (see Figure 2.4), and the outer mesh for all other objects (i.e., the

visible borders of objects such as the table, the occlusion dome and external

cues). For configuration objects, a radius too small would lead to more gaze

points erroneously registered on the table. It was therefore important to choose

a sensible size of these spheres. However, determining appropriate sizes re-

quired a different approach to calibrating the velocity threshold in GazeCollide;

choosing a set of thresholds from the literature and calibrating against VR-IDT,

or testing sensitivity to key outcome measures, was not appropriate here be-

cause changing the AOI size around configuration objects would not necessar-



3.2. Methods 79

ily change the fixation/saccade ratio. Rather, it would predominantly change

the ratio of gaze points on the table to gaze points on configuration objects.

Therefore, the size of AOI spheres was not an algorithm-specific threshold, but

a task-relevant one.

To estimate an appropriate size of AOI spheres, a separate sub-task was

used to ensure that gaze points intended for a configuration object were reg-

istered as such. Participants underwent the sub-task, named the Object Cali-

bration phase, before starting the training trials. This required them to look at a

selection of the objects, one at a time, at five predefined locations on the table

(see Figure 3.6b). These locations were chosen to account for differences in

precision across the field-of-view of the iVR head-mounted display (addressed

in Section 3.3.1.2 of this chapter). AOI radii ranging from 4 cm to 12 cm in steps

of 2 cm were chosen based on the size of the objects and distance between ob-

ject positions. Smaller increments in radius were avoided to prevent over-fitting

parameters to the feasibility sample.

Judging whether gaze points were registered correctly was estimated via

the number of fixations registered on the table, as no fixation should be on the

table when the participant was looking at the objects in the Object Calibration

phase. AOI size was increased incrementally, and any radius that removed table

fixations was recorded, after accounting for any fixations on the table beyond 12

cm (which were assumed to be not intended for the object). The positions on

the table at which most table fixations were removed was also recorded. Note

that this was done for all fixations from all participants, not within participants.

Visual inspection of gaze and fixation data was also required to validate

whether table fixations were indeed erroneous. To this end, a Unity program

was developed wherein visual renderings of participants’ eye movements during

the Object Calibration phase could be inspected (Figure 3.7). In brief, eye and

head movement data were fed into a program that could ‘replay’ a rendering of

the task as the participant experienced it but with visual representations of gaze
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points and fixations overlaid.

3.2.7 Performance feasibility

As mentioned early in this chapter, the difficulty of the task was important to

gauge for healthy older participants. Therefore, the effect of group and number

of objects were tested on percentage of correct trials using a two-way between-

subjects ANOVA. This was further split by condition to examine the performance

in key conditions such as Walk-Still. Additionally, percentage of correct trials

was compared to chance (20% correct with 5 objects; 25% with 4 objects) using

one-tailed, one-sample t-tests for each condition-group pairing.

However, the sample size was under-powered for these statistical compar-

isons at an alpha level of 0.05. Statistical output of ANOVA calculations were

reported in this context alongside visual inspection of bar charts.

To assess whether eye movements and memory performance were signifi-

cantly associated based on this early data, fixation time on the moved object at

retrieval was compared between correct and incorrect trials. This eye movement

measure was central to scientific hypotheses of the wider study. A hierarchical

mixed-effects linear model was run per age group to test for main effects of

correctness, with trial data nested within participant groupings.
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3.3 Results

3.3.1 Technical and data quality results
3.3.1.1 Eye tracking calibration

All eye tracking calibration failures were resolved prior to practice phases. This

was only required for two participants, whose calibration failed on the first at-

tempt only.

3.3.1.2 Precision and accuracy

GazeMetrics was tested on 11 participants (some data were lost due to a techni-

cal error). The average precision and accuracy of the eye tracking at different lo-

cations as measured by GazeMetrics is shown in figures 3.2B and 3.2C. These

specifications are less accurate and precise than many industry-standard eye

trackers (Clay et al., 2019). Note that the manufacturer states 0.5-1.1° angular

error at target 1. However, target 1 had the lowest accuracy and precision (and

highest median absolute deviation of each). This may have been because it

was the first target presented and participants were still becoming accustomed

to the task. Future tests of accuracy and precision may need to counterbalance

the order of targets.
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Figure 3.2. (A) GazeMetrics fixation targets, numbers added for reference in order of
appearance. These targets were locked to the participant’s view. (B and C) Median
angular error of eye fixation, an inverse measure of accuracy, and median RMS, an
inverse measure of precision, at each numbered target in A. Error bars are median
positive deviations.

3.3.2 GazeColide calibration and comparison to VR-IDT

Figure 3.3 shows the difference in fixation labelling speed between GazeCollide

and VR-IDT algorithms on a logarithmic scale. GazeCollide completed fixation

labelling significantly faster than VR-IDT, (t(199) = −8.07, p < .0001). The

mean increase in speed was 10.7x that of VR-IDT. For 100 participants with 54

trials each, GazeCollide would label fixations in ∼25 minutes, whereas VR-IDT

would take ∼4.2 hours.

To calibrate velocity thresholds for GazeCollide, Figure 3.4 shows the per-

centage of fixation time labelled by GazeCollide across a range of velocity

thresholds in comparison to VR-IDT at the authors’ optimised dispersion thresh-

old of 1.6°. A velocity threshold of 60°/ s was determined as the optimal velocity

threshold from the set of thresholds shown, such that eye movements above

this threshold were automatically labelled as saccades.
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Figure 3.3. Comparison between GazeCollide and VR-IDT algorithms in processing
time per viewing on a logarithmic scale. Taken from a sample of 200 viewings.

To test for an effect of algorithm and threshold on eye-movement met-

rics, Figure 3.5 shows the comparison between algorithm-threshold pairs on

key measures. No significant main effect of algorithm-threshold pair was found

on any of the four measures, (p > .05), indicating that no evidence could be

found for an effect of varying the fixation algorithm or velocity threshold on

hypothesis-related eye-movement measures. Additionally, no significant effect

of algorithm-threshold pair interacting with group was found in predicting any

measures, (p > .05), therefore no evidence was found for an effect of changing

algorithm, or algorithm parameters, on the difference in hypothesis-related eye

movement measures between groups.
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Figure 3.4. Velocity thresholds for calibrating GazeCollide. [Top] an example segment
of gaze velocity data over time (orange line) with velocity thresholds superimposed (grey
horizontal lines). [Bottom] Dot plots of mean and standard deviation percentage of
fixation time as labelled by GazeCollide with different velocity thresholds. GazeCollide
at a velocity threshold of 60°/s was the optimal match to VR-IDT with 1.6° dispersion
threshold as determined by equations 3.1-3.3. This is represented by thicker, solid lines.
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(a)

(b)

(c)

(d)

Figure 3.5. Box-and-whisker plots of GazeCollide velocity thresholds and VR-IDT
across different eye movement measures: (a) the dwell proportion on the moved ob-
ject, (b) the percentage of fixations on the moved object, (c) the dwell proportion on the
table, and (d) the percentage of fixations on the table. No significant differences were
found between boxes for each measure.
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3.3.3 Size of AOI spheres

After filtering out data that did not record properly, the number of valid Object

Calibration targets for determining the size of AOI spheres was 40 from 8 sep-

arate participants. Figure 3.6 provides two visualisations of how changing AOI

size and location affected the number of erroneous table fixations from all par-

ticipants’ fixations pooled. Figure 3.6a shows that there was a sharp reduction

in the number of table fixations when increasing the size of AOI sphere from

8 cm to 10 cm. Figure 3.6b shows that the majority of table fixations were in

locations on the table further away from the viewer.

Visualisation of gaze data (examples in Figure 3.7) confirmed that partici-

pants were looking towards configuration objects for the data shown in Figure

3.6. Visual inspection of AOI sizes also suggested that 10 cm and 12 cm radii

may be too large for locations closer to the viewer, blocking gaze points intended

for the table beyond the object.
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(a)

(b)

Figure 3.6. Visualisations of the reduction in erroneous table fixations when chang-
ing the radius of the AOIs around configuration objects. Note that reduction in table
fixations was based on all fixations from all participants. (a) Cumulative reduction in
table fixations by AOI radius, such that 8 cm refers to an increase from 6 cm to 8 cm,
showing a reduction of one table fixation. (b) A three-dimensional visualisation, from the
egocentric perspective shown in Figure 2.1B, of the number of table fixations reduced
depending on the location on the table. Wire spheres represent AOI spheres at different
locations on the circular table. Sphere colour represents the number of table fixations
reduced at that location, regardless of AOI size.
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Figure 3.7. Close-up images with visible AOI spheres (green wire spheres), gaze
points (red and green dots), fixations (blue spheres) and saccades (blue lines between
spheres) as visualised in Unity3D. Red gaze points were registered as being on the
table; green gaze points as being on a configuration object. AOI spheres are all 8 cm
radius. (A) Gaze points scattered on the table around the object. These were not in-
cluded in a fixation. (B) An example of an ambiguous cluster of gaze points (red dots)
that registered as a fixation point (blue fixation sphere omitted for visibility), nearby an-
other fixation that registered on the configuration object. These table points would be
captured by increasing the AOI radius to 12cm. (C) An example of a fixation registered
to the table (bottom blue sphere with red gaze points) that should have been registered
to the object. These gaze points would have collided with the sphere if the AOI radius
was increased to 10cm. (D) An example of an erroneous gaze point, likely due to eye
tracking error. These were automatically removed by the GazeCollide algorithm.
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3.3.4 Acceptability and usability

All participants found the training instructions clear and felt they understood how

to perform and navigate the task well following training and practice, including

all participants with MCI.

Four participants commented that some objects were difficult to see or dis-

tinguish. These objects were replaced, shown in Figure 3.8.

Sixteen participants commented on the difficulty of the task, including all

those who underwent the five-object version and all patients with MCI. Two par-

ticipants specifically mentioned that it felt like there were too many objects to

remember in the five-object condition.

3.3.5 Researcher observations

There was one incident of a participant experiencing motion sickness. However,

this was short-lived and mild. Otherwise, participants did not have any tolerance

issues with the task. Nevertheless, a screening question was added to the

protocol to check for pre-existing sensitivity to motion-sickness or vertigo.

The boundary warning system worked appropriately in preventing partic-

ipants from any safety risks: this was only required for one incident each in

two participants. In other participants, the boundary warning system was not

required.

No participants showed signs of difficulties interacting with the task by the

end of the practice trials. This included difficulty with orientation after teleporting

and difficulty with using the controller to point and click. Three older participants

failed the practice criterion once, and one failed it twice, all in the five-object

group.
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Figure 3.8. Configuration objects. (A) Objects used in the latest version of the task.
Objects were selected based on distinguishable appearance including varying colours.
Objects were not repeated in successive trials and objects of similar colour or shape did
not appear in the same trial (e.g., the 5-ball, apple and tomato never appeared in the
same trial). (B) Objects that were replaced or removed following participant feedback.
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3.3.6 Memory performance

Participants’ percentage of correct trials by four- and five-object groups are

shown in Figure 3.9. There was evidence of a reduction in performance for

older participants with five configuration objects, compared to older adults with

four objects and younger adults with either number of objects (group-object in-

teraction: F (1, 19) = 3.07, p = .096; one-tailed post hoc t-test of four- vs

five-objects in older group: t(11) = −2.232, p = .042) as shown in Figure 3.9a.

Splitting by condition, older participants did not score significantly greater

than chance in the five-object group in any condition except Stay-Rotate (Sup-

plementary Table B.1; condition-object interaction: F (5, 45) = 2.22, p = .069).

However, older participants did score significantly greater than chance in all con-

ditions in the four-object group (Supplementary Table B.1). These results were

supported by visual inspection of Figure 3.9c, which showed particularly low

performance between four- and five-object groups in Walk-Rotate and Teleport-

Rotate conditions.

No difference was found between four- and five-object younger groups

(F (1, 10) = 0.06, p = .81), nor was there a condition-object interaction

(F (5, 50) = 1.46, p = .22). This suggests no difference between four- and

five-object younger groups in task performance, regardless of condition. These

results were supported by visual inspection of 3.9a and 3.9b, which showed

a similar performance in four and five object groups across conditions. All four-

and five-object younger participants performed significantly greater than chance

(Supplementary Table B.2).
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(a)

(Y)

(O)

Figure 3.9. Performance by number of configuration objects. (a) All conditions com-
bined, an interaction between group and number of configuration objects. (Y) Younger
group split by condition. All scored above chance as denoted by the dotted lines at 25%
and 20% for four- and five-object bars, respectively. (O) Older participants split by con-
dition. Solid chance lines represent groups that did not score significantly higher than
chance, p > .05. Significance brackets are results from post hoc independent-samples
t-tests, * p < .05, ** p < .01.
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3.3.7 Eye movements and memory performance

Figure 3.10 shows the difference between between correct and incorrect trials

in the dwell proportion on the moved object at retrieval, split by condition . In

both younger and older groups, participants had significantly greater proportion

of fixation time (‘dwell proportion’) per trial on the moved object at the second

viewing period for trials that they correctly answered compared to those they

incorrectly answered (older : F (1, 3) = 151.1, p = .001; younger: F (1, 3) =

51.0, p = .019). This suggests that both younger and older adults looked at the

moved object more when they were correct compared to incorrect, indicating an

association between moved object viewing and task performance.

Figure 3.10. Dwell proportion on the moved object at retrieval by group and trial cor-
rectness. Brackets at the base of bars represent pairwise significance from hierarchical
mixed-effects models. *** p < .001.
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3.4 Discussion

The study tested the feasibility of a novel spatial memory paradigm in immer-

sive virtual reality (iVR) with integrated eye measurement for further diagnostic

research in older and younger adults. This was achieved by assessing mea-

sures of technical functioning, data quality, participant experience, memory per-

formance, and eye movements in healthy younger and older adults. Results

suggest that the task was appropriate for further testing with some modifica-

tions.

Performance feasibility. There was evidence that the five-object version of

the task was too difficult for healthy older adults to become a potential test for

early Alzheimer’s-related memory impairment. These participants scored close

to chance in several conditions, and mentioned the difficulty of the task more

often than the four-object group. There seemed to be a floor effect for older

five-object participants, including in the Walk-Still condition, which needed to

allow high enough performance in healthy older adults to show comparatively

decreased performance in an early Alzheimer’s disease patient group.

Older adults were specifically affected by an increase in the number of con-

figuration objects. This effect on memory performance may have been because

fewer object identities and locations need to be encoded and held in working

memory, which may boost performance in older adults but not younger (De Beni

and Palladino, 2004). Despite improved performance in the four-object group,

several older adults still reported finding the task difficult. Other options for mak-

ing the task easier were not explored, but an additional boost to performance

could have come from increasing the viewing time. This was not tested here; the

viewing period was already more than double the original paradigm (3 seconds

in Simons and Wang, 1998) and increasing this further would either reduce the

number of trials, which may have sacrificed statistical power in detecting group

differences, or increase the burden on participants. Based on the improved
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memory performance in the four-object group, the decision was made to keep

viewing time at 7 seconds but continue with the four-object version for further

testing, despite the original paradigm involving five objects.

Participants with MCI also found the task difficult, although this was ex-

pected and was the desired effect, at least for those with positive biomarkers.

This group did not express any particular difficulties in understanding how to

perform the task compared to healthy participants, based on qualitative feed-

back. In fact, no changes were made to the task after beginning testing in

patients.

Fixation identification and technical feasibility. Adjustment to the AOIs sur-

rounding objects was necessary given the number of erroneous fixations, partic-

ularly for objects further away. However, enlarging AOIs for closer configuration

objects may have resulted in false fixations that were intended for the table be-

hind them. The obvious solution was to have larger AOIs for objects further

away, compared to closer ones. This was achieved by scaling AOI size between

8 cm and 10 cm depending on the distance of the object from the viewpoint.

Changing to this graded approach reduced erroneous table fixations by 7 of 13

compared to using uniform 8 cm (Figure 3.11).
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Figure 3.11. Variable adjustment to size of AOI spheres reduced the number of erro-
neous fixations on the table.

For identifying fixations, GazeCollide labelled eye samples an order of mag-

nitude faster than the VR-IDT algorithm (Llanes-Jurado et al., 2020). This is be-

cause GazeCollide avoided using a moving window with nested loops of code,

instead taking advantage of vectorized operations on all samples simultane-

ously. An additional advantage of GazeCollide was its suitability to an object-

location task with key AOIs spaced apart. As mentioned, this made fixation

samples on the objects central to classification of fixations, rather than a post

hoc process. One could see a disadvantage to this approach if attempting to

be more precise around intra-AOI fixations. Indeed, a velocity threshold was

introduced to ensure saccade samples were not falsely labelled as fixations for

saccades within AOIs. However, for the current hypotheses, ensuring that fixa-

tion dwell time per AOI was accurate was more important than within-AOI eye

movement detection. Of course, this was only as good as the AOIs themselves,

hence the calibration of the AOI sizing.

Note that there are several modern eye-event algorithms that show im-

pressive classification performance when trained on expert-labelled data (e.g.

Zemblys et al., 2019). The advantage of these, apart from their accuracy, is

their ability to generalise across levels of noise and equipment, assuming cer-
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tain constraints. However, the trade-off is (a) the complexity of their approach,

which may be a black box in the case of artificial neural networks, and (b) their

processing speed, development time and/or training time, which are often not

reported.

Only one previous fixation algorithm—VR-IDT—was used to calibrate and

compare against the new GazeCollide algorithm because so few have been

specifically adapted for VR. However, a useful direction in this field would be

to adapt the best performing eye-event classifiers to iVR eye tracking data,

perhaps by further training pre-trained models. Alternatively, a common way of

validating eye-tracking hardware is by using an artificial eye and simulating gaze

behaviour, then calculating accuracy and precision based on the protocol of the

artificial eye (Wang, Mulvey, et al., 2017). Previous independent assessments

of VR eye-tracking systems using artificial eyes have been published (Lohr et

al., 2019) including with the HTC Vive Pro Eye (Sipatchin et al., 2021), but for

different purposes. Development of an artificial eye to validate GazeCollide or

other fixation algorithms was beyond the scope of this research, but could be a

valuable addition to the field.

Eye movement measures. Results suggest that examining eye movements

alongside task performance may be useful for detecting differences between

groups. Indeed, there was a difference in moved object viewing between correct

and incorrect trials in both older and younger adult groups. This is consistent

with preferential viewing effects found in previous literature (e.g. Yeung et al.,

2019). The advantage of eye tracking measures is that even with such few par-

ticipants, enough statistical power was achieved to detect differences. Caution

must still be taken in interpreting these results, as the data were generated from

a small number of participants and therefore any conclusions will be over-fit to

the sample. Still, we can observe differences within groups and across trial

correctness, supporting the use of these eye movement measures as potential
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tests for between-group differences.

Given the limited precision of the eye-tracking, eye movement metrics that

rely on spatially- or temporally-precise measurements were unsuitable for study.

For example, microsaccadic measures such as dynamic overshoot (Bahill et al.,

1975), which have been shown to be abnormal in AD (Kapoula et al., 2014), are

usually defined as tiny eye shifts <1°, whereas the precision of this eye-tracker

was around 1°. In fact, most saccade measures were unsuitable, including

prosaccade latency, maximum saccade velocity, and saccadic intrusions. Ac-

cordingly, measures of saccades were avoided for the main results of the larger

study described in the following chapters, focusing instead on fixation AOIs and

sequences.

Limitations. Existing literature offers limited guidance on robust feasibility

study design, with available options predominantly focusing on intervention stud-

ies (Downs and Black, 1998). Such a rarity of standardised methods is un-

derstandable, given that feasibility testing varies greatly based on study de-

tails. Indeed, the majority of this chapter necessarily focused on customised

approaches to assessing feasibility. Naturally, these novel methods have some

limitations, which are discussed here.

Firstly, in comparing four- and five-object versions of the task, a within-

subjects design may have been more suitable. A counterbalanced repeated-

measures study would have provided more statistical power and would have

reduced noise produced by individual differences. This design was avoided be-

cause a comparison between number of objects was not originally planned: the

task was initially designed with five objects, consistent with earlier paradigms

(Burgess et al., 2004; Simons and Wang, 1998) and without any evidence that

fewer objects increased task performance. After older adults in the five-object

task were found to be performing close to chance, a four-object version was

tested for comparison. At this point, a within-subjects design with the same
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participants may have been biased by practice effects, so a between-subjects

approach was taken. Despite this, enough evidence was found with a between-

subjects design to choose the four-object version of the task.

I have discussed the importance of calibrating task difficulty away from floor

effects, but this issue could have been avoided by collecting a continuous mea-

sure per trial instead of modelling performance as a binomial distribution. For

instance, previous studies have measured the absolute error from participants

replacing objects to their original position (Mou and McNamara, 2002; Postma

and De Haan, 1996). This could have appended or even replaced the object-

selection phase, providing a potentially powerful measure of performance. How-

ever, this option would have been a departure from the original paradigm, and

may have increased testing time, further increasing burden on participants.

Moreover, continuing with a Bernoulli distribution per trial has the advantage

of examining eye movements in correct trials against incorrect ones, as we have

seen in Figure 3.10.

Although an attempt was made to systematically calibrate task features, the

method for determining the size of AOI spheres was not perfect. It was difficult

to be confident that gaze points or fixations on the table nearby were actually

intended for the object, even with the Object Calibration design and subsequent

visual inspection. Indeed, some participants may have actually fixated near

configuration objects instead of directly on them (Rösler et al., 2005). Increas-

ing the size of AOI spheres to account for this could have obscured viewing

behaviour that involved gaze points nearby or in the spaces between objects,

which varied between groups as described in subsequent chapters. An addi-

tional instruction could have been added to Object Calibration to look directly at

the objects as they appeared, in an attempt to reduce the uncertainty around

table fixations. However, the instructions were deliberately chosen without this

to allow for more natural viewing of each object, improving comparability to the
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main task. Regardless, the task was inherently limited in its ability to represent

gaze behaviour around the peripheries of objects while it involved hard AOI

thresholds, although this type of analysis may be precluded by the quality of the

eye-tracker anyway. Still, if I can demonstrate some diagnostic value of using

eye-tracking from this imprecise setup, then it would support the use of lower-

quality eye-tracking systems for clinical use, being cheaper and potentially more

widely available than alternatives.

Conclusion. In sum, the task and its host system had room for greater preci-

sion in the broad sense, but evidence supported the paradigm as being ready

and suitable for further testing. The breadth of the task in detecting subtle eye

movement changes was limited due to the precision of the eye-tracker. However,

the combination of spatial memory testing with broad fixation measurement was

still a novel direction for Alzheimer’s diagnosis research.



Chapter 4

Differences in spatial memory, confidence

and eye movements in healthy ageing and

mild cognitive impairment

Abstract

The main results of the thesis are presented, organised by modality (task per-

formance, confidence, and eye movements).

The dataset. The data collection procedure is first described. Participants com-

prised four different groups: (1) healthy younger adults, (2) healthy older adults,

(3) people with MCI but no signs of Alzheimer’s biomarkers, (4) and people with

both MCI and presence of AD biomarkers. A description of the dataset is pro-

vided, including missing or removed data and any differences between groups

in demographics and neuropsychological test results.

Hypotheses. I hypothesised that the Walk-Still condition would show the great-

est differences between MCI biomarker groups for both task performance and

eye fixation measures, with a more condition-invariant impairment in memory

monitoring abilities for biomarker-positive participants. Ageing differences were

not expected to show modulation by spatial factors across different conditions,

but greater memory effects were expected in younger participants than their

older counterparts.

Summary of results. The Walk-Still condition was not the most discriminat-

ing condition, and neither was task performance more broadly. Rather, it was



Abstract 102

eye movements in the Stay-Still condition that showed the greatest differences

between MCI biomarker groups, particularly for the proportion of time spent

fixating on the stationary objects and the table during the retrieval period. Mem-

ory monitoring abilities may have been reduced in biomarker-positive patients

compared to healthy older adults, but not compared to biomarker-negative MCI

participants. In healthy age groups, younger adults scored higher on the task

across all conditions, as expected. These younger participants looked at the

table more during encoding and retrieval, with the latter effect negatively asso-

ciated with task performance, contrary to expectations.
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4.1 Introduction

This is the first of four chapters describing and exploring the dataset from the

main study in the thesis. Together these chapters can be considered an ex-

tended results section, starting with descriptions of the participant sample and

the dataset collected from them, before detailing a series of analyses with

the predominant focus of identifying predictors of participants with both Mild

Cognitive Impairment and positive biomarkers for Alzheimer’s disease (MCI+).

Starting in this chapter, MCI+ participants were compared to participants with

MCI and negative biomarker results (MCI-) across spatial memory, confidence

and eye movement measures. Additionally, healthy ageing effects were investi-

gated by examining differences in task measures between healthy younger and

healthy older adults, with this latter group doubling as another control group

to compare against MCI+ participants. A description of the data collection and

analysis procedures are provided in the next section, including detailed hypothe-

ses.

This first results chapter tests the main hypotheses of the study—with some

related post hoc analyses—by comparing task measures between groups and

conditions, and examining associations between eye movement measures and

spatial memory performance. All eye movement measures in this section were

viewing-level or trial-level summary statistics, such as the proportion of fixation

time on the moved object during the retrieval period.

An alternative method of eye movement analysis will be introduced and

examined in Chapter 5. This involved modelling the time-dynamics of viewing

patterns over an averaged viewing period per participant, per condition. Two

alternative statistical methodologies were used to test for group-level differences

in how viewing behaviour changed within viewing phases.

Finally, Chapter 6 examines the diagnostic value of various classification

models derived from task measures as compared to traditional neuropsycho-

logical tests. This analysis directly assesses how the task compares to stan-
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dardised cognitive tests in its ability to identify participants at the highest risk of

AD.

Additionally, Appendix A introduces a new potential method for detecting

encoding differences between groups based on clustered scan-paths on similar

object configurations. This technique was not appropriate for valid study results,

but provides a promising methodology for future analyses or experiments.

The current chapter is the most results-dense section of the thesis, contain-

ing numerous comparisons across several sub-sections. Accordingly, frequent

summaries of notable findings will be provided immediately prior to more com-

plete descriptions of results. A narrative summary of all findings in the chapter

can be found in the final section of the chapter.
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4.2 Data collection, participants and the dataset

4.2.1 Participants

A convenience sample of four groups of participants were recruited to the study.

All participants were subject to the following exclusion criteria:

• A visual impairment that could not be corrected-to-normal, including colour

visual deficiency (colour-blindness);

• Significant mobility problems or injuries that may cause problems with the

task (such as difficulty balancing while wearing the head-mounted display);

• Significant mental health or psychiatric disorders that may affect task per-

formance;

• Difficulty with verbal or written instructions due to communication needs or

language barriers;

• Any other diagnosed neurological conditions including cerebrovascular dis-

ease.

Healthy younger adults (‘Younger’) were recruited through University Col-

lege London’s (UCL) Division of Psychology and Language Sciences (PALS)

Subject Pool by advertising the study through an online website, where volun-

teers could self-select whether to participate. In addition to the above exclusion

criteria, younger participants were only included if aged under 30 years old.

Healthy older adults (‘Older’) were recruited via Join Dementia Re-

search (joindementiaresearch.nihr.ac.uk), through social media advertising,

and through University Hospitals Sussex NHS Foundation Trust (UHSx). The

minimum age for this group was determined by the youngest participant in the

patient groups, described next.

Patients with a diagnosis of Mild Cognitive Impairment (MCI) were recruited

from UHSx following initial assessment for MCI by a Consultant Neurologist ac-

cording to the Peterson criteria (Petersen, 2004). All MCI participants presented

https://www.joindementiaresearch.nihr.ac.uk/
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evidence of memory impairment as assessed by the Addenbrooke’s Cognitive

Examiniation (ACE-III), and hence were diagnosed with the amnestic MCI sub-

type. MCI participants were recruited if they had undergone or were awaiting

clinical biomarker testing for signs of early AD according to IWG2 criteria (Al-

bert et al., 2011). All but one of these participants received this testing via

lumbar puncture and assessment of cerebrospinal fluid (CSF) for signs of low

amlyoid-β42 (assessed by the ratio of Aβ42 to Aβ40), high total tau, and high

phosphorlyated tau-182 (p-Tau). One participant underwent Positron Emission

Tomography (PET) scanning with a radioactive tracer for Aβ and tau deposi-

tions. Clinically standardised thresholds for biomarkers were used to categorise

MCI patients into biomarker-positive or -negative (NICE, 2018).

The optimal sample size was calculated as 28 per healthy group based

on standard errors from previous versions of the paradigm (Simons and Wang,

1998) and effect sizes from a similar study between healthy older and younger

adults with walk and teleport conditions (Castegnaro, 2021). For calculating the

minimum sample size for MCI groups, the benchmark has arguably been set by

the path integration iVR test (Howett et al., 2019), which separated biomarker

groups with a very large effect size (Cohen’s d ≈ 2.4). This effect size requires 5

participants per group to detect a significant difference at an alpha level of 0.05.

However, MCI participants were recruited as far beyond this number as possible

in the available time.

Note that these sample sizes were based on power calculations for task

performance as measured by proportion of correct trials. However, confidence

rating and eye movement measures had greater statistical power for detecting

group differences due to hierarchical modelling of trial-level data (see Section

4.3.2). Power calculations were performed using G*Power (Faul et al., 2007).

The study was undertaken in line with regulations outlined in the Decla-
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ration of Helsinki (WMA, 2013) and was approved by the London-Bloomsbury

Research Ethics Committee (21/LO/0561) and Health Research Authority. Par-

ticipants recruited under these ethics were offered £20 towards travel reim-

bursement. Recruitment of healthy adult participants was approved under the

UCL Psychology and Language Sciences Divisional Research Ethics Commit-

tee (SHaPS-2018-JK-027). These participants were paid either £7.50 or £11

per hour, depending on the year, in accordance with departmental policy at the

Institute of Cognitive Neuroscience.

4.2.2 Neuropsychological examination

Participants completed a battery of neuropsychological tests in addition to the

iVR task. The tests were chosen based on their widespread clinical use for

assessment of MCI and AD, and provided clinical best-practice comparisons

against iVR metrics for discriminating MCI+ from control participants in Chapter

6.

Participants were asked to complete data collection across two separate

sessions: the first involved the iVR task, and the second the neuropsychological

battery.

Premorbid functioning. Not all neuropsychological tests were included as di-

rect competitors with the iVR task for MCI+ discrimination. For example, the

National Adult Reading Test (NART; Nelson and Willison, 1991) was included

as a test for estimating premorbid cognitive functioning. This is a key compo-

nent of neuropsychological assessment because general intelligence quotient

(IQ) scores have been shown to affect results of other cognitive tests (Ratcliff

et al., 2011). Significant group differences in IQ could therefore confound diag-

nostic results. However, controlling for IQ is not possible with MCI patients be-

cause cognitive impairment affects IQ scores (Starr and Lonie, 2008). Instead,

an estimate of pre-impairment, or premorbid, IQ must be estimated indirectly.

Reading ability for irregular words has been found to significantly correlate with
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IQ in healthy adults and be relatively preserved in patients with dementia (Nel-

son and McKenna, 1975). The NART was included for MCI participants and

healthy older volunteers, with the aim of sampling groups that are not signifi-

cantly different in their NART scores. The NART was not included for healthy

younger participants because (a) as a test of premorbid functioning, it is not rel-

evant to the healthy younger group, and (b) it is not valid for testing non-native

English speaking populations (Nelson and Willison, 1991), which accounted for

the majority of the Younger group (Supplementary Figure B.2).

Addenbrooke’s Cognitive Examination. The Addenbrooke’s Cognitive Ex-

amination (ACE-III; Mathuranath et al., 2000) was included when testing healthy

older adults to allow comparison with MCI volunteers who received the same

testing during clinical assessment. The ACE-III screens for several areas of cog-

nitive dysfunction, providing an overall composite score based on sub-scores of

attention, verbal fluency, language, perception, visuospatial functions and mem-

ory. The ACE-III is used for screening early signs of dementia, as validated

against a healthy older normative sample. Younger performance on ACE-III was

not reported because ACE-III testing was only relevant to MCI group compar-

isons.

Tests of delayed recall. All remaining neuropsychological tests were included

due to their evidence for discrimination of people with AD from healthy control

participants, some of which are used in clinical neuropsychological assessment

of AD.

Two tests of delayed recall were included. The first was from the Free

and Cued Selective Reminding Test (FCSRT; Buschke, 1984). This required

participants to repeatedly learn sixteen images alongside cued associations.

This test provided a verbal recall comparator with an object location component:

participants were presented with the images four at a time, and could encode

the spatial location of the image (top-left to bottom-right) as well as the name

and object category. The delayed free recall measure, which has previously
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shown a degree of diagnostic accuracy for AD (Grande et al., 2018) required

participants to freely recall as many of the sixteen images as possible after a 30

minute delay, without verbal cues.

The second test of delayed recall was from the Rey-Osterrieth Complex

Figure Test (‘Rey’; Corwin and Bylsma, 1993). Subjects were asked to copy a

detailed figure without any warning to memorise the drawing. They were then

immediately asked to redraw the figure from memory. And finally, after 25 min-

utes, they were asked to draw the figure from memory for again. This final

delayed recall measure has been used in memory impairment assessment for

many decades and has some evidence for its discriminability of AD from healthy

age-matched controls (Bigler et al., 1989).

Tests of processing speed and executive function. Two tests of process-

ing speed were included: the Trail-Making Test part B (TMT B; Reitan, 1958)

and the Digit Symbol Substitution Test (DST; Wechsler, 2019). The TMT B is

an attention-switching task that requires executive functions to plan and execute

a timed line drawing test. Participants must draw a continuous line between

an irregular arrangement of circles containing numbers and alphabetical letters.

This is commonly used as an assessment for AD, with higher times indicating

greater likelihood of cognitive impairment (Lafleche and Albert, 1995). The DST

requires participants to place as many corresponding symbols beneath a se-

quence of single digit numbers. The task is straightforward but time-consuming;

subjects must complete as much as possible within 2 minutes. Participants with

AD have performed lower than healthy controls and participants with subjective

cognitive decline on the DST (Tsatali et al., 2021).

The 4 Mountains Test. Finally, the 4 Mountains Test (4MT; Hartley et al.,

2007) was included as a test of allocentric spatial memory. The test requires

participants to memorise a three-dimensional scene of four mountains on a two-

dimensional screen. The mountains vary in size, shape, and spatial location.

After 5 seconds, participants are presented with four scenes of four mountains,
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one of which is the same mountain configuration they studied but from a shifted

viewpoint. The goal is to match the learned mountain arrangement to the cor-

rect option; the other three foil options have different spatial arrangements of

the mountains. Cognitively, this task is most directly comparable to the iVR task

in this study as it is designed to test allocentric spatial memory. The 4MT has

found promising results for discriminating healthy older adults, participants with

MCI and patients with AD (Chan et al., 2016).

Neuropsychological test scores were compared between groups using

Analyses of Variances (ANOVAs) for main effect of group on test metric, and

post hoc t-tests for pairwise comparisons, with a chi-squared test to compare

balance of males and females between groups.
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4.2.3 Exclusions and missing data

Three healthy older adults and three MCI+ participants were excluded because

they could not perform the iVR task without prompts by the end of the practice

block. A further two MCI+ participants were excluded after consenting due to

clear difficulties balancing while wearing the iVR headset. These participants

did not undergo neuropsychological testing.

Ten participants had missing eye-tracking data due to technical faults. One

Younger participant had no eye-tracking data from any trials. This participant

was removed from all analyses. One participant from Younger, Older and MCI+

groups, and two participants from the MCI- group, had no eye-tracking data from

one full data collection block, also due to technical faults. These participants

still had full task performance and confidence data and thus were kept in the

dataset, albeit with 6 instead of 9 trials to calculate eye-tracking metrics from per

condition. Note that this was accounted for in statistical analysis via hierarchical

mixed-effects modelling (see Section 4.3.2).

Of the viewings (encoding and retrieval) that were successfully recorded,

0.35% were removed for having >25% missing eye-tracking data. Figure 4.1

visualises the distribution of missingness by viewings.

Some participants did not complete the full neuropsychological battery for a

variety of reasons. For example, the Rey test was skipped for one Younger and

one Older participant who had both encountered it before; the test required sub-

jects to be unaware of the recall components to be valid. One further participant

did not complete the Rey test because of researcher fault. One MCI- participant

did not complete the Trail Making Test because they had encountered it recently

and may have had a practice effect.

Occasionally, time-constraints led to missing data. For example, four Older

participants did not complete the ACE-III for this reason; one of these also

skipped the Rey test due to previous exposure.
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Figure 4.1. Histogram of missing eye-tracking data per viewing. The blue vertical line
is the 25% threshold for exclusion of viewings from further analysis.

Nine healthy participants with only one or two neuropsychological tests

missing had these scores imputed using multivariate regression imputation.

This form of imputation was chosen because only healthy adults needed im-

puting and significant correlations between neuropsychological test scores have

been previously reported in healthy adults.

For each neuropsychological measure with missing data (ACE-III, TMT B

and Rey), significant predictors of that measure in healthy participants (Younger

and Older) were used to predict missing values. The set of significant predictors

per measure was determined by (a) building a multiple regression model with

each combination of predictors, (b) randomly removing known values of the tar-

get measure to be imputed, and (c) comparing the root mean square error of

the predicted and true values to get the set of predictors with the least error. For

example, TMT B scores were best predicted by scores on the DST.

The effect of imputation compared to missing data removal was compared

on a per measure basis. Imputation of missing data did not change significance
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Figure 4.2. Sample size per group. The left plot shows the total participants with VR
data, the right plot shows total participants with neuropsychological data as well.

of group comparisons. Note that a full multiple imputation of missing values was

not performed due to time constraints.

An additional one MCI+ and two Older participants had no neuropsycho-

logical data at all. The two Older volunteers withdrew from the study before

the second session for unforeseen and completely random reasons. The MCI+

participant could not be tested for the second session due to a study-wide dis-

ruption in data collection unrelated to participant characteristics. Although this

missingness disproportionately affected Older and MCI+ groups, data were con-

sidered to be missing completely at random. However, too many measures were

missing to impute data for these participants. Accordingly, these participants

were included in group comparisons of VR task measures, but removed when

comparing group neuropsychological results and when estimating classification

accuracy in Chapter 6.

The final sample sizes per group are shown in Figure 4.2 for VR data alone

and for participants with both VR and neuropsychological data.
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4.2.4 Descriptive statistics and neuropsychological test re-

sults

Figure 4.3 visualises group similarities and differences in descriptive statistics

and neuropsychological test results.

No significant differences in age or years of education were found between

Older, MCI- and MCI+ groups (p > .05).

The ratio of male to female participants did not significantly deviate from an

equal split (χ2(3) = 6.28, p = 0.10). However, some caution should be taken

when interpreting the data because the groups were not similarly imbalanced

by sex. The top-right sub-figure in Figure 4.3 visualises the deviation from 50%

males: the smaller the bars, the more balanced the sexes. We can see that MCI

groups had more men than women, particularly the MCI- group, whereas the

healthy younger and older groups were the opposite.

No significant differences in scores on the NART were observed between

Older, MCI- and MCI+ participants (F (2, 45) = 2.1, p = .13), suggest-

ing that patient groups were matched to healthy older adults on premorbid

cognitive function. A main effect of group on total ACE-III scores was found

(F (2, 46) = 31.8, p < .001). Figure 4.3 shows a significant difference between

the Older group and both MCI groups. A small significant difference between

MCI groups was also found on ACE-III scores.

A significant main effect of group was found on FCSRT Delayed Recall

(F (3, 81) = 24.0, p < .001), with post-hoc t-tests revealing that healthy younger

and older participants remembered significantly more images than both MCI

groups.

There was a significant main effect of group on Rey Delayed Recall

(F (3, 81) = 20.8, p < .001). I found that Younger participants remembered

significantly more of the Rey complex figure than all other groups, and MCI+ par-

ticipants scored lower than all other groups. Indeed, Figure 4.3 demonstrates

that the pattern of group means is consistent with an Alzheimer’s diagnostic test.
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A similar pattern of results was observed for the Immediate Recall measure on

this test (Supplementary Figure B.1).

In this population, healthy younger participants were significantly faster

than all other groups on the TMT B, and healthy older participants were sig-

nificantly faster than both MCI groups, with no significant difference between

MCI- and MCI+ participants. The results for the DST were similar but inverted,

although MCI+ participants were not significantly slower than Older participants.

A significant effect of group on 4MT scores was found (F (3, 79) = 7.5, p <

.001), although post-hoc tests found no differences between Older and MCI par-

ticipants, with the only post hoc pairwise effects between Younger participants

and all other groups.



4.2. Data collection, participants and the dataset 116

Figure 4.3. Group descriptive statistics and neuropsychological test results. All units
are scores, except Trail Making Test B in seconds. Brackets at the base of bars are
significant main effects, brackets above bars are post hoc pairwise comparisons. Signif-
icant differences in age between Younger participants and other groups are not shown.
* p < .05; ** p < .01; *** p < .001; Error bars are standard deviations; see main text for
abbreviations.
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4.3 Analyses

This section focuses on the differences between participant groups on trial-level

outcome measures, with analysis of eye movement associations with task per-

formance. Memory and confidence findings will be described first, followed by

several results from eye-tracking measures.

4.3.1 Hypotheses of task results

Before describing the results of this section, hypotheses from the introductory

chapter are reproduced and expanded upon.

AD-related hypotheses for memory performance. I predicted that partici-

pants with MCI+ would have no benefit to memory from self-motion (walking), or

from allocentric spatial consistency with the object positions. This was primarily

tested by examining group differences within key conditions, aligning hypothe-

ses with the wider aim of finding the most discriminating conditions for early

AD. However, an alternative approach based on factorial comparisons of spatial

consistencies is described in Section 4.3.2.1. The consistency of each condition

with different spatial factors, and the expected pattern of group differences by

condition, is visualised in Figure 4.4. The reader is encouraged to refer to this

figure when reading the remainder of this section.

The Walk-Still condition was expected to provide the most discrimination

between MCI+ and other participants. This is because there was no availabil-

ity of an egocentric visual ‘snapshot’ of the configuration at encoding (because

the viewpoint had shifted), but the configuration remained consistent with (a) a

self-motion-updated representation of the encoded array and (b) environmental

cues (Burgess et al., 2004). Damage to the medial temporal lobe in MCI+ par-

ticipants was hypothesised to impair these spatial functions, which should boost

performance in non-AD groups.

Younger, Older and MCI- participants were expected to perform worse in
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the Teleport-Still condition compared to the Walk-Still condition because of the

disruption to self-motion. However, MCI+ participants were also hypothesised

to perform significantly worse than other groups in this condition because of

impairment to environmental (allocentric) representations, which remained con-

sistent in these trials and would have therefore provided a performance boost to

healthy participants. MCI+ participants were expected to perform as poorly in

Walk-Still and Teleport-Still conditions, unlike other groups.

To test whether these hypothesised impairments were indeed due to prob-

lems with self-motion and allocentric processing, table rotation conditions were

included. This varied the availability of egocentric strategies, while removing

the consistency of the object positions with self-motion and environmental cues.

For example, in the Stay-Rotate condition, the object configuration is inconsis-

tent with: the encoded view; self-motion updating; and external environmental

stimuli, simply by rotating the table away from the participant. This condition is

expected to elicit the lowest performance across healthy participants, consistent

with previous results (Simons and Wang, 1998; Burgess et al., 2004). MCI+

participants should perform no worse than MCI- volunteers in this condition if

their impairment is due to self-motion updating and allocentric processing.

The Walk-Rotate and Teleport-Rotate trials were hypothesised to show no

differences between MCI+ and other groups either, because both conditions

were only consistent with an egocentric representation of the encoded object

positions; healthy participants would have no performance boost from either

self-motion updating or environmental consistency because the table rotated in

relation to these. Moreover, these conditions were hypothesised to elicit equal

performance across all groups; the alternative would suggest that there is an

effect of teleporting that affects performance per se.

Finally, the no-change Stay-Still condition was hypothesised to show no

significant difference between Older, MCI- and MCI+ groups due to the avail-

ability of same-viewpoint egocentric representations, similar to Move-Rotate
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trials.

Healthy ageing hypotheses. The above effects were expected to show be-

tween Older, MCI- and MCI+ groups. In addition, a condition-invariant effect of

healthy ageing was hypothesised, whereby Younger participants would perform

better than Older participants across conditions, with no condition-age interac-

tion. The reasoning for this can be found in Section 1.6 towards the end of the

introductory chapter.
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Figure 4.4. Hypotheses by condition and group. The top plot shows consistency of each
condition by different spatial advantages. The bottom bar chart shows hypothesised rel-
ative scores for memory-related measures (i.e. task performance and memory-related
eye movement measures).

Eye movement hypotheses for the retrieval phase. Eye movement mea-

sures linked to memory were expected to follow the same or inverse pattern of

results as for behavioural performance, depending on the measure. For exam-

ple, longer viewing of the moved object and the previous position of the moved

object were hypothesised to correlate with memory performance and show a

similar condition split. Inversely, shorter viewing on stationary objects at retrieval

was expected to track group differences via memory performance.

Similarly, evidence suggests that when gathering visuospatial information,

participants can fixate on the ‘centre of gravity’ of the objects, or roughly the

average of their spatial positions, hereafter referred to as the ‘centroid’ (Vish-
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wanath and Kowler, 2003; McGowan et al., 1998; Zelinsky et al., 1997). Fix-

ations on the centroid have been shown to correlate with task performance in

visual search tasks (Venini et al., 2014), and have been linked to optimal visual

information gathering (Najemnik and Geisler, 2005; Zelinsky, 2012). There is ev-

idence for a reduced effect of this in AD (Rösler et al., 2005), although an exam-

ination of centroid fixations and memory performance has not been undertaken,

to the best of my knowledge. However, improved multiple object tracking across

viewpoint shifts has been linked to centroid fixations (Huff et al., 2010). There-

fore, a corollary eye movement prediction was that MCI+ participants would have

fewer fixations on the centroid compared to control participants.

Viewing of the centroid and the previous position of the moved objects

were not measured directly. This is because the world-space position of these

locations changed for Rotate trials. Consequently, participants may have fix-

ated on the previous position based on the pre- or post-rotated configuration.

The comparability of these to other conditions was difficult to compare across

conditions in these cases. Furthermore, the centroid of the object configuration

changes from encoding to retrieval with the shift in the moved object. Therefore,

I decided to include viewing of the table itself as an indirect measure of these

areas of interest (AOIs). As the direction of hypotheses for previous position

and centroid viewing was the same, then the direction for table viewing was

also the same: greater table viewing was predicted to be associated with higher

memory performance and younger, healthier participants.

Viewing behaviour was quantified using fixation-based measures per view-

ing period. For example, the proportion of time spent fixating on an AOI (‘dwell

proportion’), or the proportion of the number of fixations on that AOI (‘proportion

of fixations’). A further set of these measures involves calculating re-fixations

or re-visits on AOIs. This requires isolating the external fixations (fixations be-

tween AOIs, rather than within) and calculating dwell proportion (‘re-dwell’) or
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counting fixations (‘re-visits’) from all but the first fixation on that AOI. This chap-

ter will predominantly describe measures derived from fixation time i.e. dwell

proportions, with fixation count measures provided in the Appendix (Chapter B).

A key contribution of this work was to examine fixation-derived measures

at the retrieval phase of the trial (second viewing). However, we can also test

memory-related eye movement effects by examining the change in viewing be-

haviour from first and second viewings, such as the increase in dwell proportion

(‘dwell increase’) on the moved object. Fixation measures derived from this

difference were primarily examined for the moved object and stationary objects.

Eye movement hypotheses at encoding. In the first viewing, healthy partic-

ipants with higher memory performance were expected to utilise memorisation

strategies (Hilton et al., 2020). A hypothesised effect of this on eye movements

was that Younger, Older and MCI- participants would have a more predictable

fixation pattern than MCI+ participants, as measurable by decreased transition

entropy (Lucas et al., 2018; see Section 2.6.1).

Additionally, MCI+ participants were hypothesised to exhibit reduced scan-

path reinstatement due to damage in the medial temporal lobe (see Section

1.4). To measure this, the MultiMatch ‘shape’ measure was used to compare

temporal sequences of world-space saccade vectors from encoding to retrieval

(Jarodzka et al., 2010; Dewhurst et al., 2012). However, the measure was not

used to compare table-rotation conditions (Stay-Rotate, Walk-Rotate, Teleport-

Rotate) due to the difference in world-space object positions from encoding to

retrieval (further explanation in Section 2.6.1 in Materials and Methods).

Finally, healthy participants were expected to spend more time looking at

the centroid or space between objects at encoding, for the same reasons as at

retrieval. Again, this was measurable by increased fixation time on the table.
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Confidence hypotheses. Confidence ratings were hypothesised to correlate

with task performance in healthy groups but not in MCI+ participants due to

memory-monitoring impairment. This was measured by (a) how well task per-

formance predicted confidence, and (b) by the difference in confidence between

correct and incorrect trials. Confidence-condition interactions were expected to

follow memory performance for healthy adults.

4.3.2 Statistical and analytical approach

Mixed-effects two-way ANOVAs were run for each measure to test for an effect of

group (between-subjects factor) or condition (within-subjects factor) or an inter-

action between the two, with random effects of participants on intercepts. Post

hoc testing of interaction effects were examined by running the same tests on

two subsets of groups: healthy ageing (Younger and Older) and MCI biomarkers

(MCI- and MCI+). Results of these effects are provided in the main body of text.

More granular post hoc comparisons were made within groups and con-

ditions alongside visualisations with bar-charts. The effect of group on each

dependent variable was tested within each condition using one-way ANOVAs,

with pair-wise comparisons made using independent-samples t-tests if the de-

pendent variable was at the participant level (e.g. percentage of correct trials)

or hierarchical mixed-effects linear models for trial-level data (e.g. confidence

rating, or dwell proportion on the moved object at retrieval), accounting for ran-

dom effects of participants. Similarly, the effect of condition on each dependent

variable was tested within each group using repeated measures ANOVAs and

dependent-samples t-tests for pairwise comparisons at the participant level, or

hierarchical mixed-effects models for trial-level data.

Assumptions of normality for these tests were assessed by visual inspec-

tion and Shapiro-Wilk tests (Shapiro and Wilk, 1965). Log-transformed data

or non-parametric tests were used if normality was violated. For example,

some eye-tracking measures did not satisfy assumptions of normality but rather
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followed a log-normal distribution. Accordingly, dwell proportions were trans-

formed using the natural logarithm of the measures in these cases, as judged by

visual inspection of distributions. To avoid infinite values from log-transforming

zero values, the minimum value was added to all values before the transforma-

tion. The post-transformation minimum value was also added to all measure

values to keep 0 at 0 and maintain a positive direction (therefore a higher log of

dwell proportion means higher raw dwell proportion). Where log transformations

have been made in subsequent sections, the y axis raw values are shown on

the right-hand side of the plot for translation of log values.

To test for significant associations between variables, measures were ag-

gregated to the participant level of granularity before running univariate linear

regressions. The relationship between task performance and more granular

measures were also investigated by testing the effect of trial correctness on

these measures using the same statistical tests as above.

Statistics were run using the pingouin (Vallat, 2018), statsmodels (Seabold

and Perktold, 2010) and scipy (Virtanen et al., 2020) Python packages. In-text

ANOVA statistics are reported from pingouin model outputs with F -values, p-

values, generalised eta-squared η2g for within-subject effect sizes, and partial

eta-squared η2p for between-subject effect sizes. Details of post hoc pairwise

statistical tests were not included in-text to improve readability, but are marked

on relevant figures.

4.3.2.1 Factorial comparisons of spatial consistencies

An alternative way to compare conditions in this spatial updating paradigm—

introduced by Burgess et al., 2004—involves treating the six conditions as vari-

ations along three spatial factors. These are described and explained in this

section, where the reader is encouraged to refer to Figure 4.5 for different facto-

rial designs and predicted performances.

As mentioned previously, different conditions vary by whether the object po-
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sitions at retrieval are consistent with an egocentric visual snapshot of the con-

figuration at encoding: if the first-person perspective of the object configuration

is the same between first and second viewings, an egocentric representation of

the spatial arrangement can be used to solve the task.

Alternatively, the configuration at retrieval may be consistent with an up-

dated representation via self-motion. If the participant stays at the first view-

point and the table does not rotate (Stay-Still), or the participant walks to a new

viewpoint and the table is still (Walk-Still), then the configuration of the objects

at retrieval is consistent with how the participant has moved in the environment.

In replication of Simons and Wang’s early experiment, the Stay-Still condi-

tion was consistent with both visual and self-motion and therefore should have

provided the greatest memory benefit in healthy participants. The Stay-Rotate

condition was inconsistent with both, and therefore should have elicited the low-

est performance, as in previous experiments (Simons and Wang, 1998; Burgess

et al., 2004). Walk-Still was consistent with self-motion but not visual, and Walk-

Rotate is consistent with visual but not self-motion.

Previous results have shown a benefit to memory performance from consis-

tency of either spatial factor in healthy younger participants with a 2x2 factorial

design (Simons and Wang, 1998; as in Figure 1.5 in Chapter 1). Accordingly,

results were statistically analysed using this approach in addition to the tests

described in the previous section. By this method, we would expect MCI+ par-

ticipants to show no effect of self-motion consistency on task performance. As

mentioned previously, this would result in a similarly low performance in Walk-

Still as the Stay-Rotate condition, unlike healthy participants. In accordance

with this model of the paradigm, MCI+ participants should also show reduced

performance in the Stay-Still condition, which is consistent with self-motion up-

dating. This is contradictory to the previously mentioned hypothesis that the

Stay-Still performance in MCI+ participants will not be worse than MCI- or Older

groups due to the availability of the egocentric visual snapshot. Note that a
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deviation from the original paradigm was introduced here: participants were not

required to walk halfway and back to the original viewpoint in Stay-Still trials.

The consequences of this are discussed at the end of the chapter (also in the

general discussion in Chapter 7).
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Figure 4.5. Hypotheses by condition, split by MCI+ and direct control groups. The top
plot shows consistency of each condition by different spatial factors, with coloured boxes
highlighting different factorial designs. Red is an approximate replication of Simons and
Wang’s original study (Simons and Wang, 1998), and green is the alternative test of
self-motion benefit using the teleport conditions. The Teleport-Rotate condition is likely
inconsistent with self-motion, as described in the main text, which can be tested by
the green box 2x2 factor design. The bottom bar chart shows hypothesised relative
scores for memory-related measures (i.e. task performance and memory-related eye
movement measures), comparing MCI+ participants to healthy controls.

Teleportation and self-motion consistency. The teleporting conditions were

included to disrupt self-motion. However, a question remains whether this form

of movement can be used to assume self-motion consistency under certain con-

ditions. As mentioned in Section 4.3.1, if we assume teleporting does not involve



4.3. Analyses 128

self-motion updating of encoded representations (discussed further down), then

the Teleport-Still condition is inconsistent with visual and self-motion factors and

should elicit reduced performance in healthy participants compared to Walk-

Still, which is consistent with self-motion. Additionally, Teleport-Rotate trials

are consistent with visual representations similar to Walk-Rotate. However, if

teleporting is not self-motion, then this condition also provides consistency with

self-motion (unlike Walk-Rotate) because the participant has not walked to a

new viewpoint yet is viewing the objects from the same egocentric snapshot as

at encoding. Under this argument, comparing Walk and Teleport conditions pro-

vides a second 2x2 factor design for testing the effects of self-motion and visual

consistency.

However, by this model we would hypothesise a similar performance in

Teleport-Rotate as in the Stay-Still condition. This seems unlikely for two main

reasons.

Firstly, the act of teleporting to a new location may be disorienting, partic-

ularly because participants were required to physically rotate towards the table

after teleporting in a straight line (Section 2.2). In fact, this may have had an ef-

fect on performance by itself. Indeed, we can test whether there was a general

performance-reducing effect of teleporting overall by comparing Walk and Tele-

port conditions: if teleporting affects performance per se, then we would expect

all Teleport conditions to be lower than Walk trials, regardless of table rotation.

However, the alternative hypothesis, that teleporting only reduces performance

with a viewpoint shift, would support this type of movement as a more pure

disruption of self-motion processing, rather than a general disorienting factor.

Another reason why we would not expect Teleport-Rotate trials to elicit sim-

ilar performance as Stay-Still is the consistency of the object configuration with

the external environment. Indeed, a key difference between Teleport-Rotate

and Stay-Still is that in the former, both the subject and table have moved in

relation to the environment. An additional benefit of environmental (‘allocen-



4.3. Analyses 129

tric’) consistency compared to visual and self-motion has been demonstrated in

healthy participants using a 2x2x2 factor design (Burgess et al., 2004; Figure

1.6 in Chapter 1). Therefore, we would not expect Teleport-Rotate performance

to match Stay-Still and would hypothesise a non-significant effect of self-motion

consistency when assuming that Teleport-Rotate provides consistency of the

objects with self-motion.

It was not possible to replicate Burgess and colleagues’s three-factor de-

sign to test for the effect of allocentric consistency using the conditions tested

here, and indeed this was was not planned into the design of the task. A 2x2

factor analysis of visual and environmental consistency could be performed

using Stay and Teleport conditions, but the Stay condition would require some

control for the potentially confounding act of teleporting. Future work could

investigate this in early AD participants by rotating the environment as well as

the subject and the table.

In sum, the effect of self-motion and visual consistency with the object con-

figuration on task performance was tested with two separate 2x2 factorial com-

parisons: one using Stay and Walk conditions in replication of previous studies,

and one using Walk and Teleport trials. The latter combination was actually

expected to not match the first due to the role of allocentric consistency and

the disorienting effect of teleporting compared to staying at the same viewpoint.

However, a main effect of teleporting was also tested for, with the expectation

that teleporting reduced performance more in Teleport-Still than Teleport-Rotate

due to availability of egocentric visual consistency.

These comparisons were performed for two subsets of groups each:

healthy ageing (Younger and Older) and MCI groups (MCI- and MCI+). Effects of

self-motion consistency, visual consistency, their interaction with each other, and

their interactions with group were tested using three-way mixed-effects ANOVAs

(three-way interaction effects are reported from statsmodels output using model
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β-coefficients and p-values). The main dependent variable of interest was task

performance (percentage of correct trials). However, the same analyses were

run for confidence rating and dwell proportion on the moved object, as these

were expected to closely relate to task performance.
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4.4 Results

The following sections include many statistical and graphical results. To aid

understanding, key findings are summarized at the start of each section, though

an overview of all findings is provided in the final part of the chapter.

4.4.1 Memory performance

Summary of key findings

• Unexpectedly, MCI+ and MCI- participants did not show significant

differences in any condition on percentage of correct trials.

• Older adults performed significantly better than MCI+ participants in

several conditions, with the greatest difference in Stay-Still trials.

• There was evidence of a reduced effect of self-motion consistency

for MCI+ participants, consistent with hypotheses.

• Younger adults scored higher than older adults in all conditions.

• There was evidence of a general performance-reducing effect of tele-

porting in healthy groups, contrary to hypotheses.

• Task performance in the Stay-Still condition was significantly greater

than all other conditions for Younger, Older and MCI- groups.

• MCI- participants performed equally low in all conditions other than

Stay-Still, although all groups scored above chance in all conditions.

Figure 4.6 presents results of task performance between groups and condi-

tions as measured by percentage of trials where the moved object was correctly

selected. There was a significant main effect of group (F (3, 84) = 14.9, p <
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.001) on percentage of correct trials. Figure 4.6a visualises pairwise differ-

ences between groups when all conditions were combined, showing significantly

greater performance in the Younger group than all others across the whole task,

with a weaker difference between Older and MCI+ groups. No significant differ-

ence between MCI- and MCI+ groups was observed.

No group-condition interaction effects were found when including all groups

(F (15, 420) = 1.4, p = .14) or just Younger and Older groups (F (5, 320) =

0.7, p = .59). This latter result supports the hypothesis of a generally lower per-

formance with age in spatial memory, with no specific impairment in allocentric

memory.

However, a significant interaction of group and condition was found when

including only MCI- and MCI+ participants (F (5, 100) = 2.6, p = .03). Look-

ing between groups within conditions (Figure 4.6b), this may be explained by

non-significantly greater MCI- mean scores in all conditions except for the Walk-

Rotate condition where the effect was reversed. Otherwise, pairwise signifi-

cant differences predominantly consisted of greater performance in the Younger

group than other groups. In addition, a significant difference between Older

and MCI+ groups was observed in the Stay-Still, Walk-Still, Stay-Rotate and

Teleport-Rotate conditions, and a significant difference between Older and MCI-

groups in the Walk-Rotate condition only. No significant pairwise differences

were observed between MCI- and MCI+ groups. This pattern of results is con-

trary to hypotheses in that the only significant differences between MCI+ and

either MCI- or Older participants was expected in the Walk-Still and Teleport-

Still conditions, with all other conditions showing similar levels of performance

between these groups.

All participants performed statistically significantly better than chance in all

conditions, tested with one-sample t-tests against a score of 0.25 (p < .001).
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(a)

(b)

(c)

Figure 4.6. Percentage of correct trials. (a) Total percentage of correct trials across all
trials between groups. Significance brackets include absolute Cohen’s d effect sizes.
(b) Within-condition group comparisons of task performance. Main effect significance is
represented by brackets at the base of bar clusters. Brackets above bars show pairwise
significance. Error bars are +/- standard error of the mean. (c) Within-group condi-
tion comparisons of task performance, with between-condition pairwise comparisons.
Yellow-toned bars are conditions with egocentric (visual) consistency, pink-toned bars
are conditions with a shifted view of the objects.
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Between-condition effects and factorial comparisons of spatial consisten-

cies. There was a significant main effect of condition on percentage of correct

trials (F (5, 420) = 43.4, p < .001). Examining effects between conditions within

groups (Figure 4.6c), significant post hoc main effects of condition were found

within all groups. Pairwise significant differences between Stay-Still conditions

and all other conditions were observed within Younger, Older and MCI- groups,

showing increased performance in this condition. In addition, the Younger group

showed a decrease in performance for the Teleport-Still condition compared to

the Walk-Rotate condition. The Older group additionally showed decreased per-

formance in Teleport-Still compared to Teleport-Rotate trials. The MCI+ group

scored unexpectedly high on average in the Walk-Rotate condition compared to

other conditions, although this was not statistically significant by pairwise analy-

sis.

When isolating Younger and Older groups, significant main effects of vi-

sual consistency (F (1, 29) = 32.3, p < .001), self-motion consistency

(F (1, 29) = 16.6, p < .001) and an interaction between the two were found

(F (1, 29) = 13.3, p = .011) based on Stay and Walk conditions. This interac-

tion effect is likely explained by the higher scores in the Stay-Still condition than

other conditions and the relatively similar performance in the Stay-Rotate as the

Walk-Still condition in both groups. This is contrary to hypotheses and previous

results (Simons and Wang, 1998; Burgess et al., 2004), which predicted greater

performance in Walk-Still compared to Stay-Rotate due to self-motion consis-

tency. Indeed, the main effect of self-motion consistency seems to be driven

by the Stay-Still condition alone, hence the significant interaction between self-

motion and visual consistency.

No significant interactions between group and either visual consistency

(F (1, 29) = −3.84, p = .45), self-motion consistency (F (1, 29) = −5.27, p =

.30) or their interaction (F (2, 29) = 8.70, p = .22) were found for healthy

groups. This suggests no difference in how these spatial consistencies af-
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fect different healthy age groups, which is consistent with the hypothesised

condition-invariant performance decrease in Older participants compared to

Younger.

When examining visual and self-motion consistency using the alternative

approach of Walk and Teleport conditions, no effect of self-motion consistency

was found (F (1, 29) = 6.77, p = .16), contrary to when using Stay and

Walk conditions. As previously described, this may suggest that this com-

bination of conditions is not appropriate for studying self-motion consistency,

rather than indicating a contradictory absence of effect. In support of this, a

significant interaction between visual and self-motion consistency was found in

healthy groups when isolating these conditions (F (1, 29) = 10.4, p = .039),

which is likely explained by the relatively lower performance of both Teleport-

Still and Teleport-Rotate to their Walk counterparts. If Teleport-Rotate was

consistent with self-motion, we would expect a performance boost to Teleport-

Rotate over Walk-Rotate. Instead, a significant main effect of teleporting was

found in both healthy groups (F (1, 29) = 8.96, p = .011) with no inter-

action with table rotation (F (1, 29) = 7.55, p = .13) or between groups

(F (1, 29) = 6.77, p = .16; F (1, 29) = 8.56, p = .21). These results suggest

that, for both age groups, there was a general performance-reducing effect of

teleportation, regardless of the availability of egocentric strategies. This is con-

trary to the hypothesis that teleportation will not provide disorientation beyond

disruption to self-motion.

A significant main effect of visual (F (1, 9) = 19.57, p = .002) but

not self-motion consistency (F (1, 9) = −4.22, p = .51) or their interaction

(F (1, 9) = −0.68, p = .94) was found on task performance for MCI groups

when isolating Stay and Walk conditions. In addition, significant interactions

between group (biomarker status) and (a) the effect of visual consistency
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(F (1, 9) = −25.38, p = .004), and (b) the interaction effect between visual

and self-motion consistency (F (1, 9) = 32.0, p = .010) were found. These

results suggest that the effect of visual consistency on performance varied by

biomarker status, as did the interaction between visual and self-motion consis-

tency. In support of this, Figure 4.6c shows that MCI- participants performed

much higher in Stay-Still trials (visual and self-motion consistency) than all

other conditions, which were all relatively equal. Therefore, only when both

visual and self-motion consistency were present was there a performance boost

for biomarker-negative participants. In contrast, MCI+ participants had similarly

high performance in both Stay-Still and Walk-Rotate conditions (visual con-

sistency) but similarly low performance for Walk-Still and Stay-Rotate (visual

inconsistency). This suggests that there was no performance-enhancing effect

of self-motion consistency for MCI+ participants, and that there was a general

performance-enhancing effect of visual consistency that even surpassed the

MCI- group. This is somewhat consistent with hypotheses, except that the MCI-

group were expected to show an effect of self-motion consistency, and were not

expected to be outperformed by MCI+ in any condition.

No main effect of teleporting was found in MCI participants (F (1, 9) =

4.22, p = .51), with no interaction with biomarker status (group) (F (1, 9) =

−5.33, p = .54). This suggests there was no general performance-reducing

effect of teleporting compared to walking for MCI- or MCI+ participants.
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4.4.2 Confidence

Summary of key findings.

• MCI+ participants had less difference in confidence ratings between

correct and incorrect trials than Older and Younger groups, but not

MCI- participants.

• Younger and Older groups’ overall task performance significantly

predicted their mean confidence ratings, but the same did not hold

for MCI groups.

• A significant confident-reducing effect of teleporting was found in

healthy groups, consistent with task performance.

• Younger adults were significantly more confident than Older and

MCI+ participants, but not MCI- participants, across all conditions.

Figure 4.7 shows group differences in confidence rating per trial. Significant

main effects of group (F (3, 86) = 4.8, p = .004) and condition (F (5, 430) =

51.4, p < .001) were found on confidence scores. Figure 4.7a shows greater

overall mean confidence ratings in the Younger group than Older and MCI+

groups, but not MCI- participants.

A significant group-condition interaction was found for healthy ageing

groups (F (5, 330) = 3.9, p = .002) but not MCI biomarker groups (F (5, 100) =

1.1, p = .38), suggesting that differences in confidence between conditions var-

ied by healthy age group, but not MCI groups. Within conditions (Figure 4.7b),

significant main effects of group were found in all conditions, mainly driven by

significantly higher confidence in Younger participants compared to Older and

MCI+ participants. MCI- participants were not significantly less confident than
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Younger participants in any condition.

Across conditions within groups (Figure 4.7c), main effects of condition

were found in all groups. Younger, Older and MCI- groups had significantly

higher confidence in the Stay-Still condition than all other conditions. Younger

participants also had significantly increased confidence in the Walk-Rotate

condition compared to Walk-Still and Teleport-Still conditions. This pattern of

pair-wise differences in the Younger group is comparable to that for percentage

of correct trials. This consistency between task performance and confidence

rating across conditions was also broadly found for other groups: in the Older

group, significantly lower confidence was found in the Teleport-Still condition

compared to the Walk-Rotate trials, similar to task performance. Likewise, no

significant differences in confidence were observed in the MCI- group between

conditions other than increased Stay-Still confidence. MCI+ participants had

higher confidence ratings in Stay-Still and Walk-Rotate conditions compared to

Walk-Still, Teleport-Still and Teleport-Rotate conditions, reflecting higher task

performance in these conditions.

Factorial comparisons of spatial consistencies. A significant main effect

of visual consistency (F (1, 29) = 18.5, p < .001), self-motion consistency

(F (1, 29) = 4.49, p = .041) and their interaction (F (1, 29) = 14.3, p < .001)

was found for healthy age groups when isolating Stay and Walk conditions

only. Additionally, a significant three-way interaction between group, visual

consistency and self-motion consistency was found (β(1, 29) = 0.928, p =

.004, 95%CI [0.29, 1.56]). These results suggest that the effect of visual consis-

tency on confidence varied by self-motion consistency, and that this interaction

was different for each age group. Figure 4.7c indicates that Younger participants

had a greater increase in confidence from the Stay-Still condition versus other

conditions compared to the Older group.

A significant main effect of visual consistency (F (1, 9) = 7.02, p = .026)
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was found for MCI biomarker groups when isolating Stay and Walk conditions.

A main effect of self-motion consistency may be present but did not reach sta-

tistical significance (F (1, 9) = 5.62, p = .069). Likewise, an interaction be-

tween visual and self-motion consistency did not reach statistical significance

(F (1, 9) = 7.4, p = .09). These results suggest that visual consistency pro-

vided a boost to confidence in these groups, but self-motion provided a weak

effect at best, which varied weakly by visual consistency. These effects did not

vary significantly by group (p > .05) and there was no statistically significant

overall main effect of group (β(1, 29) = 0.93, p = .32, 95% CI [−0.90, 2.76])

despite the consistently lower mean confidence for MCI+ compared to the MCI-

group. Figure 4.7c suggests that there was a boost to confidence in the Stay-Still

condition for MCI- participants only, but this effect was not statistically greater

than MCI+ participants.

A significant main effect of teleporting on confidence was found for healthy

participants only (F (1, 29) = 8.94, p = .005), suggesting that the act of teleport-

ing reduced confidence in task performance compared to walking. This effect

did not vary by group (β(1, 29) = 0.074, p = .75, 95% CI [−0.39, 0.53]).

Confidence associations with task performance. Figure 4.8 visualises the

relationship between performance and confidence within groups. Figure 4.8a

shows results of linear regressions between performance and overall mean con-

fidence rating, split by group. Mean confidence rating significantly predicted per-

centage of correct trials in both Younger and Older conditions but not MCI- or

MCI+ groups. This means that no evidence could be found for a relationship be-

tween task performance and confidence for MCI groups based on this sample

size.

Figure 4.8b shows confidence ratings when split by correct and incorrect

trials. There was a strong main effect of correctness on confidence (F (1, 95) =

161.2, p < .001, η2g = .75), with post-hoc tests showing that all groups had signif-
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icantly lower confidence ratings in incorrect trials than correct trials (p < .001).

There was also a small main effect of group (F (3, 95) = 4.07, p = .009, η2p =

.11), with post hoc pairwise tests showing significantly lower confidence in Older

than Younger participants (t(51.8) = −3.19, p = .002; degrees of freedom ad-

justed using Greenhouse-Geisser correction), but no other pairwise significance

(p > 0.05).

In incorrect trials only, MCI groups had higher average confidence ratings

than healthy groups, although this was not statistically significant (p > .05).

There was a moderate significant interaction between group and correctness

(F (3, 95) = 17.7, p < .001, η2p = .25), reflecting the greater reduction in confi-

dence in incorrect trials for healthy groups compared to MCI groups (4.8b).

To quantify this interaction at the participant level, Cohen’s d effect sizes

were calculated for the difference between correct and incorrect confidence per

participant. Figure 4.8c visualises the difference in confidence rating by cor-

rectness, representing the increase in confidence for correct trials compared

to incorrect trials. Younger participants had significantly greater confidence dif-

ferences than all other groups here, with an additional significant pairwise dif-

ference between MCI+ and Older participants, but not MCI- participants. This

suggests that MCI+ participants had more decoupling between confidence and

task performance than Older and Younger groups, but not MCI- participants.
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(a)

(b)

(c)

Figure 4.7. Confidence ratings. (a) Overall confidence between groups. Coloured
points represent mean confidence by condition (6 points per participant); black points
represent total mean confidence by participant (1 point per participant). Significance
brackets are from pair-wise hierarchical linear models. (b) Within-condition group com-
parisons. ANOVA main effect significance is represented by brackets at the base of
each cluster. Pairwise differences are represented by brackets above bars. Error bars
are standard error of the mean. (c) Within-group condition comparisons.
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(a)

(b)

(c)

Figure 4.8. (a) Scatter plots of confidence by percentage of correct trials, compared per
group. Lines are linear models; solid lines are statistically significant, p < .05; dashed
lines are not. (b) confidence rating split by group, within correct and incorrect trials. (c)
Cohen’s d per participant of the confidence rating difference in correct versus incorrect
trials, split by group
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4.4.3 Eye movements

Although eye-tracking data were collected across the entirety of each partici-

pant’s time wearing the head-mounted display, the current analysis only exam-

ines eye movement patterns during encoding and retrieval phases. These were

designed to be compared and contrasted, lasting the same length of time (7 sec-

onds). Accordingly, these phases were the subject of the hypotheses outlined

earlier (Section 4.3.1).

As mentioned in Section 2.6.1 on eye movement measures, there are a

number of approaches to analysing eye movements. This section focuses on

testing hypotheses from this chapter (Section 4.3.1), comparing measures at

the viewing- or trial-level, such as dwell proportion on the moved object at re-

trieval. Key eye movement measures were also compared between correct and

incorrect trials per group to examine their associations with task performance.

Analysis was extended to include post hoc comparisons based on relative view-

ing patterns between areas of interest (AOIs).

Further exploration of eye behaviour is detailed in Chapter 5 (also see Ap-

pendix A).
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4.4.3.1 Eye movement measures at retrieval

Summary of key findings.

• MCI+ participants had significantly less dwell time on the stationary

objects than MCI- and Older participants, consistent with hypothe-

ses. However, this effect was unexpectedly strongest in the Stay-Still

condition.

• Similarly, MCI+ participants had significantly less dwell time on the

table overall, but particularly in the Stay-Still condition when com-

pared to both MCI- and Older groups.

• Younger participants fixated on the table significantly more than all

other groups.

• No statistically significant differences between groups were ob-

served in fixation time on the moved object, contrary to hypotheses.

• Younger, Older and MCI- groups had significantly greater fixation

time on the moved object in the Stay-Still condition than all other

conditions, consistent with task performance and confidence ratings.

• Teleporting did not effect fixation time on the moved object in healthy

groups, contrary to task performance and confidence ratings.

Fixations on the moved object. The first memory-related eye movement mea-

sures to examine were derived from fixations on the moved object. Figure 4.9

shows results of group differences in log-transformed dwell proportions (log-

dwell) on the moved object. Contrary to hypotheses, no significant differences
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between groups were found. No main effect of group was found when combining

all conditions (F (3, 94) = 1.3, p = .28), although from pairwise comparisons the

Older group had significantly greater log-dwell than MCI- and MCI+ groups (Fig-

ure 4.9a). Still, this suggests no overall detectable difference between groups in

the proportion of time spent fixating on the moved object at retrieval.

A significant main effect of condition was found (F (5, 470) = 11.9, p < .001)

but no significant interaction between group and condition when including all

groups (F (15, 425) = 1.2, p = .24), healthy Younger and Older groups only

(F (5, 370) = 1.1, p = .36), or MCI groups only (F (5, 100) = 1.6, p = .16).

These results suggest an effect of condition on dwell proportion on the moved

object that did not significantly vary between groups. When splitting by condi-

tion within groups (Figure 4.9b), a significant main effect of group was found

for Walk-Still and Teleport-Rotate conditions. Only the latter showed a signifi-

cant pairwise increase in log-dwell for the Older group compared to the Younger

group. However, these post hoc effects may not be scientifically significant given

the absence of a clear interaction between group and condition.

Differences between conditions within groups mainly showed increased

log-dwell in the Stay-Still condition compared to other conditions in Younger,

Older and MCI- groups (Figure 4.9c). These participants spent more time look-

ing at the moved object in the Stay-Still condition compared to other conditions,

consistent with task performance. The Older group additionally showed sig-

nificantly higher log-dwell in Walk-Rotate and Teleport-Rotate conditions com-

pared to Walk-Still and Teleport-Still, suggesting an effect of visual consistency

(explored in the next section).

The MCI+ group was the only group to have no main effect of condition

here; log transformed dwell proportions between conditions were not statisti-

cally different. This suggests that the MCI+ participants did not vary how much

they looked at the moved object between different conditions. This is unex-

pected in relation to hypotheses, which predicted lower dwell on the moved
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object in shifted viewpoint conditions (Walk-Still, Teleport-Still and Stay-Rotate)

compared to conditions with availability of egocentric strategies (Stay-Still, Walk-

Still, Teleport-Still).

The patterns of results were very similar for re-dwell (Supplementary Fig-

ure B.3), proportion of fixations (B.4), increase in proportion of fixations (B.5),

dwell increase (B.6) and re-dwell increase (B.7) on the moved object.

Factorial comparisons of spatial consistency effects on moved ob-

ject dwell proportion. A small significant main effect of visual consistency

was found for healthy groups when isolating the Stay and Walk conditions

(F (1, 29) = 16.67, p < .001). However, no significant effect of self-motion

consistency was found (F (1, 29) = 2.11, p = .17). These results sug-

gest that consistency of the object configurations with participant self-motion

did not increase the log-transformed dwell proportion on the moved object

at retrieval, contrary to hypotheses and results from memory performance

and confidence ratings. However, a small significant interaction between vi-

sual and self-motion consistency (F (1, 29) = 9.65, p = .004) alongside vi-

sual inspection of within-group condition differences (Figure 4.9c) suggests

that there was greater log-dwell on the moved object in the Stay-Still condi-

tion compared to other conditions in the group. This interaction effect sig-

nificantly varied between Younger and Older groups with a small effect size

(β(1, 29) = 0.07, p = .02, 95% CI [0.009, 0.139], η2p = .07), likely represent-

ing the greater difference between Stay-Still log-dwell and other conditions in

the Younger group compared to the Older group. In contrast, the Older group

had comparatively greater differences between Move-Rotate conditions and

Move-Still conditions.

No significant main effect of visual consistency (F (1, 9) = 4.20, p =

.15), self-motion consistency (F (1, 9) = 1.12, p = .74) or their interaction

(F (1, 9) = 0.14, p = .87) were found for MCI biomarker groups when iso-
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lating Stay and Walk conditions. However, the interaction between visual and

self-motion consistency significantly varied between MCI+ and MCI- groups

(β(1, 29) = 0.15, p = .007, 95% CI [0.040, 0.264], η2p = .13). This pattern

of results suggests that visual and self-motion consistency did not have an ef-

fect on dwell proportion on the moved object, and only in the MCI- group did

an interaction exist between the two. Indeed, MCI- participants had a signifi-

cant difference between Stay-Still trials (visually and self-motion consistent) and

all other conditions with no significant differences between remaining Stay and

Walk conditions (Figure 4.9c). The MCI+ group on the other hand showed no

significant main effect of condition on log-dwell on the moved object, suggesting

no significant differences between conditions.

No significant main effect of teleporting was found in healthy groups

(F (1, 29) = 0.32, p = .56) or MCI groups (F (1, 9) = 2.28, p = .16), with no in-

teraction effects with group (β(1, 29) = 0.014, p = .53, 95%CI [−0.030, 0.058];

β(1, 29) = 0.015, p = .67, 95%CI [−0.056, 0.675]), suggesting that teleporting

did not have an effect on the log-dwell proportion on the moved object in any

group.
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(a)

(b)

(c)

Figure 4.9. Dwell on the moved object. (a) Within-condition group comparisons of
log-transformed dwell proportion. Note that the right-side y-axis shows the raw dwell
proportions of the log-transformed y-axis on the left, which the data is plotted to. (b)
Within-group condition comparisons of dwell proportion. (c) Within-condition group
comparisons of dwell increase from first to second viewings. See Figure 4.7 for more
details.
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Fixation time on the stationary objects. Figure 4.10 shows log-transformed

dwell proportions on the stationary configuration objects at the second viewing

(retrieval). A significant main effect of group was found when combining all

conditions (F (3, 85) = 14.7, p < .001), with pairwise results suggesting lower

stationary dwell in the Younger group compared to Older and MCI+ participants

(Supplementary Figure B.8a), and a greater log-dwell on the stationary objects

in MCI+ compared to MCI- participants, supporting the hypothesis that MCI+

participants would show greater fixation time on the stationary objects than other

groups.

Examining these differences by condition, the same pairwise effects were

present in almost all conditions, with large differences between MCI+ and other

groups in the Stay-Still condition (Figure 4.10a; MCI+ vs Older: t(38) =

4.11, p < .001, d = 1.50; MCI+ vs MCI-: t(20) = 4.856, p < .001, d = 2.08).

This effect was even more pronounced between MCI+ and Older groups for

the re-dwell on the stationary objects (the time spent revisiting these AOIs) in

the Stay-Still condition (Supplementary Figure B.9b; MCI+ vs Older: t(38) =

5.16, p < .001, d = 1.88; MCI+ vs MCI-: t(20) = 4.78, p < .001, d = 2.05).

Although these results support hypotheses that MCI+ participants would have

greater fixation time on the stationary objects, it was the Stay-Still condition,

rather than the Walk-Still condition, that showed the most difference in MCI+

participants based on these eye movements, contrary to hypotheses.

Further support for this is found in Figure 4.10c, which shows the decrease

(first viewing minus second viewing) in raw dwell proportion on stationary objects

between groups. The Stay-Still, Walk-Still, Stay-Rotate and Teleport-Rotate

conditions had significant effects of group on this measure, with post hoc pair-

wise comparisons showing significantly less decrease of dwell proportion on

the stationary objects in the MCI+ group compared to at least one other group.

Again, the Stay-Still condition provided the strongest of these effects, with

Younger, Older and MCI-groups showing significantly more decreased viewing
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of stationary objects than MCI+ participants.

The above pattern of results was similar for proportion of fixations and re-

fixations, as shown in the supplementary material (Appendix Section B.2.3).

Between-condition effects are also described in the supplementary material

(Figure B.8b), but essentially followed the inverse pattern of results described

for dwell proportion on the moved object.
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(a)

(c)

Figure 4.10. Dwell on the stationary objects. (a) Within-condition group comparisons
of dwell proportion. (b) Within-condition group comparisons of decrease in dwell pro-
portion from encoding to retrieval. See Figure 4.7 for more details.
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Fixation time on the table. To capture fixations on the previous position of the

moved object, the centroid of the object configurations, or on the spaces be-

tween objects, viewing behaviour on the table was examined.

Figure 4.11 shows a similar but inverted pattern between groups as Figure

4.10 on the stationary objects. A significant main effect of group was found for

log-transformed dwell proportion on the table (F (3, 85) = 11.2, p < .001), with

pairwise results suggesting greater table dwell in the Younger group compared

to all other groups, and less table dwell in the MCI+ group compared to all other

groups 4.11a. This is consistent with hypotheses that MCI+ participants would

have reduced table viewing.

Looking within conditions, all conditions had main effects of group on table

log-dwell. Pairwise differences showed less table dwell in the MCI+ group com-

pared to all other groups in the Stay-Still condition, and less table dwell than

MCI- participants in all conditions (Figure 4.11b). This is somewhat inconsistent

with hypotheses that MCI+ participants would show reduced table viewing in

Walk-Still and Teleport-Still conditions only.

Younger participants had significantly greater log-dwell on the table than

Older participants in all conditions. Younger participants only had significantly

greater log-dwell on the table compared to MCI- participants in the Walk-Rotate

condition.

A significant main effect of condition was found on table log-dwell

(F (5, 425) = 4.2, p < .001), although post hoc tests suggested no signifi-

cant difference between conditions in the Older, MCI- or MCI+ groups (a direct

between-condition comparison of dwell proportion on the table can be found

in Supplementary Figure B.12). Younger participants had less table log-dwell

in the Stay-Still condition than all other conditions, but the Older participants

did not show this. Indeed, a significant interaction between healthy groups

and condition was found (F (5, 325) = 2.2, p = .05), likely due to this effect.

This is inconsistent with hypotheses in two ways: firstly, that table viewing did
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not show a stronger condition-dependent effect, especially in the Older group;

and secondly, that Younger participants had reduced table viewing in the con-

dition that they show the greatest memory performance in. This latter effect

will be explored further in Section 4.4.3.3 on eye movement associations with

performance.

No significant interaction between MCI biomarker status and condition was

found on table log-dwell (F (5, 100) = 0.3, p = .88), despite the significantly

reduced log-dwell on the table in the MCI+ group for all conditions. This sug-

gests that MCI+ participants have a reduced viewing of the table regardless of

the consistency of the objects with egocentric, allocentric, or self-motion repre-

sentations. Rather, a condition-invariant reduction in table viewing may exist in

the MCI+ group compared to the MCI- group.
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(a)

(b)

Figure 4.11. Log-transformed dwell proportion on the table. (a) Log-transformed dwell
across all conditions between groups. (b) Within-condition group comparisons.
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4.4.3.2 Eye movements at encoding

Summary of key findings.

• MCI+ participants had significantly lower MultiMatch shape similarity

between encoding and retrieval scan-paths than all other groups in

the Walk-Still condition. This suggests a reduced gaze reinstatement

effect for these participants in this condition only. This is somewhat

consistent with hypotheses, although the same effect was not ob-

served in the Teleport-Still condition as expected.

• MCI+ participants significantly differed from MCI- participants in fix-

ation time on the table at encoding, but not compared to Older par-

ticipants.

• Younger adults fixated on the table significantly more than older

adults during the encoding period.

Most dwell patterns at encoding were simpler to analyse because trials

were condition-agnostic, therefore all trials could be used per group comparison.

Main effects of condition were tested to confirm this.

Fixation time on the table. A significant main effect of group was found on

log-transformed table dwell proportions at encoding (F (3, 85) = 5.9, p = .001).

Table viewing was expected to be higher for Younger and healthier groups, and

indeed Figure 4.12a shows a significantly higher log-transformed dwell propor-

tion on the table at encoding in Younger participants compared to Older and

MCI+ participants, although not MCI- participants. Furthermore, a significantly

greater table log-dwell was found for MCI+ participants compared to MCI- par-

ticipants, but not Older participants.
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No main effect of condition was found (F (5, 425) = 0.2, p = .96).

Fixation time on the objects. A significant main effect of group was found on

dwell proportions on all configuration objects at encoding (F (3, 84) = 4.1, p =

.01), with Younger participants spending less fixation time on the objects than

Older and MCI+ participants (4.12b). MCI- participants also spent significantly

less time fixating on the objects than Older participants. The pattern of group re-

sults for dwell proportion on the objects was approximately the inverse of dwell

proportion on the table. The difference in statistical significance is likely ex-

plained by the log-transformation of the latter. Group differences in re-dwell on

the configuration objects also followed a similar pattern (Supplementary Figure

B.13).

These results suggest that MCI+ participants spent more time fixating and

re-fixating on the objects during encoding than Younger and MCI- groups.

No effect of condition on either dwell (F (5, 420) = 0.9, p = .49) or redwell

(F (5, 420) = 1.3, p = .27) on the objects was found.

Scan-path entropy. No significant main effect of group was found in scan-path

entropy at encoding (F (3, 85) = 0.8, p = .49), with no pairwise differences

between groups (Figure B.14a). This suggests that groups did not differ in how

random or constrained their viewing patterns were, contrary to hypotheses.

MultiMatch shape: scan-path vector sequence similarity. The final

encoding-related metric was the MultiMatch ‘shape’ measure for estimating

scan-path similarity between encoding and retrieval viewings based on the se-

quences of vectors in the two scan-paths. Like all MultiMatch measures, scores

were bound between 0 and 1, with higher values indicating greater similarity

between the two scan-paths being compared.

Figure 4.13 shows the results of this comparison between groups for each

condition without table rotation (Stay-Still, Walk-Still, and Teleport-Still). A sig-

nificant main effect of group was found on MultiMatch shape similarity between
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encoding and retrieval scan-paths (F (3, 85) = 7.1, p < .001). Post hoc tests

within conditions showed significantly less similarity between encoding and re-

trieval for the MCI+ group compared to the Younger group in all three conditions

4.13. In addition, the MCI+ group had significantly less similarity in the Walk-

Still condition than all other groups. This suggests that MCI+ participants had

less similarity in scan-paths between encoding and retrieval in the Walk-Still

condition than other groups, consistent with hypotheses of reduced gaze rein-

statement effects here.

No significant main effect of condition was found (F (2, 170) = 0.9, p =

.41), suggesting that the condition (Stay, Walk or Teleport; table always Still)

did not significantly affect vector sequence similarity between encoding and

retrieval. However, a significant interaction between group and condition was

found when including MCI biomarker groups only (F (2, 40) = 5.2, p = .01),

with post hoc tests showing a greater difference in MultiMatch shape similarity

scores between MCI- and MCI+ in the Walk-Still compared to the Teleport-Still

and Stay-Still conditions. This is consistent with hypotheses that the Walk-Still

condition would show specific MCI+ eye movement differences compared to the

Stay-Still condition, although the Teleport-Still condition was expected to show

similar results within groups.

No significant interaction between group and condition was found when

including only healthy groups (F (2, 130) = 0.5, p = .64), suggesting that

group differences in MultiMatch shape similarity between Younger and Older

participants did not vary by condition.
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(a)

(b)

Figure 4.12. Raincloud plots (Allen et al., 2021) of group differences in viewing-level
results at the encoding phase. Coloured density plots represent trial-level data, which
were too numerous to show directly. Black data points represent participant-level aver-
ages, with box and whisker plots representing summary statistics of this data. Signifi-
cance brackets are from hierarchical linear models. (a) Log-transformed dwell propor-
tions on the table. (b) raw dwell proportions on configuration objects.
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Figure 4.13. Grouped bar charts of MultiMatch shape similarity scores of encoding
and retrieval vector sequences. A higher score indicates greater similarity between
encoding and retrieval vector sequences. Rotation conditions are not shown due to the
shift in world-space object positions with table rotation.
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4.4.3.3 Eye movement associations with task performance

Summary of key findings.

• The decreased MultiMatch shape similarity between encoding and

retrieval in Walk-Still trials for MCI+ participants may have been due

to correct trials only.

• All groups looked at the moved object more, and the stationary ob-

jects less, in correct trials compared to incorrect trials, as expected.

• However, MCI+ participants did not show an interaction between this

effect and condition, whereas other groups had even greater fixation

time on the moved object, and even less on the stationary objects,

in the Stay-Still condition compared to other conditions.

• Younger participants, unlike other groups, had greater fixation time

on the table in incorrect trials, with an interaction between conditions

not present in older adults.

• Older participants’ fixation time on the table significantly predicted

task performance.

Although associations are often examined with scatter plots and correlation

analysis, this approach requires aggregation of data to a summary statistic per

participant (e.g. the mean), losing most within-subject information. However,

because trial correctness followed a binomial distribution, we can split data by

correct/incorrect trials and compare eye movement associations against perfor-

mance with more statistical power, especially given the nested structure of the

data-set. Accordingly, the following sections show some key results of fixation
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measures given a correctness split. Scatter plots with linear relationships be-

tween mean fixation metrics and overall task performance are also shown.

Dwell proportion on the moved object at retrieval. There was a strong main

effect of trial correctness on dwell proportion on the moved object (F (1, 85) =

239.3, p < .001, η2g = .74). Figure 4.14a visualises the greater dwell proportion

on the moved object in correct trials compared to incorrect trials (significance

not marked on the figure).

For healthy Younger and Older groups, there was a significant interaction

between correctness and group on moved object dwell proportion (F (1, 65) =

239.3, p < .001, η2p = .74), suggesting that the effect of age on moved object

fixation time varied by trial correctness. Figure 4.14a shows dwell proportion on

the moved object split by trial correctness, with significantly lower moved object

dwell in Younger versus Older participants in correct trials only.

For MCI biomarker groups, there was no significant interaction between

correctness and group on moved object dwell (F (1, 20) = 1.38, p = .25, η2p =

.065), suggesting that the effect of biomarker status on moved object dwell

did not vary by trial correctness. Figure 4.14a suggests that this is because

there was little difference between MCI biomarker groups in their dwell propor-

tion, regardless of trial correctness. However, there was a small significant in-

teraction between trial correctness and condition in MCI groups (F (5, 80) =

3.15, p = .012, η2g = .041), suggesting that the effect of condition on moved

object dwell proportion varied by trial correctness in these participants. A three-

way ANOVA of condition, group and correctness on moved object dwell pro-

portion suggests that the Stay-Still condition had a greater increase in dwell

proportion in correct versus incorrect trials compared to other conditions in

the MCI- group, but not the MCI+ group. In other words, MCI- participants

had an even greater increase in moved object dwell when correct in Stay-

Still trials compared to other conditions, whereas MCI+ participants did not

have a difference between conditions. This effect was on the threshold for
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statistical significance, with the lower 95% confidence level just below zero

(β(5, 80) = 0.13, p = .051, 95% CI [−0.001, 0.264], η2g = .12). Post hoc

comparisons in Figure 4.14b shows that MCI- participants had a significant dif-

ference between the Stay-Still condition compared to other conditions in correct

trials, whereas MCI+ participants did not.

Figure 4.14c shows mean dwell proportion on the moved object per partici-

pant against total percentage of correct trials, showing significant associations in

MCI groups only. The weak and non-significant associations between these two

measures in healthy groups seems at odds with correctness-split results from

Figure 4.14a. This is likely the consequence of aggregating moved object dwell

proportions to participant-level mean scores, which also combines conditions.



4.4. Results 163

(a)

MCI+ MCI-

(b)

(c)

Figure 4.14. Relationships between task performance and dwell proportion on moved
object at retrieval: (a) by group and trial correctness. Within-correctness significance is
shown, between-correctness significance is not shown. (b) moved object dwell in Stay-
Still trials compared to other conditions combined, split by correctness for MCI+ (left)
and all other groups combined (right). (c) Scatter plots of mean dwell proportion against
percent of correct trials, split by group. See Figure 4.7 for more details of scatter plots.
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Dwell proportion on the stationary objects. There was a strong main effect

of trial correctness on dwell proportion on the stationary objects (F (1, 85) =

262.6, p < .001, η2p = .76), with Figure 4.14a visualising less dwell proportion on

the stationary objects in correct trials compared to incorrect trials (significance

not marked on the figure).

For healthy Younger and Older groups, there was a significant interaction

between correctness and group on stationary object dwell (F (1, 65) = 12.1, p <

.001, η2p = .16), suggesting that the effect of age group on stationary object dwell

varied by trial correctness. Figure 4.15a shows dwell proportion on the station-

ary objects split by trial correctness, with significantly less stationary object dwell

in Younger versus Older participants for incorrect trials only. This means that,

whereas correct trials drove the difference between healthy age groups for dwell

proportion on the moved object, incorrect trials may have driven the difference

between age groups in dwell proportion on the stationary objects.

The effect of correctness on stationary object dwell also varied by con-

dition in healthy groups (F (5, 195) = 2.87, p = .016, η2g = .015), suggesting

that the difference in stationary object dwell for incorrect trials versus correct

trials varied across conditions. Figure 4.15b (right) shows that this was due

to less stationary object dwell for correct trials between the Stay-Still condi-

tion and other conditions, whereas there was no difference in stationary ob-

ject dwell between conditions in incorrect trials. Note that there was no ev-

idence that this effect varied between healthy Younger and Older groups as

there was no three-way interaction between group, correctness and condition

(β(5, 195) = −0.016, p = .75, 95% CI [−0.12, 0.08], η2g = −.017).

For MCI biomarker groups, there was no significant interaction between

correctness and group on stationary object dwell (F (1, 20) = 0.36, p = .55, η2p =

.018), suggesting that the effect of biomarker status on stationary object dwell

did not vary by trial correctness. This means that there was a similar difference

in stationary dwell between MCI biomarker groups for correct and incorrect tri-
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als. Figure 4.15a shows that the difference between MCI+ and MCI- groups

is actually significant for incorrect trials but not correct trials based on post hoc

pairwise tests. Still, the lack of interaction effect suggests that the non-significant

difference between groups in correct trials was a similar difference.

There was a small significant interaction between trial correctness and con-

dition in MCI groups (F (5, 80) = 2.76, p = .023, η2g = .032), suggesting that

the effect of condition on stationary object dwell proportion varied by correct-

ness in these participants. Similar to moved object dwell, Figure 4.15b (left)

shows that MCI+ participants had no difference in stationary dwell proportion

between Stay-Still and other conditions regardless of trial correctness. MCI-

participants did show a difference here similar to Younger and Older groups;

all three of these groups have been combined in 4.15b (right). Note that,

despite this difference between groups, a three-way interaction was not sig-

nificant when including all conditions, MCI groups only, and trial correctness

(β(5, 80) = −0.11, p = .12, 95% CI [−0.25, 0.031], η2g = −0.12).

Figure 4.14c shows mean dwell proportion on the stationary objects per

participant against percentage of correct trials, showing no significant associa-

tions in any group. Again, the effect of aggregating dwell proportions per partic-

ipant likely explains the discrepancy between the lack of significant correlations

here and the main effect of correctness on stationary dwell.
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(a)

MCI+ All other groups

(b)

(c)

Figure 4.15. Relationships between task performance and dwell proportion on station-
ary objects at retrieval: (a) by group and trial correctness. Within-correctness signifi-
cance is shown, between-correctness significance is not shown. (b) stationary object
dwell in Stay-Still trials compared to other conditions combined, split by correctness for
Younger, Older and MCI- groups combined (left) and MCI+ participants only (right). (c)
Scatter plots of dwell proportion on the stationary objects against percent of correct tri-
als, split by group. See Figure 4.7 for more details of scatter plots.
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Dwell proportion on the table at retrieval. There was a small significant

main effect of trial correctness on dwell proportion on the table at retrieval

(F (1, 85) = 7.87, p = .006, η2p = .084). However, Figure 4.16a suggests

that this is explained by reduced table dwell for incorrect versus correct tri-

als for all groups except the Younger group, which showed the opposite ef-

fect (significance not marked on the figure). Indeed, there was a small but

significant interaction between correctness and group when isolating Younger

and Older groups (F (1, 65) = 5.19, p = .030, η2p = .074) but not MCI groups

(F (1, 20) = 0.49, p = .49, η2p = .024). These results suggest that table dwell

was more associated with incorrect trials in Younger participants, whereas it was

more associated with correct trials in Older, MCI- and MCI+ participants. This

effect in Younger participants is unexpected, as table viewing was hypothesised

to be associated with performance in the positive direction. However, it is impor-

tant to note that Younger viewing of the table was higher than other groups in

both correct and incorrect trials, and this group also outperformed other groups

in task performance (Section 4.4.1).

The effect of correctness on table dwell also varied by condition in healthy

groups with a very small effect size (F (5, 195) = 2.64, p = .024, η2g = .008),

suggesting that the difference in table dwell for incorrect trials versus cor-

rect trials varied slightly across conditions. However, a stronger three-way

interaction shows that this effect varied by group (β(5, 195) = −0.10, p =

.005, 95% CI [−0.031, −0.180], η2g = −0.12), which can be explained by de-

creased table dwell in Stay-Still compared to other conditions in the correct trials

in the Younger group, the opposite effect in the incorrect trials, and potentially

the reverse of both of these differences for Older participants (Figure 4.16b).

In other words, the Younger participants showed increased table dwell when

incorrect compared to correct, with more table dwell during the Stay-Still condi-

tion compared to others when incorrect but less when correct. By contrast, the

Older participants showed less table dwell when incorrect, with less table dwell
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in the Stay-Still condition than other conditions when incorrect, but more when

correct. However, note that these effects in Older participants were not signif-

icant, and may be better described as having a similar amount of table dwell

across conditions.

For MCI groups, as mentioned there was no significant interaction between

correctness and group on table dwell (see above), suggesting that the effect

of biomarker status on stationary object dwell did not vary by trial correctness.

This means that there was a similar difference in table dwell between MCI+ and

MCI- groups for correct and incorrect trials. Figure 4.15a shows that MCI+ par-

ticipants had significantly less table dwell than MCI- participants in both correct

and incorrect trials from post hoc pairwise comparisons.

There was no significant interaction between trial correctness and condition

in MCI groups (F (5, 80) = 0.54, p = .74, η2g = .004), suggesting that the effect

of condition on table dwell proportion did not vary by trial correctness in these

participants.

Figure 4.16c shows mean dwell proportion on the table per participant

against percentage of correct trials, showing a significant associations for the

Older group only. In Younger participants, the effect of trial correctness on table

dwell was possibly masked here because the effect depends on the condition.
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(a)

Younger Older

(b)

(c)

Figure 4.16. Relationships between task performance and dwell proportion on table at
retrieval: (a) by group and trial correctness. Within-correctness significance is shown,
between-correctness significance is not shown. (b) table dwell in Stay-Still trials com-
pared to other conditions combined, split by correctness for Younger (left) and Older
(right) groups. (c) Scatter plots of dwell proportion on the table against percent of cor-
rect trials, split by group. See Figure 4.7 for more details of scatter plots.
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Encoding measures. No significant main effects of trial correctness were

found on table dwell (F (1, 85) = 0.16, p = .69), object dwell (F (1, 85) =

0.05, p = .81), or scan-path entropy (F (1, 85) = 1.02, p = .32) at encoding.

There was no significant main effect of trial correctness on MultiMatch

shape similarity between encoding and retrieval when including all groups

(F (1, 85) = 3.47, p = .07), or just Younger and Older groups (F (1, 65) =

0.005, p = .94). However, there was a moderate main effect of trial correctness

when including only MCI groups (F (1, 20) = 20.1, p < .001, η2g = .50). For MCI

groups, there was no interaction between group and correctness (F (1, 20) =

0.79, p = .39) or condition and correctness (F (2, 32) = 1.55, p = .23); but there

was a weak yet significant three-way interaction between MCI group, condition

and correctness (β(2, 32) = −0.025, p = .044, 95%CI [−0.0004,−0.051], η2g =

−0.026). These results can be explained by the reduced MultiMatch shape sim-

ilarity for MCI+ participants in correct Walk-Still trials as shown in Figure 4.17b.

This suggests that only MCI+ participants had less similarity between encoding

and retrieval phases, but only in correct Walk-Still trials.

Figure 4.17c shows mean MultiMatch shape similarity scores per partic-

ipant against percentage of correct trials, showing a strong significant asso-

ciation for the MCI+ group only. Post-hoc analysis revealed that this effect

was driven by the Stay-Still condition, which had a very strong positive Pear-

son’s correlation in the MCI+ group (r(8) = 0.87, p = .001) compared to the

Walk-Still and Teleport-Still conditions which both had non-significant correla-

tions (r(8) = 0.32, p = .36; r(8) = 0.42, p = .15).
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(a)

MCI+ All other groups

(b)

(c)

Figure 4.17. Relationships between task performance and Multimatch ‘shape’ similarity
between encoding and retrieval scan-paths: (a) by group and trial correctness. Within-
correctness significance is shown, between-correctness significance is not shown. (b)
MultiMatch shape similarity in Stay-Still, Walk-Still and Teleport-Still trials, split by cor-
rectness for MCI+ participants (left) and Younger, Older and MCI- groups combined
(right). (c) Scatter plots of MultiMatch shape against percent of correct trials, split by
group. See Figure 4.7 for more details of scatter plots.
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4.4.3.4 Post-hoc analyses: relative dwell measures at retrieval

Summary of key findings.

• Subtracting stationary object dwell time from table and moved object

dwell time combined created a ‘stationary avoidance’ measure at

retrieval, which showed large differences between MCI+ participants

and all other groups in the Stay-Still condition.

Although not directly hypothesised, a natural follow-up to AOI-specific fixa-

tion patterns was to examine fixation differences between AOIs. Caution must

be taken with interpretation of results here because there were numerous com-

binations of AOIs that could have been used to create difference measures.

However, care was taken to only follow-up with post hoc comparisons that could

be justified on the same grounds as hypotheses.

Stationary avoidance. A direct combination of the three hypothesised fixation

areas of interest (AOIs) was calculated to create a relative measure of gaze pat-

terns during retrieval. Although several combinations were available, the most

logical and consistent with hypotheses involved subtracting AOI fixation time

expected to negatively relate to performance from AOIs expected to positively

relate to perfomance. Accordingly, stationary object dwell proportion was sub-

tracted from the sum of moved object and table dwell proportions. I called the

resulting measure ‘stationary avoidance’, because greater scores indicated less

stationary viewing.

Figure 4.18 shows the results of this measure across groups and condi-

tions. Again, the Stay-Still condition appeared to be the most discriminating for

MCI+ participants (MCI+ vs Older: t(38) = −4.10, p < .001, d = −1.50; MCI+

vs MCI-: t(20) = −4.68, p < .001, d = −2.00), with significantly lower station-
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ary object avoidance than the other three groups. Although, MCI+ participants

had significantly lower stationary avoidance compared to all other groups in all

conditions except Teleport-Still and Walk-Rotate conditions.

The Younger group scored consistently higher across conditions than other

groups. Note that there was no interaction between group and condition for

healthy groups on this measure (F (5, 325) = 0.9, p = .47), indicating a similar

increase in Younger participants across all conditions. A significant group-

condition interaction was found for MCI groups (F (5, 100) = 3.4, p = .008):

the difference between MCI+ and MCI- groups in stationary avoidance varied

across conditions.

This measure has the added advantage of showing mean positive bars for

all but the MCI+ group in the Stay-Still condition, indicating not just a significant

difference in this measure, but a difference in directional bias. Indeed, a positive

bar indicates that participants viewed the table and moved object more than the

three stationary objects combined.

The relationship between stationary avoidance and task performance was

also examined, with findings corroborating results from moved object, stationary

object, and table associations with trial correctness. Full results can be found in

Appendix Section B.2.7.
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(a)

(b)

Figure 4.18. Dwell proportion difference on the moved object and table vs station-
ary objects at retrieval a.k.a. stationary avoidance. (a) Across all conditions between
groups. (b) Within-condition group comparisons. See Figure 4.7 for more details.
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4.5 Summary of chapter results

Results from this chapter are summarised here without wider discussion, which

will be provided after all results chapters (in Chapter 7). The current section will

be split into findings relevant to AD and healthy ageing, the latter focusing on

differences between Younger and Older participants, with the former focusing

on the main differences found for the MCI+ group compared to MCI- and Older

participants.

4.5.1 AD-relevant findings

This chapter has presented results of behavioural and eye movement measures

in relation to hypotheses that participants with early signs of AD will show mem-

ory impairment on the new VR task, as measured via spatial memory perfor-

mance, memory monitoring, and eye movements. These results will be sum-

marised by the main hypotheses and findings in this chapter.

The Walk-Still condition was not as discriminating as hypothesised. The

Walk-Still condition was hypothesised to show the greatest difference between

MCI+ participants and MCI- or Older participants. This condition was designed

to require allocentric processing with availability of self-motion spatial updating.

The Teleport-Still condition was also expected to be challenging for MCI+ par-

ticipants because of the allocentric consistency of the object positions with en-

coding, similar to Walk-Still. All other conditions were expected to show similar

performance between MCI+, MCI- and Older participants.

Although MCI+ participants seemed to perform lowest on the Walk-Still

condition compared to other conditions, and the Older participants scored sig-

nificantly higher in this condition, no difference was found between MCI+ and

MCI- groups in this or any other condition on percentage of correct trials. There

was also similar performance between the Walk-Still condition and the Teleport-

Still condition in all groups for memory scores, confidence and eye movements,

which was only expected for the MCI+ group due to impaired self-motion pro-
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cessing. The pattern of results here suggests that self-motion in the Walk-Still

condition was not enough to provide a memory advantage in healthy younger,

healthy older or MCI- participants either.

MCI+ participants did have some different eye movements than other

groups in the Walk-Still condition. For example, the dwell proportion on the sta-

tionary objects, and the ‘stationary avoidance’ measure separated MCI+ from

other groups in this condition. However, this was not the largest difference be-

tween these groups for these measures, which was instead found in the Stay-

Still condition.

There was one eye movement measure that showed a specific difference

in MCI+ participants in the Walk-Still condition: the MultiMatch shape measure

showed less similarity between encoding and retrieval scan-paths than other

groups in this condition only. This supports the prediction that MCI+ participants

have reduced gaze reinstatement effects due to damage in the medial temporal

lobe. However, the same effect was absent for Teleport-Still trials, suggesting

this may not have been driven by allocentric impairment. Furthermore, the lower

MultiMatch shape similarity seemed to be specific to correct trials, suggesting

that only when MCI+ participants selected the correct object did they have dis-

similar scan-paths at retrieval compared to encoding, and only for the Walk-Still

condition.

Taken together, some eye movement differences were observed between

MCI+ participants and control groups, but results from Walk-Still trials do not

support this condition as being strongly discriminating for these participants.

Replication of previous findings was mixed. Across groups, there was also

no difference in performance or eye movement measures in the Stay-Rotate

condition compared to the Walk-Still (or Teleport-Still) condition. This is different

from previous results from similar paradigms (Simons and Wang, 1998; Wang

and Simons, 1999), which provided evidence for an advantage of self-motion
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to memory after viewpoint shifting (i.e. Walk-Still) compared to table rotation

(i.e. Stay-Rotate). This suggests that the impact of shifting the view of the

objects was the dominant effect on memory, with any differences afforded by

self-motion being too subtle to detect with the power available. This may be due

to the greater angular viewpoint shift in this study, which was 135° (compared to

40-47° in Wang and Simons’ original publications), chosen to maximise reliance

on allocentric processing.

A further caveat for the comparison between Walk-Still and Stay-Rotate

was that the effect of walking on memory was not controlled for in Stay trials,

unlike previous studies. Adding in a walking component to Stay conditions was

avoided to allow comparison to Teleport conditions, with the consequence of

reducing the comparability of these conditions. This may explain why group-

level Stay-Rotate performance was sometimes higher than Walk-Still trials.

Performance on Move-Rotate conditions (i.e. with availability of egocentric

processing) was generally very similar to Stay-Rotate, Walk-Still and Teleport-

Still trials (i.e. conditions without availability of egocentric strategies) across

groups. This is inconsistent with previous experimental results (Simons and

Wang, 1998; Wang and Simons, 1999), at least for Stay-Rotate and Teleport-

Still conditions, which were expected to lead to lower performance due to more

spatial inconsistencies. Moreover, it does not support the explanation that the

greater angular shift for non-egocentric trials explains the similar performance

in viewpoint-shifting conditions (Stay-Rotate, Walk-Still and Teleport-Still condi-

tions) because this should not matter for egocentric trials. Unless, that is, the

amount of movement around the table was so disorienting (or increases time

between viewings) as to make egocentric trials more difficult than if the angular

shift was smaller.

Still, there was some evidence of improved memory in Move-Rotate (ego-

centric) conditions compared to non-egocentric conditions based on task per-

formance, confidence and eye movements. This suggests that availability of
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egocentric strategies did provide some memory advantage, supported by the

significant effect of egocentric visual consistency of the object positions on sev-

eral measures from factorial analyses.

An unexpected finding was that the MCI+ participants showed evidence

of actually performing better than MCI- participants in the Walk-Rotate condi-

tion. Indeed, their task performance was comparable to Stay-Still trials in this

condition, showing a specific effect of egocentric visual consistency, without an

effect of self-motion consistency. This supports the hypothesis that MCI+ partic-

ipants would be relatively impaired in their self-motion processing but not their

egocentric spatial representations. It is unclear why this effect was not seen

with Teleport-Rotate trials as well. However, factorial analysis suggested that

there was a general performance-reducing effect of teleporting in healthy adults,

which may exist in MCI participants (despite a null finding) but was masked by

low power.

A floor effect may explain performance in MCI- participants, who seemed

to perform similarly in all but the Stay-Still condition, without a performance

boost from egocentric availability in other conditions (Walk-Rotate and Teleport-

Rotate). This pattern of results suggests an effect of ‘change’ for these partici-

pants, reducing performance in any trial requiring any table or subject movement

between encoding and retrieval. This may have masked any effects of spa-

tial consistencies, obscuring differences due to spatial cognition for this group.

However, it is noteworthy that these participants scored significantly greater than

chance in all conditions.

In sum, results suggest that there may, as hypothesised, have been a

self-motion impairment in MCI+ participants. However, the task was not able

to discriminate between MCI biomarker groups based on this, potentially due

to compensatory mechanisms supporting performance in MCI+ participants, or

floor effects masking differences between groups. A floor effect may also have

obscured any differences in allocentric impairment between these groups, as
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performance in Walk-Still and Teleport-Still was comparable across all putative

memory-related measures.

Eye movements in the Stay-Still condition were most discriminating. Un-

expectedly, the most consistently discriminating condition between groups and

conditions was the Stay-Still condition. This condition showed the greatest dif-

ference in task performance between Older and MCI+ participants, although this

did not discriminate MCI+ from MCI- groups. Still, it is notable that MCI+ was

the only group to have comparable task performance in the Stay-Still condition

compared to other conditions.

Fixation time on the stationary objects and the table showed the greatest

difference between MCI+ and MCI- participants in the Stay-Still condition, com-

pared to other conditions and measures. This is despite an absence of signifi-

cant differences between these groups in fixations on the moved object, similar

to task performance. However, moved object fixation time did show a strong as-

sociation with task performance across all groups, suggesting that there was a

memory effect on this eye movement measure, as expected. However, fixation

time on the stationary objects and the table showed greater differences between

MCI+ and other groups than moved object viewing.

The post hoc eye movement measure that provided the strongest difference

between MCI+ and other groups was the ‘stationary avoidance’ measure, a rel-

ative proportion between moved, table and stationary object viewing. Specifi-

cally, the difference between fixation times on the moved object and the table

compared to the stationary objects discriminated the MCI+ group from all other

groups in several conditions, but greatest in the Stay-Still condition. Although

this method of measuring gaze behaviour was not directly hypothesised, it es-

sentially combined hypothesised effects into one metric.

Differences were also observed in how MCI+ participants’ eye movements

interacted with task performance. Specifically, these participants did not show
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a difference between conditions in either correct or incorrect trials. In contrast,

MCI- and Older participants had greater fixation time on the moved object and

less fixation time on the stationary objects for the Stay-Still condition compared

to other conditions, but only when correct. This suggests that the differing fix-

ation patterns in MCI+ participants may not be fully explained by the difficulty

of the task across different conditions, because their eye behaviour responded

differently to conditions than control groups when isolating correctness. One

caveat to this finding is that the difficulty itself was not controlled, so there may

have been a different number of correct trials between groups and conditions.

Eye movements at encoding did not show large differences between

groups. So far, the summary of eye movement results has focused on viewing

behaviours at the retrieval phase. Fixation times at the encoding phase provided

weak discrimination between groups at best. This was predominantly measured

by two dwell proportion metrics: dwell time on the table, and on all configuration

objects. These were coarse measures of eye movements at encoding, essen-

tially reducing fixation proportions down to one measure (because dwell time

on the table was de facto the inverse of dwell time on the configuration objects).

These results showed evidence of a slight increase in table viewing for MCI- par-

ticipants compared to MCI+ and Older groups. Indeed, biomarker-negative MCI

volunteers showed encoding fixation measurements more similar to Younger

participants than any other group. Overall, these results do not suggest a strong

effect of encoding fixation differences between groups for the purposes of AD

diagnosis, contrary to hypotheses.

Similar to fixation times, scan-path entropy at encoding exhibited no differ-

ences between groups. Although entropy aimed to capture more eye movement

information than dwell proportion measures, it may still be too coarse to de-

tect group differences, or too heavily influenced by the configuration of objects.

A discussion and further exploration of these issues can be found in Appendix A.
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Memory monitoring may have been different for MCI groups. The final

modality of measurement to summarise is confidence ratings, which did not

show a clear difference between Older, MCI- or MCI+ groups across conditions,

but did potentially support a hypothesised difference in memory monitoring abil-

ities. Specifically, a positive association between task performance and mean

confidence rating was found in healthy groups but not MCI groups. Furthermore,

when quantifying the difference between participants’ confidence ratings in cor-

rect and incorrect trials, MCI+ participants had significantly less difference than

Older participants, suggesting that these participants’ memory monitoring was

less accurate. However, there was little evidence that this effect was specific

to biomarker-positive MCI participants, especially since MCI- participants had

the lowest correlation between confidence rating and task performance. This is

contrary to hypotheses, where I expected confidence ratings to separate MCI

biomarker status due to an AD-related impairment in memory-monitoring.

Conclusion of AD-related results and relation to neuropsychology. Over-

all, eye movements in the Stay-Still condition elicited the greatest differences

between MCI+ participants and their control groups, whereas the Walk-Still

condition—and more generally task performance—did not separate groups well.

Notably, the MCI groups did not significantly differ in performance on the

4 Mountains Test of allocentric memory either, despite significantly lower MCI+

scores on the Rey Delayed Recall measure. These results suggest that the

samples differed in their memory impairments, but not based on allocentric

spatial recognition tests. The implications of this finding will be explored in the

general discussion in Chapter 7.
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4.5.2 Healthy ageing effects.

A secondary aim of this study was to observe age-related effects in spatial mem-

ory and eye movements by comparing Younger and Older groups on the same

measures as discussed above. And indeed, consistent differences were ob-

served between these groups throughout behavioural and eye movement mea-

sures, suggesting that the task was effective at identifying age-related cognitive

decline.

Younger participants scored significantly higher on the task than Older par-

ticipants across all conditions. The same effect was observed for confidence

rating, supporting hypotheses of reduced memory performance with age but

intact memory monitoring.

Similar between-condition task performance was observed in both healthy

age groups, suggesting that there was no specific impairment in allocentric

memory conditions, as hypothesised. There was a greater difference in per-

formance in Walk-Still and Teleport-Still conditions between groups, but this

was not significant. As mentioned, a general reduction in performance and

confidence in Teleport conditions may explain this: teleporting could have been

particularly disorienting in this condition for older adults. However, this effect

was too small to detect if it existed.

For eye movements, I did not find significantly greater dwell proportions

on the moved object in younger participants compared to older volunteers—if

anything, there was the opposite effect, with younger adults spending less time

fixating on the moved object than older adults but only in correct trials. This

is contradictory to the hypothesised decrease in preferential viewing with age.

However, younger participants did fixate significantly less on stationary objects,

as expected. This discrepancy compared to moved object viewing may be ex-

plained by the consistently greater dwell time on the table for younger partic-

ipants. This effect was significant in all conditions and at both encoding and
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retrieval viewings, suggesting a generally higher use of table-viewing strategies

across the task in Younger participants. This supports hypotheses of increased

table viewing with younger, healthier participants, potentially due to strategies

involving the ‘centroid’ of the object locations, or the previous position of the

moved object at retrieval.

However, there was evidence that table viewing was not associated with

younger adults due to their greater performance. Indeed, Younger participants

seemed to have more table viewing in incorrect trials, whereas Older adults

showed the opposite. This suggests that table viewing at retrieval in Younger

participants may have served a different purpose than for Older counterparts.

Furthermore, this effect seemed to vary by condition, with younger adults’ ta-

ble viewing in the Stay-Still condition reduced compared to other conditions in

correct trials but not in incorrect trials. This may point to different use of table

viewing strategies depending on the spatial manipulation of the objects and

viewpoints, with the no-change Stay-Still condition requiring less table viewing

in younger adults. Older adults, on the other hand, had reduced table view-

ing across conditions and trial correctness, but a positive relationship between

overall table viewing and task performance. This suggests less employment of

table viewing strategies overall, but a boost to performance when used.

A discussion of these and other results can be found in Chapter 7, which

provides a general discussion on all the findings in this thesis. Prior to this, two

shorter chapters will introduce further analyses, focusing mainly on discrimina-

tion of MCI+ participants.



Chapter 5

Linear time dynamics of gaze across

averaged viewing periods

Abstract

Group differences in gaze behaviour within viewing periods was investigated.

Methodology. For each participant, the proportion of trials spent looking at

each area of interest (AOI) was calculated at each time-point of a normalised

viewing period. At the group level, linear trends in AOI viewing behaviour were

modelled using straight line fits, with statistical comparison between groups

made by two methods: (1) permutation testing of bootstrapped group mean

data, and (2) hierarchical mixed-effects modelling of participant-level data.

Hypotheses. This chapter was partially exploratory, but analyses were kept

consistent with key hypotheses from Chapter 4 such as expecting group differ-

ences in gaze behaviour on the moved object, stationary objects, and the table.

Summary of results. Significant differences were found between MCI+ partici-

pants and other groups that were not detected from findings in Chapter 4. In the

Stay-Still condition, MCI+ participants looked at the table less than other groups

early in the retrieval phase, and increased their viewing of the moved object less

than other groups. In the Walk-Still condition, MCI+ participants may have had

greater stationary object viewing at the end of the viewing period than other par-

ticipants, although this effect was greater in the Stay-Still condition. Additionally,

MCI+ participants were less likely to look at the table at the end of the encoding

phase than all other participants.
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Limitations. Interpretation of findings should be made with caution due to the

exploratory and post hoc nature of this analysis.
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5.1 Introduction

Although some eye-tracking differences have already been detected between

groups, the main eye movement measures introduced in the previous chapter

were derived from a summary statistic per viewing, such as the dwell proportion

on the moved object at retrieval. This approach loses potentially important infor-

mation relative to the granularity in which it was collected. Indeed, eye-tracking

data were collected up to 120 times per second, allowing us to examine gaze

changes over time within each viewing period.

One way of examining the time dynamics of eye-tracking data is to plot

dwell proportions over time across a normalised viewing period. Indeed, we can

further examine viewing-level fixation measures by taking the foveated area of

interest (AOI) at each time-point, average across trials per participant and then

compare groups. This chapter will describe a methodology for achieving this,

inspired by techniques from previous work (Oleson et al., 2017; Mirman et al.,

2008; Maris and Oostenveld, 2007).

The analyses in this chapter were not planned before initiating data col-

lection, and involved a degree of exploration prior to hypothesis-testing. The

methodology was still developed for collecting the full dataset, but caution should

be taken when interpreting findings, which are less scientifically powerful than

results of prior predictions. However, as with the previous post hoc section,

analyses were kept consistent with hypothesised measures. For example, gaze

behaviour on the moved object, the stationary objects and the table were tested

for time-dynamical effects. Like before, we would expect differences in MCI+

gaze behaviour in all of these measures, particularly for the Walk-Still condition.

However, we have seen that the Stay-Still trials produced the most differences

between groups, so a focus on this condition will also be presented.
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5.2 Methods

Pre-processing. Each virtual object was categorised (e.g. moved object, sta-

tionary objects) to allow comparison across trials. Viewing periods were up-

sampled to a common frequency (1000Hz), and clipped to 7000ms for compa-

rability. Note that the task had a fixed viewing period of 7 seconds per viewing

period anyway. Viewing periods with tracking loss towards the end were padded

with substitute values, which were not used for the averaging process.

Calculating proportional viewing over time. For each condition per partic-

ipant, pre-processed trials were stacked and averaged per AOI to output the

proportion of trials with a gaze point on that object at each time-point. This

equates to the probability that a participant was looking at, say, the moved object

at each time-point for a particular condition’s viewing phase. Each participant

therefore had proportional viewing over time, which was averaged at each time-

point within groups to get a distribution of proportional viewing per time-point

per group. Figure 5.1 summarises this data aggregation process. When split-

ting data this way, viewing-level measures, such as dwell proportions, can be

considered very similar to the area under the curve of these marginal probability

time-series.
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(a)

(b)

Figure 5.1. Demonstration of workflow to create proportional viewing time-points across
an averaged viewing period. (a) Binary line plots showing fixations on different virtual
objects in the environment. Gaze on an object can either be 1 or 0 at any time-point.
Objects were categorised into AOI categories: moved object, stationary objects, table,
and external (off the table). (b) Flowchart of averaging process from gaze data for
each trial, which were then used for each participant to create a binomial distribution
of proportional looking data at each time-point. These were averaged again at each
time-point across participants to get group-level time dynamics.
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Figure 5.2. Proportional gaze on different AOIs over time for each group. These data
are from retrieval-phase viewing periods, combining all conditions. Coloured bands are
standard error zones around group proportions. The black vertical line is at 1 second
(see main text).

Visual inspection of viewing over time revealed linear trends. Figure 5.2

shows averaged proportional looking on different AOIs over time for different

participant groups. Visually inspecting these plots revealed similarities and dif-

ferences in the amount and the change in viewing patterns for specific AOIs

between groups. For instance, all groups had a spike and drop-off in table view-

ing within the first second, accompanied by increased viewing of table objects.

This likely reflects the initial adjustment to the viewing period after the Occlusion

Dome lifted up, which took 1s. After this first second, we can mostly observe

linear trends over time for AOI viewing. For example, the Younger and Older
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groups showed a clear up-trend in moved object viewing over the 7 seconds of

the retrieval phase. Additionally, the proportion of looking at the table stayed

at roughly 0.3 (30%) for the Younger group, unlike other groups, reflecting the

increased proportion of dwell time on this AOI from viewing-level measurement

(Figure 4.11). The MCI+ group had a particularly sharp drop-off in table viewing

early on and a relatively flat line for the moved object compared to other groups.

5.2.1 Statistical analysis of group differences

To statistically test for differences in proportion looking over time, a procedure

was developed that involved fitting straight lines to participant-level data to pro-

duce group-level linear trends in gaze behaviour. This produced a distribution of

linear changes in proportional looking over time for each group. The procedure

was based on the observation that from around 1 second, viewing patterns over

time were linear. This assumption can be justified by the aforementioned task

dynamics of the Occlusion Dome lifting up (which took exactly 1 second), after

which visual stimuli were static. The effect of this can be visualised by the ‘ex-

ternal’ curves in Figure 5.2, which includes the Dome and all other objects off

the table. Nevertheless, the interpretation of the following results should bear

in mind the caveat that these were patterns observed from the data, not prede-

fined procedures. A more complex procedure could fit non-linear curves to all

proportional looking over time (as in Oleson et al., 2017), which would capture

more time dynamics but lose the simplicity of the approach described here.

Another consideration was how to fit a line to time-series data which is

highly auto-correlated. Oleson and colleagues addressed this by modelling

residuals with a first-order autoregressor, albeit when fitting non-linear curves

(Oleson et al., 2017). Indeed, fitting an Ordinary Least Squares (OLS) linear

model to this type of data violates the assumption of unbiased errors for the clas-

sical linear model. This renders the variance-derived parameters of the model
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unreliable for statistical significance. However, examining the residuals from par-

ticipant data revealed consistent normal distributions with no heteroscedasticity

around OLS fits (see Figure 5.3b for an example), suggesting that the model

coefficients were a good fit to the data. Furthermore, variance-derived model

parameters (such as standard error) were not used to determine statistical sig-

nificance directly, as should become clear. Rather, significance was tested using

permutation testing, as detailed in the next section.

However, linear model variance was used to account for within-participant

variation through random re-sampling. This departs from Oleson and col-

league’s procedure, where bootstrap re-sampling (full data random sampling

with replacement) was used on each participant’s proportional viewing data and

a random model was selected to account for within-participant variation. This

approach was found to underestimate participant error when fitting OLS to the

data. Instead, because the assumption of normality of residuals held (Figure

5.3b), I reasoned that the standard deviation of residuals could be used to re-

peatedly randomly sample participant linear trends by randomly generating two

points based on the OLS fit and the standard deviation around it. This was a

more conservative approach than Oleson and colleagues’ procedure, where the

data itself was bootstrap resampled to estimate error. Figure 5.3a visualises

some of this new approach.
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(a)

(b)

Figure 5.3. Examples of participant-level sampling from proportional looking data. (a)
One participant’s proportional looking data over time for a specific AOI (the example
here is for stationary objects, but the method applies to all AOI categories). The red line
is the probability of viewing that AOI over time for one participant. The solid black line
is the OLS fit to estimate directional trend; the dashed black lines show the standard
deviation of the residuals around the OLS fit; and the green dotted lines show five
random within-participant samples used when estimating within-participant variation.
Over enough repetitions, the average linear direction converges on the OLS fit. (b) The
residuals around the OLS fit from (a), with the distribution of residuals on the right edge
showing an approximately normal distribution around the OLS fit.
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5.2.1.1 Method 1: comparing bootstrapped mean linear trends at the

group level

Two methods were used to compare linear viewing trends. The first involved

comparing bootstrapped mean linear models of the data, with permutation test-

ing for significance (Maris and Oostenveld, 2007). The procedure went as fol-

lows for each AOI:

1. Fit an Ordinary Least Squares (OLS) linear model to each participant’s

proportional looking over time (such as in Figure 5.3a).

2. Save the standard deviation of residuals around the OLS line for each

participant (dashed black lines in Figure 5.3a).

3. For the first and last time-points (i.e. 1000ms and 7000ms), randomly

sample from a normal distribution for the y-axis value (proportion of trials

looking at that AOI for that time-point), using the OLS intercept for that

time-point as the mean and the standard deviation of the residuals as

the standard deviation. Take the slope and y-intercept (where y = 0) of

the line between these two points as the linear model for that participant.

(green dotted lines in 5.3).

4. Using these randomly sampled linear trends per participant, bootstrap re-

sample participants within each group (i.e. randomly sample with replace-

ment).

5. Take the mean of the linear parameters (slope and y-intercept) as the

linear trend for each group.

6. Repeat steps 1-5 many times to get a distribution of mean linear trends

per group.

By bootstrap re-sampling within-participant lines first (steps 1-3) before

re-sampling participants to estimate group mean lines (steps 4-6), more within-
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participant variation can be accounted for than if the overall OLS fit per partici-

pant was taken (i.e. if steps 2 and 3 were skipped).

Measures for group comparison. This procedure was followed for several

key proportional-time relationships: the table, the moved object, the stationary

objects, and stationary avoidance (from Section 4.4.3.4) over time. This lat-

ter measure involved subtracting stationary object proportional looking from the

sum of moved and table viewing at each time-point.

There were several metrics that could be derived from linear parameters to

compare between groups. For instance, examining differences in slopes allowed

for comparison of change in viewing behaviour over time. I also compared pro-

portional looking at regular time-points along the whole time series. However,

for simplicity, I focused mainly on time-specific differences at the beginning (1

second, or the difference in viewing behaviour early in the viewing period) and

at the end (7 seconds, or the difference in viewing behaviour just before the

selection phase begins).

These comparisons could not be made by looking at viewing-level summary

measures alone. However, I also examined the area under the line to approxi-

mate total proportional looking per group, similar to dwell proportion measures.

To account for the large number of comparisons being made, permuta-

tion testing was employed to determine statistical significance. This first in-

volved shuffling data into random groups and generating pairwise comparisons

of slopes, one-second intercepts, seven-second intercepts, and areas under the

lines over many repetitions (R = 1000). Note that time-point comparisons at

one- and seven-second y-intercepts were tested against the probability of any

time-point with that effect or greater. Time-point comparisons were made every

500ms, starting at 1s and ending at 7s.

Pairwise comparisons from the real groups were compared to the distri-

bution from shuffled data with one-tailed alpha levels (α = .05), the direction
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of which was consistent with results from Chapter 4. Results from this section

were reported based on statistical significance alone, whereby a significant re-

sult signified that less than 5% of permutations for that comparison showed an

effect of that size or greater.

5.2.1.2 Method 2: Mixed-effects modelling of within-participant random

re-sampling

The second approach was developed to model participant data within a nested

hierarchical structure. This method simply followed steps 1-3 from the procedure

in the previous section, with 1000 repetitions for each participant per analysis.

For each pairwise comparison, I then ran a hierarchical mixed-effects ANOVA

predicting group onto a linear parameter (e.g. slope of the line) with random

effects of participant.

This method was employed to allow closer comparison between time-

dynamical results and viewing-level analyses, which also made use of hierarchi-

cal mixed-effects models of within-participant data. It also provided a more con-

servative method of comparing group differences while maintaining the power

of hierarchical data.

Results of significant pairwise mixed-effects models were reported with z-

scores, p-values and Cohen’s d effect sizes based on participant means.
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5.3 Results

Figures 5.4 and 5.5 show group-level bootstrapped linear models of proportional

looking on key AOIs over time for Stay-Still and Walk-Still conditions. Other

conditions were not presented here: results presented in this section were cho-

sen selectively based on key findings from hypothesised eye movement results.

Comparisons that are not described here were less relevant to the discrimination

of MCI+ participants from other groups and did not show differences between

groups in viewing-level measures.

In general, statistical significance by the second method—involving hi-

erarchical mixed-effects modelling of within-participant variation, hereafter re-

ferred to as ‘method 2’—was always more conservative than the first method

(permutation-based testing of bootstrapped group parameters, or ‘method 1’).

Accordingly, results of pairwise significance are marked on Figures 5.4 and 5.5

by two levels of significance: a comparison was either significant by method

1 alone, or by both methods 1 and 2, indicated using dashed and solid lines,

respectively.
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(a)

(b)

(c)

Figure 5.4. Bootstrapped linear time dynamics of proportional looking at different AOIs
per group. The left-hand column are all from the Stay-Still condition; the right-hand col-
umn from the Walk-Still condition. Curved black lines represent significant differences
between slopes of the lines; vertical black lines represent significant time-point differ-
ences between one group and all other groups, i.e. the most extreme group at that point
is significantly different from all other groups. Dashed lines represent significance by the
first approach (permutation testing); solid lines represent significance by both the first
and second approach (hierarchical mixed-effects modelling of within-participant varia-
tion). All significance lines are p < .05 (no further p-value stratification was included).
(a) The moved object. (b) The stationary objects. (c) The table.



5.3. Results 198

Moved object. Figure 5.4a shows moved object linear time dynamics in the

Stay-Still and Walk-Still conditions. The MCI+ group had a significantly lower

slope coefficient than the other three groups in the Stay-Still condition based on

method 1. The MCI+ group also had significantly lower proportional viewing of

the moved object at the seventh second (7000ms) than the other three groups

by method 1. These two results were not statistically significant when tested

using method 2 (p > .05). All groups started with similar proportional looking at

the moved object in this condition, but the MCI+ group had less of an increase

over time compared to the other three groups, resulting in a significantly flatter

slope and lower likelihood of viewing the moved object by the end of the viewing

period, just before the selection phase.

For the Walk-Still condition, MCI+ participants had significantly flatter

slopes than both Older and Younger participants by method 1, but no differ-

ence was found between MCI+ and MCI- groups. MCI- participants also had

significantly flatter slopes than Older participants when tested by method 1. No

effects were significant when tested by method 2. These results suggest that

MCI participants were less likely to increase viewing of the moved object over

the course of Walk-Still retrieval phases when compared to healthy groups.

Stationary objects. Figure 5.4b shows bootstrapped linear models of station-

ary object viewing. In the Stay-Still condition, MCI+ participants had significantly

higher proportional gaze at the seventh second than all other groups in both

statistical approaches (MCI+ vs MCI-: z(20) = 2.69, p = .007, d = 1.03;

MCI+ vs Older: z(38) = 3.48, p = .001, d = 0.98; MCI+ vs Younger:

z(45) = 5.58, p < .001, d = 1.56). Significant differences between MCI+ and

other groups were also found at several time-points over the averaged viewing

period under method 1. These results suggest that, although MCI+ participants

were probably more likely to view the stationary objects at any point in a Stay-

Still viewing period, this effect was most detectable just before the selection
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phase.

MCI+ participants also had significantly flatter slopes than Older (z(38) =

2.18, p = .029, d = 0.56) and Younger (z(45) = −2.41, p = .016, d = 0.66)

groups when tested using both statistical methods, but only by method 1 com-

pared to MCI- participants. This indicates that MCI+ participants tended to de-

crease their viewing of the stationary objects less than other participants in the

Stay-Still condition, although this effect may not discriminate MCI+ and MCI-

participants well.

Not shown in Figure 5.4b (left), MCI+ participants had significantly greater

areas under the lines compared to all other groups (MCI+ vs MCI-: z(20) =

4.03, p < .001, d = 1.36; MCI+ vs Older: z(38) = 3.64, p < .001, d =

0.99; MCI+ vs Younger: z(45) = 6.31, p < .001, d = 1.70), indicating more

overall viewing of the stationary objects in the Stay-Still condition, consistent

with viewing-level dwell proportion on the stationary objects (see Section 4.4.3

in the previous chapter).

In the Walk-Still condition, both MCI groups had statistically greater slopes

than Younger and Older groups when tested by method 2 (MCI+ vs Older:

z(38) = 2.07, p = .038, d = 0.56; MCI+ vs Younger: z(45) = 2.54, p =

.011, d = 0.56; MCI- vs Older: z(40) = 2.19, p = .028, d = 0.62; MCI- vs

Younger: z(47) = 2.68, p = .007, d = 0.62). Inspection of Figure 5.4b (right)

suggests that MCI participants had less of a decrease in stationary viewing than

healthy participants, consistent with time dynamics of moved object viewing for

these groups. MCI+ participants also showed significantly greater likelihood of

viewing the stationary objects than all other groups at approximately 4.5 sec-

onds and 7 seconds when tested by method 1, but not method 2.

In addition, the Younger group had significantly less likelihood of viewing the

stationary objects than all other groups at the seventh second when tested by

both methods 1 and 2 (Younger vs Older: z(20) = −2.04, p = .041, d = −0.39;

Younger vs MCI-: z(47) = −2.17, p = .030, d = −0.56; Younger vs MCI+:
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z(45) = −3.40, p = .001, d = −0.94). Younger participants were least likely to

view the stationary objects just before the start of the selection phase.

Table. Figure 5.4c shows group bootstrapped linear time changes in table view-

ing in the Stay-Still and Walk-Still conditions. For Stay-Still trials, MCI+ partici-

pants were less likely to view the table at 1 second and 3.5 seconds by method

1, but not method 2. This suggests that MCI+ participants may have been less

likely to look at the table early on in Stay-Still retrieval phases on average, but

this effect was not large enough to detect with method 2.

Additionally, the Younger group had significantly more declining slopes than

both MCI+ and Older participants according to methods 1 and 2 (Younger vs

Older: z(65) = −1.98, p = .048, d = 0.35; Younger vs MCI+: z(45) =

−2.00, p = .046, d = 0.53). On average, Younger participants appeared to

reduce their viewing on the table over the course of Stay-Still retrieval phases

than other participants, although this effect was moderate, with no significant

difference compared to MCI- participants from either statistical method.

No significant slope or time-point differences were found between groups

for the Walk-Still condition at retrieval for table viewing.

Table (encoding). Figure 5.5 (right) shows bootstrapped linear trends in ta-

ble viewing for all trials at the encoding phase. MCI+ participants had a sig-

nificantly lower likelihood of looking at the table at 7 seconds compared to

all other groups (MCI+ vs MCI-: z(20) = −2.74, p = .006, d = −1.03;

MCI+ vs Older: z(38) = −2.14, p = .032, d = −0.69; MCI+ vs Younger:

z(45) = −2.64, p = .008, d = −0.89). Inspection of the figure suggests that

this was because of a combination of a lower likelihood of looking at the table

from that start of the viewing period compared to MCI- participants (significant

by method 1 only) and a decrease in this likelihood over time. Indeed, MCI+

participants had significantly more declining slopes than Younger and Older
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participants (MCI+ vs Older: z(38) = −2.89, p = .004, d = −0.84; MCI+

vs Younger: z(45) = −2.09, p = .036, d = −0.67), who were more likely to

increase their viewing of the table over the course of the encoding phase. These

effects were not detectable by viewing-level analysis (Figure 4.12 in the previous

chapter), but they suggest that MCI+ participants had different eye movement

behaviour during memory encoding compared to control groups.

Stationary avoidance. Figure 5.5 (left) shows bootstrapped linear trends in

stationary avoidance over time, calculated as the likelihood of looking at the

stationary objects minus the table or moved object at each time-point. MCI+

participants generally scored lower across time-points than other groups, as

well as significantly flatter slopes, when testing via method 1. However, none of

these time-variant effects were significant by method 2.

Not shown in Figure 5.5, the MCI+ group had significantly smaller areas un-

der the line compared to all other groups (MCI+ vs MCI-: z(20) = −4.59, p <

.001, d = −1.71; MCI+ vs Older: z(38) = −4.07, p < .001, d = −1.09; MCI+

vs Younger: z(45) = −6.38, p < .001, d = −1.71), consistent with viewing-

level findings that, overall, MCI+ participants weighted their viewing behaviour

towards stationary objects significantly more than other participants.



5.3. Results 202

Stationary Avoidance Table (encoding)

Figure 5.5. (Left) Bootstrapped linear trends of stationary avoidance in the Stay-Still
condition at retrieval. (Right) Bootstrapped linear trends of table viewing across the en-
coding viewing period. An equal but opposite pattern of results exists for time dynamic
viewing of configuration objects at encoding.
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5.4 Summary and discussion

This chapter introduced a methodology for analysing the linear time dynamics

of gaze behaviour across a normalised viewing period. By modelling changes

in proportional gaze over time, I examined viewing behaviour that was hidden

by more coarse-grained measures. Using two statistical approaches for group

comparisons, I found that MCI+ participants had differences in their viewing

behaviour that were not detectable by viewing-level results in Chapter 4.

Statistical significance. Some of these differences in viewing behaviour were

only detectable by the less conservative statistical approach. This involved boot-

strap re-sampling of group mean scores, with subsequent permutation testing.

This methodology was not less conservative by design; several steps were taken

to ensure rigour in statistical testing. For instance, a conservative approach was

taken to within-subject variation than previous methods (Oleson et al., 2017).

Moreover, permutation testing, while time-consuming, was a direct way of creat-

ing a comparative normal distribution for group comparisons based on random

shuffles within the dataset itself. As such, a degree of confidence can be held in

statistical significance derived from this method, which likely indicates that the

mean scores between groups were not the same (i.e. rejecting the null hypothe-

sis), at least for the sample in this study. Indeed, statistically significant findings

from this first approach tended to corroborate differences in line parameters ob-

servable from visual inspection of Figures 5.4 and 5.5.

Nevertheless, a second method was included to model data at the partici-

pant level. This was originally developed to feed time-dynamical measures into

the classification pipeline in the next chapter, which required one measure per

independent observation (i.e. per participant). However, it also provided a more

conservative approach than permutation testing for determining statistical sig-

nificance in this chapter. Consequently, the strongest effects were highlighted



5.4. Summary and discussion 204

if they reached significance in both approaches. And again, viewing behaviour

on the stationary objects showed the largest differences between MCI+ par-

ticipants and MCI- or Older participants. This is consistent with findings from

the previous chapter, showing that MCI+ participants’ preference for viewing

stationary objects tended to occur across the whole Stay-Still retrieval phases.

The Stay-Still condition was most discriminating again. As in Chapter 4,

the Stay-Still condition was most discriminating between MCI- and MCI+ par-

ticipants, with no differences between these groups in the Walk-Still condition

by the more conservative approach. In fact, similar gaze behaviour was found

between MCI groups in both moved and stationary object viewing, with relatively

little change in likelihood of viewing these AOIs over time compared to healthy

groups. This is contrary to hypotheses, which predicted greatest discrimination

between biomarker groups in the Walk-Still condition. However, it is consis-

tent with findings in previous sections, and provides stronger evidence that eye

movements were similar in this condition between MCI groups, regardless of

biomarker status.

There was evidence that the change in average viewing of the moved ob-

ject over time was different for the MCI+ group compared to all other groups.

Specifically, where other groups tended to increase the probability of viewing the

moved object over time in Stay-Still retrieval phases, the MCI+ group showed

less of an increase in this likelihood. Similarly, the likelihood of looking at the

moved object just before the selection phase was lower for MCI+ participants

than other groups: an effect that is masked when examining the whole viewing

period (such as in Figure 4.9b in the previous chapter). These findings support

hypotheses of reduced preferential viewing of the moved object in participants

with early AD, suggesting that this effect only becomes detectable at finer-

grained time periods for this task.
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MCI+ participants had reduced table viewing at the end of encoding pe-

riods. Another notable finding was that MCI+ participants showed a reduced

likelihood of looking at the table at the end of the encoding period compared

to all other groups. Although the size of this effect was not as strong as some

retrieval differences, it does support hypotheses that MCI+ participants would

show reduced table-viewing behaviour during memorisation phases. Moreover,

the data seem to indicate that MCI+ participants also decreased their viewing of

the table over time across the encoding period, whereas healthy groups showed

the opposite effect. The inverse of this (not shown in figures) was an increased

likelihood of viewing the objects towards the end of the encoding period. Inter-

estingly, evidence from symptomatic familial AD carriers suggests the opposite

effect: that AD participants have reduced fixation time on the most salient vi-

suospatial stimuli (Pavisic et al., 2021). A closer examination of what explains

this discrepancy may reveal important differences in how participants with AD

encode visuospatial information.

Caveats to interpretation. As mentioned, interpretations of this chapters’ re-

sults should be made with the caveat that the analysis was developed partially

post hoc. Particular care must be taken in confirming previous predictions that

were null based on pre-planned measures. Indeed, there was evidence of a

reduced preferential viewing effect on the moved object in MCI+ participants by

this finer-grained methodology, but not by better-established viewing-level sum-

mary statistics presented in the previous chapter. Accordingly, effects that are

novel for this analysis should be used as a foundation for future predictions, hy-

potheses or even task design for further exploration. For example, the linear

models of gaze behaviour over time predict an even greater difference between

groups if viewing periods were extended beyond the seven seconds used in

this task. A future iteration of this paradigm could use the findings in the cur-

rent work to support predictions of reduced preferential viewing effects given
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extended viewing at retrieval.

Another important caveat to interpretation of results in this chapter is that

several analyses have not been presented due to time and space constraints.

Specifically, there were at least 3 measures per linear model (e.g. slope, 1

second intercept, 7 second intercept) each for at least 3 AOIs, with up to six

pair-wise group comparisons. It was not feasible to include these for another

four conditions, let alone examining between-condition comparisons. Of course,

this means that a wealth of data remains for potential future exploration, but for

the current work, targeted selection was required. Accordingly, AOIs and con-

ditions most relevant to previous findings (i.e. the Stay-Still condition) and key

AD-related hypotheses (the Walk-Still condition) were focused on. And indeed,

the relevance of the main findings to hypotheses is a promising sign of wider

significance.

Discussion of results: the effect of a forced viewing period. If we assume

that some of the findings are valid, it is worth exploring why they may exist.

One explanation may lie in a particular characteristic of the task: that there was

a forced period of viewing prior to object selection (i.e. the retrieval phase).

This design feature provided a fixed length of time to analyse gaze behaviour at

retrieval, also allowing closer comparison to encoding periods. Analysing gaze

data at retrieval has been avoided in previous similar studies without forced

viewing because too many trials would have too little retrieval time to examine

meaningful eye movement data (because some participants will select an ob-

ject immediately; e.g. Coco et al., 2023; Segen et al., 2021; Hilton et al., 2020;

Muffato et al., 2019). Incidentally, including this forced viewing precluded reac-

tion time or decision-making analyses because the participant may have had

to wait until the end of the viewing period before selecting the object they had

already chosen. I observed anecdotally that, while waiting, some participants

would fixate on the chosen object until they were able to select it. Participants
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that chose quicker would have started this continuous fixation earlier. Con-

versely, some participants may not have decided on the object until the retrieval

phase was over. Accordingly, the flatter slope for moved object viewing from

MCI+ participants in the Stay-Still condition (Figure 5.4a [left]) may represent ei-

ther lower memory performance (e.g. they fixated more on one of the stationary

objects, which they thought had moved) or slower reaction times (e.g. they were

still visually exploring which object may have moved). The latter explanation

seems unlikely to fully explain the observed effect because MCI- participants

showed comparable or even slower reaction times compared to MCI+ partic-

ipants during neuropsychological testing (see TMT B and DST results from

Figure 4.3). A memory effect seems more likely here based on two findings

in the previous chapter: (1) the MCI+ group showed a mean reduction in task

performance in this condition compared to other groups—albeit not reaching

statistical significance—which eye movements may be a more powerful method

to detect; and (2) MCI+ participants had a significant association between dwell

time on the moved object and percentage of correct trials, suggesting that pref-

erential viewing of the moved object is an indicator of memory performance.

Further exploration of results will be discussed in Chapter 7. For now, this

chapter has demonstrated that a finer-grained analysis of gaze changes over

time can provide potentially useful detection of AD-related gaze differences.



Chapter 6

Classification of biomarker-positive

participants using task measures and

conventional neuropsychological tests

Abstract

Task measures and traditional neuropsychological tests were compared for their

diagnostic discrimination of MCI+ participants.

Methodology. A cross-validated supervised learning pipeline was used to com-

pare single- and multi-feature logistic regression and support vector classifiers

in their ability to discriminate MCI+ participants from (a) MCI- participants, and

(b) both MCI- and Older participants combined.

Hypotheses. Significant differences found in previous chapters were expected

to have the greatest discrimination by this methodology. In addition, a com-

bination of task modalities (e.g. task performance plus eye movements) was

expected to outperform univariate models. Importantly, task measures were ex-

pected to more accurately classify MCI+ participants than traditional neuropsy-

chological tests.

Summary of results. Stationary avoidance in the Stay-Still condition showed

the greatest univariate classification performance for differentiating MCI groups,

significantly outperforming neuropsychological metrics. However, instead of

purely task-based measures, it was a combination between eye movements and

traditional neuropsychological tests that provided the best classification of MCI+
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participants overall, although this was not statistically significant compared to

other high-performing models.
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6.1 Introduction

This thesis has introduced several promising group-level results, especially for

biomarker-related eye movements. However, for a new diagnostic test to be

considered, it must show comparable or superior classification performance to

gold-standard or readily-available tests, especially simple and cheap pen-and-

paper ones used in most neuropsychological assessments. A strong exam-

ple of this has already been demonstrated from a VR spatial task based on

hippocampal-entorhinal function: a triangle-completion path integration test pro-

vided impressive classification accuracy of MCI+ from MCI- participants when

classical cognitive tests performed no better than chance (Howett et al., 2019).

One potential advantage of the iVR task in the current study is the col-

lection of multiple modalities of data simultaneously. Although intimately con-

nected, spatial memory performance and eye movements may together detect

more participants with early AD than either one alone. Indeed, there is evi-

dence that a multi-modal approach outperforms a single class of measures in

automated diagnostic accuracy for neurocognitive disorders (Knight et al., 2019;

Zhang et al., 2019). However, very little research has combined cognitive and

eye-tracking modalities for AD diagnosis. Previous studies have demonstrated

impressive diagnostic capabilities from visuospatial eye-tracking alone (Parra et

al., 2022 ; Crutcher et al., 2009), but these were not directly compared to neu-

ropsychological tests currently used in clinical diagnosis. Demonstrating a com-

parative advantage of spatial eye-tracking measures over current best-practice

would provide a strong case to develop them further for clinical assessment.

Hand-in-hand with multi-modal classification of disease is the use of ma-

chine learning approaches in medical diagnostics. Availability of computational

power and advanced algorithms has provided the means for researchers to build

large, complex models for discriminating patients from healthy controls using

medical imaging, genomics, natural language and more (see Myszczynska et

al., 2020 for applications in neurodegenerative diseases). In particular, super-
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vised classification is the branch of machine learning commonly employed in

this field, whereby labelled data is used to ‘train’ predictive models, which are

then tested on separated subsets of data to determine classification accuracy.

This will be the approach taken in this chapter, which aims to include significant

measures from previous sections to answer a critical question for this thesis:

can this iVR task provide diagnostic value for detecting early AD.

A key benchmark for this chapter is the comparative classification accu-

racy of neuropsychological tests currently used in clinical diagnosis of AD. Ac-

cordingly, iVR measures were compared against pen-and-paper tests used in

Section 4.2.4 for their ability to correctly discriminate between MCI+ and control

participants. However, the combination of traditional neuropsychological tests

and newer iVR-based measures were also tested for classification accuracy. In-

deed, VR measures may outperform neuropsychological measures, but the best

classification may involve a combination of the two.

Despite this, a key prior hypothesis for this analysis was that a combined

model incorporating both behavioural and eye tracking measures from the iVR

task would outperform other models. However, after examining results from the

previous two results chapters, we may expect eye movements alone to provide

the greatest discrimination, when considering measures from the task only.
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6.2 Methods

6.2.1 Participant classification.

Previous studies have examined classification accuracy by comparing MCI+ and

MCI- groups only (e.g. Castegnaro et al., 2023; Howett et al., 2019). However,

results from the current study have shown less of a difference between healthy

controls and MCI+ participants than between the two MCI groups on some vari-

ables (e.g. table viewing at encoding [Figure 4.12a] and retrieval [Figure 4.11];

stationary object dwell proportion [Figure 4.10] and seven-second differences

[Figure 5.4b]; scan-path vector similarity between encoding and retrieval [Figure

4.13]). Therefore, in addition to biomarker comparison, I included classification

analysis of MCI+ participants from MCI- and Older groups combined. This is

a conservative approach because healthy older participants were not tested for

biomarkers, and were presumed healthy based on ACE-III scores and screening

for subjective cognitive decline.

6.2.2 Feature Selection and Engineering

A common issue with statistical learning in medical diagnostics is the high-

dimensionality of datasets, where the number of independent variables, or ‘fea-

tures’ often vastly surpasses the number of observations. Simply entering all

features into a model will invariably lead to poor model performance due to the

exponentially increasing feature space, a phenomenon often referred to as the

‘curse of dimensionality’ (Bellman, 1966). Therefore, the total feature set must

be filtered down for high-dimensional datasets. Eye-tracking does not suffer

from this problem to the same extent as other areas, but still requires reduction

in dimensionality before building classification models.

A common approach to reducing the number of features is principal com-

ponent analysis (PCA), whereby the dataset is reduced to a new coordinate

space with ‘components’ representing orthogonal linear transformations of the

data based on variance explained (Wold et al., 1987). Although this approach
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can improve model performance (Odhiambo Omuya et al., 2021; Kheirkhah et

al., 2013), it is less easy to interpret because principal components are essen-

tially composed of multiple features. Performing PCA within feature subsets can

improve this problem somewhat, especially with high collinearity. Accordingly,

principal components of eye movement measurements were included into multi-

modal classification models, to avoid any detrimental effects of highly collinear

eye movement features on model performance. Classification based on these

components alone was also shown as a combination eye movement feature set.

Another class of techniques involves selecting the most important features

by including a penalisation term for variables that do not significantly improve

model performance. There are several types of these ‘regularisation’ tech-

niques, but most common are L1 and L2 regularisation, which penalise features

to zero or linearly, respectively. These can be used to prevent over-fitting of

high-dimensional models and provide a means of feature selection (Ng, 2004).

For the current chapter, L1 regularisation was used for multivariate models i.e.

models with more than one feature. The two most common types of statistical

classifier that can include the L1 penalty are (a) the generalised linear model in

the form of logistic regression and (b) linear support vector classifiers (SVCs).

Both were employed in the pipeline, as described in the next section.

Previous findings throughout this thesis also provide a threshold for feature

selection: statistical significance. Analyses from previous chapters have already

highlighted measures that show differences between participant groups. There-

fore, I focused on features that had either already shown significant differences

between MCI+ participants and their control groups, or were relevant to key hy-

potheses.

In this chapter, the aim was to predict the group label of each participant,

rather than quantify the difference between groups. Although previous research

has pursued a per-trial classification analysis (Biondi et al., 2018), the goal of a

new diagnostic test is to identify individuals with the disease. Accordingly, ag-
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gregation of trial-level data to participant-level data is usually required for input

into a classification pipeline. The most straightforward approach was to aggre-

gate numerical trial-level metrics by their mean to form an averaged feature per

participant. This reduced the amount of data by which to train classification

models, but was the most interpretable and relevant approach.

Viewing-level results from Chapter 4.4 were aggregated by their mean per

condition, per participant. For time-dynamical data, the overall Ordinary Least

Squares fit per participant was used to derive the slope, one second, seven

second, and area under the line metrics, ignoring within-participant variation.

6.2.3 Supervised Classification Pipeline

Most classifiers perform poorly when trained on small, imbalanced datasets,

such as the the task of identifying MCI+ participants from MCI- and Older

participants combined (Althnian et al., 2021). In these cases, models will of-

ten default to prediction of the dominant class for each observation, produc-

ing misleadingly high accuracy results. A common way to improve model per-

formance in this situation is through data augmentation, whereby the training

dataset is artificially increased in size. The Synthetic Minority Oversampling

Technique (SMOTE; Chawla et al., 2002) is one such method, which increases

the under-represented class by linearly interpolating between observations in

feature space. SMOTE was used on MCI+ data when training models, being

the minority class in both types of comparisons.

A combination of stratified bootstrap resampling and cross-validation was

used to control for over-fitting and estimate statistical significance of model per-

formances. Specifically, the cross-validation procedure was nested within boot-

strap resampling, whereby each group was randomly sampled with repetition

before testing classification performance. The hyperparameter ‘C’ that governs

L1 regularisation was tuned, and the best performing model was tested via strat-

ified 10-fold cross validation for logistic regression and SVC separately. The
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maximum performing of these two models was selected as the final result. This

pipeline was repeated 1000 times and the resulting distribution used to estimate

95% confidence intervals of model performance.

The classification pipeline was implemented in Python using scikit-learn

(Pedregosa et al., 2011) and imblearn (Lemaıtre and Nogueira, 2017) pack-

ages.

Evaluating model performance. A popular metric for quantifying classification

performance is the area under the curve of the receiver operating characteristic

(ROC AUC). The ROC curve is a plot of the false positive rate (1 - specificity)

against the true positive rate (sensitivity) for different discrimination thresholds of

a binary classification. The ROC AUC provides a single measure of the model’s

performance across all discrimination thresholds. This metric was taken to eval-

uate model performance when classifying MCI+ from MCI- participants.

Assessing model performance with an imbalanced dataset was an impor-

tant consideration for classifying MCI+ from both MCI- and Older adults. ROC

AUC will overestimate model performance for imbalanced datasets when at-

tempting to identify the minority class because the number of true negatives will

far exceed the number of false positives—by virtue of the imbalanced dataset—

leading to an over-inflated specificity.

When predicting a relatively small positive class (i.e. MCI+ participants

compared to Older and MCI- combined), a key diagnostic metric to account

for is the positive predictive value (PPV; a.k.a precision) of a diagnostic test.

This refers to the proportion of correctly predicted positive samples out of all

predicted positive samples. A popular way to use this metric is to plot the PPV

against the sensitivity of a classification model, with the area under this curve

as a measure of model performance. This is similar to the ROC AUC described

earlier. However, by effectively swapping specificity for PPV, we can take the

false positives into account while avoiding the overinflating effect of the large
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number of true negatives from the majority class. The area under the PPV-

Sensitivity curve (PS AUC; elsewhere referred to as the ‘Precision-Recall’ curve,

but PPV and sensitivity are used here consistent with diagnostic literature) was

used as the main metric for model performance for classifying MCI+ from both

Older and MCI- participants.

Note that the scoring is slightly different for ROC AUC and PS AUC. Al-

though both can only have values between 0 and 1, a score of 0.5 in the former

indicates a model performing no better than crude or random predictions. By

contrast, chance models will tend towards 0 for PS AUC, with scores at 0.5 indi-

cating performance above chance, and scores of 1 indicating perfect separation.

Statistical significance of relative performances from different feature sets

was discussed in relation to overlapping 95% confidence intervals.
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6.3 Results

Classifying biomarker-positive from biomarker-negative MCI participants.

Figure 6.1 shows results of model performances in classifying participants with

MCI+ out of all MCI participants (i.e. identifying positive from negative biomark-

ers) using the area under the receiver operating characteristic (ROC AUC).

The univariate models with the highest ROC AUC used the Sta-

tionary Avoidance measure from the Stay-Still condition (ROC AUC =

0.880, 95% CI [0.809, 0.951]). This measure significantly outperformed task

performance (% Correct (Stay-Still): ROC AUC = 0.656, 95% CI [0.560, 0.753];

% Correct (Walk-Still): ROC AUC = 0.647, 95% CI [0.542, 0.753]) and

memory monitoring (Confidence Difference by Correctness): ROC AUC =

0.683, 95% CI [0.585, 0.781]).

The stationary avoidance measure also had greater ROC AUC than individ-

ual neuropsychological measures, with clearly separated confidence intervals

compared to all but the Rey Delayed recall measure, which performed the high-

est out of all single neuropsychological measures in discriminating biomarker

groups (ROC AUC = 0.738, 95% CI [0.643, 0.833]). However, combin-

ing all neuropsychological measures yielded greater mean classification perfor-

mance than all univariate neuropsychological models, albeit with high variance

(ROC AUC = 0.840, 95% CI [0.720, 0.960]). The combined eye movement

feature set using principal components of fixations measures performed at a

similar level (ROC AUC = 0.879, 95% CI [0.786, 0.971]).

Multivariate models with a combination of task modalities significantly out-

performed all individual neuropsychological measures (Task: Memory + Conf.

Diff + Eye: ROC AUC = 0.904, 95% CI [0.844, 0.964]), consistent with

hypotheses. However, these did not significantly outperform either all neuropsy-

chological measures together or pure eye movement models.

The feature set with the greatest performance overall included a combi-
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nation of neuropsychological and task measures. Specifically, models with

principal components of eye measures and neuropsychological metrics had

the highest mean and lower confidence limit performance (PC Eye + Neu-

ropsych: ROC AUC = 0.940, 95% CI [0.885, 0.995]; Task + Neuropsych:

ROC AUC = 0.931, 95% CI [0.871, 0.991]), although these were not signifi-

cantly greater than fixation measures or all neuropsychological metrics alone.

A similar relative pattern of results was found for PS AUC scores (Supple-

mentary Figure B.17).
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MCI+ vs MCI-:
ROC AUC

Figure 6.1. Area Under the Receiver Operating Characteristic Curves by feature set
for classifying MCI+ from MCI-, coloured by feature category. Error bars are 95% confi-
dence intervals from stratified bootstrapped cross-validation pipeline. Bars are coloured
by the type of features the classifiers were trained on.
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Classifying biomarker-positive MCI participants from biomarker-negative

MCI and healthy older adults. Figure 6.2 shows results of model perfor-

mances in classifying participants with MCI+ out of all MCI and Older partici-

pants (i.e. identifying positive biomarkers in all age-matched controls). The AUC

from the positive predictive value (PPV) plotted against sensitivity (PS AUC) was

most appropriate for this comparison (6.2) due to the imbalance of binary class

sizes (10:42).

Most confidence intervals were overlapping, indicating that statistical sig-

nificance could not be reached by the power afforded in this dataset.

The highest mean univariate model performances were Stationary Avoid-

ance in the Stay-Still condition (PS AUC = 0.678, 95% CI [0.556, 0.800]),

the area under the ‘curve’ (AUC) of stationary object linear time dynamic mod-

elling (PS AUC = 0.694, 95% CI [0.568, 0.820]), and the Rey Delayed Recall

measure (PS AUC = 0.672, 95% CI [0.550, 0.795]).

For multivariate models, classification of MCI+ participants was simi-

lar when combining neuropsychological measures (All Neuropsychological:

PS AUC = 0.770, 95% CI [0.631, 0.908]) and combining task measures (Task:

Memory + Conf. Diff + Eye: PS AUC = 0.722, 95% CI [0.561, 0.883]).

As with the previous section, a combination of principal components of fixa-

tion measures and neuropsychological metrics performed the best overall (PC

Eye + Neuropsych: PS AUC = 0.904, 95% CI [0.820, 0.989]; Task + Neu-

ropsych: PS AUC = 0.881, 95% CI [0.785, 0.976]), significantly outperforming

all univariate models. This suggests that, if assessing these participants prior to

referral for memory assessment, then a combination of neuropsychological and

eye movement features may identify participants with positive biomarkers with

the greatest balance of PPV and sensitivity.

ROC AUC results from this comparison can also be found in Supplementary

Figure B.18.
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MCI+ vs MCI- and Older:
PS AUC

Figure 6.2. Area Under Curves of Positive Predictive Value against Sensitivity aka
precision-recall curve for classifying MCI+ from MCI- and Older participants. Error
bars are 95% confidence intervals from stratified bootstrapped cross-validation pipeline.
Bars are coloured by the type of features the classifiers were trained on.
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6.4 Discussion

The results presented in this chapter suggest that eye movements during the

task may warrant further investigation in aiding detection of early AD beyond the

capabilities of more traditional neuropsychological tests. In particular, features

derived from the ‘stationary avoidance’ measure in the Stay-Still condition con-

sistently outperformed pen-and-paper tests, including verbal and visuospatial

delayed recall metrics that are (a) commonly used for clinical diagnosis of AD,

and (b) have shown a significant difference between MCI groups in this study

(shown in Figure 4.3 in Chapter 4). Classifiers that were trained on Stay-Still

stationary avoidance had a mean ROC AUC of 0.880 when discriminating MCI+

from MCI-, compared to 0.738 for Rey-Osterrieth Complex Figure (Rey) delayed

recall, the highest performing neuropsychological classifier based on a single

measure. Although this difference was not statistically significant by the pro-

cedure used to estimate confidence intervals, it adds to previous evidence that

spatial and eye-tracking measures are effective at identifying AD in it’s earliest

stages (Castegnaro et al., 2023; Howett et al., 2019; Parra et al., 2022; Lagun

et al., 2011), demonstrating potential superiority over pen-and-paper neuropsy-

chological tests in identifying MCI due to Alzheimer’s pathology in this sample.

The best discrimination performance overall was achieved when combining

eye movement and neuropsychological measures. This was the case for both

classification analyses, although these did not significantly outperform other

multivariate models, including all neuropsychological measures combined. Still,

adding eye movements resulted in tighter confidence limits: there was more

confidence that the lowest classification performance using both fixation mea-

sures and traditional cognitive metrics together was higher than that of purely

neuropsychological measures. This suggest that a combined approach could be

useful in clinical decision-making for identifying AD, especially from members of

the wider population (i.e. identifying MCI+ from MCI- and healthy older).

Multi-modal classifiers based on task memory and eye movement mea-
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sures performed similarly compared to combinations between eye movements

and traditional neuropsychological tests. Although I hypothesised that a task

combination would perform highest overall, finding that a combination between

eye movement measures and memory scores performed best at identifying

MCI+ participants further supports the notion that these two modalities can be

complementary in diagnosis.

Compared to experimental diagnostic tests in other studies, the mean clas-

sification performance of the best performing models were comparable to previ-

ously published diagnostic tools based on eye-tracking or spatial testing (Lagun

et al., 2011; Howett et al., 2019). However, the confidence intervals were wide,

likely in part due to the small sample size. Accordingly, results in this chapter

should be considered provisional before wider corroboration. Indeed, forward-

testing these measures on a future sample would strengthen their relevance,

particularly as the stationary avoidance measure was partially devised post hoc.

The supervised learning approach adopted here was relatively simple by

modern standards, with room for extension and exploration of techniques, es-

pecially those that can train models on more of the available data. For example,

previous studies have employed deep learning approaches to use time-series

eye data for model training (Sun et al., 2022; Sriram et al., 2023). There are

limitations to this type of classification, not least of which is model complexity

and difficulty in interpreting feature importance. Another more interpretable ap-

proach is the use of Bayesian Networks for diagnostic classification (Seixas et

al., 2014). These have become popular in medical diagnosis research due to

their inherent ability to incorporate multi-modal data and pre-define qualitative

relationships between features.

These are just two examples of methods that could be applied to the current

dataset for classifying MCI+ participants. However, the choice of classification

technique, while significant, is inherently limited by the quantity and quality of
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the data it is trained on. Although eye-tracking allows for a large dataset from

relatively few participants, a small sample will still reduce generalisability to new

participants (discussion of the limitations of the sample can be found in Section

7.4 of the next chapter).

Nevertheless, I have demonstrated the diagnostic potential of certain com-

ponents of this iVR task in comparison to current clinical standards. These

results will be discussed further alongside other results in the next chapter, with

reference to the wider research setting.



Chapter 7

General Discussion

In this thesis, I extended a classic spatial updating paradigm by adapting it to im-

mersive virtual reality (iVR). This adaptation involved incorporating new manip-

ulations of spatial cognition through instantaneous subject transposition (‘tele-

porting’), along with measurement of confidence and eye movements. I aimed

to test whether this task was feasible in older adults, and whether spatial mem-

ory findings from previous research would be replicated with these participants.

I further aimed to test whether this adapted paradigm would provide useful dis-

crimination of participants with early Alzheimer’s disease (AD) and therefore

demonstrate diagnostic utility. The following subsections describe and discuss

the main findings of the thesis, with suggestions for future directions throughout.

7.1 Findings in healthy groups

The adapted task was feasible for testing in older adults. The feasibility

of this iVR-adapted paradigm was demonstrated for both younger and older

healthy adults based on memory performance, eye-tracking and qualitative re-

sults. The number of objects was reduced to improve older adult performance

above chance, and the eye data processing pipeline was calibrated and refined.

The paradigm could be easily adjusted to change parameters of the task again,

such as the angle of viewpoint shift, or the amount of time between viewings.

Although the main objective for adapting this paradigm was to test hy-

potheses related to AD diagnosis, the task can also be used for future exper-

imentation into spatial manipulations involving the use of physical self-motion.
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Indeed, hosting the paradigm in iVR affords several advantages over real-world

versions. For example, a current limitation of the task is that the difficulty may

be influenced by the specific configuration of objects. However, using iVR to

host the task instead of a real-world experiment allows for rapid generation of

object configurations with enough variation as to avoid practice effects from

similar configurations. Features of object configurations could also be adapted

based on current task performance using live feedback into the VR program (as

in Heywood-Everett et al., 2022). Additionally, the high level of control of the

visual environment removes the need for blindfolds, ear defenders and phos-

phorescent cues used in previous studies (Burgess et al., 2004), even allowing

for impossible manipulations such as teleporting.

Movement by teleportation may be too detrimental to task performance in

its current form. Although the inclusion of teleportation was generally suc-

cessful from a usability perspective, there was some evidence that it made

the task more difficult, regardless of table rotation. Specifically, a significant

performance- and confidence-reducing effect of teleporting was found for both

Younger and Older participants, without an interaction with availability of ego-

centric visualisation of the array. It is possible that the act of teleporting was

disorienting and therefore detrimental to memory performance. Consequently,

healthy participants did perform better in the Walk-Still condition compared to

Teleport-Still as expected, but they also performed better in Walk-Rotate than

Teleport-Rotate. This suggests that the reduction in performance was not due to

the disruption to self-motion per se, but due to the process of teleportation itself.

This puts into context previous findings of reduced spatial memory performance

in teleport conditions compared to walking in healthy older adults (Castegnaro,

2021, ch. 4, p. 149).

Interestingly, this effect was not observed with fixation time on the moved
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object, which was otherwise highly correlated with task performance and

showed consistent between-condition similarities with percentage of correct tri-

als, at least for healthy participants. Furthermore, there was no evidence that

this measure interacted with egocentric or allocentric conditions, and any effect

of self-motion was purely driven by the Stay-Still condition. These findings in-

dicate that teleporting had a generally similar effect on moved object dwell as

walking did, suggesting that it did not affect this measure by disrupting self-

motion.

A limitation of the teleport conditions was that teleporting involved some

movement, and could be considered an alternative, more difficult form of self-

motion, rather than a lack of it. This is because the act of teleporting in this task

required participants to teleport themselves (i.e. they pointed at a target and

clicked), and turn towards the table after teleporting. This latter feature allowed

for some physical movement to control against the distracting effect of this in

walking, but could be considered self-motion towards the new viewpoint.

Future work could remove the post-teleport rotation or develop and con-

trast different types of VR locomotion to control different spatial processes

(Boletsis and Chasanidou, 2022). For example, commercial iVR video games

allow customisation of artificial movement between a ‘blink’ teleport (used in this

task) where the screen fades out and back in from a new location, and ‘shift’

movement involving a fast linear uncontrolled movement to the new location

(Valve, 2020; referred to as ‘dash’ teleporting in Bhandari et al., 2018). Previous

research has found that this type of teleportation in iVR reduced spatial disorien-

tation without an increase in motion sickness (Bhandari et al., 2018). Varying the

method of instant spatial transposition could allow for research into manipula-

tions of three-dimensional optic flow with and without self-motion. Researchers

have already used iVR to demonstrate a reduction in spatial updating memory

performance when floor-based optic flow cues were removed (Cardelli et al.,

2023). However, iVR has yet to be used for studying optic flow impairments in
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AD, despite research suggesting its link to spatial navigation impairment (Kavcic

et al., 2006) and potential for diagnostic contribution (Noguchi-Shinohara et al.,

2021).

Replication of previous results was mixed and likely confounded. Previ-

ous spatial updating results were somewhat replicated by comparing Stay and

Walk conditions in healthy younger participants. For example, there was gen-

erally an advantage of the object positions being consistent with the egocentric

visual snapshot at encoding, as expected. This is the strongest effect seen in

previous literature (Simons and Wang, 1998; Burgess et al., 2004). However,

Simons and Wang’s findings of an interaction between self-motion and visual

consistency of the object configuration were not replicated, because seeing the

objects with a different retinal projection was not easier with self-motion updat-

ing than without (i.e. Walk-Still performance was not greater than Stay-Rotate).

The most likely reason for this discrepancy was a key difference in paradigm

design: the distracting effect of walking was not controlled for in the Stay con-

ditions in this study, which previously had been achieved by asking participants

to walk halfway and then back again during ‘Stay’ trials. This design decision

was made to allow better comparison to the teleport condition, which did not in-

volve walking. However, the same problem applied here in that any disorienting

or distracting effect of teleporting was not controlled for when comparing Stay

and Teleport conditions. These comparisons were not primary objectives of the

study, but closer replication of previous study findings will need to account for

this issue.

Older adults had the same patterns of spatial memory results as younger

adults but with overall lower performance. The same effects of task con-

dition on memory performance were found in both Younger and Older partic-

ipants, with Younger participants performing generally higher than their Older
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counterparts, as hypothesised. This is consistent with previous findings from

other viewpoint-shifting paradigms (Segen et al., 2021; Castegnaro, 2021, ch.

4, p. 149; Hilton et al., 2020), which contrast against navigation studies find-

ing specific allocentric impairments (Colombo et al., 2017; Harris et al., 2012).

Indeed, the paradigm may not be sensitive enough to detect spatially-specific

ageing impairments discovered by navigation studies.

Alternatively, the deterioration of spatial functioning with age may be ex-

plained more by a general age-related cognitive slowing, which affects allocen-

tric conditions in navigational studies due to the increased cognitive effort com-

pared to egocentric strategies (Castillo Escamilla et al., 2023; Markostamou

and Coventry, 2022; Wolbers and Hegarty, 2010; Gras et al., 2012). Indeed,

Colombo and colleagues suggested that any findings that appear to support

specific spatial dysfunctions in older participants may be due to increased load

on working memory for the frame of reference that required greater cognitive

effort (Colombo et al., 2017). This would explain the results found here and in

studies with greater allocentric performance in older adults (Castillo Escamilla

et al., 2023).

The burden on working memory may have been increased in the current

study by the relatively short encoding period, and only one period of learning

per trial. Working memory abilities likely had a strong general-purpose effect

on performance due to this. A neuropsychological test of working memory was

not included, but younger participants did perform significantly faster than older

volunteers on Digit Symbol and Trail Making tests, reflecting greater processing

speed and executive functioning, which are closely related to working memory

(Salthouse, 1992). These results may point to less of a task demand on func-

tions mediated by the medial temporal lobe (MTL) compared to the prefrontal

cortex (PFC). Specifically, a general memory impairment in ageing may reflect

neurocognitive decline in attentional or working memory functions linked to

frontal lobe decline (Pfefferbaum et al., 2005), which affect declarative memory
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through the encoding and retrieval of information (Buckner, 2004). This would

explain the occurrence of between-condition effects within groups but not be-

tween them (i.e. no interaction between age and condition). Research aiming

to characterise age-related interactions with spatial memory processes would

likely benefit from adapting task difficulty, such as using an adaptive staircase

procedure (as in Heywood-Everett et al., 2022).

Eye movement measures discriminated healthy younger from healthy

older participants. This was the first spatial updating study to include eye-

tracking analysis of viewing behaviour at the second viewing, allowing quantifi-

cation of spatial memory-related retrieval strategies. Instead of fixations on the

moved object predicting age-related memory effects, it was dwell proportions on

the table and stationary objects that separated Younger and Older groups.

For table viewing, younger adults had greater table viewing during incor-

rect trials than correct ones. The reason for this effect is unclear. One possible

explanation is that table viewing was a retrieval strategy in younger participants

that was halted once the chosen object had been decided. In support of this,

linear modelling of time dynamics showed that younger participants decreased

their viewing on the table in the Stay-Still condition significantly faster than Older

adults after the first second of viewing. Consequently, table viewing in younger

adults may have been mediated by uncertainty. Indeed, Younger adults may

have utilised more table-based memorisation strategies, as evidenced by in-

creased table viewing at encoding. When they were uncertain of which object

moved, they may have tried to identify a memorised shape, or relative positions

between pairs of objects. Alternatively, they may have attempted to locate the

previous position of the moved object, whereas in correct trials the moved object

was identified earlier and table viewing was stopped. These possibilities could

be partially investigated in the current dataset by examining the relationship be-

tween table viewing time dynamics in high- and low-confident trials.
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Regardless, the same effect was not observed for Older participants on

average. In fact, healthy older adults appeared to receive a small increase in

table viewing with trial correctness. The explanation for this may be consistent

with hypotheses: that table viewing was indicative of advantageous memory

strategies. Indeed, younger participants—who outperformed older adults—also

had greater table viewing in correct trials compared to older adults. Younger

participants may have adopted top-down strategies related to table viewing that

required more cognitive effort, which older adults therefore avoided (Hess and

Ennis, 2012).

An alternative hypothesis is that younger adults were able gather more

spatial information using extrafoveal vision (Veneri and Rufa, 2017; Rösler et

al., 2005), an ability which is more likely to be reduced with older age (Scialfa

et al., 2013; Rösler et al., 2005; Isler et al., 1997). Indeed, peripheral vision has

been shown to be important for spatial learning: patients with peripheral visual

field loss due to ocular disease had reduced object-location memory perfor-

mance (Fortenbaugh et al., 2008), and when normally-sighted people had their

peripheral vision restricted their spatial recall was more distorted (Fortenbaugh

et al., 2007; Alfano and Michel, 1990). Younger participants in the current study

may have employed more efficient spatial information gathering by employing

extrafoveal vision, helping improve performance.

It may be possible to investigate some of these hypotheses for table viewing

in the current dataset by examining scan-path patterns. However, the variation

in object configurations likely created too much noise to detect this at retrieval.

A more robust test of these effects would keep object configurations consistent

across both encoding and retrieval phases for both age groups in each condition.

Table viewing was included as a proxy for a heterogeneous combination of

AOIs, which may also explain some of the differences between age groups. For
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example, viewing of the previous position of the moved object may be increased

in younger adults, which would be consistent with previous results in a change

detection paradigm (Yeung et al., 2020). However, the current paradigm did

not have salient visual features near the previous position of the moved object,

whereas Yeung and colleagues moved an object within a detailed naturalistic

scene. Furthermore, identifying fixations that were actually intended for the

previous position of the moved object was complicated in the current study by

participant and table rotations. Moreover, any overlap between the previous

position and (a) the centroid of both encoding and retrieval configurations or (b)

the border of the table would need to be accounted for. This may amount to only

very few trials with clearly dissociable fixations on the previous position of the

moved object from other table AOIs.

In sum, the paradigm was not well-suited to disentangle the different causes

of table fixations. However, it may be a useful endeavour to investigate this

further to understand age differences in spatial memory processing, contributing

to our understanding of age-related cognitive decline.

7.2 AD-related findings

Spatial memory performance did not discriminate MCI+ from control par-

ticipants. Contrary to hypotheses, I did not find a spatial memory impairment

in MCI+ participants compared to MCI- participants. No particular impairment

was found in the Walk-Still condition, or other conditions with self-motion or allo-

centric components. One possible explanation for these null findings is that the

same cognitive demands of the task that resulted in condition-agnostic memory

decline with healthy ageing also masked any specific spatial impairments in MCI

participants, which were too subtle for detection with this task. Performance in

participants with MCI may have been mostly affected by the demand on work-

ing memory or processing speed (Kirova et al., 2015), with any spatially-specific

memory requirements being secondary to these cognitive requirements for solv-
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ing the task. In support of this, Younger, Older and MCI- participants scored

relatively similarly in all conditions except Stay-Still, which involved no distract-

ing movement between encoding and retrieval. It is noteworthy, however, that

all participants performed better than chance, consistent with feasibility testing

(Chapter 3). Therefore, while there was no floor effect on performance, there

may have been a floor effect on the contribution of spatial factors to perfor-

mance.

An alternative explanation is that spatial memory performance is not as

powerful at identifying early AD as previously suggested. In support of this, I

found that performance on the Four Mountains Test (4MT) of allocentric spatial

memory did not discriminate healthy older participants from either MCI group.

This fails to replicate previous results of 4MT providing differential discrimination

of MCI+ participants from MCI- and healthy controls (Moodley et al., 2015).

Still, there was some evidence of a spatially-specific memory impairment in

the MCI+ group when examining performance between conditions. Specifically,

MCI+ participants scored as high in the Walk-Rotate condition as the Stay-Still

condition. Indeed, if we assume that teleport conditions confounded the difficulty

of the task, as discussed earlier, then task performance was almost exclusively

moderated by the availability of an egocentric visual ‘snapshot’ of the object

positions for this group. This supports the hypothesis of an impairment in self-

motion and allocentric processing for spatial memory in early AD.

Although this finding is consistent with hypotheses within MCI+ participants,

it is unexpected in relation to results from MCI- participants. Of course, in such

a small sample, one possibility is that this was a spurious finding. However,

it could also be consistent with the notion that performance can be explained

by demand on both working memory and spatial memory. The MCI- group

may have been particularly susceptible to the former because their cognitive

impairment was caused by an age-related decline in this area of functioning,

rather than Alzheimer’s pathology. Conversely, the MCI+ group may—probably
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additionally—have had specific allocentric and self-motion impairments, lead-

ing to an over-reliance on egocentric strategies by default. Conversely, MCI-

volunteers could have had conflict between spatial processes that reduced per-

formance in Move-Rotate conditions.

This pattern of effects may have contributed towards the seemingly higher

performance in the MCI+ group in the Walk-Rotate condition compared to MCI-

participants: it is plausible that some MCI+ participants even had less impaired

working memory than the MCI- group, receiving a performance boost in ego-

centric conditions in which they were less spatially impaired. Indeed, some

studies have found intact working memory performance in MCI participants that

later converted to AD (Lee et al., 2014). Of course, this does not explain the

relatively low performance of the MCI+ participants in the Stay-Still condition,

and also is not consistent with literature suggesting additional working mem-

ory deficits in MCI caused by AD compared to other sub-types (Belleville et al.,

2007; Saunders and Summers, 2011).

Regardless, no conditions discriminated biomarker groups effectively by

pairwise comparison or classification analysis. This is in contrast to studies

finding reduced performance specific to spatial conditions in MCI participants at

elevated risk of AD. For example, one study found that participants with amnes-

tic MCI were impaired on spatial reference memory from a virtual radial arm

maze, predicting later conversion to AD (Lee et al., 2014). These same partic-

ipants were not impaired in working memory tests compared to age-matched

controls. This paradigm may have been more sensitive to AD-related MTL dam-

age than the current spatial updating task due to the navigational element of the

radial arm maze. Similarly, the path integration test (PIT), developed in the same

research group as the current work, was designed to place demand on entorhi-

nal cortex navigational functions rather than object-location memory, finding a

strong discriminating effect between MCI+ and MCI- participants (Howett et al.,

2019). Another study from our group focusing on object-location memory did
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not find the same effect (Castegnaro et al., 2022) suggesting that tasks involv-

ing memory for object locations may be less sensitive to AD neuropathology

compared to spatial navigation paradigms.

Research on neural correlates of spatial memory and navigation implicate

entorhinal and hippocampal networks in both functions (Burgess et al., 2002;

Hartley et al., 2014; Bush et al., 2014; O’Keefe and Burgess, 2005), which are

tightly inter-related. However, research suggests different processing streams

for object-identity and content information in the anterior-temporal MTL com-

pared to posterior-medial areas for spatial-context coding (Reagh et al., 2018;

Maass et al., 2015). Although there is evidence for impairment in both areas in

AD patients (Khan et al., 2014; Braak and Braak, 1991), the anterior-temporal

regions may also become dysfunctional with healthy ageing. Indeed, Reagh

and colleagues found antero-lateral EC activity was related to impaired object

pattern separation in healthy older adults, but not on a spatial task (Reagh et al.,

2018). Therefore, tasks that rely on object identity processing may not discrimi-

nate early AD from age-matched controls because there is also an age-related

confound.

Alternatively, object-location tasks, such as this one, may allow for non-

spatial strategies that are not available in self-location tasks. For example, par-

ticipants can use non-spatial features of objects combined with flattened spatial

heuristics (e.g. remembering colours in a clockwise order) as a mnemonic strat-

egy in the current task, which may rely more on working memory functions. One

option to counteract this effect could be to use identical objects (as in Segen et

al., 2020). However, this would remove the possibility of swap errors, which have

been greater in familial AD participants in a visuospatial object-location binding

task (Liang et al., 2016). The use of semantically-neutral visual stimuli in Liang

and colleagues’ paradigm (described in more detail here Pertzov et al., 2013)

may also avoid the use of compensatory strategies that involve categorising or

taxonomising objects (Postma and De Haan, 1996).
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A potential avenue for improving the diagnostics of spatial memory perfor-

mance in this task could be to focus on recall of object locations after a delay of

several minutes, rather than a few seconds. Reduced memory performance with

such a delay is not just a well-established impairment in AD (Estévez-González

et al., 2003; Guarch et al., 2008), but the most common method of clinical diag-

nosis (Cerami et al., 2017). This is illustrated in the current thesis by the delayed

recall metric in the Rey-Osterrieth Complex Figure Test, showing the greatest

discrimination of MCI+ from control participants of all comparator neuropsycho-

logical tests. Delayed recall tests were chosen in this study for their clinical

use in diagnosis of AD, based on evidence of predictive validity for conversion

(e.g. Derby et al., 2013; Corwin and Bylsma, 1993). However, spatial memory

has rarely been examined with delays of 25 minutes or longer like in clinical

delayed recall tests, with existing results purporting to study spatial cognition

relying more on visuo-spatial abilities (de Toledo-Morrell et al., 2000; Flicker

et al., 1993; de Toledo-Morrell et al., 1984). The combination of allocentric spa-

tial memory and recall delay may increase the demand on impaired cognitive

functions in AD patients than either one alone. A potential option for this could

involve a complex one-trial approach where participants would learn numerous

object locations and replace them later (similar to Postma and De Haan, 1996).

Eye movement measures did provide useful discrimination of MCI+ par-

ticipants from other groups. The best way to discriminate MCI+ from control

participants in this study was with eye fixation metrics. Several measures dis-

criminated MCI+ from MCI- and Older participants with superior accuracy than

comparative neuropsychological tests, including delayed recall scores. These

measures were mainly derived from viewing behaviour on the stationary ob-

jects, consistent with but not exactly the same as hypotheses.

The hypothesised measures based on fixations on the moved object were

not themselves effective discriminators. However, the change in likelihood of
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viewing the moved object over time was significantly lower for the MCI+ group

compared to all others, even if total viewing time on the moved object was not.

This latter finding is in contrast to results on the visual paired comparison (VPC)

task, which showed that percentage of time spent looking at novel stimuli was

predictive of conversion from healthy control to MCI to AD (Zola et al., 2013).

The version of the VPC task used by Zola and colleagues did not involve declar-

ative memory: participants were just required to look at stimuli ‘as if watching

television’. This is consistent with earlier results showing that participants with

AD viewed novel and irregular visual stimuli less than controls during an ex-

ploratory eye-tracking paradigm (Chau et al., 2017, Daffner et al., 1992).

Although the current task involved a novel change to the visual stimuli, the

paradigm was more task-oriented, which may have resulted in different view-

ing behaviour than an exploratory task. Alternatively, the short viewing period

may have reduced the power of a percentage viewing measure, which a time-

dynamical measure could detect instead. Indeed, if the linear models of moved

object gaze time dynamics were projected further in time for the Stay-Still con-

dition, then the areas under the lines would presumably become statistically dif-

ferent. However, if the slope of this trend is more discriminatory than raw dwell

percentage, other change detection or novelty paradigms (including VPC) that

have found effects with viewing-level measures may find an even larger effect

by analysing the data in a similar way.

No differences were found in viewing of the moved object in allocentric

viewpoint-shifting conditions between MCI+ and MCI- participants (Walk-Still

and Teleport-Still), consistent with task performance but contrary to hypotheses.

This was the first time eye movements were examined in this spatial updating

task at retrieval. However, previous research has found that a moved object

was not fixated on more by healthy younger adults after a viewpoint shift (a

movie scene ‘cutting’ to a new viewpoint with a 90° shift) than if the object did

not move (Hirose et al., 2010). This suggests that these allocentric viewpoint-
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shifting tasks do not have the same preferential viewing effect on eye move-

ments as other change-detection tasks. Indeed, when the viewpoint is rotated,

all visual information has shifted, so a detection of a change must be made

relative to a change of the whole scene. This may disrupt the usual preferen-

tial viewing effect, as visual cues must be related back to allocentric or relative

object locations.

One eye movement measure did show a significant difference between

MCI+ and control groups in the Walk-Still condition. The MultiMatch ‘shape’

metric, which compared sequences of saccade vectors between encoding and

retrieval viewing periods, was particularly low for MCI+ participants in the Walk-

Still condition, suggesting a specific effect of this condition on the familiarity of

scan-path patterns between encoding and retrieval. This may be a reduced

gaze reinstatement effect, whereby saccadic vectors at encoding are repro-

duced at retrieval less than other conditions or groups.

To my knowledge, no research has directly investigated gaze reinstatement

in AD, let alone under a viewpoint change. Neural correlates of gaze reinstate-

ment have been mixed, with recent evidence showing no significant prediction

of reinstatement from activity in the MTL (Wynn et al., 2022), despite models

of gaze reinstatement implicating areas of the MTL involved in spatial cognition

(Bicanski and Burgess, 2019). This thesis might provide some early empirical

support for this theory, assuming that it is MTL-related damage in MCI+ partici-

pants driving the effect.

Interestingly, the reduced vector sequence similarity between encoding and

retrieval for MCI+ participants was potentially specific to correct Walk-Still trials.

This is opposite to the hypothesised effect, whereby signs of gaze reinstatement

were predicted to be associated with greater performance (Wynn et al., 2022).

However, if this effect is real, then it cannot be simply related to performance

because (a) MCI+ participants had an overall positive correlation between per-

formance and vector sequence similarity, (b) we do not observe the same effect
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in other conditions with similarly poor performance, such as Teleport-Still, and

(c) vector sequence similarity was not associated with performance in Younger,

Older or MCI- groups. Further interrogation of this effect is required to test its

robustness, but MCI+ participants may be employing less gaze reinstatement

during Walk-Still trials specifically, which is exacerbated in correct trials due a

different retrieval strategy.

Despite findings of group differences in the Walk-Still condition, it was the

Stay-Still condition that showed the most consistent eye movement changes

in the MCI+ group compared to control participants. For example, the fixation

time on the stationary objects was greater at retrieval in Stay-Still specifically.

Subtracting this from dwell proportions on the table and the moved object gave

relatively strong discrimination of MCI+ participants. This supports aforemen-

tioned findings of reduced preferential viewing effects in AD for static scenes

without viewpoint shifts (Ryan et al., 2020).

One reason for this finding may be an effect of the aforementioned task

difficulty. MCI+ participants performed somewhat lower than other groups in the

Stay-Still condition, although not significantly when compared to MCI- partici-

pants. Eye movement metrics may simply have been a more powerful metric to

detect this difference, and the Stay-Still condition provided the best-calibrated

memory demands for observing its effects on eye movements. Indeed, task

performance in other groups suggests that this condition was much easier than

others. However, the most discriminating eye metrics were based mainly on ta-

ble and stationary viewing in the Stay-Still condition. These were not as closely

associated with task performance as fixations on the moved object, although all

main fixation measures showed differences between correct and incorrect trials

in the MCI+ group like other groups. Still, eye fixation measures discriminated

MCI+ participants much better than task performance in classification models,

supporting their use in detection of AD.
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Participants in the MCI+ group showed a distinct time-dynamic profile of

fixation probabilities during Stay-Still retrieval phases. The lesser increase in

moved object viewing compared to other groups has already been mentioned in

this section. In addition, MCI+ participants were less likely to view the table early

in Stay-Still retrieval phases, whereas all groups tended to converge by the end

of the seven seconds. Although this was not the most discriminating measure—

metrics derived from stationary object viewing performed best here—this early

avoidance of table viewing was distinct in being an effect that did not enlarge

over the course of the viewing period. This suggests that MCI+ participants may

be reacting immediately differently to retrieval stimuli than other participants.

Linear time-dynamic analyses removed the first second of eye tracking data,

but this early data could hold useful insights into stimuli reactions, and could be

modelled using a non-linear approach (such as seen in Oleson et al., 2017).

Results suggest that MCI+ participants may have had a similar pattern of

eye behaviour across conditions, whereas other participants changed their view-

ing behaviour in the Stay-Still condition compared to other conditions. Indeed,

the MCI+ participants were the only group to not have a different proportion of

dwell on the moved and stationary objects in the Stay-Still condition compared

to other conditions. Furthermore, MCI+ participants did not show changes to

dwell proportions from encoding to retrieval in the Stay-Still condition like other

participants did. These findings are consistent with previous results showing

that AD participants did not adapt their viewing to task requirements as much as

healthy controls (Shakespeare, Pertzov, et al., 2015). Specifically, Shakespeare

and colleagues showed that healthy controls shifted their visuospatial attention

when asked to search for visual features of scenes, compared to scanning the

scenes without a search task. However, patients with AD showed very little dif-

ference between task and non-task scan-paths. Although the search task was

not a memory task per se, the authors proposed that eye movement results
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found in AD patients were due to memory impairment. The same type of effect

may be present in the current study.

For encoding-specific eye movements, group differences were moderate,

with the strongest effect showing less discrimination of MCI+ participants com-

pared to eye movements at retrieval (i.e. Table 7s at encoding in Figures

6.1-6.2). This is somewhat unexpected because previous studies have found

changes in stimuli fixation times during encoding phases in AD patients (Pavisic

et al., 2021; Parra et al., 2022). Furthermore, no encoding entropy differences

were found, contrary to results from previous MCI (Coco et al., 2021) and MTL

damage (Lucas et al., 2018) studies. One explanation for these findings in the

current task may be that encoding patterns were heavily influenced by the con-

figuration of objects. Specific configurations may have led to different encoding

strategies, measurable through fixation patterns. A further exploration of this

issue can be found in Appendix A.

Confidence rating may discriminate MCI participants from healthy volun-

teers, but not be sensitive to presence of AD biomarkers. Although all

groups had higher confidence rating in correct trials compared to incorrect ones,

MCI participants had less of a difference here than healthy groups and also

did not have a significant association between overall averaged confidence and

memory performance, unlike Younger and Older participants. This suggests an

impairment in spatial memory monitoring may exist for those diagnosed with

MCI. However, a specific relationship to AD could not be detected here.

All MCI participants, including those with negative biomarker results, would

have approached clinical services due to subjective memory problems and been

subsequently assessed using the Addenbrooke’s Cognitive Examination (ACE-

III; Mathuranath et al., 2000). MCI- participants may, therefore, represent a

group of healthily ageing adults with more detectable age-related memory de-

cline than participants in the healthy Older group. It is possible that reduced
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memory monitoring abilities is correlated with age-related cognitive decline or

cognitive abilities in general. This is supported by evidence for more high con-

fidence errors in older adults compared to younger participants (Dodson et al.,

2007; Shing et al., 2009; Angel et al., 2022). Interestingly, research suggests

that the vividness of subjective memory experiences are the same or even in-

creased with age, despite reductions in objective accuracy (Johnson et al., 2015;

Comblain et al., 2004). These findings suggest that younger and older adults

may weight mnemonic features differently when encoding or retrieving memo-

ries (Johnson et al., 2015). Future research could test whether this also applies

to spatial memory paradigms by varying spatially-contingent emotional vivid-

ness of stimuli.

On the other hand, spatial memory monitoring may not be the best candi-

date for inclusion in diagnostic testing of AD based on the results in this study.

This is consistent with previous mixed findings in metamemory research, with

one study showing that AD patients had intact local, task-based memory moni-

toring despite global anosagnosia (Gallo et al., 2012) and another showing pre-

served recognition memory monitoring (Moulin et al., 2003). Still, it would be

a potentially informative area of research to combine two confidence scales for

two different sub-tasks of the spatial updating paradigm: one after object se-

lection, and another after a new object replacement phase (discussed below).

Memory monitoring for spatial coordinate estimation may be different from spa-

tial recognition in such a change-detection paradigm. This would also allow

for a comparison of the difference between two confidence scores, which may

normalise some individual differences in self-reporting tendencies.

7.3 Implications for diagnosis of AD

The impact of these results is necessarily limited by the participant sample col-

lected to date. Although eye-tracking appears to provide the same power with

fewer trials than some behavioural measures, the ability for a diagnostic test to
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generalise relies on a representative sample, otherwise there is a risk of over-

fitting a test to noise, particular with data-rich techniques. Not only were MCI

participants few in this study, they were also non-representative in ethnicity, sex,

and culture. Efforts have been made to increase awareness of the lack of diver-

sity in clinical research samples (Bhopal, 2008; Bartlett et al., 2005), which can

lead to medical exclusion or increased risk of serious adverse events (Bartlett

et al., 2005). Accordingly, the results in this thesis are provisional, received from

a convenience sample during an extremely reduced data collection time-frame.

However, receiving participation from any MCI patients is valuable, especially

those with biomarker testing. Therefore, despite these caveats, the potential

implications of this and similar research on the field of AD diagnosis will be dis-

cussed, with the significant proviso that it is unknown whether the results of the

study would generalise to a larger, more heterogeneous group.

Evidence for the use of an eye movement-based diagnostic test of AD is

building support (Readman et al., 2021; Wilcockson et al., 2019; Beltrán et al.,

2018; Fernández et al., 2015), with this study making the significant contribution

of directly comparing MCI participants with and without biomarkers for AD and

finding differences in eye movements with high diagnostic potential. Moreover,

I have demonstrated that eye movement measures were more accurate for di-

agnosing this sample of MCI+ participants than verbal, visuospatial or spatial

memory tests. These findings lead to two important questions: (1) is this likely

to be the best eye-tracking test of AD, and (2) are eye-tracking diagnostic tests

better candidates for clinical translation than alternative approaches?

Although the eye movement findings in this study are promising, other eye

tracking tests have previously made highly accurate predictive classification of

AD patients. For example, one study achieved 100% specificity and 94% sen-

sitivity when predicting which of 65 MCI participants would convert to AD using

eye movement and memory measures of a visual short-term memory binding

task (Parra et al., 2022). This required a simple computer monitor and 10 min-
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utes to complete. By contrast, the current task lasts about 15 minutes for only

two conditions, requires more expensive equipment in a large space, and so far

has demonstrated inferior diagnostic metrics from a smaller sample. The main

advantage is its integration with an immersive head-mounted display, which is

advantageous insofar as the technology can demonstrate superior diagnosis

to more convenient alternatives. Yet, the spatial memory testing from the new

task is not as diagnostically accurate as eye movement measures, or previous

spatial tests such as the PIT (Howett et al., 2019). Furthermore, much simpler

eye-tracking paradigms based on simple fixation, saccade or anti-saccade tasks

have been shown to discriminate between AD and other neurodegenerative con-

ditions (Opwonya et al., 2022; Shakespeare, Kaski, et al., 2015). Therefore, the

use of this task for further diagnostic testing in its current form is, in my opinion,

only justified if it can be combined with a behavioural or other marker that affords

a significant advantage over alternatives.

One potential direction for this might be adapting the spatial updating task

to include object replacement, creating a metric of spatial error per trial that may

be more sensitive to AD-related changes than the current object selection. In-

deed, there is some evidence that testing spatial coordinates for object location

memory is more sensitive to AD than coarser methods (Ruggiero et al., 2020).

However, this potential adaptation to the paradigm is not without its complica-

tions: for example, some approaches allow visualisation of object replacement

(e.g. Cherry and Park, 1993; Pertzov et al., 2013; Castegnaro, 2021, ch. 4, p.

149), potentially introducing a visual recognition component to the task. An alter-

native method could involve visual feedback only after positional judgement (as

in Doeller et al., 2008), although if replacing objects by virtual pointer then some

error would be due to motor control. Nevertheless, object replacement could be

an interesting option for future research as it may also affect participants’ eye

movements if the task focuses on ‘where’ as well as ‘which’. One hypothesis is

that this would result in more fixation time on the table as participants decide the
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moved object’s previous position. Results from this thesis suggests that MCI+

participants may have reduced table viewing relative to controls with this task

adaptation.

Alternatively, more success might be achieved by combining eye tracking

with behavioural or cognitive diagnostic tests that have already demonstrated

high accuracy for identifying AD. For example, spatial tasks such as PIT could

examine gaze-based navigation strategies using VR-eye-tracking. Indeed, ex-

perimental paradigms have already included gaze tracking as a tool to study

navigation abilities (e.g. Bécu et al., 2019; Enders et al., 2021; Drewes et al.,

2021). Alternatively, standardised neuropsychological tests could include eye

movement analysis with desktop eye-tracking, which has already been achieved

for visuospatial figure-copying (Kim et al., 2022), trail-making (Hicks et al., 2013)

and pattern completion (Hayes et al., 2011). However, a danger of adding eye-

tracking to memory tasks, including the one in this thesis, is the risk of over-fitting

to noise, especially in small samples. Care must be taken to set clear, justified

hypotheses and forward-test any post-hoc findings on new samples.

Of course, non-eye-tracking candidates exist for improving early diagnosis

of AD. The aforementioned PIT spatial navigation task yielded 92% sensitivity

and specificity for MCI+ participants compared to MCI- controls (Howett et al.,

2019), building upon a strong precedent set by prior findings of AD-related spa-

tial navigation impairments (Hort et al., 2007; Weniger et al., 2011; Serino et al.,

2015; Coughlan et al., 2018). Beyond spatial testing, spontaneous speech pro-

cessing has yielded impressive classification accuracy for AD (Qi et al., 2023).

Furthermore, improvements in episodic memory testing of AD have also been

found more recently by incorporating a memory binding component (Pereira et

al., 2023).

Additionally, neuroimaging studies have seen an increase in the application

of deep neural networks to magnetic resonance images (MRI) for detection of

early AD brains (Kehoe et al., 2014; Yamanakkanavar et al., 2020; Mehmood
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et al., 2021). Moreover, the identification of AD biomarkers through blood testing

has shown highly promising results (Varesi et al., 2022; Gao et al., 2023) with

methods such as oral samples (e.g. saliva) providing non-invasive alternatives

(Paraskevaidi et al., 2020).

The benefits of cognitive and behavioural tests over pure biomarker defini-

tions of AD were discussed in the introductory chapter. Briefly, relying on pro-

tein thresholds alone produces false positives from individuals with existence of

amyloid and tau but no cognitive or behavioural effects. Cognitive markers also

provide clinically-meaningful outcome measures for intervention effectiveness

in clinical trials, and more generally provide a neuropsychological metric that

may closely relate to clinical symptomology. Additionally, VR and eye-tracking

tests would have the advantage of being relatively less costly than neuroimag-

ing, less invasive than CSF or blood testing, but more accurate to early changes

than pen-and-paper tests. However, their ability to scale to national or interna-

tional healthcare systems is as-yet unproven, with a number of significant barri-

ers preventing smooth adoption, such as physical space requirements, technical

support, and cultural adoption. Especially in non-specialist clinical settings, the

practical advantage of a quick pen-and-paper test far outweighs the accuracy

benefits from a diagnostic test requiring expensive, bulky and error-prone tech-

nical equipment. This point applies to eye-tracking in any form, particularly if

their diagnostic accuracy relies upon a prohibitively large number of trials.

Still, building an evidence base for immersive diagnostics will allow swift

implementation of effective tools should the use of mixed reality technologies

become widespread throughout healthcare and wider society. They may never

replace quicker and more convenient techniques, but could provide cost, time

and acceptability advantages over specialist tests such as scanning.
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7.4 Limitations and considerations

The spatial updating paradigm. Some key elements of the spatial updating

paradigm were changed from previous versions for the research in this thesis.

For instance, the trial conditions were not communicated to the participants be-

forehand. Instead, the instructions to walk, stay or teleport were made after the

first viewing, and the rotation of the table (or lack thereof) was made visually ob-

vious before the second viewing. These changes were implemented following

early piloting when it became clear that even healthy younger participants could

not remember the condition of the current trial. We agreed that it would not

affect the reliance on allocentric memory or self-motion in key conditions, and

therefore would still be a suitable task for the hypotheses and potential diagnos-

tic targets. It also allowed for potential scan-path clustering at encoding (see

Appendix A), because each encoding period was condition agnostic. However,

it is possible that introducing this change may have affected the performance

of the task, the most intuitive effect being a reduction in memory performance,

assuming that there were more effective strategies for some conditions than oth-

ers. Additionally, it is feasible that encoding eye movements would be different

if the participant knew they would be retrieving the information from the same

or different viewpoint as the first viewing. The effects of this could be studied

in future work, although the difficulty of the task should probably be reduced as

extra instructions would add to cognitive load, especially for older adults.

Another key change was the use of exclusively 135° table rotations and

viewpoint shifts to minimise the availability of egocentric strategies in shifted

conditions. However, this also increased the difficulty of the task (Mou and Mc-

Namara, 2002; Heywood-Everett et al., 2022), which may have masked spatial

memory impairment in MCI+ participants. Although feasibility testing identified

a need to reduce the number of objects from five to four, future research could

further reduce this to three objects to maintain spatial reference frames (i.e. low

availability of egocentric strategies with 135° viewpoint shifts) for key conditions
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while increasing performance in MCI- participants. In support of this, previous

research has used a similar paradigm with only three objects, finding AD-related

differences in spatial memory (Ruggiero et al., 2020). Indeed, reducing the dif-

ficulty of Walk-Still trials to match healthy performance in the Stay-Still condition

may allow closer testing impairments specific to MCI+ participants.

A lesser-addressed consideration in spatial updating paradigms is the

interaction between spatial frames of reference and the configuration of ob-

jects themselves. Iachini, Ruggiero and colleagues developed a paradigm that

came closest, by controlling the relative egocentric and allocentric inter-object

distances, then probing egocentric and allocentric understanding based on cat-

egorical or coordinate judgements of object locations (Ruggiero et al., 2020;

Ruggiero et al., 2018; Ruggiero et al., 2012; Iachini and Ruggiero, 2006). How-

ever, a similar control of inter-object distances from different frames of reference

has not been studied with viewpoint shifts or object movement. One potential

direction could adapt the current paradigm to vary the egocentric consistency of

the moved object despite a viewpoint shift, by translating its world-space loca-

tion in such a way as to be in the same egocentric position as encoding, even

after a viewpoint shift. This could test egocentric-allocentric switching, which

Ruggiero and colleagues’ research suggests may be impaired in AD (Ruggiero

et al., 2020; Ruggiero et al., 2018).

Eye movement considerations. Although lowering the difficulty of the task

has been discussed, an adaptive-difficulty task may be useful for specifically

exploring eye movements in healthy and patient groups. This is because eye

movements appear to be mediated by trial correctness, but the paradigm cur-

rently does not counterbalance task difficulty, resulting in a varying number of

correct trials by condition per participant, and by group. Task difficulty could be

calibrated per participant to improve the balance of correct and incorrect trials.

For example, the amount of encoding or retrieval time could be used as the
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parameter for task difficulty, with average encoding time saved and compared

across groups. Other parameters for task difficulty could be used, such as num-

ber of objects, spatial configuration of objects, or object shift distance (Heywood-

Everett et al., 2022). Regardless, differences in correctness-dependent fixation

patterns could then be compared across groups more robustly, potentially pro-

viding a powerful means for detecting gaze differences in AD.

A key limitation of the eye movement analysis in this thesis was the avoid-

ance of saccadic measures. The precision and frame-rate of the eye-tracker

were decidedly too low to measure onset, offset and velocity of saccades that

are required for certain measures such as saccadic over- or under-shooting.

This is despite pro-saccade and anti-saccade studies often finding abnormali-

ties in eye movements of patients with AD and MCI (see Opwonya et al., 2022

for a review). Furthermore, the study of microsaccades requires even greater

resolution, but has successfully detected differences in AD and MCI patients

(Kapoula et al., 2014). However, saccade effects are less often studied in free

viewing and naturalistic tasks such as this one due to their unconstrained na-

ture. The addition of free head movements in VR settings only adds to this

issue. Still, incorporating sensitivity to saccadic differences in a spatial memory

task may add to its diagnostic value.

An additional consideration is the inability of the current paradigm to de-

tect oculomotor dysfunction. The eye-tracking hardware and data process-

ing pipeline were not configured to detect such phenomena as square-wave

jerks, which have been found to be more prevalent in AD participants than age-

matched controls in some results (Shakespeare, Kaski, et al., 2015; Kapoula et

al., 2014), although not in others (Pavisic et al., 2017; Zaccara et al., 1992). The

ability to distinguish between these and technical eye-tracking drop-out was not

present with the materials and setup of the study. It is possible that the presence

of such oculumotor dysfunctions reduced the accuracy of foveated gaze in the
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MCI+ group, a notion that is supported by AD-related impairments in saccade

and anti-saccade tasks (Opwonya et al., 2022). Such inaccuracies could have

biased fixation results, such as the amount of dwell time on the table. Future

studies of this paradigm should include tests of oculumotor function to control or

correct for any potential confounding here.

7.5 Methodological contributions

Aside from the iVR task itself, this thesis has introduced a number of novel

methodological contributions to the field. Firstly, I have demonstrated the bene-

fit of observing eye movements during retrieval in the spatial updating paradigm.

By including a period of forced viewing prior to object selection, fixation patterns

and statistics can be compared and contrasted between conditions and partici-

pants. Admittedly, there may be a way of incorporating eye tracking at retrieval

without this forced viewing length, which required participants to wait even if

they had mentally selected the chosen object before the end of the viewing

period. Previous paradigms avoided retrieval gaze analysis because viewings

with fast reaction times were too short for this (Segen et al., 2021, Hilton et al.,

2020). One potential solution to this is providing a task which cannot be solved

quickly. Although I have suggested reducing the number of objects further to

make the task easier for MCI- participants, an advantage of increasing the num-

ber of objects is that it would likely require longer viewing times at retrieval if a

forced viewing period was removed. This approach could allow for modelling

of decision-making and choice processing (Thomas et al., 2019; Tavares et al.,

2017), which may add to detection of early AD (Laurens et al., 2019).

Removing the fixed viewing period would likely invalidate the approach to

linear time dynamics demonstrated in Chapter 5. Indeed, this way of modelling

fixation-time data is probably often avoided because it is not the best fit to the

paradigm. However, the linear trend in probability data over time is a useful

finding in itself in this study because it allows for an easy-to-interpret and rela-
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tively simple way of examining changes in viewing behaviour at the group and

participant level.

The analyses of gaze changes over time in Chapter 5 was just one of sev-

eral potential analyses that could have been included in this thesis. Another

method could examine cumulative number of fixations at each time point for

single or multiple AOIs (e.g. moved object or all configuration objects) and fit

non-linear curves. Additionally, fitting non-linear curves to the first second of

retrieval viewing may reveal differences in reactions to the changed stimuli, as

mentioned earlier. Alternatively, an approach to clustering scan-paths at en-

coding was developed for this thesis, but was not appropriate for the current

dataset due to randomisation procedures in the study (Appendix A). Still it ex-

emplifies the breadth of methodologies for analysing eye movement data, and

can be used on future datasets to investigate mnemonic strategies through gaze

patterns, extending previous spatial updating findings (Hilton et al., 2020).

Many other time-dynamic approaches could be devised, which speaks to

the power of eye-tracking and the amount of information it provides. It is note-

worthy that several differences in MCI+ gaze patterns were discovered from

time-dynamic analyses, supporting the use of time-dependent measurements in

eye movement analysis, which are often overlooked for simple cross-sectional

measures.

7.6 Conclusions and final considerations

This thesis has shown that a spatial memory task with eye-tracking can pro-

vide high classification accuracy of MCI patients with positive biomarkers from

control participants based on eye movement measurements. This includes su-

perior performance compared to neuropsychological tests used in clinical prac-

tice, similar to those considered the gold-standard for memory assessment.

This adds to the evidence that these conventional tests could be augmented

or even superseded with more accurate tools, although future diagnostic tools
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must prove their ability to fit into established healthcare systems.

A key finding from the thesis was that the allocentric walk condition was

not as discriminating as the relatively more straightforward egocentric condi-

tion. Admittedly, if a spatial walk condition is not as diagnostically accurate as a

simple egocentric task, then iVR may not be needed. Accordingly, one could de-

velop a desktop, laptop or even smartphone version, allowing greater reach and

reducing expense. Indeed, previous spatial tasks with sensitivity to AD have

been hosted on 2D screens (Serino et al., 2015; Weniger et al., 2011). Fur-

thermore, smartphone-based eye-tracking also now exists, showing impressive

validity when compared to head-fixed setups (Valliappan et al., 2020; Gunawar-

dena et al., 2022). Moreover, previous findings have demonstrated the effective

use of smartphone applications for unsupervised digital memory assessment

(e.g. Berron et al., 2022).

This body of work contributes towards research into concurrent multi-modal

assessment, combining multiple types of data to improve diagnosis compared

to any one measure. Of course, clinical decision-making is already based on

triangulation of many factors and tests, but digital tools can provide large im-

provements in the amount of data collected per unit of time compared to, for

example, a battery of neuropsychological tests. For example, this task com-

bined spatial memory, memory monitoring, and eye-movements into one test.

Only eye tracking was collected passively, but it is now feasible to combine VR

with other physiological sensors including electrocardiography, electromyogra-

phy, gait tracking, facial expression monitoring and electroencephalography. Al-

though simply adding new modalities does not necessarily improve diagnosis,

future research into new diagnostic tools can take advantage of these hardware

capabilities, instead of focusing on one modality alone.
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Clustering encoding scan-paths: a

promising methodology

Abstract

A methodology was developed to analyse group distributions of similar scan-

paths made during the encoding viewing period.

Methodology. First-person views of object configurations were clustered to find

similar arrangements of objects. The MultiMatch shape measure was used as a

distance metric for input into a clustering algorithm, resulting in clusters of similar

scan-paths for each similar configuration of objects. The distribution of groups

within scan-path clusters was compared to expected chance distributions.

Discussion and limitations. Unexpected noise introduced by task design pre-

cluded a robust analysis. This approach can be used to generate hypotheses

around encoding strategies in future work.
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A.1 Introduction

We can examine how participants viewed the same configuration of objects to

provide a powerful means of comparing eye movements at encoding. Indeed, all

participants were presented with the same set of configurations across all trials,

without knowledge of the condition of the trial. This allowed direct comparison

between how MCI+ participants viewed such a configuration in contrast to other

groups. A potential outcome of this type of comparison is the identification of

object configurations that were particularly discriminating of MCI+ participants.

This could allow for a better understanding of neuropsychological impairment,

and inform the development of future paradigms.

One approach could be to compare eye movements on a per-trial basis.

However, comparing gaze patterns on each individual encoding phase assumes

that each object configuration is unique. In fact, due to the pseudo-random gen-

eration of the object configurations, some were more similar than others, and

can be grouped together. Here we encounter the first of two clustering oppor-

tunities in this chapter: clustering of object configurations. By grouping con-

figurations together that form a similar spatial pattern, we can examine fixation

sequences—or ‘scan-paths’—between groups, while controlling for the shape

formed by the objects.

At this point, one could examine viewing-level measures within configura-

tion clusters, similar to results in previous chapters. However, we can explore

the dataset further with a data-driven approach by leveraging techniques for

quantifying the similarity between two scan-paths. For example, we have al-

ready examined the MultiMatch ‘shape’ metric for comparing the sequence of

saccade vectors between two scan-paths (Dewhurst et al., 2012). A measure

such as this can be used to group similar scan-paths together based on their

spatial features. Here we encounter the titular clustering technique of this chap-

ter: clustering the scan-paths themselves.

Using a similarity metric to generate clusters of scan-paths appears to be a
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rare approach to analysing eye movements (although see Kumar et al., 2019). A

technique such as this could be utilised to identify clusters of scan-paths that are

more or less associated with a specific group, such as MCI+ participants. This

in turn could be used to identify Alzheimer’s-related fixation patterns that were

either too subtle to detect with prior methods in this thesis, or were dependent

on a particular spatial configuration of objects.

Unfortunately, unintended noise was introduced in the design of the task to

preclude a full exploration of the utility of this approach in relation to the current

study. Specifically, the rotation of each configuration itself was randomised rela-

tive to the viewer. This means that, although all participants viewed the same set

of 54 configurations, each participant saw each configuration in a random one of

four rotations, reducing the comparative power of this novel analysis. This draw-

back is somewhat counteracted by clustering similar configurations together,

or rather clustering the participants’ views of configurations. However, this re-

sulted in some clusters of configurations with under-represented groups, and

other clusters with multiple configurations from the same participant. The impli-

cations of this on the wider study are discussed later in this chapter. For now,

this new methodology will be introduced as a promising methodology, rather

than a results section for the thesis.

Accordingly, the remainder of this chapter will describe a methodology

for clustering scan-paths by similarity and identifying imbalanced groups within

those clusters. Exemplary scan-path clustering will be visualised, with statistical

analyses to comparing group distributions within clusters.
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A.2 Methods

A.2.1 Clustering object positions across configurations

Before clustering similar scan-paths themselves, object configurations were

clustered by their spatial features. After some experimentation, the best results

for this were attained by clustering configurations based on (a) object positions,

(b) ordered vectors between object positions, and (c) the number of objects in

the convex hull of the configuration. This latter feature was included because a

handful of configurations had three objects in the convex hull, with the majority

having four. The general procedure for clustering configurations went as follows:

1. Normalise the positions of configuration objects to the centroid (2D mean)

of the configuration, oriented towards the participant’s viewpoint based on

their average head position during viewing.

2. Save the normalised object positions, the number of objects in their convex

hull, and the vectors between normalised object positions ordered in the

same direction (e.g. clockwise).

3. Define clustering parameters, depending on the specific clustering algo-

rithm (see below).

4. Input object position, vector, and convex hull data as features into a cluster-

ing algorithm.

5. Plot results per cluster for visual inspection.

6. Iterate 2-4 based on visual inspection to avoid overly-liberal clustering pa-

rameters.
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Figure A.1. Two examples of configuration clusters visualised by individual object po-
sitions per participant view (coloured dots) and averaged object positions (black dots).
Lines between dots show the convex hull formed by the shape of the the object posi-
tions. Colours represent different participant groups consistent with previous sections:
green = Younger, blue = Older, purple = MCI-, red = MCI+. Variation in configuration
positions is introduced by difference in configurations themselves, but also from slight
variation in head positions for each participant.

The needs of this clustering task are well met by agglomerative hierarchical

clustering. This technique does not require a pre-defined number of clusters,

which are unknown here, and a distance threshold can be applied to customise

how liberal the clusters are (with a trade-off against the total number of clus-

ters). The algorithm works by first treating each individual configuration as its

own cluster, then using a distance-minimising algorithm to join, or ‘agglomer-

ate’, clusters together. The Ward minimisation algorithm was used here, which

minimises the sum of squared differences, similar to K -means clustering (Ward,

1963). Each cluster joins with the next nearest cluster until the distance thresh-

old is reached, after which no new agglomeration occurs. A distance threshold

of 3.0 was applied, which represents the Euclidean distance between each

configuration’s scaled features (their positions, vectors, and number of objects

in the convex hull). Agglomerative clustering was applied using the scikit-learn
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package in Python (Pedregosa et al., 2011).

A.2.2 Clustering scan-paths within configuration clusters

To group similar scan-paths together within configuration clusters, each partici-

pant’s fixation centre-point was normalised to the mean object positions for that

configuration cluster. This was achieved by translating each fixation position by

the distance to each object’s position, such that closer object positions were

weighted greater than objects further away according to a Gaussian function

weight = exp

(
−distance2

2 · σ2

)

with σ = 0.08 i.e. the mean radius of the AOI spheres (see sections 3.2.6 and

3.3.3).

Next, a similarity measure was used to define the ‘distance’ between scan-

paths, instead of the Euclidean distance used for configuration clustering. The

MultiMatch shape metric was used here, but any measure that quantifies the

similarity between two fixation sequences can be used. A matrix of pair-wise

distances between each scan-path was then entered into a clustering algorithm

to identify scan-path groupings.

The final step was to relate the data-derived clusters to participant groups.

Below is an exemplary workflow for statistically comparing the expected within-

cluster group balanced to the observed distribution:

1. Pre-define the number of clusters equal to the number of groups.

2. Cluster scan-paths using an algorithm that can pre-define the number of

clusters.

3. Test for the distribution of groups between clusters, for example by using a



A.2. Methods 259

chi-squared (χ2) test of the null hypothesis that the distribution of groups

is equal to the expected distribution. An alternative metric could be the

Adjusted Rand Index (ARI; Hubert and Arabie, 1985), which is similar to

an accuracy measure based on pairwise similarity (Rand Index) adjusted

against chance clustering.

4. Examine the scan-paths of configuration clusters with significantly imbal-

anced group clustering. This was done via simple visual inspection here,

but more systematic approaches might compare scan-path features such

as the number of transitions between two specific AOIs.

The clustering method for step 2 above requires pre-definition of the num-

ber of clusters, which is a well-known characteristic of K -means clustering.

However, K -means assumes round or spherical cluster shapes (Lloyd, 1982),

which is unlikely to hold for these data because the ‘features’ being compared

are sequences of vectors. A more robust alternative is spectral clustering (Ng

et al., 2001), which applies a clustering technique such as K -means to a set

of eigenvalues derived from the similarity matrix. Spectral clustering has been

shown to perform better for non-isotropic cluster shapes, and requires fewer as-

sumptions about the underlying data compared to K -means clustering (Ng et

al., 2001).

For each configuration cluster, spectral clustering was used to group indi-

vidual scan-paths into 4 clusters using the MultiMatch shape metric to create

the distance matrix. A chi-squared test was then run for each configuration

cluster to test whether the proportion of group counts in each scan-path cluster

was over-representative of one or more groups. Configuration clusters with sig-

nificantly imbalanced scan-path clusters were visually examined for scan-path

differences.
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A.3 Results

Configuration clustering yielded 38 distinct clusters. After adjusting for multiple

comparisons using the Holm-Bonferroni procedure (Holm, 1979; α = .05), no

configurations were significantly imbalanced when clustering by the MultiMatch

shape similarity metric. However, the configuration clusters with the two lowest

p-values are shown in Figure A.2 as examples. One of these showed a potential

over-representation of MCI+ participants, although this was not significant after

multiple-comparison correction.

Figure A.3 shows examples of scan-paths for one imbalanced cluster, with

group labels. Visual inspection of these plots can provide clues as to what

features of the scan-paths led to the clusters. For example, in the top clus-

ter (grey-blue) there seems to be a predominant anti-clockwise direction to the

scan-path. Clusters two (yellow) and three (green) involve repeated saccades

between the two right-hand AOIs, whereas the final (purple) cluster appears to

involve saccades to and from the top right AOI.
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Figure A.2. Two configuration clusters with evidence for imbalanced groups across
scan-path clusters, although not significantly after correction for multiple comparisons.
Hollow coloured bars show expected group distribution per scan-path cluster. Filled
coloured bars show actual % group prevalence within that cluster. Post hoc within-
cluster significance was tested by examining adjusted standardised residuals per cell, *
p < .05.
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Figure A.3. Visualisations of fixation sequences scan-paths (fixation sequences) from
one configuration cluster. Circles are external fixations (between AOIs, not within), lines
are saccades between them. Circles are numbered by order of sequence, and sized by
duration of fixation. Scan-path clusters are represented by different colours/rows. The
participant’s group is labelled above each scan-path. The balance of groups per row is
not representative of the whole scan-path cluster.
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A.4 Discussion

This chapter introduced a new methodology for clustering similar sequences of

fixations based on pre-existing similarity measures. The approach was based

on widely-available clustering algorithms combined with any measure of scan-

path similarity, including published methods such as MultiMatch (Dewhurst et

al., 2012). Although it cannot be used to draw conclusions about the current

dataset, the technique provides a promising foundation for exploring encoding

patterns in future work.

The scan-path clustering methodology can be used to identify different

strategies used at encoding, or specific stimuli that discriminate healthy from

impaired eye movements. For example, some participants showed a propensity

to scan a specific configuration of four objects in a clockwise direction. Although

this requires further investigation before concluding an effect, it is notable that

several participants reported circular (i.e. clockwise or anti-clockwise) encoding

strategies anecdotally. The advantage of the approach in this chapter is it pro-

vides a data-driven methodology for discovering potentially significant encoding

eye movement strategies or patterns, which can then be used to test hypothe-

ses with new data.

Of course, there are a number of limitations and caveats to this technique.

One common issue with all statistical learning approaches, including clustering

algorithms, is the effect of varying the hyperparameters, which govern how the

algorithms learn or fit to the data. For clustering configurations this was the

‘distance’ threshold described earlier. A more extensive study of object configu-

ration effects should make sure to test the effect of varying clustering distances.

For clustering scan-paths, the hyper-parameter of the number of clusters was

defined by the number of groups. However, pre-defining the number of clus-

ters can lead to differing within-cluster variation as the algorithm forces outliers

into clusters. An alternative approach would be to keep a distance threshold
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and analyse scan-path clusters based on how distinct or similar they are to

each other. An algorithm that would be well-suited to this approach is affinity

propogation (Frey and Dueck, 2007), which would highlight outliers for further

investigation.

As mentioned earlier in this chapter, task design issues limited the power

of this methodology to a proof-of-concept. By clustering configuration views, the

number of scan-paths per configuration varied and some configuration clusters

contained multiple scan-paths from the same participant. This actually violates

the assumption of independent observations for the χ2 test. An approach that

accounts for repeated measures, such as mixed-effects linear modelling, would

be more appropriate for this specific use-case. However, I decided to keep the

analysis simple and appropriate for the type of dataset it was intended for: that

is, where independent scan-paths are clustered together only.

There is a further, study-wide implication here for having multiple partici-

pants per configuration cluster, which is that some participants essentially saw

very similar configurations more than others. This has the potential to invalidate

the counterbalancing of object configurations across conditions. However, given

that configurations clustered into fewer groups than there were configurations,

the spatial positioning within object configurations was not tightly controlled any-

way. Furthermore, although configurations were clustered with a maximum dis-

tance threshold, there is a limit to the qualitative variation of four object positions

given the arrangement constraints detailed in Section 2.2.

Interestingly, the effect of object configuration on memory performance in

this and similar paradigms has rarely, to the best of my knowledge, been tested

before, but tends to be counterbalanced or randomised to some extent (e.g.

Heywood-Everett et al., 2022; Burgess et al., 2004). One group did find that

varying whether an object shifted in relation to other objects mediated memory

impairment in early AD (Ruggiero et al., 2020; Ruggiero et al., 2018). However,

a future direction for this field of work could be to examine whether certain con-
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figurations and object shifts are particularly difficult, especially when interacting

with viewpoint shifts (see Section 7.4 for further discussion of this).
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Supplementary Figures and Tables

B.1 Chapter 3 supplementary tables

Condition N. Objects df t p
Stay-Still 4 6 6.594 <0.001

Stay-Rotate 4 6 4.602 0.002
Walk-Still 4 6 7.778 <0.001

Walk-Rotate 4 6 7.706 <0.001
Teleport-Still 4 6 3.652 0.005

Teleport-Rotate 4 6 7.386 <0.001
Stay-Still 5 3 0.988 0.198

Stay-Rotate 5 3 3.900 0.015
Walk-Still 5 3 1.788 0.086

Walk-Rotate 5 3 0.598 0.296
Teleport-Still 5 3 0.850 0.229

Teleport-Rotate 5 3 0.899 0.217

Table B.1. Older feasibility participants’ task performance compared to chance within
each condition for four- and five-object groups. The higher t scores indicate greater
difference from the chance score, which was 20% correct for five objects and 25% for
four objects.
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Condition N. Objects df t p
Stay-Still 4 6 14.201 <0.001

Stay-Rotate 4 6 4.647 0.002
Walk-Still 4 6 3.537 0.006

Walk-Rotate 4 6 5.851 0.001
Teleport-Still 4 6 4.240 0.003

Teleport-Rotate 4 6 4.648 0.002
Stay-Still 5 4 9.194 <0.001

Stay-Rotate 5 4 9.746 <0.001
Walk-Still 5 4 5.300 0.003

Walk-Rotate 5 4 7.004 0.001
Teleport-Still 5 4 3.849 0.009

Teleport-Rotate 5 4 3.077 0.019

Table B.2. Younger feasibility participants’ task performance compared to chance within
each condition for four- and five-object groups. The higher t scores indicate greater
difference from the chance score, which was 20% correct for five objects and 25% for
four objects.
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B.2 Chapter 4 supplementary figures

B.2.1 Neuropsychological results

Figure B.1. Rey-Osterrieth Complex Figure Immediate Recall scores between groups.
There was a significant main effect of group on Rey Delayed Recall (F (3, 77) =
13.9, p < .001). Younger participants remembered significantly more of the Rey com-
plex figure immediately after copying it than all other groups, and MCI+ participants
scored lower than all other groups.

Figure B.2. Percentage of native english speakers in each participant group.
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B.2.2 Eye movements on the moved object at retrieval

(a)

(b)

(c)

Figure B.3. Re-dwell on the moved object at retrieval. (a) group differences with all
conditions combined (b) Within-condition group comparisons (c) Within-group condition
comparisons. See figure 4.7 for more details of figure annotations.
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(a)

(b)

(c)

Figure B.4. Proportion of fixations on the moved object at retrieval. (a) group differ-
ences with all conditions combined (b) Within-condition group comparisons (c) Within-
group condition comparisons. See figure 4.7 for more details of figure annotations.
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(a)

(b)

(c)

Figure B.5. Increase in proportion of fixations on the moved object from encoding to
retrieval. (a) group differences with all conditions combined (b) Within-condition group
comparisons (c) Within-group condition comparisons. See figure 4.7 for more details of
figure annotations.
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(a)

(b)

(c)

Figure B.6. Increase in dwell on the moved object from encoding to retrieval. (a)
group differences with all conditions combined (b) Within-condition group comparisons
(c) Within-group condition comparisons. See figure 4.7 for more details of figure anno-
tations.
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(a)

(b)

(c)

Figure B.7. Increase in re-dwell on the moved object from encoding to retrieval. (a)
group differences with all conditions combined (b) Within-condition group comparisons
(c) Within-group condition comparisons. See figure 4.7 for more details of figure anno-
tations.
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B.2.3 Eye movements on the stationary objects at retrieval

(a)

(b)

Figure B.8. Dwell on the stationary objects at retrieval (a) group differences with all
conditions combined. (b) Within-group condition comparisons. For (b), a main effect
of condition was found when including all groups (F (5, 425) = 36.7, p < .001). A
significant interaction between group and condition was found when including only MCI
groups (F (5, 100) = 3.7, p = .004), but not for healthy groups (F (5, 325) = 0.9, p =
.47). Visual inspection of the chart suggests that the MCI+ group is the only showing
no difference between conditions, whereas the other three groups have significantly
reduced dwell proportion on the stationary objects in the Stay-Still condition at retrieval.
See figure 4.7 for more details of figure annotations.
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Figure B.9. Re-dwell on the stationary objects: within-condition group comparisons of
dwell proportion from re-visits.
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(a)

(b)

(c)

Figure B.10. Proportion of fixations on stationary objects at retrieval.
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(a)

(b)

(c)

Figure B.11. Number of re-fixations on stationary objects at retrieval.
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B.2.4 Eye movements on the table at retrieval

(a)

Figure B.12. Dwell on the table at retrieval within conditions. See figure 4.7 for more
details of figure annotations.
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B.2.5 Eye movements at encoding

Figure B.13. Raincloud plots (Allen et al., 2021) of group differences in dwell propor-
tions on configuration objects from revisits only, at encoding. There was a main effect
of group on the re-dwell proportion on the objects (F (3, 84) = 3.0, p = .04). The MCI+
group had significantly greater re-dwell on the objects compared to MCI- and Younger
participants, but not MCI-.
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(a)

(b)

Figure B.14. (a) Raincloud plot of group differences in scan-path entropy at retrieval.
(b) Scatter plots of scan-path entropy by percentage of correct trials, compared per
group. Lines are linear models; solid lines are statistically significant, p < .05; dashed
lines are not.
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B.2.6 Post hoc eye metrics: moved object bias

(a)

(b)

Figure B.15. Dwell proportion difference on the moved vs stationary objects at retrieval
a.k.a. moved object bias. (a) Across all conditions between groups. There was a signifi-
cant main effect of group (F (3, 85) = 8.3, p < .001) with pairwise differences between
MCI+ and all other groups. This measure was calculated at the condition-level here.
(b) Within-condition group comparisons. A positive bar indicates that average dwell
proportion on the moved object was higher than for the other three stationary objects
combined. A significant interaction between group and condition was found all groups
combined (F (15, 425) = 1.8, p = .03), and for MCI groups only (F (5, 100) = 3.5, p =
.006), but not for healthy groups (F (5, 325) = 1.5, p = .20). A significant pairwise
reduction in moved object bias in MCI+ participants compared to all other groups was
greatest in the Stay-Still condition (MCI+ vs Older t(38) = −3.64, p = .001, d = −1.33;
MCI+ vs MCI- t(20) = −3.75, p = .001, d = −1.61).
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B.2.7 Post hoc eye metrics: stationary avoidance and task per-

formance

A strong main effect of trial correctness on stationary object avoidance was

found when including all groups (F (1, 85) = 255.1, p < .001, η2g = .75), only

healthy groups (F (1, 65) = 160.7, p < .001, η2g = .71), and only MCI groups

(F (1, 20) = 98.0, p < .001, η2g = .83). This suggests that all groups had a

difference in stationary avoidance scores between correct and incorrect trials.

Figure B.16a visualises a reduction in stationary avoidance in incorrect versus

correct trials for all groups.

A small but significant interaction between group and trial correctness was

found for healthy groups (F (1, 65) = 11.6, p = .001, η2g = .15), suggesting a

greater reduction in stationary avoidance in incorrect versus correct trials for ei-

ther Older or Younger participants. Figure B.16a suggests the Older group may

have a greater reduction in Stationary Avoidance for incorrect versus correct

trials than the Younger group.

A significant interaction between condition and trial correctness in healthy

groups (F (5, 195) = 2.64, p = .025, η2g = .14) suggests that the effect of trial

correctness on stationary object avoidance may differ depending on condition.

Again, this seems to be driven by the difference between Stay-Still values and

other conditions, which is greater for correct trials than incorrect trial in Younger,

Older and MCI- groups (Figure B.16b, right).

For MCI groups, no significant interaction between group and correctness

was found on stationary avoidance (F (1, 20) = 0.68, p = 0.42), suggesting that

the reduction in this measure from correct to incorrect trials is similar for MCI-

and MCI+ groups. However, a small but significant interaction between condition

and correctness was found for these groups (F (5, 80) = 2.93, p = .017, η2g =

.33), indicating a variation in difference between conditions depending on trial

correctness. This was likely driven by the MCI- group, whereas the MCI+ group

did not show much difference between conditions in either correct or incorrect
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trials (Figure B.16b, left). Accordingly, a three-way interaction effect was close

to statistical significance , suggesting that this effect may exist but the study was

under-powered to detect it.

Scatter plots in Figure B.16c show a significant association between mean

stationary avoidance and task performance in the Older group, with positive

but non-significant directional associations in all groups. This suggests a weak

association between overall task performance and overall stationary avoidance

at best.
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(a)

MCI+ All other groups

(b)

(c)

Figure B.16. Relationships between task performance and the stationary avoidance
measure: (a) by group and trial correctness. Within-correctness significance is shown,
between-correctness significance is not shown. (b) Stationary avoidance in Stay-Still
compared to Other conditions, split by correctness for MCI+ participants (left) and
Younger, Older and MCI- groups combined (right). (c) Scatter plots of stationary avoid-
ance against percent of correct trials, split by group. See Figure 4.7 for more details of
scatter plots.
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B.3 Chapter 6 supplementary figures

MCI+ vs MCI-:
PS AUC

Figure B.17. Area Under Curves of Positive Predictive Value against Sensitivity aka
precision-recall curve for classifying MCI+ from MCI- participants. Error bars are
bootstrapped 95% confidence intervals from stratified bootstrapped cross-validation
pipeline. Bars are coloured by the type of features the classifiers were trained on.
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MCI+ vs MCI- and Older: ROC AUC

Figure B.18. Area Under the Receiver Operating Characteristics Curves by feature
set, coloured by feature category, for classifying MCI+ participants from MCI- and Older
participants. Error bars are bootstrapped 95% confidence intervals from stratified boot-
strapped cross-validation pipeline. Bars are coloured by the type of features the classi-
fiers were trained on.
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Mäntylä, T., & Holm, L. (2006). Gaze control and recollective experience in face

recognition. Visual Cognition, 14(3), 365–386. https://doi.org/10.1080/

13506280500347992

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical testing of EEG-

and MEG-data. Journal of Neuroscience Methods, 164(1), 177–190.

https://doi.org/10.1016/j.jneumeth.2007.03.024

Markostamou, I., & Coventry, K. R. (2022). Age effects on processing spatial re-

lations within different reference frames: The role of executive functions.

Applied Neuropsychology: Adult, 0(0), 1–17. https: / /doi .org/10.1080/

23279095.2022.2121212

Martin, A., Brouwers, P., Cox, C., & Fedio, P. (1985). On the nature of the verbal

memory deficit in Alzheimer’s disease. Brain and Language, 25(2), 323–

341. https://doi.org/10.1016/0093-934X(85)90088-4

Mathot, S., Cristino, F., Gilchrist, I. D., & Theeuwes, J. (2012). A simple way to

estimate similarity between pairs of eye movement sequences. Journal

of Eye Movement Research, 5(1), 1–15. https://doi.org/10.16910/jemr.5.

1.4

Mathuranath, P. S., Nestor, P. J., Berrios, G. E., Rakowicz, W., & Hodges, J. R.

(2000). A brief cognitive test battery to differentiate Alzheimer’s disease

and frontotemporal dementia. Neurology, 55(11), 1613–1620. https : / /

doi.org/10.1212/01.wnl.0000434309.85312.19

Matin, E. (1974). Saccadic suppression: A review and an analysis. Psychologi-

cal Bulletin, 81(12), 899–917. https://doi.org/10.1037/h0037368

Mattsson, N., Zetterberg, H., & Blennow, K. (2010). Lessons from Multicenter

Studies on CSF Biomarkers for Alzheimer’s Disease. International Jour-

https://doi.org/10.1016/S0165-0270(03)00151-1
https://doi.org/10.1016/S0165-0270(03)00151-1
https://doi.org/10.1080/13506280500347992
https://doi.org/10.1080/13506280500347992
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1080/23279095.2022.2121212
https://doi.org/10.1080/23279095.2022.2121212
https://doi.org/10.1016/0093-934X(85)90088-4
https://doi.org/10.16910/jemr.5.1.4
https://doi.org/10.16910/jemr.5.1.4
https://doi.org/10.1212/01.wnl.0000434309.85312.19
https://doi.org/10.1212/01.wnl.0000434309.85312.19
https://doi.org/10.1037/h0037368


REFERENCES 318

nal of Alzheimer’s Disease, 2010, e610613. https : / /doi .org /10 .4061/

2010/610613

May, K., Lee, M., Jefford, M., Ribeiro, A., Macdonald, A., Morgan, V., Usher,

M., & de Souza, N. M. (2020). Imaging in clinical trials: A patient-led

questionnaire study to assess impact of imaging regimes on patient par-

ticipation. Research Involvement and Engagement, 6(1), 15. https://doi.

org/10.1186/s40900-020-00195-5

McGowan, J. W., Kowler, E., Sharma, A., & Chubb, C. (1998). Saccadic local-

ization of random dot targets. Vision Research, 38(6), 895–909. https:

//doi.org/10.1016/S0042-6989(97)00232-0

McMahon, P. M., Araki, S. S., Sandberg, E. A., Neumann, P. J., & Gazelle,

G. S. (2003). Cost-Effectiveness of PET in the Diagnosis of Alzheimer

Disease. Radiology, 228(2), 515–522. https: / /doi .org/10.1148/radiol .

2282020915

Mehmood, A., Yang, S., Feng, Z., Wang, M., Ahmad, A. S., Khan, R., Maqsood,

M., & Yaqub, M. (2021). A Transfer Learning Approach for Early Diagno-

sis of Alzheimer’s Disease on MRI Images. Neuroscience, 460, 43–52.

https://doi.org/10.1016/j.neuroscience.2021.01.002

Mehta, D., Jackson, R., Paul, G., Shi, J., & Sabbagh, M. (2017). Why do trials for

Alzheimer’s disease drugs keep failing? A discontinued drug perspective

for 2010-2015. Expert Opinion on Investigational Drugs, 26(6), 735–739.

https://doi.org/10.1080/13543784.2017.1323868

Miller, J. F., Neufang, M., Solway, A., Brandt, A., Trippel, M., Mader, I., Hefft, S.,

Merkow, M., Polyn, S. M., Jacobs, J., Kahana, M. J., & Schulze-Bonhage,

A. (2013). Neural Activity in Human Hippocampal Formation Reveals the

Spatial Context of Retrieved Memories. Science, 342(6162), 1111–1114.

https://doi.org/10.1126/science.1244056

Mirman, D., Dixon, J. A., & Magnuson, J. S. (2008). Statistical and computa-

tional models of the visual world paradigm: Growth curves and individual

https://doi.org/10.4061/2010/610613
https://doi.org/10.4061/2010/610613
https://doi.org/10.1186/s40900-020-00195-5
https://doi.org/10.1186/s40900-020-00195-5
https://doi.org/10.1016/S0042-6989(97)00232-0
https://doi.org/10.1016/S0042-6989(97)00232-0
https://doi.org/10.1148/radiol.2282020915
https://doi.org/10.1148/radiol.2282020915
https://doi.org/10.1016/j.neuroscience.2021.01.002
https://doi.org/10.1080/13543784.2017.1323868
https://doi.org/10.1126/science.1244056


REFERENCES 319

differences. Journal of Memory and Language, 59(4), 475–494. https :

//doi.org/10.1016/j.jml.2007.11.006

Mokrisova, I., Laczo, J., Andel, R., Gazova, I., Vyhnalek, M., Nedelska, Z., Lev-

cik, D., Cerman, J., Vlcek, K., & Hort, J. (2016). Real-space path integra-

tion is impaired in Alzheimer’s disease and mild cognitive impairment.

Behavioural Brain Research, 307, 150–158. https://doi.org/10.1016/j.

bbr.2016.03.052

Molitor, R. J., Ko, P. C., & Ally, B. A. (2015). Eye Movements in Alzheimer’s

Disease. Journal of Alzheimer’s Disease, 44(1), 1–12. https://doi.org/10.

3233/JAD-141173

Moodley, K., Minati, L., Contarino, V., Prioni, S., Wood, R., Cooper, R., D’Incerti,

L., Tagliavini, F., & Chan, D. (2015). Diagnostic differentiation of mild

cognitive impairment due to Alzheimer’s disease using a hippocampus-

dependent test of spatial memory. Hippocampus, 25(8), 939–951. https:

//doi.org/10.1002/hipo.22417

Mori, E., Yoneda, Y., Yamashita, H., Hirono, N., Ikeda, M., & Yamadori, A. (1997).

Medial temporal structures relate to memory impairment in Alzheimer’s

disease: An MRI volumetric study. Journal of Neurology, Neurosurgery

& Psychiatry, 63(2), 214–221. https://doi.org/10.1136/jnnp.63.2.214

Mou, W., & McNamara, T. P. (2002). Intrinsic frames of reference in spatial mem-

ory. Journal of Experimental Psychology: Learning, Memory, and Cogni-

tion, 28(1), 162–170. https://doi.org/10.1037/0278-7393.28.1.162

Moulin, C. J., James, N., Perfect, T. J., & Jones, R. W. (2003). Knowing What

You Cannot Recognise: Further Evidence for Intact Metacognition in

Alzheimer’s Disease. Aging, Neuropsychology, and Cognition, 10(1), 74–

82. https://doi.org/10.1076/anec.10.1.74.13456

Muffato, V., Hilton, C., Meneghetti, C., De Beni, R., & Wiener, J. M. (2019).

Evidence for age-related deficits in object-location binding during place

https://doi.org/10.1016/j.jml.2007.11.006
https://doi.org/10.1016/j.jml.2007.11.006
https://doi.org/10.1016/j.bbr.2016.03.052
https://doi.org/10.1016/j.bbr.2016.03.052
https://doi.org/10.3233/JAD-141173
https://doi.org/10.3233/JAD-141173
https://doi.org/10.1002/hipo.22417
https://doi.org/10.1002/hipo.22417
https://doi.org/10.1136/jnnp.63.2.214
https://doi.org/10.1037/0278-7393.28.1.162
https://doi.org/10.1076/anec.10.1.74.13456


REFERENCES 320

recognition. Hippocampus, 29(10), 971–979. https: / /doi .org/10.1002/

hipo.23099

Myszczynska, M. A., Ojamies, P. N., Lacoste, A. M. B., Neil, D., Saffari, A.,

Mead, R., Hautbergue, G. M., Holbrook, J. D., & Ferraiuolo, L. (2020).

Applications of machine learning to diagnosis and treatment of neurode-

generative diseases. Nature Reviews Neurology, 16(8), 440–456. https:

//doi.org/10.1038/s41582-020-0377-8

Najemnik, J., & Geisler, W. S. (2005). Optimal eye movement strategies in vi-

sual search. Nature, 434(7031), 387–391. https : / / doi . org / 10 . 1038 /

nature03390
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