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Abstract
The prodromal stage of dementia is known as mild cognitive impairment

(MCI). Currently, cognitive tests are unable to correctly characterize the

MCI type, and specifically, whether it will develop into Alzheimer’s disease

(AD). This means that the cognitive deficits are detected long after the onset

of pathological changes. More sensitive and specific tests, which can non-

invasively detect the subtle, early signs of AD in MCI, would facilitate in-

vestigation of its early development and potentially permit early treatments.

The aim of this thesis is to develop a diagnostic tool to target the cognitive

functions – and engage the corresponding brain regions – typically affected

during the prodromal stages of AD. Pathological changes start in the hip-

pocampal formation, a critical area for episodic memory and navigation.

The tasks are developed from previous work demonstrating hippocampal

dependence and make use of recent advances in immersive virtual reality,

providing an ecologically valid improvement on standard tests of cognitive

function.

The first experimental chapter presents a test of navigation by path inte-

gration, a function specifically associated with processing by grid cells in the

medial entorhinal cortex (mEC). The second experiment presents a test of

object-location memory, believed to involve place cells in the hippocampus

proper, combining inputs from mEC and object-identity information from

lateral entorhinal cortex (lEC). The third experiment tests object-location

memory in a way that enables the contribution of self-motion to be assessed.

Results show that the immersive virtual reality paradigms developed to

test spatial cognition in prodromal AD are able to differentiate MCI patients

from healthy age-matched older controls. Additionally, in combination with
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CSF biomarkers, navigation testing has proven the ability to stratify between

MCI with different levels of biomarkers, identifying the patients who are

most likely going to develop the disease. Finally, the last experiment, in

an attempt to summarize different aspects of spatial cognition tested in the

previous experiments, is able to detect subtle changes starting from ageing

that may further decline with the onset of cognitive decline due to AD neu-

ropathology.

In conclusion within this thesis we demonstrated the use of immersive

virtual reality tests as an ecological valid tool for assessing the behavioural

changes associated with the early progression of AD.
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Impact Statement
Dementia is becoming an increasing health priority in the ageing society.

People affected with neurodegenerative diseases risk personal suffering, so-

cietal exclusion and financial distress. Alzheimer’s disease (AD) is currently

the most common form of dementia and, currently, a drug-modifying treat-

ment has not been found. For this reason, increasing attention is brought

towards the detection of the earliest clinical stage in the hope that this will

aid drug discoveries aimed at slowing the neurodegenerative process.

With this thesis work, my main contribute has been the development of

neuropsychological tests that could be more sensitive to detect the prodro-

mal stage of AD. In particular, for developing such tests I adopted immer-

sive virtual reality (iVR) as a testing tool. With this choice, this thesis has

implication in the research domain as well as potential clinical utility. In the

research domain I made a contribute to those studies that seek tests based

around functions affected early by the AD process. In particular, the tasks

developed in this thesis were designed to test spatial cognition functions

based around functions of the entorhinal cortex and hippocampus, which

are structures affected early in the AD pathophysiology. These tests have

been proven to be sensitive compared to classical neuropsychological tests

in distinguishing cognitively impaired patients from non-cognitive impaired

counterparts, thus enlarging to the growing body of evidence that spatial be-

havioural tests may have added value beyond traditional cognitive tests in

detecting pre-dementia AD.

From a clinical point of view, the current thesis has demonstrated the

potential integration of ecologically valid technology into clinical practice.

The tasks, implemented with commercially available iVR, have been proven
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to be a suitable tool in clinical settings. Further work is necessary before

operationalizing iVR tools in clinical assessment, however this thesis lays

the groundwork for this technology to be used routinely in future.
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Chapter 1

Introduction

Dementia is a clinical syndrome characterized by a cluster of symptoms

that include difficulties in memory, disturbances in language and other cog-

nitive functions, usually accompanied by behavioural changes that impair

daily living. Alzheimer’s disease (AD), named after the German psychiatrist

Alois Alzheimer and first described in 1907 in the patient Auguste Deter, is

the most common cause of dementia, accounting for up to 75% of all cases

(Qiu, Kivipelto, and Von Strauss, 2009). Alzheimer’s description of Deter’s

symptoms is almost certainly the first neuropsychological characterization

of the disease. In that description, Alzheimer markedly reported how the

patient’s memory was seriously impaired. Objects were named correctly,

but they were forgotten almost immediately after presentation. Indeed, the

very typical AD presentation is characterised by a rapid deterioration in

memory function accompanied by an inevitable decline in general cognitive

function. Since its discovery, researchers have been trying to characterize

the epidemiology, pathophysiology and neuropsychological phenotypes as-

sociated with AD and, during the last few decades, this research has made

tremendous progress. Research efforts in AD characterization aim to create

a uniform criteria to recognize the disease, a necessary step for the creation

of standardized cognitive tests that assess disease progression and therefore

support research into a possible cure.
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Estimates show that 35.6 million people worldwide lived with dementia

in 2010, and that number is projected to double every 20 years to reach 115.4

million by 2050 with a consequent major cost for the health care system

(Prince et al., 2013). In addition, concerns have been raised over the fail-

ure of all clinical trials looking for a treatment (Cummings, Morstorf, and

Zhong, 2014). This brought several organisations – e.g. the World Health

Organization in 2017 and G8 in 2018 – to identify research into a cure or

disease-modifying treatment as a global health priority. Simultaneously, the

failure of clinical trials shifted the focus of research onto developing sensi-

tive tools capable of providing a diagnosis at the early stages, thus provid-

ing the chance for treating patients with drug therapies aimed at slowing

the onset of the disease. Crucially, the design of such tests should care-

fully consider the brain regions (and related cognitive functions) affected by

early physical deterioration associated with the disease. However, over the

past decade, new developments in the understanding of the neurobiologi-

cal roots of the disease have started to challenge the dominant theory from

previous decades regarding the pathophysiology of AD, leading in turn to

a reconsideration of the clinical assessment of the disease.

In this introduction chapter, the relevant problems in the understand-

ing and diagnosis of AD will be presented. The first section (‘Alzheimer’s

Disease’), will describe the disease and the criteria that are currently used

for early diagnosis. Specifically, an emphasis that there is currently no gold-

standard battery of tests to be used in clinical settings will be placed. Next,

in the second section (‘Cognitive Tests’), a description of the neuropsycho-

logical tests currently adopted and employed in this thesis will be provided.

These tests will serve as a comparison with the paradigms developed in this

thesis and presented in the experimental chapters. Finally, in the last sec-

tion (‘Spatial Cognition as Alzheimer’s Disease Marker’), the background
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literature supporting the rationale for the new paradigms developed in this

thesis and described in the experimental chapters will be presented.

1.1 Alzheimer’s Disease

Over the past 50 years, one of the greatest challenges faced by neuropsychol-

ogists and neurologists has been understanding the underlying pathology

of AD and its relation to observed cognitive and behavioural phenotypes.

The definition of AD has been revised over the years, as this research has

progressed. For the purposes of this thesis, a fairly simple definition of AD

will suffice: AD is a progressive, unremitting, neurodegenerative process

that affects wide areas of the cerebral cortex, particularly the hippocampus

and the entorhinal cortex. The disease has a clinical duration of about 8-10

years (with a mean age of onset of 80 years old), but is preceded by a tran-

sitory or “prodromal” state that extends over two decades, during which

time cognitive and behavioural deficits may occur (Buckner, 2004; McKhann

et al., 2011). AD therefore presents various different symptoms that depend

on the stage of the disease. Within the scope of this introduction, a reference

to typical AD will be made when addressing the symptoms connected with

a diagnosis of AD, while a reference to prodromal AD will be made when ad-

dressing symptoms related to the transitory state of cognitive impairment

in people considered at risk of AD.

Understanding all the cognitive symptoms of AD, their early manifesta-

tion over the course of the patient’s life, and the causal relations between

brain atrophy and cognitive decline are still unresolved questions. Fig-

ure 1.1 (reproduced from Aisen et al., 2017) attempts to describe the slow

progression of the disease. This “continuum” is composed of multiple in-

terconnected components that include pathophysiology, structural changes
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and cognitive impairments, and illustrates the relative progression of each

component with ageing. In this chapter, each of the components will be de-

scribed and discussed, in order to illustrate some issues with AD diagnosis.

Figure 1.1: Illustration of hypothetical curves for different
biomarkers in Alzheimer’s disease. The “continuum” is com-
posed of multiple interconnected components including patho-
physiology changes, brain atrophy and clinical symptoms tem-
porally arising from ageing. Clinical stages are indicated in
the horizontal axis with vertical dashed lines while the sever-
ity of the biomarkers is shown in the vertical axis from or-
dinary to abnormal. The divisions between categories is not
to be intended as strict divisions as there is heterogeneity in
the diagnosis of the different stages and the continuum has
to be thought starting from ageing. The hypothetical relations
of causality manifest temporal offset between different lines.

Replicated from Aisen et al., 2017.

In the following subsections the pathological changes occurring in brain ar-

eas affected by the disease will be described, along with the known clinical

phenotypes (i.e. common symptoms) presented in the typical and prodro-

mal stages of AD. I will focus primarily on the neuropsychology of the

disease, as the main focus of the thesis will be adding to this growing lit-

erature. The final subsection (‘Mild Cognitive Impairment’) will describe
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the prodromal clinical population that this thesis will focus on, in order to

best characterize the neuropsychological changes preceding typical AD and

therefore offering an opportunity for disease slowing therapy.

1.1.1 Neuropathology

Neurological studies have described the features of Alzheimer’s pathology

that contribute to the cognitive decline associated with the disease. Under-

standing the biological roots of the disease provides new insights into diag-

nosis, and the progression of neurodegeneration could help to create more

sensitive tests that detect the subtle changes occurring in affected brain re-

gions.

Since the first Alzheimer’s case, histological techniques have been exe-

cuted on patient’s brains post-mortem to examine changes at a microscopic

level and look for possible “biomarkers”. Biomarkers are physiological or

anatomical parameters that can be objectively measured as indicators of nor-

mal or pathological processes. Two different hallmarks for AD pathology

have been identified as senile plaques and neurofibrillary tangles (NFTs;

Mattson, 2004). Plaques are extracellular deposits of proteins – e.g. the

Amyloid β-peptide – while the neurofibrillary tangles are intracellular ag-

gregates of the hyper-phosphorylated neurofibrillary protein known as Tau

(τ). Both amyloid and tau deposition are associated with neurochemical

changes characterized by the loss of synaptic connectivity between cells (in

the case of Amyloid depositions) and neuronal death itself (in the case of

tau depositions).
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The most influential mechanistic explanation of Alzheimer’s disease patho-

genesis is the amyloid cascade hypothesis. This postulates that the deposition

of amyloid-β triggers a neurotoxic cascade which drives the formation of ab-

normal neurofibrillary tangles, suggesting a causal relation between the two

proteins. This, in turn, leads to tangle-mediated injury and neurodegener-

ation, which produces the cognitive and functional impairments associated

with AD (Jack and Holtzman, 2013). This hypothesis has been the dominant

view of the pathophysiological process for over two decades (for a review;

Musiek and Holtzman, 2015), and has been very influential in the develop-

ment of drug-modifying therapeutic interventions, which were principally

targeted at blocking amyloid build-up in order to prevent the cascade of

events that leads to dementia (Barage and Sonawane, 2015).

Despite the wide influence of the amyloid cascade hypothesis, it has

become increasingly clear over the last decade that it may need to be recon-

sidered, particularly in terms of the hypothesised sequence of pathological

events (Drachman, 2014). While it is true that neurodegeneration is facil-

itated by interaction between the two proteins, several studies have found

that tau pathologies and related atrophy are present in prodromal AD pa-

tients and cognitive healthy elderly people without abnormal levels of β

amyloid, a phenomenon that has been defined as PART (Primary Age Re-

lated Tauopathy; Barbeau et al., 2004; Braak et al., 2013; Crary et al., 2014;

Knopman et al., 2013). These discoveries, alongside the failure of drug thera-

pies based on the amyloid cascade hypothesis, have urged the research com-

munity to propose alternative frameworks for understanding the progress

of pathophysiology associated with AD (Jack et al., 2016). One popular

alternative hypothesis postulates that amyloid and tau deposits occur in

parallel, eventually resulting in synaptic dysfunction and cognitive decline
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(Gulisano et al., 2018; Kametani and Hasegawa, 2018). Within this frame-

work, tau related injuries can be an independent (but not sole) cause of the

cognitive decline associated with neurodegeneration. Some recent theories

have expanded this idea further by suggesting that the pathogenic process

begins with the formation of “pretangle” material in the brainstem (first

visible in the locus coeruleus and axonal projections to the perirhinal cor-

tex), proposing a tau pathology not incompatible with long-term neuronal

survival, but possibly restricting neuronal function (Braak and Del Tredici,

2015). Only with time do these pretangles accumulate within the cell and

the insoluble NFTs. However, it has to be demonstrated that pretangles are

associated with cognitive decline and more research is needed to under-

stand tauopathy generation. To summarize, within the scope of this thesis,

we will consider the two biomarkers (amyloid and tau) separately and, in

the experimental chapters, ourthe focus will be on understanding possible

cognitive changes caused by neurodegeneration in the areas affected by tau

pathology (“tauopathy”).

The progression of amyloid and tau deposits has been described in dif-

ferent stages by Braak and Braak, 1991 following histological studies (see

figure 1.2 for a description of the different stages). Amyloid-β deposition

does not follow a stereotyped trajectory but generally starts in the brain-

stem nuclei which project to many different parts of the neocortex. This

makes identification of the first affected locus very difficult, although tem-

poral and orbitofrontal cortices are more common than other areas (stage

a). The following stages (b-c) are associated with widespread expression

throughout neocortex before affecting subcortical structures with a relative

sparing of the medial temporal lobe (MTL; figure 1.2; Braak and Braak, 1991;

Thal et al., 2002). By contrast, the intraneuronal NFTs of tau proteins have
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a very distinct progression that sees the locus coeruleus, a subcortical nu-

cleus with diffuse projections to the cerebral cortex, being the first region to

be affected (Braak and Del Tredici, 2011). From this site the very first cere-

bral structure affected is the MTL - specifically, the “transentorhinal” cortex

identified with the most superficial layers of the perirhinal cortex (stage I;

Braak et al., 2011), which connect the entorhinal cortex (EC) and temporal

iso-cortex. The spread continues via the connectivity of the transentorhinal

cortex, possibly through a cell-to-cell propagation, through the entorhinal

cortex to the hippocampus proper (Braak and Tredici stage II). Only at later

stages does tauopathy spread to the rest of the MTL (Braak and Tredici stage

III) and then to other cortical regions, where it interacts with amyloid-β to

cause profound damage to the brain (Braak and Tredici stage IV-VI)(Braak

and Braak, 1991; Braak and Del Tredici-Braak, 2015; Fu et al., 2017).

At the network level, AD biomarkers are inevitably associated with se-

vere neuronal loss and consequently atrophy of the cortical regions men-

tioned above. Magnetic resonance imaging (MRI) studies have identified

a strong correlation between brain region volumes losses and the different

stages delineated by Braak (Braak and Braak, 1991; Juottonen et al., 1998;

Schott et al., 2003). In particular, several studies revealed a clear connec-

tion between tauopathy and AD progression, by showing a striking 40-70%

volume reduction in the entorhinal cortex of AD patients in comparison to

age-matched healthy elderly people (Kordower et al., 2001; Pettigrew et al.,

2016; Price et al., 2001; Velayudhan et al., 2013).

As part of the diagnostic process, in vivo measurements of amyloid-β and

tau protein levels can be indicative of AD pathology in the brain. Currently,

concentrations of amyloid-β and tau proteins can be measured from cere-

brospinal fluid (CSF) with antibody-based techniques (Masters et al., 2015).
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Figure 1.2: Amyloid plaques and neurofibrillary tangles are
the biomarkers of Alzheimer’s disease, spreading trough the
rain as the disease progresses. In typical AD cases, amyloid-
Beta depositions precedes and are independent from the neu-
rofibrillary changes. Amyloid-β has an apparent origin in the
frontal and temporal lobes, but less commonly the disease can
emerge from different areas of the neocortex (parietal and oc-
cipital lobes) with sparing of the hippocampus (top row with
stages a to c). The neurofibrillary tangles starts in the me-
dial temporal lobe, in particular in the entorhinal cortex and
hippocampus, progressively spreading to other areas of the
neocortex (bottom row with stages from I to VI). In particular
areas affected at later stages are posterior cingulate cortex pari-
etal cortex, precuneus and restrosplenial cortex. Figure was
recreated from Braak and Del Tredici, 2011; Braak et al., 2011;

Masters et al., 2015.

CSF communicates freely with brain interstitial fluid and is in direct contact

with the extracellular space of the brain, thus reflecting biochemical changes

inside the brain. CSF collection is achieved through lumbar puncture and

commercially available kits are based on an enzyme-linked immunosorbent

assay (ELISA) capable of detecting the levels of both biomarkers (Amyloid-β

and tau) proteins. CSF sampling have shown high sensitivity (∼94%) in the

classification of the AD, as demonstrated by longitudinal studies following

people developing the disease (Palmqvist et al., 2014). However, accessing
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the CSF requires an invasive procedure and with associated risks, thus not

suitable for extensive testing in population at risk.

Less invasive techniques capable of assaying AD biomarkers have been

developed, primarily using positron emission tomography (PET) techniques

to trace in-vivo agents able to bind to amyloid-β and tau proteins and there-

fore reveal sites of deposition within the brain. Indeed, PET techniques have

allowed some progress in understanding the aetiology of AD. In particular,

PET imaging has been used to confirm the Braak staging of the disease in

both Amyloid-β and Tau processing (Cho et al., 2016; Maass et al., 2017),

confirming the low variability between subjects in tauopathy (Chao et al.,

2016). Moreover, PET techniques have made it possible to investigate AD

pathologies (i.e. plaques and tangles) in elderly people with cognitive intact

functionality (Crary et al., 2014; Johnson et al., 2016), tightening the con-

nection between ageing and AD, and suggesting that the latter may reflect

a “continuum” from ageing rather than a discrete state. However, the accu-

mulation of brain pathologies in healthy ageing is a potential threat for the

use of PET techniques as clinical tools, as older individuals are more likely

to be considered false positive. Currently, only one study has managed to

positively correlate amyloid-β PET burden with accepted diagnostics like

CSF biomarkers (Nakamura et al., 2018) and further studies are necessary

before PET techniques become part of the standard clinical routines for the

diagnosis of AD.

If any neuropathological stages consistently precede cognitive impair-

ments, then advances in the non-invasive identification of AD biomarkers

will alter priorities in the diagnosis of AD, which is currently based on a

clinical behavioural assessment (a fully detailed explanation of which will
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be given later in this section). However, extensive testing of newly devel-

oped diagnostic techniques comes with some risk and a cost to the health-

care system. For these reasons, it seems unlikely that neuropsychology will

cease to play an important role in the assessment of dementia. Specifically,

this role includes identification of the earliest cognitive deficits, prediction

of the course of cognitive decline and, in the future, measurement of the

cognitive outcome associated with different therapies.

In the following sections, the clinical behavioural manifestation of AD in

the typical (i.e. following an AD diagnosis) and prodromal stages will be

presented, in order to understand difficulties in the clinical assessment and

also describe the current strategy for diagnosis.

1.1.2 Neuropsychology

The focus of this thesis is researching non-invasive techniques to aid the

clinical diagnosis of prodromal AD. Describing the current understanding

of cognitive and behavioural deficits associated with typical AD is therefore

necessary to understand how clinical symptoms are reflected in diagnostic

criteria and how new and diverse tests of cognitive function could contribute

to improving these clinical diagnostics. Hence, the neuropsychology asso-

ciated with AD will be described in a timeline starting from early studies,

and concluding with the clinical criteria adopted in this thesis.

Cognitive and behavioural deficits have been the focus of research into

AD since the 1980s. These studies have applied the theories and methods

of cognitive psychology to study the cognitive consequences of AD and de-

veloped neuropsychological tests to detect early cognitive changes based
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on the amyloid cascade hypothesis described in the previous section. Un-

der that framework, AD brain injuries do not follow a typical development

as amyloid depositions do not have a well-defined starting point. Conse-

quently, previous research into Alzheimer’s phenotypes adopted an exten-

sive or multi-domain approach by looking for deficits in different cognitive

functions.

One of the early symptomatic cognitive change of typical AD is the loss

of episodic memory, identified in the profound difficulty of patients to recall

autobiographical events (“what”) set in a specific time (“when”) and place

(“where”). This episodic memory loss was shown to specifically reflect an

inability to effectively encode or store new episodic information, since pa-

tients with AD were impaired at measures of recollection (e.g. recalling all

the details of previously experienced event) across different modalities (e.g.

auditory, visual, olfactory) (Miller, 1978; Miller, 1971). Early studies used a

word list learning tasks to consistently show that AD patients rapidly forget

information over time and are impaired, compared to age-matched controls,

at both free and cued recollection (e.g. when patients were asked to “freely”

remember the elements of the world list without or with a picture of the el-

ement), and patients were impaired even if retrieval demands were reduced

using a recognition test (e.g. the elements of the world list were presented

with a yes/no choice) suggesting the encoding failure (Delis et al., 1991). In

fact, episodic memory loss can be considered the main phenotype character-

istic of typical AD, currently widely understood and supported by the fact

that temporal lobe structures (e.g. hippocampus and entorhinal cortex) play

a pivotal role in episodic memory function (Bird and Burgess, 2008; Burgess,

Maguire, and O’Keefe, 2002), and are affected in the Braak stages by either

tauopathy or amyloid pathology, as discussed in the previous section.
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While memory loss is considered the most prominent feature of typical

AD presentation, the associated cognitive decline is usually accompanied

by deficits in at least one other domain – e.g. language, visuospatial abil-

ities or executive function – interfering with social functioning and daily

activities. Several higher order cognitive abilities are affected in typical AD,

consistent with the observation that amyloid pathology spreads diffusely in

the neocortex (see figure 1.2). Many regions affected constitute the “default

mode network”, a system of interconnected cortical areas (posterior cingu-

late, parietal lobule, temporal neocortex, dorsomedial prefrontal cortex) that

project heavily to the MTL, and functions associated with these structures

are likely to be affected during the course of the disease.

Indeed, typical AD presentation has been linked to a loss of language

and semantic knowledge, identified using tests of word retrieval (e.g. nam-

ing pictures of common items) or verbal fluency (e.g. generating words

starting with a specific letter), semantic categorization of common items (e.g.

identify or producing words for apple and pear when cued with “fruit”),

and the inability to recall over-learned facts (e.g. the number of days in a

year; Hodges, Salmon, and Butters, 1992; Hodges and Patterson, 1995). The

nature of these deficits is still uncertain as semantic knowledge is believed

to be stored diffusely across temporal, frontal and parietal cortices.

Visuospatial deficits have been found in AD by studies where patients

were asked to draw figures from memory (for a review, see Iachini et al.,

2009). However, these deficits were less salient than other cognitive deficits

in characterizing typical AD in its early symptomatic phase (Storandt et al.,

1984). Visuospatial tasks not only involve visuoperceptual and construc-

tional aspects, but often require conceptual knowledge and planning abil-

ities – e.g. to draw a clock from memory (Rouleau et al., 1992). Parietal
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cortices have been associated with visuospatial ability, but only in sporadic

cases constitute early symptoms of typical AD (Caine, 2004).

“Executive” functions refer to a family of cognitive processes required

when an individual needs to concentrate or pay attention, as opposed to sit-

uations driven by instinct or intuition (Burgess and Simons, 2005). Deficits

in executive function during the course of AD have been identified, with

impairments in problem solving, cue-directed behaviour, concurrent men-

tal manipulation of information and concept formation (Bondi et al., 1993;

Lafleche and Albert, 1995; Perry and Hodges, 1999). These deficits in exec-

utive function have been hypothesized to reflect AD pathology, especially

tangle burden, in prefrontal cortex, but more importantly highlight the im-

pact of the disruption associated with typical AD across distinct neocortical

networks.

Deficits in mental manipulation exhibited by patients with AD may also

be expressed on tests of “working memory”. Working memory is a core

executive function which involves holding information in mind and men-

tally manipulating it, thus relying on the control of attentional resources.

Indeed, AD patients are often impaired in dual processing tasks, or tasks

requiring the disengagement and shifting of attention (Perry and Hodges,

1999; Waltz et al., 2004). Deficits in working memory tasks due to AD are

initially mild and with a relative sparing of immediate memory (Castel,

Balota, and McCabe, 2009), with all aspects of the working memory system

being compromised only at later stages. These deficits in the later stages of

AD are likely to account for many of the difficulties encountered by AD pa-

tients in performing daily activities (e.g. following a recipe). One particular

component of working memory that has been studied recently is short-term

memory. Short-term memory tasks often involve two phases, study and test,
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separated by a short retention period. Sometimes one or more features of

the stimuli are changed between study and test (e.g. the colour, shape or

location of objects) and the participant must recognise the unchanged stim-

uli from the altered ones. Sometimes the participant has to recall the correct

feature or features. Studies on short-term memory “feature binding” tasks

found that AD patients have more difficulties in remembering the combina-

tion of object shape and colour than in remembering a single feature (Parra

et al., 2009). Moreover, further studies shown that both asymptomatic and

familial AD carriers (i.e. people with a gene mutation connected with high

risk of AD) were more impaired in feature binding (Parra et al., 2010) and

location binding tasks (Liang et al., 2016) compared to age-matched healthy

older controls suggesting visual short-term memory as possible prodromal

marker for AD.

The advances made in characterizing neuropsychological deficits asso-

ciated with AD resulted in a major impact on the ability to diagnose the

disease. For instance, clinical trials compared the ability of several sensitive

measures of learning, memory, executive function, language and visuospa-

tial abilities between mild AD and age-matched healthy participants, prov-

ing the importance of those measures (Salmon et al., 2002). However, the

necessity of implementing more effective disease slowing therapies precipi-

tated a shift towards the study of individuals who were considered at risk of

(i.e. prodromal), but not yet diagnosed with, AD. The term ’mild cognitive

impairment’ (MCI) has been adopted to refer to people with an objective

cognitive deficit, whose daily activities are still conserved and not yet diag-

nosed with dementia. The use of the term dementia in this case indicates

that MCI is used as an “umbrella” term to characterize a clinical state that

will (eventually, most likely) develop into some form of dementia, suggest-

ing that an additional challenge with prodromal stages will be identifying
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MCI specifically due to impending AD. Within the scope of this thesis, the

tasks developed in the subsequent experimental chapters will try to charac-

terize MCI specifically due to impending AD. Thus, in the next section, a

history of MCI and its clinical diagnosis will be provided.

1.1.3 Mild Cognitive Impairment

At the beginning of this century, the study of individuals that were consid-

ered at risk of dementia, but had not yet reached the point of diagnosis,

were the primary focus of Alzheimer’s research. Characterization of the

prodromal stages of AD led to a new clinical definition, mild cognitive im-

pairment (MCI), which attempts to describe the ’grey area’ between intact

cognitive functioning and clinical dementia, thus closing the gap between

healthy elderly people and dementia patients. The MCI state was broadly

identified by Petersen et al., 1999 as individuals experiencing memory loss

to a greater extent than expected for their age. Specific diagnostic guide-

lines were subsequently published in 2011 by the National Institute of Age-

ing and Alzheimer’s Association (NIA-AA), after years of research into this

new diagnostic entity (Albert et al., 2011). The guidelines (summarised in

figure 1.3) are as follows: (i) self or informant-reported memory complaints;

(ii) objective cognitive decline for age demonstrated in one or more areas

including memory, visuospatial and executive functions (the same cognitive

deficits described in the previous section); (iii) preserved general cognition,

as assessed by screening tests that are not sensitive to specific cognitive

deficits related to dementia; and (iv) intact daily life. In addition to these

neuropsychological criteria, a clinical diagnosis of MCI as a prodromal stage

for AD is made only if neuropsychological tests are supported by the analy-

sis of biomarkers (as discussed in the neuropathology section). Specifically,
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biomarkers described in the Albert et al., 2011 guidelines are those extracted

from CSF sampling (as described in the previous section).

Figure 1.3: The current clinical diagnosis of MCI is based on
the Petersen criteria (Petersen et al., 1999; Petersen, 2004) with
the addition of the biomarkers (Albert et al., 2011). The inci-
dence of MCI from ageing is about 12-24% (based on differ-
ent population based studies in Western countries; Petersen
et al., 2010; Roberts et al., 2012; Solfrizzi et al., 2007; Un-
verzagt et al., 2001). The MCI stage is used an “umbrella”
term to characterise the transitory state from ageing to demen-
tia. Patients with a clinical diagnosis of the amnestic subtype
of MCI have major progression rate to AD then other subtypes
of MCI (based on 5 year longitudinal studies; Busse et al., 2006;

Tifratene et al., 2015).

The diagnosis of MCI has been widely adopted since its first formulation

to provide additional clinical features and predictors for individuals with

cognitive impairments (Palmer et al., 2008). However, the necessity to incor-

porate biomarkers in clinical trials (as in the Albert et al., 2011 guidelines)

arose mainly because MCI criteria were never supported by gold-standard
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neuropsychological tests that could operationalize the clinical assessment

(Petersen et al., 2014). In particular, the characterization of MCI has faced

two major criticisms: (i) instability; and (ii) heterogeneity. Instability arises

from the high rate of false positive diagnoses (∼20-40%; Edmonds et al.,

2015), in patients whose condition stabilises or whose cognitive deficits are

reversed within approximately 2 years. Hence, while the incidence rate of

MCI is much higher (∼12-24%) than that of AD (1-2%) in people older than

65 years, the lack of specific and widely accepted tools for cognitive assess-

ment make a diagnosis inconclusive (Petersen et al., 2010; Roberts et al.,

2012; Solfrizzi et al., 2007; Unverzagt et al., 2001). Heterogeneity, on the

other hand, reflects the diverse core features that characterise MCI, leading

to the diagnosis becoming a broader construct - a clinical syndrome with

multiple profiles due to a variety of aetiologies (Petersen et al., 2014). Vari-

ous aetiologies have overlapping cognitive changes which occur in the early

stages of different forms of dementia. In particular, it is important to note

that: (i) behavioural frontotemporal dementia is characterized by a progres-

sive deterioration of behaviour (social emotions, disinhibition, apathy) cou-

pled with executive and semantic knowledge dysfunction (two domains that

overlap with a diagnosis of prodromal AD) (Piguet et al., 2011); (ii) Lewy

body dementia is characterized by attention, executive and visuospatial im-

pairment typically accompanied by neuropsychiatric symptoms (Gomperts,

2016); (iii) vascular dementia is characterized by cognitive impairment as

the result of increasing cerebral perfusion leading to neurodegeneration of

many areas of the neocortex.

To overcome this problem of heterogeneity, the clinical definition of MCI

has been refined to incorporate different subtypes, corresponding to the pro-

dromal stages of different types of dementia. Currently the amnestic MCI

subtype (Winblad et al., 2004), where memory impairment is a necessary
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condition, has the most likelihood to progress to AD (figure 1.3, 18% per

year instead of 8% per year based on 5 year longitudinal study; Busse et al.,

2006; Tifratene et al., 2015). In this thesis, any subsequent reference to MCI

in the experimental chapters implicitly refers to this amnestic MCI subtype.

To summarize, while the notion of MCI allowed the potential for under-

standing and tracking the cognitive decline from ageing towards dementia,

the necessity for gold-standard tests to operationalize the clinical assessment

of MCI preceding AD has yet to be met. Composite scores, encompassing

a range of tests, have been created for screening and monitoring at risk

populations, however, and these have proved to be sensitive in character-

izing the amnestic MCI that typically precedes a full diagnosis of AD. In

the next section, a description of these composite scores and the additional

neuropsychological battery of tests used in the thesis will be provided. The

aim of this thesis is to create novel tests that are more sensitive at identify-

ing individuals at risk of AD, and such paradigms can only be assessed in

comparison to existing procedures.

1.2 Cognitive Tests

The need for brief, inexpensive and sensitive cognitive tests for the early

screening of AD is widely acknowledged. MCI has proven to be a poten-

tially significant diagnosis, however it is currently not supported by gold-

standard cognitive tests. As discussed in the previous section, assessing AD

requires testing various cognitive functions, therefore a general screening

must encompass a minimum range of tests. Within the scope of this thesis,

the neuropsychological battery of tests used to assess MCI comprises those

used to generate composite scores (e.g. for general screening) and those
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known to be specifically sensitive at detecting MCI due to prodromal AD.

Before introducing each test, it is important to note that there are currently

no cognitive tests reliable enough to produce a diagnosis at a single screen-

ing. Patients are usually monitored over a period of years in memory clinics

and diagnosis is best provided by the speed of cognitive decline over that

period. Unfortunately, this introduces a delay during which existing thera-

pies could start to be provided.

The tests presented here will be used in the following experimental chap-

ters as a baseline comparison for the new paradigms developed within this

thesis. These tests represent only a small sample of the vast existing litera-

ture on the assessment of MCI and AD, but have been chosen as a result of

their extensive use in developed countries, and the fact that they are robust

to differences in language, cultural and socio-economic status. Figure 1.4

provides the full list of tests used as well as the order in which they are

typically used.

1.2.1 Composite scores (ACE, MMSE)

The need for screening and diagnostic tests to provide an objective mea-

sure of cognitive function prompted the creation of all-purpose compos-

ite tests. The Mini-Mental State Examination (MMSE; Folstein, Folstein,

and McHugh, 1975) and the Addenbrooke Cognitive Examination (ACE;

Mathuranath et al., 2000) are examples of composite tests that will be used

throughout this thesis. Composite tests aim to screen different cognitive

functions and provide a global score based on the sum of individual scores

on different tests. Cognitive functions that are usually tested include: execu-

tive functions (attention; ACE), short-term memory (MMSE/ACE), semantic
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Figure 1.4: The following diagram summarizes the battery
tests adopted for the assessment of the amnestic MCI. Compos-
ite score were Addenbrooke Cognitive Examination (ACE) and
Mini Mental State Examination (MMSE) are general screening
tests. On the right hand side of the picture a timeline diagram
of the adopted neuropsychological battery test. Test abbrevia-
tions are as follows: National Adult Reading Test (NART), Rey
Complex Figure (RCF), Free and Cued Selective Reminding
Test (FCSRT), Trial Making Test side B (TMT-B), Four Mountain
Test (4MT), Digit Symbol Substitution Test (DSST). Between the
recollection of the RCF and the FCSRT a minimum time of 25

minutes elapsed. The battery of screening took one hour to be
completed. ACE and MMSE can take in total 30 minutes.

(MMSE/ACE) and visuospatial functions (MMSE/ACE).

The MMSE was originally envisaged as an all-purpose bedside cognitive

examination to be used in psychiatric settings. Only later in the last cen-

tury was it used with dementia patients, in a time before MCI was formally

recognised. Although the MMSE has proven to be sensitive to AD in later

stages (sensitivity around 0.80), it has proven unable to detect MCI stages

and lacks the sensitivity to distinguish typical AD from other forms of de-

mentia (Mitchell, 2009). This lack of sensitivity has been associated with

the use of extremely simple tasks to assess memory and language func-

tion and with a failure to examine executive function, which could help

to identify the underlying cause of dementia. The ACE learned from the

MMSE and added a more extensive cognitive battery (taking about 25 min-

utes to be completed, while the MMSE takes only 5 minutes). The ACE has
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subsequently proven to have superior diagnostic accuracy compared to the

MMSE, particularly in supporting a diagnosis of MCI (sensitivity from 0.84

to 0.88; (Larner and Mitchell, 2014) and in detecting dementia (sensitivity

around 0.95). Importantly, scores on individual tests within the ACE bat-

tery have also proven useful in distinguishing different form of dementia

(Hsieh et al., 2013). These tests have been used in this thesis to differentiate

the healthy older population from those with MCI and at the same time

to characterise the level of cognitive impairment across the healthy older

and MCI populations screen the general population (healthy elderly) and to

screen the MCI patients.

1.2.2 Pre-morbid IQ

One of the main challenges of composite tests such as those described in

the previous section is to have high inter-rater reliability – i.e. consistency

in scoring between different assessors - and low intra-rater variability – i.e.

consistency in the scores generated by each assessor across instances. A sys-

tematic review (Larner and Mitchell, 2014) showed that both the MMSE and

ACE show high intra-rater variability, and similar studies suggested that

this may be due to differences in education levels that could affect perfor-

mance in memory, fluency and language domain (dos Santos Kawata et al.,

2012; Nieto et al., 2016). Therefore, it is important to find a method for cor-

recting these composite scores based on a measure of intelligence quotient

(IQ). One way in which IQ can be measured is using the National Adult

Reading Test (NART; Nelson and Willison, 1991). The NART consists of

pronouncing a list of words with irregular lexical rules. The resultant score

indicates the level of education and professional achievements in a healthy

population and, most importantly, has been to found to be robust in people
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with AD (Bright, Jaldow, and Kopelman, 2002). Knowledge of the irregular

words used in the test is thought to be reliant on long-term memory, which

is preserved until the later stages of AD (Stott et al., 2017).

1.2.3 Episodic Memory

Episodic memory function is usually probed by asking people to learn a

list of words and / or images, or (encoding) a set of associations between

stimuli, and then testing the recall of this information after a delay of 20-30

minutes.

The Free and Cued Selective Reminding Test (FCSRT; Buschke, 1984) is

a benchmark for this type of test. Patients are required to identify pictures

in response to category cues (grapes for fruit, cat for pet, etc.) and then

are asked to freely recall them both immediately and after 20-30 mins delay.

After free recall, the category cues are used to prompt (cued) recall of items

not previously retrieved. A total recall score is then generated as the sum

of the free and cued recall score. The use of a cued retrieval phase after

free recall aims to reduce the impact of attention deficits, a typical confound

when testing subjects at risk of neurodegenerative disease. The test has been

proven to be sensitive to the detection of mild dementia with a free recall

(specificity of about 0.76) (Grober et al., 2010). Interestingly, performance

sensitivity did not improve as a result of cued recall, suggesting that the im-

pairment could be present at encoding, rather than at retrieval. The test has

also been used to distinguish AD patients from vascular dementia patients

with a sensitivity of 0.83 in the immediate and 0.79 in the delayed free recall

test (Grober et al., 2008). The FCSRT is currently a key test for neuropsy-

chological screening in memory clinics and has been proven to be a reliable
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indicator of AD diagnosis.

1.2.4 Executive and Speed Functioning

As discussed in the previous section, executive function is another key abil-

ity to be tested in the process of diagnosing dementia. It can be defined as

the ability to think flexibly and maintain attention. Standard tests of exec-

utive function include the Digit Symbol Substitution Test (DSST) and Trail

Making Test (TMT; Reitan, 1958). The DSST was originally designed to be

part of the Wechsler Adult Intelligence Scale-III (Ryan and Lopez, 2001). It

requires patients to copy symbols matched to digits according to a provided

key. The number of correctly matched symbols within the allowed time,

usually 90-120 seconds, constitutes the score. The use of abstract symbols

and common digits (from 1 to 9) minimises the impact of language and

education on performance, making it suitable as a neuropsychological tool.

Good performance on the test is an indicator of intact motor speed (i.e. writ-

ing down responses at a reasonable pace), attention (switching between the

current digit and the symbol to substitute) and visuoperceptual function (be-

ing able to reproduce the symbol correctly). Working memory is also likely

to be required to hold in mind the task rules and for the continuous up-

dating of symbol-digit pairs. Reduced processing speed, corresponding to

lower scores, can be seen in neurodegenerative diseases affecting the frontal

cortex and subcortical structures (Marshall et al., 2011). However, the test

has been shown unable to distinguish AD from other form of dementia,

in particular, Lewy body dementia in which motor and visual deficits may

contribute to a reduced score (Demakis et al., 2001).

In the TMT, patients are asked to connect randomly arranged circles

containing numbers or numbers/letters in an orderly fashion. Patients are
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timed until they connect the last circle and the score corresponds to the time

total taken. Although there is a sparse literature elucidating the possible

neural correlates required for this task (Shindo et al., 2013), successful per-

formance of the TMT requires efficient cognitive processing (the ability to

identify the next circle) and executive function (searching for the next circle

while keeping it in mind). It has been widely used to detect cognitive de-

cline in older populations and has been proven to distinguish amnestic MCI

from AD patients (Terada et al., 2013; Zhou et al., 2017).

1.2.5 Visual Construction and Recall

The ability to visualise and recall geometrical structures is usually tested

using constructional tasks such as the Rey-Osterrieth Complex Figure Test

(RCFT; Corwin and Bylsma, 1993), or the visuospatial subtask of Adden-

brooke’s Cognitive Examination. Visuospatial function relies on the parietal

lobe, where damage occurs in the early to middle stages of AD as out-

lined in the neuropathology section above (Iachini et al., 2009). Visuospatial

abilities have started to be tested relatively recently, following one known

symptom of AD that has often been undervalued in the early neuropsy-

chological characterization of the disease: topographical disorientation. The

RCFT requires studying a complex figure and reproducing it either imme-

diately, by directly copying, or following a delay by visualising the figure

from memory. The delay can be immediate (right after viewing), up to

several minutes. This test probes both visuospatial construction and visual

memory function. A score is assigned based on the accuracy with which

participants can replicate the image. MCI patients show deficits on this

test and, depending on the severity of the disease, the test can differentiate

progression to Alzheimer’s from progression to frontotemporal dementia
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(Kasai et al., 2006; Salimi et al., 2019). However, given the complexity of

the task, it is difficult to distinguish the contribution of visuospatial deficits

from memory deficits and also from executive deficits (i.e. the ability to

draw and the ability to identify smaller objects within the figure).

1.3 Spatial Cognition as Alzheimer’s Disease Marker

1.3.1 Introduction

In the previous section, a detailed description of the issues with AD diagno-

sis has been provided, with a focus on pathophysiological aspects of the dis-

ease. The amyloid cascade hypothesis, which has driven the use of most of

the neuropsychological tests described in the previous section, has recently

started to vacillate with the discovery of Primary Age Related Tauopathy

(PART). A newly adopted framework based on an unbiased classification of

AD has recently been formulated as the A/T/N system (Jack et al., 2016).

The system proposes to divide biomarkers into three different categories

based on their nature: “A” referring to amyloid biomarkers; “T” referring

to tau biomarkers; and “N” referring to neurodegeneration (usually derived

from PET scanning, structural MRI or CSF sampling).

A composite A/T/N score for each individual can then be generated

according to the presence or absence of biomarkers in each individual cat-

egory, and the advantage of this formulation is that it entails descriptive

categorization rather than diagnostic classification. As mentioned above,

neuroimaging techniques are likely to play an increasingly large part in the

assessment of neurodegeneration in the future. That is not to say, however,
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that neuropsychology will cease to play an equally important role in de-

mentia assessment and research. In particular, that research aims to isolate

critical functions that can be tested to identify the onset and nature of the

earliest cognitive deficits associated with AD, which is the main scope of

this thesis. Neurodegeneration should be still assayed on the basis of cog-

nitive decline and supplemented by biomarker information. Furthermore,

neuropsychology can be used to track cognitive decline over the “contin-

uum” of ageing to MCI to AD.

To design tests that detect the earliest cognitive deficits associated AD,

within this thesis, a preference for tauopathy has been chosen by being ag-

nostic to the temporal order of amyloid / tau associated degeneration. The

principal reason for this is that the spread of tau through the brain has

very low variability across patients with different backgrounds, ethnicities

and socioeconomical status. In tauopathy, the MTL structures play a central

role. In addition, along with advances in AD research, our understanding

of cognitive functions that recruit and rely on MTL regions and their affer-

ents have significantly increased over the last two decades (just to mention

here as an example the grid cells discovery in 2005). Thus, in the following

section, I will describe and discuss cognitive functions associated with the

MTL, thereby providing a background for the ideas developed during the

experimental chapters.

When examining tauopathy it is important to understand the spread and

division between early and later affected areas, the former being the main

focus for this thesis. Figure 1.5, taken from (Coughlan et al., 2018), shows

the two principal stages of tau staging, previously described in the neu-

ropathology section above, as a single snapshot of a medial section through

the brain. The principal hypothesised function of each highlighted area is
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also shown.

Figure 1.5: Figure took from Coughlan et al., 2018. The figure
shows the different staging of tauopathy in one single brain
snapshot of a medial section. Yellow areas (prodromal includes
the MCI formulation) represent the areas that are early affected
by the tauopathy and have been marked with different shades
just for distinguish them. The entorhinal cortex and the hip-
pocampus, both part of the hippocampal formation, are the ar-
eas firstly affected by the disease spreading. Retrosplenial cor-
tex, posterior cingulate cortex and parietal cortex are also areas
associated with early AD, although they are affected later then
hippocampal formation structures. The orange shades repre-
sent the typical AD, where patients are symptomatic as a result
of tau proteins interacting with the amyloid beta proteins, cre-

ating the neurotoxic cascade.

The perirhinal and entorhinal cortex play an important role in the very

early stages of tauopathy, and one other area that is consistently affected by

the early stages of tauopathy is the hippocampus. These areas are part of the

hippocampal formation within the MTL, which - despite some differences

in morphology and connectivity with other brain regions - is a structure

conserved across mammalian species (e.g. rodents and bats). This is impor-

tant because studies of hippocampal function generally favour homologies
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between humans and rodents, despite some notable differences such as ro-

dents having a less complex visual system and being nocturnal rather than

diurnal (Clark and Squire, 2013). Retrosplenial, posterior cingulate and pari-

etal cortices are other regions commonly associated with the early stages of

tauopathy.

Together, these regions are primarily believed to contribute to spatial

navigation in humans and other mammals. Our knowledge of the brain’s

navigation system has been rapidly increasing over the past two decades,

and the fact that the brain regions involved overlap substantially with those

affected by tauopathy provides some hope for neuropsychological measures

of navigation being used to accurately identify the cognitive deficits associ-

ated with AD. This section will provide the necessary background regard-

ing mammalian spatial cognition. In the ‘Spatial Strategies’ subsection, I

will provide an overview of navigation behaviour; in the ‘Neural Correlates’

subsection, I will describe the various spatially modulated cell types within

the hippocampal formation that are likely to support navigation function; in

the ‘Navigation in Healthy Humans and Ageing’ subsection, I will discuss a

selection of navigation studies performed with healthy human participants

(with a focus on ageing); and finally, in the ‘Navigation in AD’ subsec-

tion I will describe recent developments in applying this knowledge to the

Alzheimer’s domain.

1.3.2 Spatial Strategies

Navigation is a fundamental behaviour for animals, being necessary for ev-

eryday activities including foraging, returning to a nest and avoiding preda-

tors. Navigation is defined as the process of determining and maintaining
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a trajectory from one location to another (Gallistel, 1990). Such a process

relies on two co-dependent strategies (and relative spatial reference frames)

that allow successful navigation between two distinct points in the world.

Indeed, navigation strategies are classified as either “egocentric” (i.e. self-

centred) or “allocentric” (i.e. world-centred), according to the nature of the

representations that support them and the nature of the output they provide.

Figure 1.6: Spatial informations are acquired using two dif-
ferent spatial references. In the egocentric spatial reference
constituents of the environment are encoded in relation to the
self or in relation to the viewer’s point of view (left part of
the picture). In the allocentric spatial reference constituents of
the environment are encoded in relation to each other or in
relation to a world coordinate external to the self. When learn-
ing about a new environment both references are thought to
co-exist to create an integrated representation of space. Figure

took from Coughlan et al., 2018

Egocentric strategies are usually implemented in habitual learning and

in the retrieval of regular routes (Hartley et al., 2004). When an agent (e.g.

human, rat or monkey) navigates an environment using egocentric strate-

gies, spatial relations between the constituent parts of the environment (e.g.

objects, landmarks, boundaries) are encoded in an egocentric frame of ref-

erence – i.e. based on a self-to-object relation (figure 1.6 left side). The
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egocentric frame of reference helps to form an internal representation of

space that supports a sequence of bodily movements dependent on the cur-

rent location and orientation of the agent. Perceptual processing of visual

inputs, distance from landmarks, sensorimotor and vestibular information

are all used to support navigation. Recall of a route using egocentric strate-

gies relies also on the temporal order in which environmental features are

encountered, to facilitate stimulus-response behaviour – i.e. turn right at the

desk, then turn left at the book.

When information about a known environment is lacking, or when ex-

ploring novel routes, a learned sequence of bodily movements is not avail-

able and therefore an allocentric strategy is more useful for successful nav-

igation (Hartley et al., 2004). When an agent navigates using allocentric

strategies, the relationships between the constituent features of an envi-

ronment are encoded in an allocentric frame of reference – i.e. based on

object-to-object relations (figure 1.6 right side). The location of constituent

features are memorized and encoded by the agent in an internal representa-

tion known as a “cognitive map” (O’Keefe and Nadel, 1978; Tolman, 1948).

This cognitive map can subsequently be used by the agent to flexibly select

the best available route to reach a goal (e.g. food) or destination (e.g. nest),

regardless of the starting point. The concept of cognitive map is being often

associated with allocentric strategies, to indicate the ability by agents to plan

efficiently other than behaving on a stimuli-response association (as in the

egocentric strategies).

The ability to maintain an allocentric representation is dependent on be-

ing able to update an estimate of self-location within the cognitive map

based on visual (i.e. optic flow), proprioceptive (i.e. feedback from joint

and muscles) and vestibular (angular and linear head acceleration) inputs,
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as part of a process known as ‘path integration’ (Gallistel, 1990; McNaughton

et al., 2006). Path integration plays a pivotal role in an agent’s ability to suc-

cessfully maintain an estimate of its own location within an environment

(Spiers and Barry, 2015).

Importantly, egocentric and allocentric navigation strategies are not com-

pletely independent because the ability to encode the relative location of

features within an environment relies on the translation of egocentric inputs

into allocentric relationships – e.g. the book is two meters from my current

location and on my right there is a door. Both strategies are associated with

a network of brain regions that function concurrently to provide optimal

performance. There is currently no experimental evidence that can tell us

that a strategy is used in the absence of the other or vice-versa. Experiments

that have tried to dissociate the two strategies typically ask participants to

encode and retrieve locations while features of the environment (e.g. the po-

sition of landmarks) or self-location is updated (Frances Wang and Simons,

1999; Burgess, 2006). These experiments have shown that there are indi-

vidual differences in navigation preference, such that different participants

prefer specific strategies when attempting to solve spatial tasks, but experi-

mental manipulations could not ensure the use of one or the other strategy.

This constant translation between egocentric and allocentric strategies and

reference frames may be of importance for the early detection of AD, if seen

as a possible sign of topographical disorientation.

1.3.3 Neural Correlates

Research into the neural correlates that support navigation has mostly been

carried out using animal models (especially rodents) and electrophysiology



1.3. Spatial Cognition as Alzheimer’s Disease Marker 33

techniques. In particular, electrophysiology recordings in freely moving ro-

dents have revealed several distinct neuronal representations that enable the

animal to keep track of its location in space. These representations have each

been linked to specific navigational requirements, including the sensory fea-

tures associated with different locations, head direction and distance trav-

elled (i.e. path integration; see figure 1.7).

Allocentric navigation strategies are thought to be supported by an en-

semble of cells found in the CA1 and CA3 (cornu ammonis) subfields of

the hippocampus. These neurons are referred to as “place cells” (O’Keefe,

1976), and - in 2D environments - fire selectively when the animal is located

within a specific area – the corresponding place field - regardless of its ori-

entation (see figure 1.7). Studies of place cells in freely moving rodents have

shown that place fields become stable and spatially restricted with repeated

exposure to the same environment, suggesting a learning component. Im-

portantly, place field locations are dictated by sensory features of the envi-

ronment (e.g. landmarks and boundaries; Save, Nerad, and Poucet, 2000;

Yoganarasimha and Knierim, 2005), but place cells in rodents are still active

in total darkness (i.e. in the supposed absence of sensory inputs) if the ani-

mal is kept in the environment. This suggests that place cells in rodents are

the end result of the integration of inputs from different sensory modalities

(e.g. whisking, olfaction and vestibular) (Save, Nerad, and Poucet, 2000;

Zhang et al., 2014). Lastly, when animals are exposed to new or a change

in the environments, place cells form a new and distinct representation in

a phenomenon known as “remapping” which the place cells changing their

spatial selectivity upon changing contextual inputs (Anderson and Jeffery,

2003). Together, these properties suggest that place cells provide a cognitive

representation of self-location within the environment and play a role in en-

coding the allocentric representation of the space - i.e. that place cells are
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Figure 1.7: Hippocampus supports allocentric spatial repre-
sentations as suggest by the presence of place cells. The en-
torhinal cortex is one of the major input/output to the hip-
pocampus (black solid arrows). A structural and functional
subdivision of the entorhinal cortex, following the division
medial/lateral in rodents, is being found in humans (al = an-
terolateral; pm = posterior medial). Posteriomedial entorhinal
cortex (pmEC) is involved in path integration as suggested by
the presence of grid cells. The role of the anterolateral en-
torhinal cortex (alEC) is still largely unknown but very recent
evidences in rodents and humans (Qasim et al., 2019; Yeung
et al., 2019) suggest an implication on the formation of a co-
joint representation of object identity and location. PmEC pro-
cesses idiothetic cues coming from the dorsal “where” stream
suggested from one of the major input being the retrosplenial
cortex, while the alEC process allothetic cues coming from the
ventral“what” stream as suggest from one of the major input
being the perirhinal cortex.The representation of the entorhinal
cortex are thought to converge in the hippocampal formation
(in CA3 of hippocampus and dentate gyrus; not show in the
schematics) holding the representation of space. Rate maps
are presented for place cells (adapted from Grieves and Jef-
fery, 2017), grid cells (adapted from Fyhn et al., 2007), object
cells (adapted from Deshmukh and Knierim, 2011) and head-
direction cells (replicated from Jacob et al., 2017a). The allo-

centric schematic was took from Coughlan et al., 2018.

the neural substrate of the cognitive map.
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Crucially, in humans, two important electrophysiology studies (Ekstrom

et al., 2003; Jacobs et al., 2010) have described neurons in the hippocampus

with spatial firing patterns equivalent to rodent place cells. Some differences

between rodent and human place cells do exist, however. For example, spa-

tially modulated cells are much less prevalent in the human hippocampus

(Ekstrom et al., 2003; Miller et al., 2013) suggesting that navigation in hu-

mans may rely on a broader network of brain regions. Indeed, Ekstrom

et al. (2003) found cells in parahippocampal cortex that responded to spe-

cific landmarks (or specific views) during active navigation and Miller et

al. (2013) found cells in the anterior medial temporal lobe (and entorhinal

cortex in particular) that were active when participants were asked to locate

a particular goal. Collectively, these results suggest that while the human

hippocampus may play a role in providing an allocentric representation of

space (as suggested by the presence of place cells), it does not purely encode

self-location, but many aspects of space conjunctively, including the current

view and current goal.

To gain a better understanding of the contribution made by the hip-

pocampus to allocentric representations of space, it is important to examine

the major inputs and outputs of this brain region. Such an appraisal places

the entorhinal cortex in a primary role, it being the major cortical input

to the hippocampus and, in turn, one of the principal cortical outputs of

the hippocampus (Lavenex and Amaral, 2000; Schultz, Sommer, and Pe-

ters, 2015) (see figure 1.7). This reciprocal connectivity may suggest that

the hippocampus and entorhinal cortex play a combine or complementary

role in successful navigation. Furthermore, within the entorhinal cortex, a

functional and structural division between medial and lateral subregions

has been identified both in rodents (for a review; Knierim, Neunuebel, and
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Deshmukh, 2014) and, more recently, in humans (following a posterome-

dial / anterolateral division in this case; Maass et al., 2015; Schröder et

al., 2015) (see figure 1.7). Currently, a comprehensive understanding of the

functional contribution made by each subregion is lacking, but the predom-

inant theory suggests that the medial portion is responsible for encoding

spatial information and the lateral portion for encoding non-spatial infor-

mation (Eichenbaum et al., 2012).

Importantly, an ensemble of cells supporting a representation of self-

location in large-scale space has been identified in the rodent medial en-

torhinal cortex. These cells are referred to as “grid cells”, because they fire

whenever an animal is located within a series of locations arranged on the

vertices of a grid of equilateral triangles (or, equivalently, at the vertices of

a hexagon; Fyhn et al., 2004; Hafting et al., 2005) (see figure 1.7 for an ex-

ample). Like place cells, the firing of grid cells is dictated by the features

of an environment, such that rotating distal landmarks around an environ-

ment causes grid firing fields to rotate accordingly (Hafting et al., 2005) and

deformations to the environment distort the grid pattern (Stensola et al.,

2012). Unlike place cells, however, the relationship between the firing pat-

terns of different grid cells remain constant across all environments visited

by the animal (Fyhn et al., 2007), and these firing patterns seems to be in-

dependent on environmental features (e.g. they seems stable in darkness),

although literature has shown contrasting results (Chen et al., 2019; Haft-

ing et al., 2005). These properties suggest that grid cells are involved in

representing self-location while navigating, and may be the neuronal cor-

relate of path integration, as the grid cell network can be used to compute

a vector indicating the distance and direction to a known goal (Bush et al.,

2015). Grid cells have also been found in mice and bats, suggesting that they

may be conserved across mammalian species, however only one study has
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described grid firing patterns in humans (Jacobs et al., 2013) and evidence

for the existence of grid cell activity in humans more frequently relies on

functional magnetic resonance imaging (fMRI) (Doeller, Barry, and Burgess,

2010). In particular, several studies have demonstrated six-fold symmetry in

the BOLD (blood oxygen level dependent) response of the entorhinal cortex

according to movement direction within virtual reality environments, con-

sistent with grid cell activity (Kim and Maguire, 2019; Maidenbaum et al.,

2018).

In the last decade, research has also focussed on the properties of cells

in the lateral entorhinal cortex. A series of rodent studies have described

the properties of “object cells”, which fire selectively when an animal is

in the proximity of objects placed within the environment (Deshmukh and

Knierim, 2011; Deshmukh and Knierim, 2013) (see figure 1.7 for an exam-

ple). Interestingly object cell activity can remain stable after the correspond-

ing objects are removed from the environment in some cases (Tsao, Moser,

and Moser, 2013; Wang et al., 2018). Collectively, these results suggest that

cells in the lateral entorhinal cortex are capable of storing a representation

of object location in memory. In humans, one electrophysiology study using

navigation in virtual reality has described similar single neuron responses

in the entorhinal cortex (Qasim et al., 2019). In that study, participants were

asked to remember the location of different objects in a linear virtual reality

environment, and the authors found cells in the entorhinal cortex that were

active only when the participant was in close proximity to the remembered

location of the object they were currently being asked to navigate towards.

Finally, one other ensemble of cells that are crucial for successful naviga-

tion are ‘head direction’ cells, which exhibit firing that is strongly modulated

by the current heading direction of the animal (Taube, Muller, and Ranck,
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1990). These cells were first identified in the postsubiculum, but have subse-

quently been found in most regions of the limbic system, posterior parietal

cortex, presubiculum, thalamus and retrosplenial cortex (Shine et al., 2016).

Like place cells, head direction cell firing patterns are dependent on features

of the environment (e.g. they will rotate along with the location of a promi-

nent landmark outside of the recording environment; Yoganarasimha and

Knierim, 2005).

Place, grid, head-direction and object cells are only part of the diverse

array of spatially modulated cells that have been discovered in recent years,

and which highlights how complex the brains spatial navigation system can

be. Crucially, all regions in which these cells are recorded implicated in the

early stages of tauopathy, suggesting that spatial navigation has great poten-

tial as an assessment tool in detecting prodromal AD. In addition, assess-

ments of spatial navigation also allow translation between animal models

and human clinical trials. This stands in contrast to the characterisation of

episodic memory deficits, which are hard to operationalise in non-human

species.

1.3.4 Navigation in Healthy Humans and Ageing

In the formulation of AD as part of the continuum of ageing, understanding

spatial navigation in heathy individuals, both young and elderly, is the start-

ing point for identifying any potential abnormalities encountered in AD. In

this section, following a description of the neuronal correlates of spatial cog-

nition, I will provide a brief review of navigation studies in healthy humans,

presenting a selected pool of behavioural and neuroimaging studies, with a

particular focus on studies of navigation in ageing.
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The advent of non-invasive neuroimaging methods has made it possi-

ble to study human navigation while assaying brain function. Although

these techniques cannot address information processing at the neuronal

level, they can provide a proxy measure of regional brain activity. fMRI

measures changes in blood oxygenation levels (i.e. metabolic activity) as

a proxy for neuronal activity while subjects remain stationary in the scan-

ner. Simultaneously, with the development of software and hardware tech-

nologies, virtual reality (VR) has started to be widely used in experimental

neuroscience. Virtual reality refers to computer generated 3D environments

experienced by the user with a simulation of their physical presence. It is an

ideal technology for studying human spatial navigation in fMRI, allowing

subjects to traverse large-scale environments while stationary in the scanner.

Studies based on route learning in VR towns have shown that naviga-

tion using environmental features (i.e. landmarks such as buildings, streets,

rooms) is associated with increased activity in parahippocampal regions,

while route knowledge was associated performance-related activity in pari-

etal cortex (Wolbers, Weiller, and Büchel, 2004). Increased activity in parietal

cortex has also been identified when computing directions to a goal from a

specific view (Maguire et al., 1998b; Spiers and Maguire, 2007), suggesting

that parietal cortex participates both in encoding the spatial relationships

between consecutive landmarks and in egocentric navigation strategies. An-

other VR study where participants had to navigate within a virtual town

found that following a well-learned route was associated with activity in

the striatum (Hartley et al., 2004), reinforcing the idea that egocentric strate-

gies are associated with extra-hippocampal activity.

Conversely, increased hippocampal activity during navigation is observed
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during successful wayfinding using a mental representation of the spatial

layout of the environment (Grön et al., 2006; Hartley et al., 2004; Maguire et

al., 1998b; Wolbers and Büchel, 2005) and structural volumes of this region

are correlated with successful navigation (Maguire et al., 1998b; Schinazi

et al., 2013). Moreover, good and bad navigators (i.e. faster on creating a

cognitive map of the environment or more able to use an allocentric strat-

egy to find a hidden goal in a VR maze) can be distinguished on the basis

of fibre density inside the hippocampus, as indicated by diffusion tensor

imaging (Iaria et al., 2008) and on the basis of gray matter volumes as sug-

gested by structural MRI (Bohbot et al., 2007). A study of London taxi

drivers, who undergo extensive training to learn a map of the city, revealed

larger hippocampi than people without the same knowledge (Maguire et al.,

2000). Finally, several studies have identified a positive correlation between

metabolic activity in the hippocampus or entorhinal cortex and navigational

accuracy or the Euclidean distance to a goal (Howard et al., 2014; Spiers

and Maguire, 2007; Viard et al., 2011). In sum, these results suggest that

these MTL regions are involved in the formation of allocentric representa-

tions and, in particular, that the entorhinal cortex is responsible for path

integration during navigation.

Another region highly involved in navigation function is the retrosple-

nial cortex. It is hypothesised that the retrosplenial cortex mediates the

translation process between egocentric parietal and allocentric MTL refer-

ence frames, as it projects indirectly to the hippocampus via medial entorhi-

nal cortex and directly to the parahippocampal and parietal cortex (Byrne,

Becker, and Burgess, 2007). Retrosplenial cortex exhibits increased activ-

ity when viewing a spatial scene in familiar environments (Auger, Mullally,

and Maguire, 2012; Epstein, 2008), but also appears to play a role in the

learning of novel environments, as suggested by increased activity during



1.3. Spatial Cognition as Alzheimer’s Disease Marker 41

the acquisition of new topographic information (Wolbers et al., 2004) and

during survey-routes in novel environments (Wolbers and Büchel, 2005).

One study, in which participants were required to navigate a VR version of

London, showed that activity in retrosplenial cortex increased specifically

when spatial representations needed to be updated or manipulated during

route planning (e.g. opening/closing a new street or suddenly changing

destination; Spiers and Maguire, 2006). Collectively, these results support

the idea that the retrosplenial cortex could be involved in the translation

between egocentric and allocentric spatial reference frames, suggesting that

dysfunction of this region may contribute to the topographical disorienta-

tion associated with AD.

As mentioned early, one of the challenges in AD diagnosis is to detect

subtle cognitive deficits in the prodromal stage and, considering the recent

popularity of the PART framework, such deficits could begin to appear dur-

ing healthy ageing. The majority of research on spatial navigation in normal

ageing is consistent with the idea that navigation ability, and in particular

allocentric strategies (Iaria et al., 2009), decline with age (Lester et al., 2017;

Lithfous, Dufour, and Després, 2013). Possible mechanisms to account for

this cognitive decline include reduced volume of the hippocampus (Schuff

et al., 1999) and reduced blood flow (Heo et al., 2010) during normal ageing.

The navigation deficits identified by behavioural studies of ageing have

particularly focussed on path integration, where older people systematically

underestimate travelled distances and turns, and are less accurate in return-

ing to the start of a journey in the real world (Adamo et al., 2012; Allen

et al., 2004; Harris and Wolbers, 2012; Mahmood et al., 2009). This has been

shown also in the absence of optic flow (by removing visual cues), but inter-

estingly it is the absence of proprioceptive input (e.g. active walking) that
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impairs performance to the greatest extent in older people, as demonstrated

by studies where path integration was performed in a wheelchair and with

active walking (Adamo et al., 2012; Allen et al., 2004). Place learning is also

affected in older people as outlined by deficits (in terms of both response

times and accuracy) in locating a hidden object in a virtual arena with a

circular boundary and proximal cues (Moffat and Resnick, 2002).

Interestingly, navigation deficits in allocentric strategies are not matched

by similar deficits in egocentric strategies (Gazova et al., 2013). Older par-

ticipants are able to estimate distances between two external objects as well

as younger adults (Bian and Andersen, 2013; Norman et al., 2015). Reduced

performance when using allocentric strategies may also be compensated for

by a preference in using egocentric strategies to solve wayfinding, as sug-

gested by one study where participants had to navigate to the correct end of

a virtual Y shaped maze (Rodgers, Sindone, and Moffat, 2012). Older people

tended to choose the turn based on the learned movement (i.e. turn right or

left at the junction) regardless of the arm that they started from, consistent

with the use of an egocentric strategy.

Deficits in allocentric navigation identified in ageing are promising for

the early diagnosis of AD, because if those deficits increase with AD related

pathology then they may constitute a viable cognitive marker for the disease.

Moreover, the preservation of spatial strategies that are independent of the

MTL may be particularly important, to provide a means of discriminating

between an age-related and AD-related decline in navigational ability. In

the next section a brief review of spatial navigation in AD will be provided

to complete the background needed for the experimental chapters.
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1.3.5 Navigation in AD

Topographical disorientation is a common complaint reported by AD pa-

tients. However, early identification of the disease based on navigational

difficulties is still not performed routinely in memory clinics. Most of the

tests created in the field are still experimental and some are unsuitable for

use in clinical settings. Moreover, advances in understanding the neurolog-

ical foundations of spatial navigation from the past two decades have yet

to inform AD research with specific navigation strategies that can be used

for clinical assessment. In this section, a description of experimental results

using navigation paradigms in AD (and MCI) is provided. However, before

delving into the behavioural changes associated with human AD, a final

link between neuropathology and the neural correlates of navigation will be

presented by describing behavioural and electrophysiology studies in trans-

genic AD mouse models.

Electrophysiology Studies In Rodents

Studies on mouse model of AD have been the most important research tool

for finding new treatments aimed at modifying or slowing the onset of the

disease. Importantly, AD mouse models have also been used to investi-

gate the function and brain neurodegeneration associations in spatial cogni-

tion. One study using an AD mouse model that expresses amyloid-β tested

the behavioural aspects of spatial learning (Walker et al., 2011). Using a

hippocampus-dependent spatial task, where animals must find a specific es-

cape hole amongst many that are visually identical on a cylindrical platform

surrounded by distal landmarks, the authors showed that AD mice exhib-

ited a slower learning rate (but comparable performance on the last day of

training) and reduced retention of the spatial map after a two week delay,
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compared to control animals. The authors concluded that spatial deficits in

the AD mice, attributed specifically to difficulties in the use of allocentric

strategies, occur in the advanced stages of amyloid pathology.

Figure 1.8: Tau mouse models show degraded spatial selec-
tively and firing rates in both place cells and grid at a later
stage of their life. (A-B) Recordings from electrophysiology
experiments in mice. Top: control mice. Bottom: AD model
mice. (A) Place cell activity of a single neuron in the hip-
pocampus. (adapted from Cheng and Ji, 2013). (B) Grid cell
activity recorded from a single neuron in the entorhinal cortex
of mice. Right panels show autocorrelograms from the grid
cell activity. Grid score, a measure of how regular the hexago-
nal grid cell pattern is, are reduced in mice with Alzheimer’s
disease pathology (adapted from Fu et al., 2017). (C) Grid-cell-
like representations extrapolated from entorhinal BOLD signal.
Young adults at genetic risk of Alzheimer’s disease (APOE-e4

carriers) show reduced representations compared to the con-
trol group (replicated from Kunz et al., 2015).

Degraded place cell activity has also been described in the hippocam-

pus of both transgenic mice expressing amyloid (Cacucci et al., 2008) and

transgenic mice expressing tau (Booth et al., 2016; Cheng and Ji, 2013; De

Calignon et al., 2012) (see figure 1.8 A). In older mice, place fields exhibit

reduced stability and reduced spatial information resulting from an increase

in the size of place fields. Interestingly, place cell temporal activity se-

quences are still robustly maintained (Booth et al., 2016), despite an over-

all degradation in place cell firing patterns (Cheng & Ji, 2013). Interestingly,
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some authors have attributed the reduction in spatial information to reduced

interaction between hippocampus and medial entorhinal cortex (Hales et al.,

2014), as medial entorhinal cortex provides a prominent spatial input to hip-

pocampal place cells. Importantly, the reduced spatial tuning exhibited by

place cells in AD mouse models affected behavioural performances in a T-

maze navigation task. Specifically, performances positively correlated with

the quality of place cell, in terms of firing rate and place field size (Cacucci

et al., 2008). In addition, a positive correlation was identified between place

cell field size and a post-mortem measurement of plaques in the hippocam-

pal formation and neocortical regions (Cacucci et al., 2008). However, due

to the advanced state of amyloid expression in multiple cortical regions, it is

not possible to make a direct link between navigation performance and the

degradation of place cell firing patterns. Nonetheless, these rodent studies

established a strong link between AD related neurodegeneration and degra-

dation of the neural correlates of spatial cognition.

Currently there is a relatively sparse literature examining grid cell fir-

ing patterns after a period of neuropathology due to Alzheimer’s disease.

Using tau mice models, Fu et al. recorded grid cells in medial entorhinal

cortex while animals performed a spatial learning task in which they had to

find a hidden object. In this study, grid cells showed a selective decrease in

firing rates, grid score – i.e. regularity of the grid cell firing pattern - and

spatial information content – seemingly due to deformations in grid cell fir-

ing patterns at the borders of the environment (see figure 1.8 B). In addition,

the aged transgenic mice were typically unable to locate the hidden object,

revealing a typical phenotype of disorientation associated with Alzheimer’s

disease (Fu et al., 2017). Due to the advanced status of pathology in these

AD models, it is not possible to make inferences regarding the relative tim-

ing of degradation in place and grid cell firing patterns. However, given the
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pattern of neurodegeneration explained earlier and reciprocal connections

in the hippocampal-entorhinal system, the observed effect on place cells may

be the result of degradation in the grid cell inputs coming from entorhinal

cortex.

In sum, these studies have closed the gap between neuropathology asso-

ciated with AD and the neural correlates of navigation, reinforcing the idea

that navigation deficits in AD may be a promising behavioural marker.

Human studies

In humans, navigation studies of clinical cohorts are conducted either us-

ing real-world or virtual-reality paradigms. Two comprehensive studies

tested subjects from different age groups and clinical status – e.g. young

and middle-age adults, elderly, MCI and AD patients – on a range of tasks

including real-world spatial navigation using landmarks (e.g. in the hospital

lobby), landmark free recall (e.g. asking participants to freely recall features

of an environment) and recognition (e.g. using photos), way-finding, self-

orientation (e.g. asking participants to point to a specific location during

navigation), route learning and drawing (e.g. asking participants to cre-

ate a map of the explored environment) (Duffy, Cushman, and Stein, 2008;

Monacelli et al., 2003). These studies found that patients with MCI and

AD had more difficulties compared to age-matched older healthy controls

in: i) recalling previously learned landmarks; ii) way-finding (e.g finding

the entrance of the hospital from a previously visited room); iii) in route-

learning (i.e. recalling which direction to turn at different landmarks on

a previously learned route); iv) drawing a top-view map of the explored

environment; and v) self-orientation (e.g. pointing in the direction of a

particular landmark from another location) (Duffy, Cushman, and Stein,
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2008; Kavcic et al., 2006; Monacelli et al., 2003). The authors suggested that

both deficits were attributed to the use of both egocentric and allocentric

strategies. Conversely, MCI patients were less impaired than those with AD

overall and performed comparably to age-matched controls in the landmark

recall and self-orientation tasks (Duffy, Cushman, and Stein, 2008). Similar

studies have incorporated structural volumes of the regions of interest and

attributed the deficits in allocentric strategies exhibited by the AD and MCI

groups to hippocampal atrophy (DeIpolyi et al., 2007; Guderian et al., 2015;

Nedelska et al., 2012), and deficits in egocentric strategies to atrophy of right

inferior parietal cortices (DeIpolyi et al., 2007).

To further close the gap between rodent and human navigation stud-

ies, Hort et al. (2007) designed a human analogy of a canonical rodent

spatial memory paradigm – the Morris water maze - in which participants

were asked to find a hidden goal inside a fully enclosed circular arena,

surrounded by distal cues, by the means of different navigation strategies

according to the starting location. Specifically, an egocentric strategy is pos-

sible if starting from the same location in each trial, whilst an allocentric

strategy is necessary if starting from a random location. Contrasting studies

have shown AD patients to be impaired in the allocentric trials only (Kalová

et al., 2005), and in both egocentric and allocentric trials (Hort et al., 2007).

Conversely, amnestic MCI patients show a selective impairment in the al-

locentric trials with similar performance to AD patients (Hort et al., 2007),

suggesting a specific deficit in learning this strategy (Laczó et al., 2009) syn-

onymous with an inability to create and use a cognitive map of the environ-

ment, which may be an indicator of the likely progression to Alzheimer’s.

Importantly, one desktop virtual reality study based on allocentric process-

ing of scene views, the 4 Mountains Test (4MT; Hartley et al., 2007), has

proven to be sensitive to early AD (Wood et al., 2016). Given the promising
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results of the 4MT, and its relevance as a test of spatial memory, the test has

been included in the neuropsychological battery test adopted in this thesis

(please refer to figure 1.4).

Interestingly, grid-cell-like signals obtained using fMRI recordings (Doeller,

Barry, and Burgess, 2010) are altered in young adults with high genetic risk

of Alzheimer’s disease (Kunz et al., 2015) (see figure 1.8 C) – i.e. those that

present the APOE-e4 gene, which has been associated with high incidence

of AD in middle age adults (for a review see Yamazaki et al., 2019). Inter-

estingly the differences reported were functional and not structural, with

the APOE-e4 cohort exhibiting changes in navigation behaviour – tending

to remain closer to the border of the virtual environment – with no change

in entorhinal volume, suggesting the development of compensatory mecha-

nisms for impaired entorhinal processing (Bott et al., 2016).

There are still very few studies of path integration behaviour in MCI

and AD patients. One promising study was based on a real-world path

integration test, where participants are asked to walk between two visible

landmarks and then return to their starting location (‘completing the trian-

gle’). Accuracy in completing the triangle distinguished AD and amnestic

MCI patients from healthy age-matched controls and performance corre-

lated with hippocampal, entorhinal, and parietal volumes (Mokrisova et al.,

2016).

Ultimately, spatial navigation impairments are present in early AD and

in the prodromal stage of MCI, making research in this area promising for

the clinical assessment of AD (Coughlan et al., 2018). Currently, major lim-

itations to this endeavour are the sparsity of the literature, considering that
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human navigation ability has yet to be fully characterised, and thus it is un-

clear which metrics of spatial cognition might be optimal for assessing that

ability. Furthermore, there is a lack of prospective longitudinal studies ex-

amining whether navigation assessment in a healthy elderly population can

be used as a predictor of future AD from MCI or even MCI from ageing on

the formulation of the disease as a continuum. In the next section, the focus

and the main aim of this thesis – to contribute to this broadening topic - will

be presented.

1.4 Aim of the Thesis

The use of spatial navigation tasks has revealed to be promising in under-

standing cognitive decline along the continuum of ageing to MCI to AD. For

this reason, this thesis will focus on the behavioural aspects of navigation in

prodromal AD and ageing. As mentioned earlier, this thesis will focus on

tauopathy, and thus the main aim of the thesis will be the research of cog-

nitive decline in functions associated brain regions associated with the early

spreading of tau biomarkers.The neuropathological feature of brain lesions

associated with tau occur with two main mechanisms associated with tau

cleavage and tau phosphorylation, both inducing conformational changes

in tau that accumulate in the nucleus of the cell and induce the neuronal

death. The choice of focusing on tauopathy is informed by two factors: i)

the fact that tau pathology distribution changes less drastically across differ-

ent age groups compared to amyloid pathology, suggesting that cognitive

decline at early stages (from 60 years old) may be attributed to a direct ef-

fect of tau lesions (Braak et al., 2011; Braak and Del Tredici-Braak, 2015);

ii) the pathological spreading of tau shows less inter-individual variability

between patients in early stages than the amyloid pathological spreading
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(Matsuda, Shigemoto, and Sato, 2019; De Calignon et al., 2012). Accordingly,

experimental paradigms have been designed following the hypothesis that

cognitive functions relying on the medial temporal lobe are likely to be first

affected by AD related tauopathy. In particular during the thesis the PMAT

(postero-medial, anterior-temporal) framework has been adopted Ritchey,

Libby, and Ranganath, 2015, which see two distinct cortical pathways to the

hippocampus identified with different anatomical and functional connec-

tivity with the medial temporal lobes. In particular, the entorhinal cortex,

which in the PMAT formulation sees an internal subdivision of connectivity

and function Maass et al., 2015 will play a central role in this thesis. Those

subdivisions are reflected in different roles in spatial and object processing

that will be explained in the relative experimental chapters. Spatial cog-

nition is a complex behaviour and in the PMAT framework multiple brain

regions are involved, so other selected regions (such as retrosplenial cortex

and the hippocampus proper) will also be presented and discussed through-

out the thesis.

Three different experimental paradigms will be presented in three dif-

ferent experimental chapters. These paradigms will advance the established

use of VR technology in the experimental psychology of spatial navigation.

The first experimental paradigm - the Path Integration Task (PIT), which

is thought to engage grid cells in medial entorhinal cortex – will be described

in Chapter Two. Chapter Three will describe the Object Location Task (OLT),

a paradigm thought to engage neural representations of objects in the lateral

entorhinal cortex and hippocampus. Finally, in Chapter Four, the allocentric

spatial update task (ALLO) will extend results from the previous chapters

and provide an integrated test of several different neural representations in-

volved in spatial cognition.
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The aim of this thesis is to create a new battery of tests that target differ-

ent functions of the medial temporal lobe to provide a sensitive measure that

can detect the subtle cognitive changes associated with the very early stages

of AD. Moreover, the tasks developed in this thesis have been designed with

the rodent literature regarding neural representations of space in mind, and

these will be reiterated in the introduction to each experimental chapter.

Importantly, this results in experimental paradigms that can potentially be

used in translational animal studies, of transgenic mice, for example.

Crucially, I have chosen to develop behavioural tasks that make use of

immersive Virtual Reality (iVR) in order to assess spatial navigation ability.

This decision is supported by studies showing similar performance among

elderly people when the same navigation task was performed in the real

world and in desktop virtual reality, suggesting that similar cognitive mech-

anisms are engaged by both setups (Duffy, Cushman, and Stein, 2008). One

final advantage of iVR is the ecological validity that it brings to studies of

navigation, by allowing realistic inputs necessary for successful spatial cog-

nition (i.e. optic flow, proprioceptive and vestibular feedback), while simul-

taneously providing the experimenter complete control over visual inputs

(e.g. the manipulation of experimental conditions) and behavioural output

(e.g. full head and body movement tracking).
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Chapter 2

Path Integration Task

2.1 Introduction

This chapter will present the first experiment which aims to develop a new

path integration task (PIT) using immersive virtual reality (iVR) to engage

cognitive processes supported by the hippocampal formation, in particular

the posteromedial entorhinal cortex (pmEC). This study has been published

in a peer-reviewed journal in 2019, where I figure as a joint first author, see

Appendix C). The version here presented is the version after revisions. The

study has been performed in collaboration with D.H., a clinical doctorate

from Cambridge University, whose contributions have been put in the Ap-

pendix A relative to this chapter.

To date, all interventional trials aimed at slowing the progression of

Alzheimer’s disease have failed. As explained in Chapter 1 the main con-

tributors to this failure can be attributed in problems in identifying the initial

stages of AD and the lack of translatable outcome measures for comparing

treatment effects across preclinical testing in animal models of disease and

clinical trials in patient populations (Mehta et al., 2017).

Detection of Alzheimer’s disease-related changes in entorhinal cortex
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(EC) function provides a potential solution to both of these problems. De-

generation of the EC is a critical initial stage of typical Alzheimer’s disease

(Braak and Del Tredici-Braak, 2015), with 60% loss of layer II EC neurons

observed by the time cognitive impairment is manifest (Gómez-Isla et al.,

1997). Additionally, Chapter 1 explained how there is an emerging evidence

that the initial stages of Alzheimer’s disease may be associated with the

transneuronal spread of pathological tau within the EC-hippocampal circuit

(Ahmed et al., 2014; De Calignon et al., 2012). Bringing all of these together,

tests sensitive to EC function might have added value in identifying the very

earliest stages of Alzheimer’s disease, prior to hippocampal involvement.

Extensive evidence from animal studies indicates that the EC is involved

in spatial cognition. In vivo single cell studies performed in rodents have

identified EC neurons with spatially-modulated firing patterns, in particular

grid cells (Hafting et al., 2005). In the same region also other cells involved

in spatial cognition have been found in the head direction cells (Sargolini

et al., 2006) and border cells (Solstad, Moser, and Einevoll, 2006), with firing

activity coupled to spatial behaviours (McNaughton et al., 2006). Together

with hippocampal place cells (O’Keefe and Dostrovsky, 1971), these EC cells

are considered to represent the neural basis of a cognitive map (O’Keefe and

Nadel, 1978) that mediates spatial behaviours (Fyhn et al., 2007; Lester et al.,

2017). Within the rodents EC, functions are even further divided following

a structural division where the medial EC (mEC) is thought to be particu-

larly involved in navigation, given that up to 95% of mEC neurons may be

grid cells (Diehl et al., 2017), in contrast to lateral EC (lEC) neurons, which

exhibit very little spatial selectivity. Evidence that the EC underpins spatial

cognition in other mammalian species is supported by the demonstration of

EC grid cells in bats (Yartsev, Witter, and Ulanovsky, 2011), monkeys (Kil-

lian, Jutras, and Buffalo, 2012) and humans (Jacobs et al., 2013).
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The structural division of the EC is phylogenetically conserved in hu-

mans that see an homologous with the anterolateral EC (alEC) and pos-

teromedial EC (pmEC) (Maass et al., 2015; Schröder et al., 2015). Sensory

characteristics of objects appear to be represented in the alEC (Olsen et al.,

2017; Reagh et al., 2018; Yeung et al., 2019) while representations of scenes

and current location based upon self-motion are represented in the pmEC

(Berron et al., 2018; Reagh and Yassa, 2014), with both streams converg-

ing on the hippocampus. Thus, integration of self-motion cues requires the

pmEC, whereas remembering the spatial configuration of an environment

and the objects/contents within it is dependent upon the successful repre-

sentation in the hippocampus (Knierim, Neunuebel, and Deshmukh, 2014).

Path integration is the ability to keep track of, and return to, a previously

visited location and is dependent upon the continuous integration of mul-

tisensory cues (visual, proprioceptive and vestibular) representing current

position and heading direction in reference to a fixed location (Etienne and

Jeffery, 2004; McNaughton et al., 2006). Several brain regions are thought to

contribute to path integration although the firing properties found in grid

and head direction cells are thought to be central to this spatial cognition

strategy (Burgess, 2008a; McNaughton et al., 2006). In fact, in rodents, mEC

lesions elicits path integration deficits (Knierim, Neunuebel, and Deshmukh,

2014; Parron and Save, 2004; Van Cauter et al., 2013). This evidence from

the animal literature is reinforced by human imaging studies that demon-

strated EC activation in different aspects of path integration, particularly

route planning (Jacobs et al., 2010; Maguire et al., 1998b), computations for

goal directions (Chadwick et al., 2015) and computations for goal distances

(Howard et al., 2014; Spiers and Maguire, 2007). Finally, accordingly to

the formulation of AD as a continuum from ageing explained in Chapter 1

1 dysfunction of grid cell-like activity has associated with path integration
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deficits in older adults (Stangl et al., 2018).

Spatial cognition tests, based on the cognitive map theory, have already

shown that spatial processing based on allocentric processing of scene views

is impaired in early Alzheimer’s disease. In particular, the Four Mountains

Test (4MT) is an hippocampal-dependent test of allocentric spatial memory

(Hartley et al., 2007) able to differentiate MCI patients with and without CSF

biomarkers of Alzheimer’s disease (MCI+ and MCI−, respectively) (Mood-

ley et al., 2015) and its measurement is predictive of conversion from MCI to

AD (Wood et al., 2016). Another study have shown a reduced grid-cell like

representation (Doeller, Barry, and Burgess, 2010) in young adults carriers of

APOE-e4, a known genetic factor increasing the risk of AD while perform-

ing a spatial navigation task in functional MRI (Kunz et al., 2015). Finally,

impaired route learning and way-finding is observed in asymptomatic indi-

viduals with positive amyloid-PET scans (Allison et al., 2016).

These previous studies provide the background for the present study,

which investigates EC-based navigation in MCI patients at risk of devel-

oping dementia. Navigation will be tested using a path integration task.

The task has been developed using an immersive virtual reality (iVR) where

participants navigate by real-world walking within simulated environments.

As explained in Chapter 1 the use of immersive VR has several theoretical

and operational advantages over ‘desktop’ VR tasks mainly the enabling of

locomotor or proprioceptive feedback, both of which contributes to success-

ful grid cell representations (Winter et al., 2015). Moreover, iVR has greater

ecological validity than desktop VR by approximating real world navigation.

First, the actual movement in iVR approximates real world navigation and

thus has greater ecological validity than desktop VR. Lastly, larger rotational

and distance errors (Adamo et al., 2012) have been reported in desktop VR
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navigation when compared with analogous tasks performed in real-world

settings, possibly reflecting the absence of self-motion cues which leads in

turn to a reduced grid cell activation.

The primary objective of this study was to test the hypothesis that per-

formance on an iVR path integration task of EC function would differentiate

MCI patients at increased risk of developing dementia. The secondary study

objectives were to determine: (i) whether manipulation to self-motion and

orientation cues could affect path integration performance; (ii) whether path

integration test performance correlates with EC volumes; and (iii) whether

the path integration task exhibits greater classification accuracy than the

neuropsychological battery presented in Chapter 1 which is considered to

have high diagnostic sensitivity and specificity for early Alzheimer’s dis-

ease.

2.2 Material and Methods

2.2.1 Design

The study made use of a two-group quasi-experimental design in which all

participants completed the PIT and the neuropsychological tests described

in Chapter 1. A group of MCI was further stratified as MCI+ (due to AD) or

MCI− depending whether the CSF biomarkers levels were considered ab-

normal or not. Two different comparisons were analysed; total MCI (includ-

ing MCI+, MCI− and MCI unknown) vs healthy controls; and MCI+ against

MCI−. Within-group factors were the PTI primary and secondary outcomes

that will described later in this section and each of the neuropsychological

tests. Total and subfield volumes of the ROIs from healthy older controls
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and patients were measured by D.H. using structural resonance imaging, as

outlined elsewhere in the Appendix A (PIT) relative to this chapter. D.H.

also analysed the correlation between primary outcome of the PIT tasks and

levels of CSF biomarkers and the relationship between brain region sizes

and PIT primary outcome.

2.2.2 Participants

Recruitment of both patients and control groups was carried by research

staff, including a research nurse and D.H (a diagram of the recruitment pro-

cess can be found in figure 2.1). Patients (MCI, n = 45) were recruited from

the Cambridge University Hospitals NHS Trust Mild Cognitive Impairment

and Memory Clinics. During their attendance at the memory clinic they

undergo an initial assessment with a neurologist who also discussed the

possibility to perform the research with the patients. MCI was diagnosed

by neurologists according to the Petersen criteria (Petersen, 2004), diagno-

sis of which requires the specifics outlined in Chapter 1 (see also figure 1.3).

Healthy control participants (healthy control subjects, n = 41) were recruited

from Join Dementia Research, an initiative developed by the National Insti-

tute for Health Research (NIHR).

Initial contact after providing consent to the research was made via tele-

phone to explain the general aim of research and to exclude participants

who i) might not have the capacity to consent to participation ii) were not

fluent in English iii) had a psychiatric, neurological condition or learning

disability that would interfere with capacity to participate in the neuropsy-

chological or VR testing iv) no sensory or motor difficulties that would in-

terfere with capacity in neuropsychological or VR testing.
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Figure 2.1: Schematics representing the recruitment process
adopted. Patients were referred from general practitioners to
memory clinics. An assessment from a neurologists using Pe-
tersen, 2004 criteria provided the status of MCI. Only a sub-
sample of the patients undergo CSF studies. Subsequently, pa-
tients and older healthy controls interested in the research were
approached via telephone and were recruited only if they were
able to pass the exclusion criteria which looked at neurological,

psychological, vision and mobility impairment.

All patients further underwent screening blood tests to exclude reversible

causes of cognitive impairment. Exclusion criteria included the presence of

a major medical or psychiatric disorder, epilepsy, a Hachinski Ischaemic
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Score >4 (Moroney et al., 1997), a history of alcohol excess. Twenty-six

patients with MCI underwent CSF biomarker studies (amyloid-β1–42, to-

tal tau, phosphorylated tau) as part of their clinical diagnostic workup.

Biomarker studies were undertaken using ELISA assay kits (Innotest, Inno-

genetics) as outlined elsewhere (Shaw et al., 2009). Thresholds for positivity

were set as CSF amyloid <550 pg/ml, CSF tau >375 pg/ml with a CSF tau:

amyloid ratio of >0.8 (Mulder et al., 2010). MCI patients were stratified into

biomarker-positive (MCI+, n = 12) and biomarker-negative (MCI−, n = 14)

groups. The remaining 19 patients with MCI refused to undergo CSF stud-

ies as part of their clinical workup.

The study was undertaken in line with the regulations outlined in the

Declaration of Helsinki (WMA, 2013) and was approved by the NHS Cam-

bridge South Research Ethics Committee (REC reference: 16/EE/0215).

2.2.3 The Path Integration Task (PIT)

The path integration task (PIT) was administered using the HTC Vive iVR

kit (figure 2.2 B), which uses external base stations “lighthouses” to map

out a 3.5 × 3.5 m space within which participants walked during the iVR

task. If participants went beyond the tracked boundary by 30 cm, an ‘out

of border’ warning appeared constantly in front of their sight to encourage

them to not walk any further and go back to where they come from. The test

was conducted in different conference rooms where a minimum of 6 × 6m

of space was available to let the researchers be in the immediate proximity

around the tracked area to ensure that participants did not venture beyond

the test space.

The task was programmed in the Unity 3D game engine (v. 5.4.0b24)
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and ran on a beta version of Steam VR software, running on an MSI VR

One backpack laptop featuring a GeForce GTX 1070 graphics processing

unit (GPU).

Figure 2.2: (A) Illustration of the path integration task. Each
numbered inverted blue cone is a location marker. Only one
cone was visible at a time; upon reaching a blue cone it disap-
peared and the next one in the sequence appeared. Red arrows
illustrate the guided sequence along two sides of the triangle.
The yellow arrow which illustrates the last side of the triangle,
signifies the assessed return path, performed in the absence of
any cones. (B) Demonstration of VR equipment on a partici-
pant during the task, used with permission. (C) Example en-
vironment from the head mounted display with textural and
boundary cues present, with cone 1 and the controller shown.
Texture and boundary cues are present in all trials when nav-
igating between cones. (D–F) Return conditions applied when
attempting to return to the location of cone 1 only (yellow ar-
row, A) and included no change (D), removal of environment

boundaries (E) and removal of surface detail (F).

The PIT was undertaken within virtual open arena environments with
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boundary cues projected to infinity (figure 2.2 C). Three environments were

used featuring unique surface details, distal cues and lighting. Distal cues

(e.g. mountains shape) where designed using the Unity in-built terrain tool.

Surface details, in particular the grass, have been achieved using a shader-

based technique to render geometrical blades (a set of triangles) or simple

textures directly on the GPU, a technique necessary to render in parallel

millions of geometrical shapes with minimal cost to the framerate, that is

the minimum amount of time allowed between two subsequent 3D ren-

dered images on the HTC display (Fan et al., 2015). This was a necessary

step in the design implementation to achieve both a sense of realism in the

task, but also to ensure that the application meet the minimum require-

ments for a stable iVR experience. Indeed, a stable 90 Hz framerate – i.e. -

was achieved to minimise proprioceptive mismatch generated in foveal and

peripheral differences in brightness sensitivity. In fact, human peripheral

vision is more sensitive to detect motion, resulting in a higher refresh rate

than standard desktop VR (60Hz) for which the image is concentrated on

the foveal vision. A 1:1 correspondence between movement in the real and

virtual worlds eliminated vestibular mismatch and minimized nausea and

other tolerability issues. The absence of local landmarks ensured EC-grid

cell dependent strategies rather than striatal-mediated landmark-based nav-

igation (Doeller, King, and Burgess, 2008). No enclosure or local landmarks

were present during the task to exclude any non-path integration compen-

satory navigation strategies.

For each trial, participants were asked to walk an ‘L’-shaped outward

path to three different locations, each marked by inverted cones at head

height numbered one, two and three (figure 2.2 A and C). Only one cone was

present at a time, each cone would disappear after the participant reached
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it and the next cone in sequence would appear. An auditory stimulus con-

sisting of a bell ringing was presented with a cone’s appearance prompting

participants toward the next cone’s location. Upon reaching cone 3, a mes-

sage projected onto the virtual scene asked participants to walk back to their

remembered location of cone 1 (inward path). When they reached their esti-

mated location of cone 1, participants pressed a trigger on a hand-held con-

troller that logged their location and ended the trial. Throughout all the trial

participant s location and heading direction was logged at 20 Hz rate. Loca-

tion were of the triangle vertices where assigned with pseudo-randomised

algorithm at the beginning of the trial. The algorithm assigned the location

of cone 1 in the proximity of the furthest corner from the current participant

location. The other two vertex locations were assigned by randomly select-

ing two random locations on the two sides of the tracked area opposite to

the corner where cone 1 was placed. The algorithm ensured that cone 2

and 3 were never close together by selecting a location close to the furthest

side from where the location of cone 3 was selected. Using pseudo-random

generation ensured that the tracked space was used to its fullest possible

extent and that the location of the cones were sufficiently separated. A ran-

dom generation of 1000 triangles with the algorithm just described yielded

a mean perimeter of 6.64m with standard deviation of 0.74m.

Pre-trial practice sessions consisted of 20 s of habituation to the iVR en-

vironment, during which participants were encouraged to explore the envi-

ronment. Following habituation, participants performed five practice trials,

where cone 1 was re-presented at the end of each trial (in a yellow texture) to

provide direct visual feedback to participants on the distance error between

the remembered and actual locations of cone 1. No feedback was provided

during the testing phase.
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The task consisted of nine trials conducted within each of the three en-

vironments, totalling 27 trials per participant. To examine the effects of en-

vironmental cues on path integration, the environment was altered during

the return path when participants were attempting to return to the remem-

bered location of cone 1. Three return conditions were implemented: condi-

tion A, “no environmental change” (figure 2.2 D) where the environment was

not modified between outward and in ward path; condition B, “no boundary

cues” (figure 2.2 E) where all the distal cues were removed after the outward

path and before the start of the inward path; and condition C, “no surface

details” where the surface details were removed and the plane texture was

changed to a colour that merged seamlessly with the textures adopted for

the distal cues (figure 2.2 F).

Each return condition was presented three times per environment, with

return conditions presented pseudo-randomly in each environment in order

to ensure participants were relying more on proprioceptive and self-motion

cues rather than allothetic strategies. Condition B was designed to increase

dependence on self-motion cues and homing vector calculation by removing

boundary cue information (Burgess, Spiers, and Paleologou, 2004), thereby

placing a greater cognitive load on the path integration network (Zhao and

Warren, 2015). Condition C was designed to prevent feedback from sur-

face motion during locomotion, thereby disrupting optic flow (Kearns et

al., 2002) and increasing dependence on allocentric representations of space

(Nardini et al., 2008). As such, return conditions B and C were consid-

ered analogous to ‘stress tests’ for EC network-dependent navigation, with

the prediction that a greater impairment in task performance would be ob-

served during these conditions, compared with condition A.
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The task in total took up in total around 45 minutes including 2-4 min-

utes for setting up the headset on the participant and 10 minutes for practice

part. spot

Outcome Measures

Figure 2.3: ((A) Primary measure of the PIT is the absolute
distance error defined as the Euclidean distance between the
participant’s estimate of location one (goal) and the actual lo-
cation of cone 1. Two secondary measures, proportional an-
gular error and proportional linear error have been calculated
to dissect the absolute error distance. (B) Proportional angular
error defined as the ratio of performed rotation toward the es-
timated location of cone 1 at cone 3 (α) divided by the degree
of rotation required toward cone 1’s actual location (β). The
proportional angular error represents the rotation accuracy to-
wards the veridical return vector direction. (C) Proportional
linear error defined as the ratio between the length of vector
v1 and the length of vector v2. The proportional linear error
represents the overshoot (>1) or undershoot (<1) of the par-

ticipant’s estimate when walking towards the goal location.
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Primary Outcome Measure Performance in the iVR path integration task

was assessed using a primary outcome measure. Absolute distance error

was defined as the Euclidean distance between estimated and actual location

of cone 1, in line with previous research (figure 2.3 A; Mokrisova et al., 2016).

Secondary Outcome Measures Two secondary outcome measures were

included in the PIT, measuring the relative error in the estimate of cone 1.

Relative measures of performance are included for two reasons: i) to decon-

struct the primary PI outcome measure (absolute distance error) – into its

angular and linear components, and ii) to control for between-trial variance

in triangle geometry owing to the pseudo-random generation of cone loca-

tions that could affect task difficulty, although a previous study showed the

variance is minimal in paths <10 m long (Harris and Wolbers, 2012). Errors

are therefore relative where proportional values >1 reflect overestimates of

rotation or distance.

Proportional angular errors represent the relative degree of rotational in-

accuracies performed at cone 3 toward cone. Errors are calculated as the

ratio of rotation performed at cone 3 toward estimated location of cone 1

over the amount of rotation required at cone 3 for an optimal return to cone

1 (figure 2.3 B).

Proportional linear errors reflect discrepancies in distance estimation as

calculated by the ratio of distance between cone 3 and estimated location of

cone 1 over the actual distance between cone 3 and cone 1 (figure 2.3 C).
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2.2.4 MRI Acquisition

MRI structures were collected by D.H. in Cambridge using the Freesurfer

6.0 software package as outlined elsewhere (Appendix A (PIT)). The seg-

mentation of the entorhinal cortex was achieved using a manual protocol,

excluding the overlapping intermediate sections as described in (Maass et

al., 2015; Appendix A (PIT)) to separate the volumes of the pmEC and alEC.

Given the involvement of the hippocampus and retrosplenial cortex in

path integration (Chrastil et al., 2015; Worsley et al., 2001) these additional

regions of interest were also segmented using Freesurfer 6.0 (Fischl et al.,

2002; Iglesias et al., 2015). In the absence of an automated protocol for the

complete segmentation of the retrosplenial cortex, posterior cingulate cortex

(PCC) and isthmus of cingulate cortex masks were used as a proxy measure

of the retrosplenial cortex, with the former encompasses the retrosplenial

cortex along with other structures and the latter targeting the ventral retro-

splenial cortex implicated in processing scene information (Mitchell et al.,

2018; Vann, Aggleton, and Maguire, 2009).

All segmentations were manually inspected to exclude cysts, CSF and

meninges; all volumetric measurements were averaged between hemispheres

and normalized to intracranial volume.

2.2.5 Comparator Neuropsychological Tests

To compare the ability of the iVR test to classify prodromal Alzheimer’s dis-

ease with that of reference neuropsychological tests considered to be highly

sensitive to early Alzheimer’s disease. These tests have been described in

Chapter 1 with the addition of the 4MT (allocentric spatial memory; Hartley
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et al., 2007).

In summary, the battery of tests was chosen for their effectiveness in pre-

dicting conversion from MCI to dementia (FCSRT, RCF, TMT-B), inclusion

in the Preclinical Alzheimer’s Cognitive Composite (FCSRT, DST) approved

by the FDA for use as cognitive outcome measures in trials aimed at pre-

clinical Alzheimer’s disease, or prior work indicating high sensitivity and

specificity for prodromal Alzheimer’s disease (4MT).

2.2.6 Analysis

All analysis was conducted in MATLAB 2017b.

Neuropsychological tests

Demographic differences between MCI+ and MCI− were assessed using

one-way ANOVA, or the Kruskal Wallis test where parametric assumptions

were violated, whereas differences between healthy control subjects and to-

tal (combined) MCI were assessed using t-tests or non-parametric Mann-

Whitney test.

Outcome measures

Between-group performance in the path integration task compared all MCIs

against healthy control subjects, as well as MCI+ against MCI−. Linear

mixed effect modelling (LME) was used to assess the effect of MCI status on

absolute distance error, proportional angular error and proportional linear

error. LMEs are the most suitable method for analysing clustered datasets
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(27 trials with one of three return conditions per trial per participant), with

missing data (excluded due to travelling ‘out of border’, see ‘Results’ sec-

tion), and unbalanced designs (Moen et al., 2016). The decision to use linear

mixed effects modelling (LME) was supported by comparing model fit be-

tween empty linear and empty multilevel models using Likelihood Ratio

testing. Separate models were used to assess PI performance in MCI+ vs

MCI− vs HCs, and HCs vs pooled MCI, for absolute linear error, propor-

tional angular error and proportional linear error. The final LME used was:

DVij = β0 + β1MCIj + β2Condij + β3MCIj ∗ Condij + β5Sexj + β6Eduj+

β7ACERj + β8NARTj + β9Envij + U0j + U1jEnvij + eij

(2.1)

where DVij is the dependent variable (e.g. absolute distance error, sep-

arate models for each outcome measure) in trial i (1...27) of participant j

(1..86). β0 is the population mean, β1MCIj is the diagnostic status of par-

ticipant j (HC vs MCI or MCI+ vs MCI− vs HC), β2Condij is the return

condition (no change, no boundary cues, no textural cues) of trial i for par-

ticipant j. An interaction term between MCI status and return condition (β3)

is also included. There were additional fixed effects of participant’s age (β4),

sex (β5), years in education (β6), ACE-R (β7) and NART (β8) scores. U0j is

the random intercept for each participant, while the three different VR en-

vironments were modelled as a fixed effect (β9), as well as random slopes

that depended on participant (U1j). The term eij is the trial-level error for

each trial i of participant j. Visual inspection of residual plots did not reveal

any significant deviations from homoscedasticity or normality. Final LME

models were informed by a mixture of a priori hypotheses and covariates,

where appropriate they were refined using likelihood ratio testing for good-

ness of fit, whereas intraclass correlation coefficient was used to estimate
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the amount of variance explained by random effects. Reported denomina-

tor degrees of freedom were computed using the conservative Satterthwaite

approximation.

Between-group differences in region of interest volumetry and cogni-

tive performance across the neuropsychological test battery were investi-

gated using one-way ANCOVA—rank ordered where parametric assump-

tions were violated (Conover and Iman, 1982)—covarying for age, sex and

years in education. Separate linear regression models were used to assess

absolute distance error (averaged per participant across all trials) and region

of interest volumetry, adjusting for age, sex, years in education and mean

path integration performance per participant group. Analyses were con-

ducted across all participants and between MCI+ versus MCI−. Bonferroni

correction was used to control for planned multiple comparisons. Residuals

were visually inspected for violating linear assumptions, leverage and out-

liers.

Associations between Performance and Structural Volumes

Between-group differences in region of interest volumetry and cognitive per-

formance across the neuropsychological test battery were investigated using

one-way ANCOVA—rank ordered where parametric assumptions were vi-

olated (Conover and Iman, 1982)—covarying for age, sex and years in ed-

ucation. Separate linear regression models were used to assess absolute

distance error (averaged per participant across all trials) and region of in-

terest volumetry, adjusting for age, sex, years in education and mean path

integration performance per participant group. Analyses were conducted

across all participants and between MCI+ versus MCI−. Bonferroni correc-

tion was used to control for planned multiple comparisons. Residuals were
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visually inspected for violating linear assumptions, leverage and outliers.

Receiving Operator Characteristic (ROC)

The classification ability (MCI from healthy control subjects or MCI+ from

MCI−) of the path integration test (using per-participant averages of each

path integration outcome measure) was compared to reference cognitive

tests. All linear classification models were adjusted for age, sex and years

in education and used k-fold cross-validation (k = 10) to control for over-

fitting (Hawkins, Basak, and Mills, 2003). Posterior probabilities following

cross-validation were used to generate area under the curve (AUC) of the

receiver operating characteristic (ROC), as well as optimal sensitivity and

specificity. Pointwise confidence intervals were generated following boot-

strapping with 1000 replications.

2.3 Results

2.3.1 Demographics and Neuropsychological Testing

Patients
Healthy Controls

(n = 41)
MCI

(n = 45)
CSF negative

(n = 14)
CSF positive

(n = 12)
Age 69.3 ± 7.5n.s.

71.7 ± 8.3n.s.
71.1 ± 9.0 75.4 ± 7.0n.s.

Males (%) 15 (36)n.s.
12(63)n.s.

10 (71) 9 (75)n.s.

Years in education 14.8 ± 3.6n.s.
14.3 ± 3.4n.s.

14.5 ± 4.4 14.5 ± 3.8n.s.

Table 2.1: Table summarising the demographics of the differ-
ent cohorts tested for the PIT. The MCI cohort was matched
with the healthy controls in age and in years spent in educa-
tion. Within the MCI cohort a sub sample of patients had the
CSF biomarkers of Alzheimer’s disease (CSF negative and CSF
positive). There were no age nor years in education differences

between the CSF sub samples of the MCI. (*) p < 0.05.
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Table 2.1 reports the demographics of the cohorts tested with the PIT. No

significant differences in age, gender, or years in education were observed

between all MCI and healthy control subjects, or between MCI+ and MCI−

(table 2.2). Bonferroni correction was used to correct for multiple compar-

isons between the groups tested. A conservative approach was preferred

to rule out any possible Type II error. Considering the neuropsychological

battery implemented Bonferroni correction where an adjusted α of 0.002, the

MCI group as a whole exhibited significantly more errors in all neuropsy-

chological tests compared to healthy control subjects (p < 0.002), whereas

no difference between MCI+ and MCI− survived multiple comparisons (p

> 0.002).

Patients
Healthy Controls

(n=41)
MCI

(n=45)
Negative

(n=14)
Positive

n=12)
ACE-R 97.2 ± 3.2 89.3 ± 5.4*

86.6 ± 7.6 80.1 ± 12.1n.s.

MMSE 29.7 ± 0.6 27.90 ± 1.7*
27.6 ± 2.6 25.0 ± 1.7n.s.

NART Errors 6.28 ± 3.40 17 ± 10.95
*

13.1 ± 8.9 9.1 ± 6.8 n.s.

Copy 36± 0 34.2 ± 2.7*
34.4 ± 1.7 33.1 ± 4.4 n.s.

Rey Complex Figure Immediate 22.2 ± 7.6 17.5 ± 9.8*
13.8± 8.3 9.6± 9.1 n.s.

Delayed 21.3 ± 7.9 15.8 ± 11.0*
12.8± 9.8 8.3 ± 9.6 n.s.

FCSRT immediate Free 34.3 ± 5.1 24.9 ± 11.5*
22.1 ± 9.2 15.4 ± 11.4*

Total 47.6 ± 0.6 44.7 ± 5.7*
43.1 ± 8.3 36.1 ± 11.5 n.s.

FCSRT delayed Free 13.4 ± 1.5 9.3 ± 5.3*
7.9 ± 5.1 4.8 ± 4.8 n.s.

Total 16 ± 0 14.8 ± 2.3*
13.9 ± 4.1 12.3 ± 4.0 n.s.

Trail Making (B) seconds 77.2 ± 26.5 145.6 ± 72.8*
130.1 ± 42.2 152.6 ± 88.6 n.s.

Digit Symbol 64.2 ± 14.5 49.9 ± 14.1*
47.0 ± 7.5 43.7 ± 13.7 n.s.

4MT 10.8 ± 1.8 9.3 ± 3.0*
7.3 ± 3.4 6.8 ± 2.2 n.s.

Table 2.2: Table summarising the neuropsychological test
scores of healthy controls, across patients with mild cogni-
tive impairment, patients with CSF positive and CSF nega-
tive. (*) p < 0.05 (Bonferroni corrections not applied). Ab-
breviations: ACE-R = Addenbrooke Cognitive Examination –
Revised; MMSE = Mini Mental State Examination; NART =
National Adult Reading Test; FCSRT = Free and cued selec-
tive reminding test; Trail Making part B; Digit Symbol = Digit

Symbol Substitution test; 4MT = Four Mountain Test.
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2.3.2 Path Integration Task

Of 2295 trials, 775 were excluded (33.77%) because of the ‘out of border’

boundary being reached during the return path, leaving 1520 viable trial

remaining for analysis, with no between group difference in ‘out of border’

warnings were observed (P > 0.05). All participants successfully completed

the path integration task with no reported nausea or tolerability issues. A

distribution of the errors per goal location along with the distribution for

errors normalized to the unitary length can be found in figure 2.4.
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Figure 2.4: A) Illustration of absolute distance error in refer-
ence to the goal (cone 1) set at the coordinate (0,0). B) Distribu-
tion of normalized estimated location of cone 1 translated and
normalized to Cartesian space. Tip of the white arrow (0,1)
represents the optimal linear return path to location of goal
normalized to the unitary length to account for differences in
the return path (cone 1). The border of the circle indicates opti-
mal distance estimate set at radius 1. Data points lying outside
of the circles indicates overestimates (quadrants 1 and 2) while
points lying inside indicate underestimates (quadrants 3 and 4)
of the goal. Yellow line indicates optimal rotation toward goal
performed at cone 3. Left of the yellow line indicates under-
rotation when heading towards the goal location or equiva-
lently rotating towards the outside of the triangle created by
the cones (quadrants 1 and 3). Right of the yellow line indi-
cates over-rotation or equivalently rotating towards the inside
of the triangle created by the cones (quadrants 2 and 4). C)
Distribution of estimated location of cone 1 by quadrant, ex-
pressed as a percentage of the group’s total responses. Each
marker represents the outcome of a successful trial: blue cir-
cles = HCs; black asterisks = MCI without biomarkers; red

triangles = MCI+; green inverted triangles = MCI−.
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Absolute distance error

Figure 2.5: Absolute distance error (Euclidean distance) error
in metres averaged per participant. Left panel show group
comparison between healthy controls and total MCI and right
panel between MCI− and MCI+.Each marker represents the
mean performance across trials of each individual: blue cir-
cles = healthy control subjects; black asterisks = MCI without
biomarkers; red triangles = MCI+; green inverted triangles =
MCI−; central grey line = mean; dark grey inner box = 95%
CIs; light grey outer box = 1 standard deviation. *p < 0.05, ***p

< 0.001.

The MCI group as a whole exhibited significantly larger absolute distance

errors than the healthy control group [t(1,107) = 3.24, p < 0.01, figure 2.5

left panel], with an estimated 57.33 ± 17.87 cm increase in absolute distance

error compared to healthy control subjects. MCI+ patients exhibited signif-

icantly larger absolute distance errors compared MCI− patients [t(1,163) =

4.69, p < 0.001, figure 2.5 right panel], with an estimated increase of 97.56

± 20.34 cm compared to MCI−. ACE-R score correlated with absolute dis-

tance errors across healthy control subjects and total MCI patients [t(1,85) =

2.89, p < 0.01] and across MCI+ and MCI− groups [t(1,26) = 4.01, p < 0.01],
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with lower ACE-R scores being associated with greater distance errors.

To assess whether tau and amyloid-β contributed toward absolute dis-

tance error a mixed effect model was performed with both CSF measures

z-scored, controlling for years in education, sex and age. It was found that

the model explained 64% of the variance (R2) with CSF biomarkers being

significant predictors of absolute distance error. Absolute distance error

was positively correlated with CSF total tau [t(1,25) = 2.18, p < 0.05] and

negatively associated with CSF amyloid-β [t(1,25) = −4.39, p < 0.001; fig-

ure1262.6].

Neither sex, years in education or age were predictive of absolute dis-

tance error (p > 0.05). An interaction between CSF tau and CSF amyloid-β

was also examined but this addition neither improved model fit, as indi-

cated by ratio likelihood testing, or was significant, and thus was not used

in the final analysis.
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Figure 2.6: Graph shows association absolute distance errors
and concentration of CSF (A) total tau, (B) amyloid beta 42

(Aβ). Green markers = MCI-, red markers – MCI+, blue dot-
ted lines = discrimination thresholds for identifying prodromal

AD (see Mulder et al., 2010).
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Proportional Angular Error

Figure 2.7: Proportional angular error averaged per partici-
pant. Left panel show group comparison between healthy con-
trols and total MCI and right panel between MCI− and MCI+
(healthy controls are reported again for comparisons). Each
marker represents the mean performance across trials of each
individual: blue circles = healthy control subjects; black aster-
isks = MCI without biomarkers; red triangles = MCI+; green
inverted triangles = MCI−; central grey line = mean; dark grey
inner box = 95% CIs; light grey outer box = 1 standard devia-

tion. *p < 0.05, ***p < 0.001.

No significant difference in proportional angular error was observed be-

tween either total MCI and HCs [t(1,128) = 1.79 p > 0.05, figure 2.7 left

panel] or between MCI+ and MCI− [t(1,136) = 1.06, p>0.05, figure 2.7 right

panel]. Although between total MCI and HCs, the fixed effect of MCI exhib-

ited a non-significant trend toward a positive association with proportional

angular error (p = 0.07).
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Proportional Linear Error

Figure 2.8: Proportional linear error averaged per participant.
Left panel show group comparison between healthy controls
and total MCI and right panel between MCI− and MCI+
(healthy controls are reported again for comparisons). Each
marker represents the mean performance across trials of each
individual: blue circles = healthy control subjects; black aster-
isks = MCI without biomarkers; red triangles = MCI+; green
inverted triangles = MCI−; central grey line = mean; dark grey
inner box = 95% CIs; light grey outer box = 1 standard devia-

tion. *p < 0.05, ***p < 0.001.

Significant differences were observed between MCI and HCs [t(1,95)=

2.27, p < 0,05 figure 2.8 left panel], as well as between MCI+ and MCI-

[t(1,87)=3.09, p < 0.01, figure 2.8 right panel]. Compared to HCs, total MCI

participants exhibited a decreased proportional linear error of 0.12±0.05,

whereas MCI+ patients exhibited a decrease of 0.23±0.07 compared to MCI-.
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2.3.3 Effect of return condition on path integration

Absolute Error Distance

Figure 2.9: Return conditions: green = no environmental
change; blue = removal of distal boundary cues; red = removal
of surface detail; open circle = mean; black line = median. The
effect of return condition on absolute distance error averaged

per participant in each group.

No main effects of return condition was observed on absolute distance

error between healthy control and total MCI groups [F(2,1318) = 0.86, p >

0.05; figure 2.9] or between MCI+ and MCI− groups [F(2,384) = 0.56, p >

0.05]. Interaction terms between return condition and participant grouping

were also included in the analyses to examine the differential influence of

return conditions on path integration performance for MCI+ (compared to

MCI−) and MCI as a whole (compared to healthy control subjects). How-

ever, no interaction was observed between healthy control and total MCI

groups [F(2,1325) = 0.83, p > 0.05] or between MCI+ and MCI− groups

[F(2,386) = 0.55, p > 0.05].
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Proportional Angular Error

Figure 2.10: Return conditions: green = no environmental
change; blue = removal of distal boundary cues; red = removal
of surface detail; open circle = mean; black line = median. The
effect of return condition on proportional angular error aver-

aged per participant in each group.

No significant main effect of return condition on proportional angular

error was observed between HCs and total MCIs [F(2,1317)= 1.37 p > 0.05]

as well as across MCI+ and MCI− [F(2,395)= 0.13, p > 0.05, figure 2.10].

However, a trend toward an interaction between biomarker status and re-

turn condition was observed on proportional angular errors [F(2,398) = 2.93,

p < 0.05], however this did not survive multiple comparison. No interac-

tion between MCI status and return condition was observed across MCI and
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HCs on proportional angular errors [F(2,1317) = 1.37, p > 0.05].

Proportional Linear Error

Figure 2.11: Return conditions: green = no environmental
change; blue = removal of distal boundary cues; red = removal
of surface detail; open circle = mean; black line = median. The
effect of return condition on proportional linear error averaged

per participant in each group.

No significant main effect of return condition on proportional linear er-

ror was observed across HCs and all MCI patients [F(2,1310) = 0.96, p >

0.05] or MCI+ and MCI− [F(2,381) = 0.37, p > 0.05, figure 2.11]. No signifi-

cant interaction was observed between MCI status and return condition on
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proportional linear error [F(2,1317) = 0.38, p > 0.05], nor between biomarker

status (MCI+ and MCI-) and return condition [F(2,382) = 0.35, p > 0.05].

2.3.4 Group Differences in MRI Volumetry and Association

with PIT Performance

Group-level analyses adjusted for age, sex and years in education, revealed

reduced region of interest volumetry (PCC, hippocampus, EC, alEC and

pmEC) in the total MCI group compared to healthy control subjects (p <

0.05), and in the MCI+ group compared to the MCI− group (p < 0.05).

However, across healthy control subjects and total MCI, only hippocampal

[F(1,66) = 13.32, p < 0.001], EC [F(1,66) = 33.14, p < 0.001], alEC [F(1,66) =

21.87, p < 0.001] and pmEC [F(1,66) = 12.16, p < 0.001] volumes survived

the Bonferroni adjusted α of 0.005. No volumetric difference of the isthmus

was observed across all participants or MCI+ and MCI− groups (p > 0.05,

see table A.2 for full results).

Associations between regions of interest and path integration perfor-

mance were assessed across total MCI and healthy control groups (fig-

ure A.2, purple line) and across MCI+ and MCI− groups (figure A.2, grey

line), adjusting for age, sex, years in education and average path integra-

tion performance per participant group. Significant negative associations,

surviving the Bonferroni adjusted α of 0.005, were observed across all par-

ticipants between absolute distance errors and both total EC [F(1,64) = 9.60,

p < 0.005; figure A.2 A] and pmEC [F(1,64) = 9.73, p < 0.005; figure A.2

C] volumes, each with an R2 of 0.38. Across healthy control and total MCI

groups, associations between absolute distance error, alEC (p = 0.04, fig-

ure A.2 B) and hippocampal (p = 0.03, figure A.2 D) volumes did not survive
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Bonferroni correction. Similarly, for MCI+ and MCI− group comparisons,

the association between hippocampal volume and absolute distance error

(figure A.2 D, p = 0.02) did not survive multiple comparison correction.

Neither posterior cingulate nor isthmus cingulate volumes were significant

predictors of absolute distance error across all participants (PCC: t = 1.95,

p > 0.05; isthmus cingulate cortex: t = 0.35, p > 0.05) or MCI+ and MCI−

(PCC: t = 1.47, p > 0.05; isthmus cingulate cortex: t = 0.19, p > 0.05).

Additional analyses used multiple linear regression to examine the strength

of EC and pmEC associations with absolute distance error whilst controlling

for both hippocampal and alEC volumes across all participants. EC [F(1,63)

= 6.09, p < 0.05) and pmEC [F(1,63) = 6.14, p < 0.03] models were significant,

both EC (t = 2.20, p < 0.05) and pmEC (t = 2.23, p < 0.05) volumes were sig-

nificant predictors of absolute displacement error but neither survive mul-

tiple comparison corrections. To examine further the neural correlates of

path integration performance, a hypothesis-free backward stepwise regres-

sion was performed, with absolute distance error as the response variable

and regions of interest from the Desikan–Killiany–Tourville atlas (Klein and

Tourville, 2012, averaged across hemispheres and normalized to intracranial

volume) as predictor variables, along with patient status, age, sex and years

in education. Predictor variable inclusion was determined by the Akaike in-

formation criterion and the final model’s predictor variables were refined by

examination of variance inflation factors in an attempt to minimize collinear-

ity. Finally, false discovery rate with a stringent alpha of 0.01 was used to

control for multiple comparisons. The final model was significant [F(34,36)

= 5.79, p < 0.001], explaining 86.51% (R2) of the variance in absolute dis-

tance error. Following control for multiple comparisons, 20 brain volumes

significantly contributed to the final model and these are summarized in ta-

ble A.3. However, stepwise regression can be affected by collinearity and as
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such the interpretation of these additional region of interest analyses needs

to be made with caution (Thompson, 1995).

Lastly, given the demonstrated high accuracy of the 4MT in differen-

tiating MCI due to underlying Alzheimer’s disease (Moodley et al., 2015)

and its predictive subsequent conversion to dementia (Wood et al., 2016),

an ANCOVA adjusted for age, sex, years in education and average group

performance was used to examine the relationship between 4MT scores and

both the pmEC and hippocampus across all participants and MCI+ and

MCI−. Across all participants, the model was significant for both hippocam-

pal [F(1,64) = 6.54, p < 0.001] and pmEC volumes [F(1,64) = 5.63, p < 0.001];

however, neither hippocampal (t = 1.92, p > 0.05) or pmEC (t = 0.73, p >

0.05) volumes were significant predictors of 4MT score. Across MCI + and

MCI− neither hippocampus [F(1,14) = 1.36, p < 0.05] or pmEC models were

significant [F(1,14) = 1.37, p > 0.05].

2.3.5 Receiver operating curves (ROC)

AUC, sensitivity and specificity were estimated using k-fold cross-validation

(k = 10), adjusted for age, sex and years in education. For the classification

of total MCI patients from healthy control subjects, absolute distance error

was associated with an AUC of 0.82 [figure 2.12 A; 95% confidence inter-

vals (CI) = 0.71–0.89], with an error ≥ 157 cm yielding a sensitivity of 0.84

and specificity of 0.68. By comparison, the ACE-R was associated with an

AUC = 0.86 (CI = 0.79–0.94), TMT-B (AUC = 0.79, CI = 0.68–0.87), 4MT

(AUC = 0.73, CI = 0.6–0.83) and the delayed conditions of FCSRT (AUC =

0.73, CI = 0.61–0.85) and Rey-Osterrieth Figure Recall Test (AUC = 0.72, CI

= 0.60–0.83). Proportional angular errors exhibited an AUC of 0.77 (95% CI
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Figure 2.12: Accuracy of path integration task performance
for classifying (A) total MCI from healthy control subjects
and (B) MCI+ from MCI− patients. Path integration per-
formance is represented by absolute distance error (solid red
line). Classification of reference cognitive tests is represented
by dashed lines for comparison. ACE-R (grey), Trail Making
Test B (green), 4MT (yellow), Free and Cued Selective Remind-
ing Test – delayed free recall (blue) and Rey Figure Recall –
delayed recall (purple). Asterisk indicates optimal operating

point for absolute distance error.

0.65-0.86), with an error >= 1.12 yielding a sensitivity of 0.75 and specificity

of 0.73. Proportional linear errors exhibited an AUC of 0.71 (95% CI 0.61-

0.84), where errors >= 0.79 yielded a sensitivity of 0.66 and specificity of

0.78.

Classification accuracy of MCI+ from MCI− using absolute distance er-

ror was very high, with an AUC of 0.90 (figure 2.12 B; CI = 0.59–1), and

errors ≥ 196 cm yielding a sensitivity and specificity of 0.92 for both. This

AUC was considerably higher than that of the comparator reference cogni-

tive tests: ACE-R (AUC = 0.53, CI = 0.24–0.73), TMT-B (AUC = 0.57, CI =

0.22–0.69), 4MT (AUC = 0.56, CI = 0.22–0.72) and the delayed conditions of

FCSRT (AUC = 0.57, CI = 0.22–0.68) and Rey-Osterrieth Figure Recall Test

(AUC = 0.55, CI = 0.22–0.68), indicating a markedly superior ability of the
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path integration test to differentiate MCI+ from MCI−.

Proportional angular errors exhibited an AUC of 0.77 (95% CI 0.65–0.86),

with an error >= 1.12 yielding a sensitivity of 0.75 and specificity of 0.73.

Proportional linear errors exhibited an AUC of 0.71 (95% CI 0.61–0.84),

where errors >= 0.79 yielded a sensitivity of 0.66 and specificity of 0.78.

2.4 Discussions

This study demonstrated that performance on a novel immersive virtual re-

ality path integration paradigm, based on the central role of the entorhinal

cortex in navigation, was impaired in MCI patients compared to healthy

controls. In keeping with the study hypothesis that a navigation task based

upon theories of EC function can differentiate MCI patients at increased

risk of developing dementia, we found that Alzheimer’s disease biomarker-

positive patients drove the difference in navigation accuracy between MCI

patients and controls. Consistent with the postulated role of the EC in

navigation, and the specific role of the pmEC subdivision in spatial pro-

cessing, larger path integration performance errors were associated with

smaller total EC and pmEC subdivision volumes across all participants. Fi-

nally, and of high relevance for potential diagnostic usage, path integra-

tion performance differentiated MCI biomarker-positive patients, i.e. those

with prodromal Alzheimer’s disease, from biomarker-negative patients with

markedly higher sensitivity and specificity than a battery of ‘gold standard’

cognitive tests used in clinical and research practice.
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The navigational impairments observed in MCI patients is in line with

previous navigation research (Hort et al., 2007; Laczó et al., 2014; Peter et al.,

2018) and with the sparse literature on real-space path integration in MCI

and Alzheimer’s disease (Mokrisova et al., 2016). Significantly larger abso-

lute distance errors were observed in MCI+ than in MCI−, with near-total

separation of these two groups on this primary outcome measure, with the

latter group exhibiting comparable performance to healthy control subjects.

Additional analyses revealed that both CSF total tau and CSF amyloid-β

were highly predictive of absolute distance error, independent of age, sex

and years in education, supporting the notion that path integration deficits

are related to Alzheimer’s disease molecular pathology. Collectively, these

data suggest that navigational deficits are relatively specific to Alzheimer’s

disease and unrelated to deficits in other cognitive domains—such as at-

tention or episodic memory—that might underlie the symptomatology of

MCI− patients. Secondary outcome measures suggested that MCI+ patients

are specifically impaired in distance estimation, as evidenced by reduced

proportional linear errors, in line with previous research (Hort et al., 2007),

and may relate to tau-related disruption of grid cell activity (Fu et al., 2017;

Stangl et al., 2018), given the role of grid cells in computing a distance met-

ric of an environment (Bush et al., 2015) as part of path integration (Mc-

Naughton et al., 2006).

Overall and across groups navigational behaviour is consistent with pre-

vious studies which see an over-turn in the estimation of the angle towards

the correct return direction on triangle completion task (Tcheang, Bülthoff,

and Burgess, 2011). This result show that the task has been well understood

by participants. No group differences in performance errors were observed

in response to the removal of boundary or surface detail cues. In the MCI+

group, a trend toward increased proportional angular errors in response to
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the removal of boundary (p = 0.02) and textural (p = 0.08) cues was observed,

but this did not survive multiple comparison correction. Given that this ef-

fect did not reach corrected statistical significance, any inferences need to

be made with caution. Nonetheless it is worth noting that this trend is con-

sistent with previous research that reported heightened increased reliance

on landmark cues (Kalová et al., 2005) and heightened rotational deficits in

response to the disruption of optic flow (Kavcic et al., 2006; Mapstone, Dick-

erson, and Duffy, 2008).

Decreased volume was observed in the MCI group compared to con-

trols in regions of interest chosen for their role in path integration (total

EC; including partial pmEC and alEC subdivisions, hippocampus, isth-

mus and posterior cingulate cortex), although only significant differences

in hippocampal, total EC, pmEC and alEC volumes survived correction for

planned comparisons. In contrast to previous research (Dickerson, 2013;

Long, Jiang, and Zhang, 2018) no difference in region of interest volumetry

across MCI+ and MCI− patients survived correction, though this observa-

tion may be influenced by the sample sizes of these two groups. However,

consistent with our hypothesis, total EC and partial pmEC subdivision vol-

umes were negatively associated with absolute distance errors across all par-

ticipants, contrasting with the lack of association between this behavioural

measure and alEC, hippocampal, PCC and isthmus volume. Additional

analyses demonstrate that both EC and partial pmEC volumes are better

predictors of absolute distance errors than either hippocampal or alEC vol-

umes. These findings reinforce previous work suggesting that the EC is

critically involved in path integration, and that path integration is more

dependent on the EC, and specifically the pmEC subdivision, than on the

hippocampus or retrosplenial cortex (Kim et al., 2013; Shrager, Kirwan, and

Squire, 2008). To our knowledge, this is the first demonstration that reduced
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pmEC volumes are associated with impaired path integration in humans,

and is consistent with the analogous role of the rodent mEC in path in-

tegration (Knierim, Neunuebel, and Deshmukh, 2014; McNaughton et al.,

2006). These findings complement previous research that demonstrates a

relationship between the structure and function of the alEC in ageing and

individuals at higher risk of Alzheimer’s disease (Berron et al., 2018; Olsen

et al., 2017) and sheds further light on the functional differentiation of the

EC (Maass et al., 2015).

Significant negative associations were observed between absolute dis-

tance errors and both total EC and pmEC volumes, but not hippocampal vol-

ume. While these findings may support the role of the EC, and specifically

pmEC, in path integration above and beyond the hippocampus, this inter-

pretation must be applied with caution given that the significant structure-

function association was only observed across all participants and not solely

within the MCI+ group predicted to have EC degeneration. Future studies

with increased sample size will be needed to explore this further.

Path integration performance differentiated the total MCI patient group

from healthy control subjects with moderate classification accuracy (AUC

0.82), reflecting the large variance in performance within the former group.

By comparison, path integration performance was highly sensitive and spe-

cific for prodromal Alzheimer’s disease, classifying this group with an accu-

racy (AUC 0.90) that was markedly higher than that of reference cognitive

tests of episodic memory, attention and processing speed widely used to di-

agnose prodromal Alzheimer’s disease and as outcome measures in clinical

trial.
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This work contributes to the growing body of evidence that spatial be-

havioural tests may have added value, above and beyond traditional cog-

nitive tests, in detecting pre-dementia Alzheimer’s disease (Allison et al.,

2016; Coughlan et al., 2018; Moodley et al., 2015). Furthermore, it demon-

strates the potential added diagnostic value of a test based around theories

of EC function. While this study focused on navigation, given knowledge

of the underlying neural basis and the associated translational benefits of

such an approach, there is evidence that the transentorhinal and alEC may

be affected earlier than the pmEC by the spread of tau (Braak and Braak,

1991; Khan et al., 2014).

One possible pathological explanation for these data is that impaired

path integration in patients with prodromal Alzheimer’s disease is due to

spread of tau from the transentorhinal cortex to the pmEC and hippocam-

pus and/or accumulation of amyloid-β pathology in the retrosplenial cor-

tex. The notion that the behavioural impairments are related to Alzheimer’s

disease pathology is reinforced by the observation of a significant associa-

tion between path integration performance and both CSF total tau and CSF

amyloid-β. Given converging data from studies on the initial cortical dis-

tribution of Alzheimer’s disease molecular pathology (Bejanin et al., 2017;

Braak and Braak, 1991; Whitwell et al., 2018), with tau deposition in the EC

and amyloid-β in the retrosplenial cortex, the path integration deficits ob-

served here in prodromal Alzheimer’s disease may relate to a combination

of tau and amyloid-β-related dysfunction in the EC and retrosplenial cor-

tex, respectively. Future studies using amyloid- and tau-PET will investigate

these potential associations between molecular pathology and navigational

behaviour in the early stages of Alzheimer’s disease further, and the relative

contribution of amyloid-β and tau to the observed behavioural deficits.
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This study has limitations. The sample size of both MCI+ and MCI−

groups was relatively small, and these results therefore need to be consid-

ered initial findings that require replication in larger scale studies. Another

limitation concerns the test space available with the commercial iVR hard-

ware. The use of a larger space, which will be possible with next generation

iVR, would likely result in the (i) exclusion of fewer trials; (ii) evaluation of

proportional linear errors that is not skewed towards an undershoot; and

(iii) the compounding of vector computation errors (angular and linear es-

timates) that would likely culminate in larger between group performance

differences. Finally, the lack of an anatomical mask for automated measure-

ment of the retrosplenial cortex, necessitating the use of proximal anatomical

measures (PCC and isthmus cingulate cortex volumes), limits the specificity

of analysis of the possible contribution of retrosplenial cortex dysfunction

to the path integration impairment in prodromal Alzheimer’s disease. Al-

though no participant dropped out of the study due to sickness or motor

difficulties, a possible confound for the difference in performance between

MCI and the older group could arise from gait differences and perceptual

artefacts while walking in the VR setup. In particular MCI patients, who

show more postural instability and balance dysfunction than cognitively in-

tact people of the same age Goyal et al., 2020, may be more affected by

instability in the VR system. Further analysis of the collected data could

look at the tracking data which was recorded for each trial. Exploring the

deviation of the tracking data from the optimal path consisting of a straight

line between the locations of two subsequent cones can potentially provide

more insights in the difference in performance. The same data can be used

to track the head direction and look whether participants were looking at

the cone or at the landmarks during the outbound path. Finally, an ex-

ploration in the velocity of each participant may give insight whether the
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participant could have had perceptual difficulties while moving, if for ex-

ample, he or she was moving slower than the average participant. In future

application of the task, behavioural questionnaires (e.g. the Santa Barbara

Sense of Direction) should be used to rule out differences in performance

based on individual abilities in solving navigation task.

In conclusion, this study demonstrates that performance on an EC-based

iVR path integration task is sensitive and specific for prodromal Alzheimer’s

disease, with greater classification accuracy than that of a battery of current

‘gold standard’ cognitive tests. Given that this test is based on understand-

ing of EC grid cell activity, these findings have implications not just for

early diagnosis but also for translational Alzheimer’s disease research aimed

at understanding mechanistic links between impaired cell activity and be-

haviour in Alzheimer’s disease. The task used in this study, combined with

analogous navigation tasks in animal models of Alzheimer’s disease, would

help address the need for outcome measures capable of comparing treat-

ment effects across preclinical and clinical phases of future treatment trials

aimed at delaying or preventing the onset of dementia.
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Chapter 3

Object Location Task

3.1 Introduction

This chapter will present a second experiment which aims to develop a new

object location task (OLT) – using immersive virtual reality (iVR) to engage

cognitive processes supported by the hippocampal formation, in particular

the anterolateral entorhinal cortex (alEC) and the adjacent perirhinal cortex.

This study has been performed in collaboration with D.H., a clinical doctor-

ate from Cambridge University, whose contributions have been put in the

Appendix B (OLT) relative to this chapter.

Anterolateral entorhinal cortex and perirhinal cortex are both regions af-

fected in the very early stages of Alzheimer’s disease (AD; Braak and Braak,

1991; Braak et al., 2011; Khan et al., 2014; Maass et al., 2017). For this reason,

efforts in developing new non-invasive tests that are sensitive and specific

to subtle changes of location memory in AD would facilitate investigation

of its early development and possibly its diagnosis. However, these efforts

are currently limited by the lack of translational studies from rodents and

by the lack of studies designed more specifically around the cognitive func-

tionalities of the regions affected earlier in the disease.
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The perirhinal cortex and entorhinal cortex are both regions that have

been studied in rodents and humans, as structures that are phylogeneti-

cally conserved. In particular, the perirhinal cortex in humans sits at the

boundary between the medial temporal lobe and the visual pathway. The

entorhinal cortex (EC) contains two anatomically and functionally distinct

subregions, the anterolateral entorhinal cortex (alEC) and the posterome-

dial EC (pmEC), which are human homologues of the lateral and medial

entorhinal cortex (lEC, mEC) in rodents (Maass et al., 2015; Schröder et al.,

2015). AlEC is is a part of the hippocampal formation and receives major

input from the perirhinal cortex. A recent model, posterior medial - an-

terior temporal (PMAT; Ritchey, Libby, and Ranganath, 2015) suggest that

the anatomical division of the enthorinal regions underlies a functional dis-

tinction. According to this model, both alEC and perirhinal cortex regions

are responsible for representing object information, while parahippocampal

cortex and pmEC are responsible for spatial information. In particular, the

alEC, receiving major inputs from the perirhinal cortex, sits higher in the

hieararchy or at a later stage in this process. However, while the perirhinal

cortex has been extensively found to be involved in item recognition and

identification (for a review see Diana, Yonelinas, and Ranganath, 2012), the

role of the alEC is still under investigation.

The PMAT theory has received support from rodent and human studies

to inform how information is processed in the two pathways and recollected

in the hippocampus. In rodents, non-spatial or item based information com-

ing from the lEC (Deshmukh and Knierim, 2011; Deshmukh and Knierim,

2013; Knierim, Lee, and Hargreaves, 2006) is combined with spatial infor-

mation coming from the mEC (Fyhn et al., 2004; Hafting et al., 2005; Kropff

et al., 2015; Sargolini et al., 2006; Solstad, Moser, and Einevoll, 2006) to form

a conjoint representation in the hippocampus which is supports episodic
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memory (Eichenbaum et al., 2012).

The theory has been so far mostly corroborated by lesion studies in ro-

dents (rats) where authors have used an object exploration task in which

the animal acquires both spatial – e.g. the location of objects – and non-

spatial information – e.g. the object identity. In particular, a study found

lEC-lesioned rats to be more impaired than both mEC-lesioned and healthy

rats in recognizing spatial changes – i.e. when an object was replaced among

an array of previously learned objects - and non-spatial changes – i.e. when

an object was substituted with a new one among an array of previously

learned objects. These results suggest that the lEC could be involved in both

spatial and non-spatial information processing (Van Cauter et al., 2013). In

addition, Van Cauter et al. 2013 showed that when using a simpler ob-

ject exploring task in which only two objects were present – i.e. with only

one being substituted with a new one – lEC-lesioned rats explored the new

object, compared to previously-learned objects, for as long as healthy rats,

suggesting that the lEC is not solely supporting object recognition, possibly

encoding the conjoint representation of object location and identity. Con-

sistent with this interpretation, impaired performance in lEC-lesioned rats

were found also when the task required associating an object to a context (by

changing external cues and colours of the boundaries), suggesting that lEC

may even support a conjoint representation of object location, identity and

context (Chao et al., 2016). Finally, electrophysiology recordings in healthy

rats found a specific class of neurons, often referred as “object” cells, firing

selectively when the animal navigated in proximity to the location of the

objects within the environment, independently of whether the objects were

still present (Deshmukh and Knierim, 2011; Tsao, Moser, and Moser, 2013;

Wang et al., 2018). In other words, this class of neurons seems to store a

memory trace for the location of objects and helps the animal to remember
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“what” was placed “where” in a timeline structure.

Turning to human literature, functional connectivity studies using fMRI

studies have revealed a topological and sub-regional division of the en-

torhinal cortex similar to the one described above in rodents. In particular,

the translational properties from the rodent studies follow more closely an

anterior-lateral versus postero-medial functional division rather than a sim-

ple medial and lateral separation (Maass et al., 2015; Schröder et al., 2015).

Using desktop VR in fMRI, one study found that the anterolateral entorhi-

nal cortex exhibits greater BOLD activity in processing object identity lures

– i.e. when an object is substituted with a similar one among an array of

previously learned objects – while the posteromedial entorhinal cortex has

a greater BOLD activity in processing spatial lures – i.e. when an object is

repositioned in an array of previously learned objects (Berron et al., 2018;

Reagh and Yassa, 2014). Furthermore, by recording single neurons in the

human entorhinal cortex of neurosurgical patients, Qasim et al. identified a

class of cells, also called “memory-trace” cells, that are spatially tuned to the

retrieved location of previously learned objects that were cued to remember

(Qasim et al., 2019). Although the study did not report the exact location

in the entorhinal cortex where the memory-trace cells have been found, it

is nevertheless important to note how the properties show similarities to

the “object” cells described by Tsao, Moser, and Moser, 2013 and similar

studies in rodents. Collectively, these studies laid the foundations for find-

ing translational properties between human and rodent cognitive functions

supported by the subdivisions of the entorhinal cortex.

When trying to apply these newly discovered properties of the entorhinal

cortex to the understanding of neurodegenerative diseases, such as Alzheimer’s,
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there is still sparse literature. In the hypothesis of AD manifesting as a “con-

tinuum” from ageing (Aisen et al., 2017; refer to Chapter 1), rather than

a discrete status, few studies have examined to what extent ageing effects

might affect cognitive processes supported by that area. It is known that

the whole medial temporal lobe is commonly affected by atrophy in ageing

(Bettio, Rajendran, and Gil-Mohapel, 2017 for a review), but, more inter-

estingly, the same biomarkers responsible for AD are found in cognitively

healthy older adults (Crary et al., 2014), making ageing a critical starting

point for understanding the cognitive decline associated with the disease.

In particular, one recent study found that human anterolateral entorhinal

cortex volumes correlated with lower MoCA scores (Olsen et al., 2017) in

healthy subjects without any clinical diagnosis. Age differences have been

found in short memory tasks using desktop tasks where participants have

to relocate previously seen objects (Pertzov et al., 2012; Pertzov et al., 2015).

In particular, older participants performed poorly in both the identification

and localization of the objects but showed intact performance in binding

the object to its location – i.e. placing an object close to the probe in the

current trial. When using the same task with older adults at higher risk of

Alzheimer or with a clinical diagnosis, several studies have found a deficit

also in the binding between the location and their objects as indicated by the

increased number of misplaced objects i.e. when target objects were local-

ized close to the remembered locations of non-probed objects (Liang et al.,

2016; Parra et al., 2009; Parra et al., 2010).

One study has linked cognitive deficits in spatial processing as a possi-

ble consequence of anterolateral entorhinal cortex atrophy in healthy older

people (Yeung et al., 2019). In the study, Yeung et al. used eye-tracking to

assess the ability of older people to process spatial changes in a previously

learned desktop VR indoor scene. For assessing the ability to recognize
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spatial changes, one object was repositioned in the configuration of a scene

after the learning phase. The authors found that the number of fixations

related to where the object was previously placed correlated with volumes

of the anterolateral entorhinal cortex, and the authors argued that the an-

terolateral entorhinal cortex could store the trace of memory relative to the

location of objects in a context.

These studies have shown a promising pattern of findings that could be

useful in creating paradigms sensitive to the early detection of Alzheimer’s

disease. By taking inspiration from these studies, a new task will be pre-

sented in this chapter, the Object Location Task (OLT).

The overall aim of the task will be to test the conjoint representation of

object identity, location and context in groups of young participants, healthy

older controls, and patients with a diagnosis of amnestic mild cognitive

impairment (MCI) – i.e. patients with an objective memory impairment

for their age. The task design is in inspired by both rodents and human

paradigms, in an effort to provide a contribution to the body of possible

future translational studies. Three different parts form the final design;

an object location memory task will assess the hippocampus/anterolateral

entorhinal cortex functionalities, an object recognition task will assess the

functionalities of both the anterolateral entorhinal cortex and the perirhinal

cortex and lastly, an object-in-context memory task will assess the function-

alities of the anterolateral entorhinal cortex.

The analysis will examine a possible deterioration due to ageing between

the young and older controls and differences between the older controls and

the MCI patients group.



3.1. Introduction 101

The main hypotheses are that amnestic MCI patients will show an un-

derlying deficit in binding the information relative to an object, whether that

would be the location or the identity or the context. If such deficit is present,

associations between the performances in each of the single subtask and the

critical areas of the entorhinal cortex/hippocampus are expected.
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3.2 Material and Methods

3.2.1 Design

The study made use of a three-group quasi-experimental design in which all

participants completed the OLT and only older participants completed the

neuropsychological tests. The between-groups factors were age and patient

status. Patient status was considered MCI, further refined in sub samples

of MCI+ and MCI− when biomarkers were available. Two different com-

parisons were analysed; total MCI vs healthy controls vs young controls;

and MCI+ against MCI−. Within-group factors were the OLT performance

and each of the neuropsychological tests when present (pen and paper and

tablet version). Total and subfield volumes of the ROIs from healthy older

controls and patients were measured by D.H. using structural magnetic res-

onance imaging, as outlined elsewhere in the Appendix B (OLT) relative to

this chapter. Relationships between brain region sizes and OLT performance

were explored by D.H. .

3.2.2 Participants

Patients with MCI (n = 23) were recruited at the Cambridge University Hos-

pitals NHS Trust Mild Cognitive Impairment and Memory Clinics. MCI

status and subtype were diagnosed by neurologists with criteria based on

Petersen, 2004. All older participants received a memory screening includ-

ing the Addenbrookes Cognitive Examination-Revised (ACE-R; Mioshi et

al., 2006) and a Mini Mental State Examination (MMSE). Only MCI patients

that were characterized as amnestic, or had a relevant memory decline as

part of their diagnosis, were contacted to be part of the experiment.
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Recruitment for patients and controls was carried out in the presence of a

research nurse. Patients with psychiatric, neurological, learning difficulties,

sensory or motor challenges that would have interfered with the neuropsy-

chological tests or with iVR technology exposure were excluded. Some of

the patients were recruited from the study presented in chapter 2, however

due to the anonymisation of the data the exact number could not be estab-

lished.

Sixteen patients underwent CSF biomarker studies (amyloid-β1–42, to-

tal tau, phosphorylated tau) as part of their clinical diagnostic workup.

Biomarker studies were undertaken using ELISA assay kits (Innotest, Inno-

genetics; Shaw et al., 2009). Thresholds for positivity were set as CSF amy-

loid <550 pg/ml, CSF tau >375 pg/ml with a CSF tau: an amyloid ra-

tio of >0.8 (Mulder et al., 2010). A sub-sample of biomarker-positive MCI

(MCI\+, n = 9) and biomarker-negative (MCI\−, n = 7) have been found.

Researchers undertaking the iVR tests were blinded to the CSF status of

patients. The remaining five patients with MCI did not undergo CSF stud-

ies. Age-matched healthy control participants were recruited from the Joint

Dementia Research developed by the National Institute for Health Research

(NIHR). Control participants were recruited from the Joint Dementia Re-

search, an online repository of volunteers interested in dementia studies.

Exclusion criteria for te older groups were the presence of any major medi-

cal or psychiatric disorder, assessed in a phone interview by the GAD-2 and

PHQ-2 screening tools (Staples et al., 2019), epilepsy, a history of alcohol

excess or any mobility or visual impairment which may compromise per-

formance in iVR testing. A cohort of young healthy participants (n = 53),

with age less than forty years has been recruited using the Sona system, an

online subject pool.
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Ethical approval was granted by the NHS Cambridge South Research

Ethics Committee (REC reference: 16/EE/0215) and the UCL Research Ethics

Committee (ID number: SHaPS-2018-JK-027). Both ethics were undertaken

in line with the regulations outlined in the Declaration of Helsinki (WMA,

2013).

3.2.3 The Object Location Task (OLT)

The object location task was administered using the HTC Vive iVR kit, fea-

turing the external “lighthouse” base stations version 1.0 to track headset

and controllers. With the standard configuration, the tracked walkable area

for all the participants was 4.0 x 4.0 m. Researchers were always in the im-

mediate proximity of the participants to ensure participants were not able

to go beyond the testing area. The task was entirely developed using the

Unity 2017.0.4f1 game engine. Textured 3D models were acquired from the

Unity asset store under a free licence (non-commercial products) or were

modelled using the Maya 2017 software package with a student licence and

textured using Adobe Photoshop CC 2017.

A stable 90 Hz framerate – i.e. the minimum amount of time allowed

between two subsequent 3D rendered images on the HTC display - was

achieved to minimise any mismatch between physical and virtual move-

ments. For details about the reason behind this minimum threshold re-

quired in iVR please refer to section ‘Material and Methods’ of Chapter 2.

The 1:1 correspondence between real and virtual movement To lower the

incidence of nausea or tolerability issues, a vestibular mismatch was elimi-

nated by maintaining a 1:1 correspondence between movements in the real

and virtual world was constantly maintained.
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The task was administered in two locations, one using the MSI VR One

backpack laptop the other using a dedicated desktop VR using a Geforce

980 Ti graphics card. No participants reported fatigue caused by wearing

the backpack and no participants dropped out from the experiment due to

motion sickness.

The entire task is divided in three sections; in the first section, short-

term spatial memory is assessed by asking participants to learn locations of

different objects in a cue-rich environment and then to replace them after

a short-time delay. In the second section, object recognition is assessed by

asking participants whether a cued object was previously seen or not. In the

third section, object and context memory is assessed by asking participants

to link the previously seen objects to the environment they belong.

In total each participant will virtually visit three environments (figure 3.1)

based upon a “prototyping” environment. The prototyping environment

features an arena surrounded by a circular texture-less (plain white shading)

boundary adjusted to the height of the participant at the experiment start

up. In this way it wa ensured that each participant could have the same

view of the cues outside of the boundary. The boundary has a diameter of

10 virtual metres (1 virtual meter corresponds to a 1 real meter as long as the

1:1 correspondence between movements in virtual and real world is main-

tained) and is centred with the tracked area of the base stations. Outside

of the wall, each environment features three near distal landmarks placed

equidistantly along a circumference of 15 metres radius and centred on the

origin of the tracked area. Far distal landmarks are being added to help

orientation and provide unique characteristics to each environment.
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Figure 3.1: Bird view and snapshot of relative landscape of
the environments created for the Object Location Task. (A,B,C)
All environments were visually distinct. The only constant is a
circular colourless wall placed at the centre of the virtual real-
ity tracked area. Each environment have a different landscape
(textures and shape), light setting (daylight, night and sunset)
and sky texture. Three near landmarks, placed outside the cir-
cular wall are unique to each of the environment and placed
at the vertices of an equilateral triangle with centre the virtual
reality tracked area. (D) A neutral “waiting” room has been
used to place the patients between trials or between different

subtasks.

Each environment is unique in having a different floor texture (grass,

sand, ice stone), different props for near distal landmarks (e.g. crates,

houses, trees), different light settings (e.g. midday sun, sunset, moonlit),

and a different shape of far distal landmarks (e.g. grass hills, valleys, snowy

mountains; see figure 3.1 ABC). The only constant between environments
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was the colourless circular boundary. The choice of using a constant circu-

lar boundary to aid navigation is inspired by a desktop VR study that in-

vestigated spatial memory strategies in humans using fMRI (Doeller, King,

and Burgess, 2008). The study looked at the difference in learning the loca-

tions of objects when in the presence or not of a stable intra-maze landmark

(as opposed to having only boundary information). Using this paradigm

Doeller et al. demonstrated activity in the right posterior hippocampus

when boundaries were only present to encode the location of the objects, as

opposed to a striatum activation when the intra-maze landmark was present

to encode the location of the objects. Hence, given the relevant interest for

a hippocampal-dependent strategy, the iVR environments were designed to

have only a boundary cue to guide navigation and landmarks were placed

distally, outside the boundary, to aid orientation.

Each participant familiarised with the immersive virtual reality using

a practice version, consisting of a completed short version of the task. The

data collected from the practice was not further processed and thus excluded

from any analysis. The total time required for set-up, practice and trial for

each participant was around 50 minutes (2-5 minutes for set-up, 15 minutes

for practice, 30 minutes for the full task).

Object Location Memory

In this section, participants completed three repetitions of the same struc-

ture, each divided into an “encoding” phase followed by a “recall” phase

(see figure 3.2 for the design structure of this phase). During encoding (see

below) participants were required to memorise the locations of everyday

objects within a virtual environment, while the recall phase required them

to indicate where they believed each object had been located. A short-term
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Figure 3.2: Design structure for the object location memory
subtask of the OLT. Three visual distinct environments were
used throughout the test phase. For each environment par-
ticipants underwent an encode and recall phase (after a short
break). During the encode phase participants walked to four
different objects, one at a time (example in the view below
the encode box). The encoding was repeated for three times.
During the recall phase participants were asked to replace the
previously seen object on their locations by using the hand-
held controller which acted as a laser pointer (example in the
view below recall box). The recall was repeated for two times
to allow participants to correct for binding errors (replacing an

object on the location of another object).

delay of two minutes separated the two phases during which participants

could rest in a neutral grey “waiting” VR room (see figure 3.1 D). Each trial

featured a distinct environment. Objects used as memory items were se-

lected from a study (Brady et al., 2008) looking at long term retention of a

high number of everyday objects in a healthy population – e.g. food, stan-

dard tools or everyday house objects – and were selected based on their

higher recognition and retention rate.

There were in total twenty-seven different objects in the entire task. An
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algorithm assigned four different random objects to each of the three en-

vironments at the application start-up, ensuring the same object was not

presented in more than one environment.

Encoding Phase During the encoding phase, upon entering the virtual en-

vironment, participants were given sixty seconds to familiarise themselves

with the environment, by verbally describing the near and far distal land-

marks. After the familiarisation, four objects in different locations were pre-

sented in sequential order, with only one object present at any time. Objects

were presented on a simple pedestal (see figure 3.2); in this way, it was en-

sured that all objects occupied a standardised area of the environment floor.

On top of the pedestal a message projected in the virtual space contained the

name of the current object. This semantic memory component was added

to assisting the learning phase and, although could have created a confound

in memory due to hippocampus engagement, it should not have interfered

with the ability to remember the visual characteristics of the objects (Manns,

Hopkins, and Squire, 2003).

Participants were asked to walk to the same location of the current ob-

ject to activate the following object in the sequence, engaging this way in

an active navigation process when memorising the locations, enhancing the

chance of memory performance, as shown previously in an older popula-

tion virtual reality studies looking at difference beween active and passive

navigation using landmarks (Jebara et al., 2014; Sauzéon et al., 2016).

When walking close to the object, participants were encouraged to use

the near landmarks to assist in locating themselves within the environment
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and were invited to look carefully at each object to capture the salience fea-

tures. No time restriction was imposed during this phase. Participants were

presented with each object two times - i.e. four objects for two presentations

- and were cued to return to the centre of the environment between each

round of presentations. Upon completing the encoding phase, participants

were returned to a neutral grey “waiting” VR room where they could rest.

The locations in each configuration of objects were assigned at applica-

tion start-up using a pseudo-random algorithm. The algorithm initially tiles

the tracked area filling it with circles of half-meter radius until no more cicle

could be placed anymore. By selecting four of them at random, a config-

uration is created (for a total of three configurations, each for one of the

different environment); the centre of each ring is the desired location for the

item to be presented. In this way it was ensured that no item could be closer

than one meter from another one and that there was not a fixed structure in

the configurations.

Recall Phase In the “recall” phase, participants were able to use a handheld

controller acting as a laser pointer allowing them to position a simulated

pedestal presented at the tip of the laser, identical to the one on which ob-

jects had been placed. Throughout the recall phase, participants were asked

to remain stationary at the centre of the environment while using the virtual

pointer to replace each of the objects anywhere inside the boundary. In this

way, any striatum dependent response – i.e. a stimulus-response mapping

relative to a landmark in a viewer-centred framework - was a ruled out as a

strategy during the recalling (Hartley et al., 2004).
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Object location was probed sequentially in random order assigned be-

fore the start of the trial; objects were cued using a temporary in-screen

message displaying the semantic word of the cued object – e.g. a virtual re-

ality text showing “Please replace the guitar”. In addition, a constant visual

cue presenting the current object was presented on a corner of the screen

throughout, to ensure performance was not affected by difficulty in recall-

ing the visual appearance of the object. Participants were asked to indicate

each choice twice, with objects from the configuration presented again in a

randomised order. In this way, participants had one chance to correct for

binding errors; binding errors are a typical mistake in retrieving position

where a different item from memory set is reported in place of the one that

was probed. Binding mistakes are common in short-term memory tasks

where more than one stimuli are presented at a time and are believed to oc-

cur after a failure on the conjoint representation of object-location (Pertzov

et al., 2012). Such errors are of interest per se and will be further discussed

in the analysis section.

Object Recognition

Before starting the following subtask, participants were asked to take a five

minutes break where the headset was taken off, during which participants

were asked to take the headset off. After the break, participants performed

the next subtask while being held in the virtual reality “waiting” room,

where no environment context was present and participants were standing

on a solid grey platform.

At the start of each trial, an object was placed in front of them on the

same pedestal used for the encoding and recalling subtask. No semantic

cue was provided when showing the object in order to avoid any prompt
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Figure 3.3: Design structure for the recognition memory sub-
task of the OLT. Participants were kept in a neutral room with a
stone ground surface. (A) An object was placed on a pedestal
in front of the participants along with two virtual cards dis-
playing the text “Old”/“New”. The HTC handheld acted as
a laser pointer to choose one of the cards depending if par-
ticipants thought the object was previously seen in any of
the environment (“Old”) or not (“New”). (B) Participants are
asked to give a four-scale rating to their choice by selecting one
virtual card displaying one of the following texts: “Certain”,
“High Confidence”, “Low Confidence” and “Guess”. “New”
objects were created by pairing with “Old” objects and allow-
ing one of the following change: (C) change in the number of
a featured part (the number of front speakers in the example)
(D) a change in the colour of the textures, (E) a change in the

object pose.

for a semantic memory component. After being shown the object, two cards

appeared in front of the participants and at the side of the pedestal, with

“Old” or “New” text written on (figure 3.3 A). Participants had to select one

or the other, by using the controller as a pointer. The card “Old” indicated

the object had previously been seen in any of the environment visited dur-

ing the previous subtask cards using the laser pointer, otherwise the card

“New” should have been selected. “Old” objects were paired to the “New”

objects such as only one feature is changed from the original object, with

one of three following changes; a change in texture, a change in the pose, or
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a change in the number of a particular feature of the object. – e.g. if show-

ing flowers the number of stems was different (figure 3.3 CDE). After the

“Old” or “New” selection, the object was removed from the pedestal and

four cards appeared inside the virtual world, asking the participants to give

a rating to the confidence of their choice. The options were the following:

“Guess”, “Low”, “High”, “Certain” (figure 3.3 B). Participants underwent

twelve trials, with six “New” objects randomly chosen at the beginning of

the subtask.

Object in Context Memory

Figure 3.4: In VR screen capture the object-in-context mem-
ory subtask of the OLT. Participants were placed back in one
the previously experienced environment and were shown four
different objects in four different pedestals. Only one of the ob-
jects shown belonged to that environment. Participants made
the selection using a laser pointer. Pointed pedestals were
highlighted (as in picture) before participants were able to give

their choice.
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In the last of the subtasks of the object location task, participants were

asked to remember the object-environment binding - i.e. participants were

asked to identify the environment where the object had been seen in (fig-

ure 3.4). Participants were placed back in one of the environments and were

shown four different objects on four pedestals. Each object had been previ-

ously seen during the encoding phase, but only one had been seen in the

current environment. Using the virtual pointer, the participant could high-

light the pedestal and confirm their choice. Participants completed nine

trials, where three objects per environment were chosen randomly. Upon

each presentation, the algorithm tried to exclude objects that were previ-

ously chosen by the participants to minimise confounds on following trials.

Outcome Measures

Primary Outcome Measures The primary outcome for the object location

memory subtask was the displacement error of responses – i.e. the abso-

lute error distance, in virtual metres, between the indicated and original

object location; lower displacement errors indicated higher accuracy and

better performance on the task. The primary outcome of the object recogni-

tion subtask and the object-in-context memory was the percentage of correct

choices.

Secondary Outcome Measures Secondary outcome measures were the re-

sponse times, i.e. the time required for the participant to give an answer

upon being prompted with the stimuli. These measures are analysed as

indices to understand the search for cues – e.g. in the object replacement
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during the recall phase – or as surrogate for confidence in identifying ob-

jects in the recognition memory.

MRI Acquisition

MRI structures were collected by D.H. in Cambridge using the Freesurfer

6.0 software package as outlined elsewhere (please refer to the Appendix A

(PIT) relative to the previous chapter). The segmentation of the entorhinal

cortex was achieved using a manual protocol, excluding the overlapping in-

termediate sections as described in (Maass et al., 2015; Appendix A).

Given the involvement of the perirhinal cortex in item recognition (Eichen-

baum, Yonelinas, and Ranganath, 2007), this area was further extracted (Au-

gustinack et al., 2013; Feczko et al., 2009). In humans, the perirhinal cortex

has been identified in the Broadmann area 35 and 36 and are provided with

masks from standard protocols implemented in Freesurfer.

All volumes were summed bilaterally and corrected for head size by di-

viding for the intracranial volume estimated using Freesurfer.

Comparator Neuropsychological Tests

The neuropsychological battery administered to the older participants re-

cruited for the Object Location Task have been presented in Chapter 1.
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3.2.4 Analysis

Demographic differences – namely age at testing, years of education and

gender - between healthy controls and total MCI sample were assessed us-

ing an independent t-test or chi-square for categorical values. t-test was

substituted with the Wilcoxon-Mann-Whitney test when the assumption of

normality for the data distribution or equal variances were not met. De-

mographic differences within MCI subtypes (MCI+, MCI−, MCI unknown)

were assed using a one-way ANOVA, or the Kruskal-Wallis test when the

hypothesis of normality for the data distribution was not met. See Table 1

for a summary of the demographics.

Neuropsychological Tests

Differences in neuropsychological tests were assessed only in the older groups

(healthy controls and MCI). In particular pooled MCI (MCI+,MCI− and

MCI unknown) were compared against the older cohort and MCI+ were

compared against MCI−.

Outcome Measures

All continuous variables were checked for assumptions before running the

parametric tests. In particular, outcome measures distributions were anal-

ysed for normality including tests to assess skewness and kurtosis of the

distributions when data sample was sufficiently large. The Shapiro-Wilk

test (Shapiro and Wilk, 1965) was used to test if the distributions come from

a normal distribution with smaller samples (< 100 data points), while the

Jarque-Bera test has being used for test the normality by investigating the

joint hypothesis of skewness being zero and the excess kurtosis being zero
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(Jarque and Bera, 1987) to check for the goodness of the shape distribution.

When comparing more than two groups the Levene test was performed

to assess the equality of variances between the different groups. When the

Jarque-Bera or the Shapiro-Walk test rejected the null of the hypothesis of

data being normally distributed data transformation was applied accord-

ingly to the skewness only if it did not change the ordeal of data.

After the transformation tests were repeated in addition to visual ex-

ploration of quantile-quantile plots for assessing the normality of the data

samples. When normality was not reached after data transformation non

parametric tests were used instead to assess group differences. All variables

were checked and outliers removed using the Grubbs procedure when data

was parametric (Grubbs, 1969). A quartiles based procedure, excluding el-

ements outside the 1.5 inter-quantile ranges above the upper quartile and

below the lower quartile has been used when the assumption of normality

were not met.

Object Location Memory Performance

A linear mixed effect model (LME) was used to assess the effect of ageing

and MCI status on the absolute distance error. The reason for the choice is to

take into account the clustered nature of the data and so the within- partic-

ipant variability that could be reduced if averaging across trials. Moreover,

the methodology can correct for the non-randomised designed of the envi-

ronments between participants. Three separate models have beenwere run

to look at i) ageing effects between the young and the healthy older cohort;

ii) MCI status effect between the older healthy cohort and the grouped MCI;
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iii) CSF status effect between the MCI+ and MCI−. The complete model

fitted (with slopes set to zero when the information is not present) is:

DVij =β0 + β1Groupj + β2Agej ++β3Sexj + β4Eduj + β5ACERj+

β6NARTj + (β7 + U1j) ∗ Envij + β8RetrievalTimeij+

β9 ∗ (Agej ∗ RetrievalTimeij) + β10(Agej ∗ Sexij) + U0j+

U2jObjectIDij + eij

(3.1)

where DVij is the absolute distance error for each trial i (1...12) of par-

ticipant j ranging from 1..100 depending on the analysis performed). β0 is

the coefficient for the population mean, β1 is the coefficient for the group or

diagnostic status of participant j (young vs healthy older; healthy older vs

pooled MCI; MCI+ vs MCI−). Age (β2), sex (β3), years in education (β4),

ACE-R (β5) and NART (β6) have been included as additional fixed effect to

control for additional variance for participant j. β7 is a fixed effect coeffi-

cient to model the three different environments and U1j is a random slope

allowed for each participant to control for performance differences in each

environment. β8 is a fixed effect coefficient to model the error based on the

retrieval time, or the search of cues within each environment. β9 and β10are

interaction terms between the age and retrieval time and between age and

sex. U0j is the random intercept for each participant and U2j is a random

slopes that take into account that the randomization of the objects. Finally,

the term eij is the trial-level error for each trial i of participant j.

The model was designed following a mixture of a priori hypothesis and

important covariates known made known from ageing literature.



3.2. Material and Methods 119

Visual inspection of residual plots between model estimates and real val-

ues did not reveal any significant deviations from homoscedasticity or nor-

mality. Denominator degrees of freedom were obtained using the he con-

servative Satterthwaite approximation and p-values for fixed effects were

computed running an ANOVA on two nested models – i.e. by removing the

parameter of interest each at a time.

Detection of Location Binding Errors

Deficits in holding information in memory for Alzheimer’s disease patients,

through different cognitive processing, semantic or visual, are typically iden-

tifiable in the binding between the items and their features - e.g. colour with

shape, face with name, word with object (Parra et al., 2009; Parra et al., 2010).

Binding errors occur when a different item in memory is reported in place

of the one that was probed. For this reason, in assessing the performance

on a spatial memory task, failure of binding features are of interest in their

own right, as representative of encoding errors, but also are of interest as

possible confounds on reporting other outcome measures (Bays, 2016; Liang

et al., 2016; Pertzov et al., 2012). In the object location task, a binding error

may happen in the link between an object and its real location.

Previous methodological research has focused on looking at the distri-

bution of errors along the reported feature dimension (similar to the ab-

solute error distance of the current study) for identifying binding errors.

For example, in a typical delayed report task, participants had to reposi-

tion previously seen configuration of objects on a touch screen after a short

delay (Pertzov et al., 2012). When looking at the probability density ver-

sus the actual responses, the distribution does not follow the hypothetical

normal distribution, as would be the case if accounting for standard noise
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only (see Bays, 2016 for a generative model). By making assumptions on the

distribution of the binding errors, previous models have used maximum-

likelihood principles to detect the error frequency based on the deviation

from the assumed model distribution (Fougnie, Suchow, and Alvarez, 2012;

Van Den Berg et al., 2012). More refined models have managed to propose

non-parametric methods where any assumption on the a priori distributions

of binding errors are made (Bays, 2016). However, all of these previous re-

search has looked at a single item feature distribution in relation to the

possible answers in a given configuration, ruling out an approach where the

whole configuration, or rather geometry is taken into account in the binding

errors detection. Lastly, in previous methodologies, experimental designs

made sure to present only configurations with stimuli distant enough from

each other, ruling out the possibility of the chance of detecting a binding

error in place of a pure guess response. In our study, each object had a

minimum of 0.5 metres distance the other objects in the configuration, so

the possibility that participants could indicate two close locations for two

objects should not rule out a pure guess response.

An in-house heuristic approach was developed to detect binding error

focusing on the geometry of each configuration of objects. For each con-

figuration, two polygons were created using the vertices of the real object

location,
−→
Vri (real polygon where i is the index of the configuration), and

vertices from their matched participant response locations,
−→
Vsi (response

polygon where i is the index of the configuration). A structural error, indi-

cating the difference between the two polygons was defined as the sum of

the distance between each paired vertex. To assess the quality of each re-

sponse polygon relative to the real polygon, a general 2D transform matrix

was built to transform the vertices of the response polygon (
−→
Vsi) accounting

for scaling, rotation and translation as follows
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−→
Vsi
′ = T

−→
Vsi = SRT

−→
Vsi (3.2)

where

S =


k 0 0

0 k 0

0 0 1

 , R =


cos(θ) sin(θ) 0

− sin(θ) cos(θ) 0

0 0 1

 , T =


1 0 0

0 1 0

tx ty 1

 (3.3)

S is the matrix scaling the response polygon by a factor k, R is the counter-

clockwise rotation matrix rotating the vertices of the response polygon by

a quantity θ, T the matrix translating the response polygon by a quantity

textittx on the x direction and ty on the y direction. Vsi is a homogenous

column vector with the coordinate of the location. Shearing was not allowed,

as after the transformation, the geometry of the configuration had to be

preserved. A non-linear solver was then used to extract the optimal values

of k, θ, tx and ty that minimise the structural error, acting as the following

cost function for the solver:

C(k, θ, tx, ty) =
4

∑
i=1

√
(
−→
Vsi
′ −−→Vri)T(

−→
Vsi
′ −−→Vri) (3.4)

C(k,θ,tx, ty) is the structural error distance calculated after a generic trans-

formation of the participant response vertices indicating the difference be-

tween the response polygon and the real one. If the participant had placed

the objects in proximity of their real location, the optimal cost function

should then be closed to zero value, indicating that each object could be

returned close to its real location.

In order to detect the binding errors, the minimum cost function was

subsequently calculated for all the response polygons obtained by either
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duplicating one response vertex index in the configuration - e.g. 1224 – or

after the permutation of two indices - e.g. 1324 - or after the permutations

of three indices – e.g. 4231. Ranking the cost functions in ascending order

created this a candidate for the binding errors. In particular, a candidate

derived from the duplication of one index is considered a “misplaced” error

– e.g. placing object A in the proximity of the real location of object B; a

candidate derived from the permutation of two indices is called a “swap”

error – e.g. replacing object A in proximity of the real location of object B

and vice-versa; a possible candidate from the permutation of three vertices

will be referred as a “retrieval failure” or the inability from the participant to

recall the entire configuration of objects (with a note that also any combina-

tion of swap and misplaced errors for which at least three different objects

were accounted for has being categorized as a retrieval failure).

Best candidates were finally assessed based on the proximity of the can-

didate misplaced object to the other location in order to control for false

positives by including a check for a guess chance of placing the object in

the wrong location. To assess the proximity of one candidate object over the

location of another object a guess chance, called “catchment” area, centred

on each real vertex location has been defined. The catchment area has been

defined as the mean error distance of the real vertex location to each binned

point of the tracked area (0.1 meter bin) weighted over the mean sum of the

absolute distances to the other real vertices locations in the configuration.

With such definition, an object more isolated in the configuration from the

area has a smaller catchment area indicating a small chance for the partic-

ipants to use that location for a binding error. At the same time when a

particular object was close to the others in the configuration the chance to

use that location for a binding error increased.
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A candidate binding error was considered valid if the replaced object

exited the catchment area of the real vertex and entered the catchment area

of another real vertex location. The algorithm has been run independently

for each configuration and on each participant. An example of the detected

errors and the catchment areas can be found in figure 3.5.

To analyse the frequency of the location binding errors, a hypothesis

of a positive monotic trend, based on previous ageing and clinical stud-

ies has been made. Therefore, to test the monotonic trend that binding

error frequencies increase as a consequence of ageing effect, and on top

of that as consequence of the memory impairment due to the MCI status,

the Jonckheere-Terpstra (Shan, Young, and Kang, 2014; Terpstra and Magel,

2003) rank-based non-parametric test was used. The alternative hypothesis

is that the difference in the mean of the distribution follows the ‘a priori’

order where the young group exhibits a lower mean error frequency than

healthy older group which in turn exhibits lower mean error frequency than

the mild cognitive impairment group. A newer version of the Jonckheere-

Terpstra has been implemented by Shan, Young, and Kang, 2014 showing

more statistical power in comparisons to other non-parametric tests, like the

Kruskal-Wallis, when the alternative specific order is confirmed. To identify

subsequent pairwise group differences post-hoc Wilcoxon-Mann-Whitney

test has been used to assess differences in the median between the two in-

dependent group comparisons.

Recognition Memory

Signal detection theory was applied to quantify the decision-making process

used by participants in discriminating objects in the memory recognition

subtask (Mahoney, Nickel, and Hannula, 2015).
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Figure 3.5: A custom algorithm detected errors due to feature
binding failure. In the object location task two contextual fea-
tures affected by binding are the object appearance and its lo-
cation. The algorithm used a heuristic approach based on the
geometric configuration of the set of objects to calculate the
retrieval errors. Example for each of the three identified cat-
egories: (A) Misplaced object, occurring when an object is set
in the proximity of another object. (B) Swap errors, occurring
when object A is set in place of object B and vice-versa. (C) Re-
trieval failure, occurring when subjects misplaced or swapped
three or more objects. In each plot, the real location of objects
is reported with a squared blue box. Subject’s responses are
indicated with a blue cross, and the green dashed line repre-
sents the distance between the cued object and the response.
The yellow circular dashed line indicate the catchment area for
each object in the configuration, calculated taking into account

the entire configuration and the chance error for that object.

The advantage of signal detection theory is to provide an insight whether

the performance can be the result of accurate discrimination or the influence

of a systematic bias – e.g. always choosing “Old” whether a target or a decoy

is presented. Namely, the d’ and criterion, C, were calculated per participant

to assess their ability in discriminating the targets from the decoys. Higher

d’ values (around a value of two) indicate that the participant clearly dis-

criminated between the targets and the decoys, while a positive criterion

sign indicates a liberal strategy where the “New” response was favoured,
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vice-versa a negative criterion sign indicates a conservative strategy where

the “Old” response was favoured. D’ mean differences between groups have

been assessed using a one-way ANOVA.

The confidence rating, given by participants at the end of each choice,

was used to refine the discrimination index and the criterion for each par-

ticipant on the recognition test. In particular, a receiving operating charac-

teristic (ROC) curve was created by cumulatively adding the probabilities

of hit (targets recognised as “Old”) and false alarms (decoys recognised as

“Old”) for each confidence rating (on a scale one to four in the current ex-

periment) to form the curve. The area under the curve (AUC) provides an

index of discrimination, and the intersection between the hit, and the false

alarms along the generated curve indicate the criterion (Wixted, 2007). In

particular, if the intersection point calculated with the confidence ratings is

greater than the criterion previously calculated it means that the participant

has indeed adopted a more conservative approach on recognising the ob-

jects, vice-versa a more liberal approach.

The same ROC curves have been constructed by extracting a confidence

rating from the response times (Weidemann and Kahana, 2016). The ratio-

nale behind the analysis was to investigate a variable independent from per-

sonal judgment which is correlated with performance in short-term mem-

ory retrieval tasks (MacLeod and Nelson, 1984; Ratcliff and Starns, 2009).

In particular, these studies have suggested higher accuracy in recollecting

previously learned stimuli, correlates negatively with the latency of the re-

sponse. By following this assumption, a mapping between the response

times in strength of confidence, was established. Lower reaction times on

target stimuli indicate high confidence in the response, whilst lower reac-

tion times on decoy stimuli indicates a low confidence. Equally distributed
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quantiles have been used to extract a uniform distribution of ratings from

one to four. The response time confidence rating has been calculated inde-

pendently for each participant.

Receiving Operator Characteristic (ROC)

The classification ability of the OLT has been compared to the reference

neuropsychological battery test to assess the ability in distinguishing MCI

patients from the healthy older controls.

To extract the specificity and sensitivity of the classification, a logistic

classifier has been trained using maximum likelihood principles. Additional

parameters controlled for age, sex and years in education. A 10 k-fold cross-

validation was used to avoid overfitting of the models. Posterior probabili-

ties of the model were used to generate the receiver operating characteristic

(ROC) and to calculate the area under the curve (AUC). AUC confidence

intervals have been generated by bootstrapping with 1000 repetitions.
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3.3 Results

3.3.1 Demographics and Neuropsychological Testing

Patients
Young Adults

(n = 53)
Healthy Controls

(n = 24)
MCI

(n = 23)
Unknown

(n = 7)
CSF negative

(n = 7)
CSF positive

(n = 9)
Age 24.1 ± 3.0 68.8 ± 5.7* 71.7 ± 7.5n.s.

73.1 ± 8.3 67.2 ± 6.4 74.1 ± 7.0 n.s.

Males (%) 22(41) 8(33)n.s.
13(57)n.s.

3(43) 6(67) 4(57)n.s.

Years in education 18.5 ± 2.7 15.5 ± 3.9n.s.
15.3 ± 3.4n.s.

16.0 ± 3.2 14.6 ± 4.2 15.4 ± 3.0n.s.

Table 3.1: Table summarising the demographics of the dif-
ferent cohorts tested for the OLT. Young adults and healthy
controls were used to assess ageing effect on the task perfor-
mances. The MCI cohort was matched with the healthy con-
trols in age and in years spent in education. Within the MCI
cohort a sub sample of patients had the CSF biomarkers of
Alzheimer’s disease (CSF negative and CSF positive). There
were no age nor years in education differences between the

CSF sub samples of the MCI. (*) p<0.05.

Table 3.1 reports the demographics of the cohorts tested with the OLT.

Significant difference in age were between the young and older healthy co-

hort. There were no other differences in age, years in education and sex

between the young and older healthy control, or between the healthy older

control and the pooled MCI cohort or between the MCI+ and MCI−. Ta-

ble 3.2 reports the results from the neuropsychological tests. Comparisons

were Bonferroni corrected to take into account the number of comparisons

between the groups (adjusted α of 0.002). The healthy older control showed

significant better performances than the pooled MCI cohort in several tests

(p < 0.002). Between the MCI- and MCI+ subgroups only the free and cued

selective reminding test (free immediate recall) showed worse performances

in the positive group (p < 0.002).
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3.3.2 Absolute Error Distance

Figure 3.6: Mean absolute error distance between real ob-
ject locations and participant’s responses per participant and
plotted for the different groups; (A) young, older healthy age-
matched elderly and pooled MCI (containing positive, negative
and unknown CSF status). (B) Only MCI with biomarkers are
reported. In the left graph errors are reported as grey trans-
parent circles and are divided according to the group; blue
colour is for the young participants, red colour for healthy
age-matched elderly and green for the pooled MCI. All boxes
report the mean as the thick black line, standard error of the
mean as the darker area and confidence interval as the exter-
nal limits of the boxes. Right graph show the fitted distribution
obtained using a normal density function. Relative frequency

is reported to account for differences in the sample sizes.

Three separate linear mixed effects models were used to model the effect
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of ageing, MCI status and CSF status within the MCI group.

The healthy older cohort (m = 0.67m, sd = 0.18m) exhibit slightly better

performance than the young cohort (m = 0.61m, sd = 0.16m) although the

difference was not statistically significant [t(1,860) = 0.23, p > 0.05, figure 3.6

A]. The model revealed that the environment type is a good predictor for

the absolute error distance [t(1,860) = 2.44, p < 0.05], possibly because the

environments were not randomised between participants. The interaction

term between retrieval time and age proved to be an important predictor for

the absolute error distance [t(1,860)=2.98, p < 0.01] as was also shown from

the ratio likelihood test with a nested model without the interaction term

(χ(1) = 6.23, p = 0.01). No other fixed effect was a significant predictor for

the model.

The pooled MCI cohort exhibited significantly larger absolute error dis-

tance than the older healthy cohort [t(1,504) = 4.02, p < 0.001, Fig. 6A], with

an estimate of 0.51m ± 0.14m increase in the error with respect to the older

healthy cohort. Sex [t(1,504)=2.78, p < 0.01; χ(1) = 6.04, p = 0.01], retrieval

time [t(1,504)=2.56, p < 0.05; χ(2) = 12.46, p < 0.01] and years in education

[t(1,504)=2.56, p < 0.05; χ(1) = 5.86, p = 0.02] revealed to be good predictor

for the model, each confirmed with a likelihood ratio tests between the full

model and a nested one with each of these terms removed one at a time.

The separate analysis on the MCI+ and MCI− subgroup revealed that

CSF is not a main effect for the absolute distance error although the MCI+

were slightly worse (MCI+: m = 1.26m, sd = 0.35m; MCI− m = 1.08m, sd =

0.47m; figure 3.6 B). No other fixed effect was associated with the absolute

distance error was revealed by this analysis.
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3.3.3 Retrieval Times

Figure 3.7: Mean retrieval time per participant during the ob-
ject location memory subtask. Left graph show young, healthy
older and pooled MCI cohort. The right graph reports MCI−
and MCI+ retrieval times. All boxes report the mean as the
black line, standard error of the mean as the darker area and
standard deviation as the external limits of the boxes. The re-
trieval time has been found an important fixed effect for the ab-
solute error distance in the linear mixed effect models. When
fitting the model between the young and healthy older cohort
there is an effect for the interaction between age and retrieval
time. When fitting the model between the healthy older and
the pooled MCI (positive, negative and unknown) cohort the
retrieval time was an important fixed effect to predict the errors
in the object location task. A separate explanatory analysis on
the retrieval time using ANCOVA have shown no differences

between the groups.

An exploratory analysis on the retrieval times effects was performed by

running ANCOVAs between the three paired groups to look at the mean dif-

ferences in the retrieval time, covarying for age, sex and years in education.

No differences between the three paired groups were found (see figure 3.7).
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3.3.4 Location Binding Errors Frequency

To test the specific trend that binding errors count increase with age and on

top of that with the cognitive impairment, an improved version of Jonckheere-

Terpstra (Shan, Young, and Kang, 2014) test was run on the detected mis-

placed counts and on the swaps counts, revealing a significant trend to-

wards higher means of the misplaced error counts from young (m = 0.51,

sd = 0.10) to healthy older controls (m = 0.88, sd = 0.16) and pooled MCI

(m = 1.44, sd = 0.26; TJT = 2036, Z = 1.94, p = 0.03; figure 3.8). Subsequent

Wilcoxon-Mann-Whitney tests showed no significant difference in the mis-

placed errors medians between the younger group and the healthy older

controls (U = 1903, z = 1.79, p = 0.06) and no significant difference was

found in the misplaced errors medians between the healthy older controls

and the mild cognitive impairment patients (U = 510, z = 1.47, p = 0.14).

In conclusion, despite showing a positive trend towards higher differences

in the mean, there was no difference between groups that could take into

account the specific trend. When looking into the swap errors frequency

the Jonckheere-Terpstra test revealed a monotonic order for the mean fre-

quencies between groups (TJT = 2071, z = 3.61, p < 0.001). The pairwise

comparisons using the Wilcoxon-Mann-Whitney test revealed a significant

difference between the mean frequency rate of the older healthy group (m

= 0.38, sd = 0.12) and the mild cognitive impairment group (m = 1.13, sd =

0.19; U = 444, z = 3.05, p < 0.01), but not between the young group (m =

0.25, sd = 0.07) and the older control group (U = 1997, z = 1.00, p = 0.32).

A separate analysis on the MCI with the biomarker status revealed no

difference in the mean misplaced frequency between MCI positive (m = 1.00,

sd = 0.22) and MCI negative [m = 1.78, sd = 0.50; U = 49 p = 0.26; figure 3.8

B] and no difference in the mean swapped error frequency between MCI
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positive and MCI negative.

Figure 3.8: Mean frequencies of the detected binding errors
for different groups. (Left panel) Group presented are young,
older healthy age-matched elderly and pooled MCI (positive,
negative and unknown). (Right panel) Group presented are
MCI negative and MCI positive. The celadon (green) bars in-
dicated the misplaced objects – i.e. when object A is replaced in
the proximity of location B. The canary yellow bars represent
swap errors – i.e. when object A is replaced in the proximity of
location B and vice-versa. Crimson (red) bars exhibit retrieval
failure, which is when the participant failed to bind three or
more objects. Error bars, shown as thick black line, represent
the standard deviation. Pooled MCI exhibits greater counts in
each category, in particular MCI exhibits a greater frequency

of swap errors.
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3.3.5 Absolute Error Distance Controlled for Location Bind-

ing Errors

To control for the incidence of the location binding errors in the absolute

error distance, the Euclidean distance calculation was repeated by using the

location of the target objected detected from the misbinding location algo-

rithm. The resulting absolute error distance is a measure that is independent

from the identity of the object, and reflects instead the decision to report the

location of non-target item.

When controlling for the location binding errors, the young (m = 0.64m,

sd = 0.15m), older healthy (m = 0.62m, sd = 0.16m) and pooled MCI cohort

(m = 1.17m, sd = 0.35m) exhibited slightly better performances as expected.

However when running the same linear mixed effect analysis, no differ-

ence were found in the results, concluding that accounting for the location

binding errors was not sufficient for adjusting the difference between the

performances between the older healthy cohort and the pooled MCI cohort.
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3.3.6 Object Recognition Performance

Young adults Healthy controls MCI (pooled)
Avg. Probability Avg. RT Avg. Probability Avg. RT Avg. Probability Avg. RT

Accuracy (%) 0.78(0.13) 3.82(3.03) 0.78(0.10) 3.83(2.28) 0.82(0.11) 4.06(2.23)
HIT 0.81(0.12) 3.44(3.03) 0.79(0.09) 3.08(1.84) 0.77(0.10) 3.94(2.44)
FA 0.34(0.22) 4.65(3.12) 0.32(0.14) 5.34(2.20) 0.25(0.12) 3.54(2.48)
d 1.53(0.73) 1.50(0.54) 1.68(0.69)
C -0.39(0.49) -0.50(0.27) -0.26(0.21)

Table 3.3: Table summarising the performances on the object
recognition subtask for each of the different groups: young,
older healthy age-matched elderly and pooled MCI (positive,
negative and unknown CSF status). For each group the left
column reports the accuracy (correct probability), hit (targets
correct probability), false alarms (FA; decoys incorrect prob-
ability), d’ and criterion averaged across participants of the
same group. The right column in each group reports the aver-
age reaction time for the overall accuracy (across all trials), for
HIT (across target correctly recognized as “Old”) and for false
alarms (across decoy incorrectly recognized as “Old”) particu-
lar category. In parenthesis the standard deviation is reported.

In the object recognition memory each group performed equally well

in terms of overall accuracy and above chance (table 3.3). A Levene’s test

show no differences in the d’ distributions variability [F(2,83) = 1.18, p >

0.05]. No differences were found in the mean values of the d’ prime dis-

tribution following a one-way ANOVA test [F(2,83) = 0.40, p > 0.05; fig-

ure 3.9]. D’ scores were similar, ranging from 1.28 to 2.00 across all groups

(taking the minimum and the maximum of the confidence interval for each

calculated mean), indicating a good discrimination ability exhibited across

groups. The mean criterion calculated across participants for each group

revealed a tendency to choose a liberal strategy or a preference towards

the “Old” response increasing the false alarm rate, emphasized in the older

group controls.
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Figure 3.9: Scatter and sample properties of d’ values for the
different groups tested with the OLT. Groups are young, older
healthy age-matched elderly and pooled MCI (positive, neg-
ative and unknown). Mean is reported as a thick black line,
standard error of the mean as the darker area and confidence
interval as the external limits of the boxes. Each group per-

formed very similarly to each other.

The receiving operating characteristic curve was calculated by analysing

the performances across participants within the same group. The area un-

der the curve (figure 3.10 AB) built using the confidence rating revealed a

similar trend in the ability of discriminating targets from decoys with the

older control group scoring better (AUC = 0.83) than young controls (AUC

= 0.80) and pooled MCI (AUC = 0.79). The criterion can be extracted from

the ROC curve as the intersection point between the cumulative probabili-

ties of target and decoys (indicated in the graphs as a diamond filled marker

along each of the three curves). When taking into account the confidence

rating the strategy is still liberal for the three groups, but in this case the

MCI pooled showed a more liberal approach with respect to the older and

young group who adopted a very similar strategy.
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When looking at the reaction times a one-way ANOVA revealed no dif-

ferences in mean reaction times across participants between groups [F(2,94)

= 0.76, p > 0.5].

The ROC curve constructed with confidence ratings extracted from the

reaction times (figure 3.10 CD), shows less discrimination of the MCI pooled

exhibiting an AUC of 0.71 against the young group with AUC of 0.78 and

the older group with AUC of 0.81. The result can be understood as a conse-

quences of the differences in the mean reaction times between groups exhib-

ited for the false alarms [F(2,94) = 3.48, p = 0.03], driven mainly from the dif-

ference between the mean reaction times between older controls and pooled

MCI (p = 0.03, Bonferroni adjusted). Conclusively, the reaction time ROC

analysis have revealed a more liberal strategy across groups, with pooled

MCI being more prone to false alarms.
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Figure 3.10: Response probabilities for each confidence rat-
ings (A-C) used to compute the ROC curve (B-D) for differ-
ent groups. Groups are young, older healthy age-matched el-
derly and pooled MCI (positive, negative and unknown). (A)
Response probabilities for bins of each measure across par-
ticipants of the same group. (C) Reaction time (RT) confi-
dences have been calculated by partitioning the reaction times
in equally spaced quantiles. Confidence ratings were calcu-
lated per participants to take into account for individual dif-
ferences. The confidence level has been decided a priori on the
stimuli received. For a target stimulus lower reaction time in-
dicates higher confidence, while for a decoy stimulus lower re-
action time indicates lower confidence. Probabilities are shown
for targets (pink salmon shade) and decoys (grey shade) sep-
arately with overlapping bars. (B-D) ROC functions are de-
picted for different groups. Main diagonal dashed black line
represent the ROC function for a random response (chance

level).
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3.3.7 Object-in-Context Memory Performance

Separate t-tests showed that all groups scored well above the chance level

of 0.25 (young, m = 0.70, p < 0.001; older control, m = 0.73, p < 0.001; MCI

pooled, m = 0.61, p < 0.001). A one way ANOVA revealed a difference in

the mean percentages of correct choices between the three groups [F(2,96)

= 3.46, p = 0.04]. Planned comparisons revealed no ageing effect in the ob-

ject in context memory performances between older controls and the young

group [t(1,74) = 0.55, p = 0.59, Bonferroni adjusted] and a significant differ-

ence between the mean percentage of the older controls and the MCI pooled

[t(1,44) = 2.59, p = 0.03, Bonferroni adjusted; figure 3.11 left panel].

When looking at the subgroups of MCI, the MCI+ scored significantly

lower than the MCI- [t(1,14) = 2.17, p = 0.04; figure 3.11 right panel], reveal-

ing MCI+ have more difficulties in linking the objects to their environment.

When looking at the response times the data did not satisfy the assump-

tions for running parametric tests. In particular the Levene’s test reject the

null hypothesis for which the three groups have the same variance (p <

0.05). A Kruskal-Wallis revealed no differences in the median of the re-

sponse times between the three groups [χ2(2,95) = 2.522, p > 0.05]. The

response time was no further analysed.
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Figure 3.11: Percentage of correct answers in the object in
context subtask where participants had to select which object
belong to a specific environment amongst four choices. Left
graph reports young, healthy age-matched elderly and pooled
MCI (positive, negative and unknown) performances. Right
graph reports MCI negative and MCI positive performances.
Bars height is the mean across group. Error bars represent the
standard error of the mean. Chance performance is 0.25. (*) p

<0.05.

3.3.8 MRI volumetry and association with OLT performance

D.H. in the Cambridge site collected the structural MRI for the older control

cohort and the MCI patients. The analysis, which will be discussed in this

chapter, can be found in the Appendix B (OLT) relative to this chapter.

3.3.9 MCI classification

A combined performance from the object location memory subtask (abso-

lute error distance) and the object-in-context memory subtask (percentage

in correct responses) have been used to classify the pooled MCI from the

healthy older control cohort. The combined performance of the OLT for

the classification gave an AUC of 0.89 (CI = 0.72-0.95; Fig. 12). The other

neuropsychological tests all performed lower, and in particular ACER was

associated with an AUC = 0.84 (CI = 0.71-0.94), Trail making test part B
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[(AUC = 0.77; CI = 0.62- 0.89)], Rey-Osterrieth complex figure test [(AUC =

0.77; CI = 0.56-0.86)], Four mountain test (AUC = 0.69, CI = 0.51-0.84), Free

and cued selective reminding test (AUC = 0.64, CI = 0.47-0.83).

Figure 3.12: A logistic classifier has been trained to assess
the ability of the neuropsychological tests in determining the
MCI status against the healthy age-matched controls. Pooled
MCI (including patients with positive, negative and unknown
CSF biomarkers status) have been used for training the clas-
sifier. Only neuropsychological tests with performances that
have been found statistically different between the two groups
have been used for training the classifier. The classifier for the
OLT has been trained with the performance from both the loca-
tion memory and the object-in-context memory subtasks. The
classifier for free and cued selective reminding test (FCSRT)
has been trained with the performance from the immediate
total recall and the delayed immediate/total recall. The clas-
sifier for the Rey-Osterrieth figure recall test has been trained
with the performance from the immediate recall only. ACE-R
= Addenbrooke Cognitive Examination – Revised. TMT = Trail
Making Test part B. 4MT = Four Mountain Test. Chance level

is represented by black dash-dot line.
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3.4 Discussions

This study demonstrated the use for a novel immersive virtual reality paradigm,

based on functionalities the hippocampal formation, as a potential diagnos-

tic tool for assessing patients at risk of Alzheimer’s disease. The task, com-

posed by three distinct parts, have been designed to engage medial temporal

lobe functionalities, in particular the hippocampus and the anterolateral en-

torhinal cortex.

The lower performances in terms of absolute error distance exhibited by

the MCI group in the location memory subtask is consistent with previous

literature looking at location binding errors using simple paradigms (Hamp-

stead et al., 2011; Liang et al., 2016; Parra et al., 2009; Sapkota et al., 2017 or

combining it with navigation in desktop VR (Bellassen et al., 2012; DeIpolyi

et al., 2007).

However, the location memory subtask was not able to stratify the MCI

for their status. A speculative explanation is that compensatory mecha-

nisms could be in place when remembering the locations of the different

objects, such as using a snapshot of the landmarks, which can be extra-

hippocampally dependent (Dumont and Taube, 2015; Moffat et al., 2007)

or an egocentric strategy (i.e. remembering the object locations according

to the self) that could not involve the hippocampus (Colombo et al., 2017;

Galati et al., 2000). However, it is important to also point out the limitation

of the sample size.

The older healthy control group showed better performance on locating

the real position of the objects than the young control group, although not

statistically different. Contradictory results have been found in past research
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looking at ageing effect in spatial memory. Previous studies have found age

cognitive decline related to the precision in locating objects in short term

memory (Hampstead et al., 2018; Peich, Husain, and Bays, 2013; Pertzov

et al., 2015) and hippocampal-dependent memory deficits (assessed with

a desktop VR Morris water maze) linked to bilateral reduction of the hip-

pocampus (Driscoll et al., 2003). In agreement, a longitudinal study over the

course of two decades correlated performance in an episodic memory task

to age-related reduction in hippocampal volume and activity (Persson et al.,

2012). However, it is possible that the reductions may be associated with

the fact that older people tend to rely less on spatial strategies dependent

on the hippocampus, and may utilize extra-hippocampal regions for similar

tasks, as noted by the increase of activity in the caudate nucleus associated

with age (Konishi et al., 2013). Furthermore, an hypothesis for the lack of

ageing effect in the current study could be that the active navigation during

the encoding phase and the saliency of the iVR may both help the formation

of the successful representation of the locations. Supporting the hypothe-

sis, two previous studies have assess memory in real life vs desktop VR,

showing improved perfomances in real life environment and the advantage

of active navigation in desktop VR regardless of age (Sauzéon et al., 2016;

Ham et al., 2015). Further study should investigate the specific differences

between using standard desktop VR and iVR in ageing, by looking at what

possible different strategies could be used to navigate and successfully learn

an environment.

The analysis of the distribution of errors in the object location subtask

revealed that there was a trend towards an increased number of location

binding errors in the different cohorts. Older participants were more likely

to report one or more object location in the memory array close to an un-

probed object. The identity-location, according to the theories outlined in
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this study is thought to be dependent on various regions belonging to the

hippocampal formation, and in particular, could be a responsibility of the

lateral entorhinal cortex. Interestingly, the trend revealed that the MCI co-

hort showed a greater number of location binding errors, in particular the

swap errors, compared to the older cohort, suggesting that such measure

is sensitive to both ageing and to the deterioration subsequent neurodegen-

eration. Therefore, identity-location bindings should be investigated more

as a potential diagnostic tool, and could be combined with measures in-

dependent from personal judgment, as shown in Yeung et al., 2019 study.

Moreover, when correcting for the location binding errors, the sensitivity of

absolute error distance did not change. Combining the two results revealed

that the MCI increased noise in the memory retrieval is independent of the

identity of the objects in the array, and thus can be related to hippocampus

deficits, rather than deficits in the lower hierarchy – i.e. perirhinal / antero-

lateral entorhinal cortex. The same frequency counts for the binding error

deficits did not reveal any differences between the subgroups of the MCI.

No differences in the performance of the object recognition task have

been found in the different cohort tested. The perirhinal cortex has been

critical involved in visual recognition memory for different categories of ob-

jects (Diana, Yonelinas, and Ranganath, 2007; Martin et al., 2016), and the

recognition can be independent of a context and does not require integrity of

the hippocampus (Mayes et al., 2002; Yonelinas et al., 2010). For such reason,

the feature has been always a suitable candidate for MCI screening, however

sparse literature managed to create a protocol sensitive for the detection of a

cognitive impairment (Barbeau et al., 2004). One possible explanation could

be that the region affected in the early tau deposition – i.e. the transentorhi-

nal cortex – is a transition area between the lateral entorhinal cortex and the

perirhinal cortex, leaving the possibility that the function associated could
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be intact in early stages (Maass et al., 2019). A further investigation of the

retrieval times for the responses of the object memory subtask revealed that

older people and MCI in particular, tended to have a more liberal criteria,

tending to prefer the “old” answer and consequently older people and MCI

tend to have more false alarms.

MCI cohort failed more often to retrieve the environment where the ob-

jects belonged when compared to the older healthy and younger cohort.

These results demonstrate a typical error presented in episodic memory that

affects the binding of different pieces of information – i.e. object, location

and context. The representation of complex scenes is explained by current

models as a hierarchically organized representation distributed throughout

the brain(Cowell, Bussey, and Saksida, 2010; Martin et al., 2016; Ritchey,

Libby, and Ranganath, 2015). According to this model the hippocampus

sits at the top level of an hierarchy where spatial components for a different

scene are processed at lower levels. In particular the anterolateral entorhinal

cortex, receiving inputs from the perirhinal cortex and from the parahip-

pocampal cortex could provide the input to the hippocampus for the con-

joint information of identity, location and context. A deficit in recollecting

could be then imputable to degradation in this representation at that partic-

ular stage. Interestingly the same performance showed a difference between

the subgroup MCI with the biomarkers, suggesting that the difference in the

whole sample may be driven by the positive biomarker MCI subgroup.

The behavioural results of the object location task have been partially

confirmed by the correlation found with the subfields of the hippocampal

formation. In particular, the ROI analysis revealed that the anterolateral en-

torhinal cortex volumes across older participants was significantly related
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to the performances in the object-in-context subtask and approached signif-

icance in the object location memory subtask. The result reinforces the idea

that binding deficits may be correlated with a degradation of the brain areas

affected early in the course of the disease progression and add a contribu-

tion to the growing body of structural studies that focused on the critical

role of the anterolateral entorhinal cortex in ageing, even prior to a clinical

diagnosis (Maass et al., 2019; Olsen et al., 2017; Reagh et al., 2018; Yeung et

al., 2019). A multivariate analysis also revealed that the object location sub-

task performance was better predicted by hippocampal and anterolateral

entorhinal cortex volumes, in line with our hypothesis that the object re-

lated information are ultimately processed in the hippocampus to form the

cognitive map. The results are in line from previous studies showing object-

location encoding relative to lateroentorhinal cortex, a functionally distinct

region of the entorhinal cortex (Reagh and Yassa, 2014; Schultz, Sommer,

and Peters, 2012; Schultz, Sommer, and Peters, 2015).

The task has limitations in the design. One possible explanation for the

differences in performance in the object location memory subtask could be

a deficit in attention exhibited by the MCI group. Indeed, when design-

ing an object memory task, participant attention should be assessed after

presenting a set of objects, using immediate recall or incidental questions

(e.g. whether the object is manmade or not). However due to restrictions

in testing time (please refer to end of the Methods section for details) a de-

cision was made to omit this element from the VR task. Such a measure

could have been used as a covariate in the analysis and could have helped

to distinguish good from bad performers and characterize better the MCI

sample. In future development of the task inserting a measure to assess the

immediate recall of the participants should be considered. The object loca-

tion task performance were able to differentiate the pooled MCI cohort from
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the healthy older cohort (AUC 0.90), suggesting that for future diagnostics

and assessment of patients with memory impairment, similar tests could be

more valuable than the reference traditional tests. However, the task was not

able to differentiate the prodromal Alzheimer’s disease, revealing another

limitation in the design.

In conclusion, this chapter demonstrated that an iVR object location

task, based on testing the binding of objects, locations and contexts can

have greater classification accuracy in assessing the general status of mild

cognitive impairment with specific memory deficits. Moreover, similar de-

signs should be encouraged to provide better approaches for translational

Alzheimer’s disease research that could help creating better outcome mea-

sures.
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Chapter 4

Allocentric Spatial Update Task

4.1 Introduction

This chapter will present a third study which aims to develop a new task –

i.e. the Allocentric Spatial Update task (ALLO) - able to test spatial mem-

ory abilities in ageing, with potential application for Alzheimer’s clinical

research. The task was built, following the experience acquired with the

two previous chapters and aims to complete the suite of cognitive tests de-

veloped in iVR that test different aspects of human spatial cognition. The

ALLO task here presented is thereby a cognitive test of allocentric process-

ing related to spatial memory.

The ability to successfully navigate in an environment is based on the

ability to form a representation of the space and its constituents (objects,

landmarks, boundaries) or, a so called ‘cognitive map’ (Tolman, 1948). The

representation of space in humans and similar mammals (e.g. rats, mice)

can be thought of in terms of two different frames of reference (Burgess,

2006) egocentric and allocentric. The egocentric frame of reference is built

upon relationships between the self and the constituents of the environment,

while the allocentric frame of reference is built upon relationships between
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constituents of the environment with each other (see figure 1.6 from Chap-

ter1 for a reference). From these definitions, while egocentric-based strate-

gies are related to the viewpoint from which the individuals acquire the

constituent of the environment, allocentric-based strategies are unrelated

to the viewpoint of the individuals. In humans, the early development of

the two reference frames is physically independent and occurs at different

stages of brain development (Negen et al., 2018), however in healthy adults

the two representations co-exist in parallel and depending on the demand,

there is great variability on the preference for which of these representa-

tions is used for solving spatial memory related tasks (He and McNamara,

2018; Marchette, Bakker, and Shelton, 2011). Studies underpinning the neu-

ronal function correlates of these two representations have associated wider

networks involved with these two mechanisms. From one side, egocentric

strategies are mainly associated with posterior/frontal cerebral structures

and subcortical regions, especially the striatum (Burgess et al., 2001; Iaria

et al., 2003) and allocentric strategies with medial-temporal cerebral struc-

tures, including hippocampus and entorhinal cortex (Burgess, Maguire, and

O’Keefe, 2002; Galati et al., 2000).

Medial temporal lobe structures are profoundly affected in AD, bringing

interest in the study of spatial strategies in the AD framework that sees the

disease as a “continuum” from ageing (Aisen et al., 2017; Coughlan et al.,

2018; Jack et al., 2013; an explanation of the “continuum” concept can be

found in Chapter 1). Indeed, the effect of ageing on spatial memory was

often reported with a decline in performance associated with strategies in-

volving allocentric processing and in the switching between egocentric to

allocentric processing (and vice-versa) (Colombo et al., 2017; Lester et al.,

2017). Age-related allocentric processing deficits have been demonstrated

previously either using real-world settings (Gazova et al., 2013; Lopez et al.,
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2019) or desktop VR (Bohbot et al., 2012; Iaria et al., 2009; Korthauer et al.,

2016; León, Tascón, and Cimadevilla, 2016). These deficits have been often

linked to reduced activation of the hippocampus (Driscoll et al., 2003; Ko-

rthauer et al., 2016), however the neurobiological causes have not yet been

fully understood. Importantly, recent discoveries have found that a common

neuropathology associated with AD (in particular tauopathy) is present in

the temporal lobe of aged individuals, with no clear sign of cognitive de-

cline (Crary et al., 2014; Jellinger et al., 2015). The discovery, despite still

being subject of discussion amongst the scientific community is important

in i) providing a possible mechanism explanation for the structural changes

bringing the cognitive decline in ageing and ii) closing the gap between

neurodegenerative disease such as AD and ageing. Lastly, it also raises the

unresolved question of whether a suitable test for clinical assessment of neu-

rodegenerative disease (particularly AD) should also be a test able to detect

the subtle cognitive deficits found in ageing.

As a part of the final experiment in this thesis, the aim is to develop a

task to measure spatial deficits in allocentric processing which arise follow-

ing age-related decline in the associated neuronal structures, with a poten-

tial for looking at AD-related declines. In particular, the task was developed

in iVR to reiterate the work done in the previous two experiments, and re-

inforce one of the points of this thesis that sees recently developed iVR as

one of the best ecologically valid tools for studying navigation in humans.

The ALLO task is an object replacement task (similar to the OLT from Chap-

ter 3) inspired from a previous study in desktop VR that investigated al-

locentric spatial memory using desktop virtual reality on a patient with

bilateral hippocampal pathology (King et al., 2002). In this task partici-

pants could navigate the edge of a courtyard surrounded by visual distinct
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buildings on each side. Participants were asked to remember pictures of

objects located on specific placeholders placed in the courtyard and then

were asked to virtual move to another viewpoint or remain still before be-

ing asked to retrieve the location of the previously seen objects. The idea

behind the experiment is that remembering the location from a shifted view-

point will require a translation between frame of references (egocentric to

allocentric) that is supported by the formation of a cognitive map involving

hippocampal formation functionalities. The task indeed showed that the pa-

tient was severely impaired compared to age-matched healthy individuals

in the shifted viewpoint after following a rotation of the viewpoint of more

than 85 degrees.

In the ALLO task two different conditions for the allocentric processing

have been implemented. One unique condition, only achievable in virtual

environments, involves a “teleportation” movement between the encoding

and retrieval phases. The “teleport” condition is a stricter condition for al-

locentric testing as it will restrict all the perceptual processing from visual

inputs, proprioceptive system and vestibular system which contributes to

maintain a successful allocentric representation (Burgess, 2008b). A sec-

ond, “walking”, condition will enable participants to walk to the different

viewpoint between encoding and retrieval phase, enabling a continuous up-

date of the egocentric representations by the means of path integration of the

perceptual processing. walking condition was added to bring forward the

results of the PIT from Chapter 1. Indeed, path integration is likely to be

recruited during the movement to keep track of the changes in orientation

and positions of the objects (Wolbers et al., 2007). Critically, this condition

was added to bring forward the results from Chapter 1, by providing a

condition that could be critical in a clinical sample of people at risk of AD

who could not benefit for the advantage of path integration, as this function
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is supported by brain structure involved in the early stages of the disease

(Braak and Del Tredici, 2015; Hort et al., 2007; Laczó et al., 2014). A third

condition test participants from the same viewpoint, thus involving no net

movement and was designed as a control condition that likely recruit an

egocentric strategy to be solved (Burgess, Spiers, and Paleologou, 2004; He

and McNamara, 2018). It is important to mention that this last condition

can be solved either by using an egocentric strategy (i.e. remembering the

distance and orientation of the objects from the participant point of view)

or an allocentric strategy (i.e. remembering the distance and orientation

of the objects in relation to each other or the constituents of the environ-

ment; Burgess, Maguire, and O’Keefe, 2002), however better performance

in short-term spatial memory from the same viewpoint are usually found

when using egocentric strategy (Banta Lavenex et al., 2011).

In the current study, the ALLO task will investigate the spatial abilities

in young and older healthy participants, with cognitive impairment of the

latter ruled out by a battery of neuropsychological, thus enabling valid age

comparisons to be made. MCI patients were not available for this last study,

therefore as the research question will be extended to the Alzheimer’s field

in case the hypothesis for the ageing study are confirmed. Indeed, one of

the unresolved question in the neuropsychological characterization of the

“continuum” from ageing to Alzheimer is whether Alzheimer should mani-

fest deficits on top of the ageing effects, if any. To answer this question, we

will focus on creating a task that is designed to look at ageing differences

in spatial cognition measures associated strategies that involve the medial

temporal lobe. Indeed, based on current knowledge surrounding spatial

cognition in ageing, our hypothesis is that both young and older groups are

expected to be perform best under the egocentric condition, which serves

as a within-participant experimental control. In older healthy participants,
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advancing age is expected to be associated with a comparatively worst per-

formance in the allocentric conditions, following the normal decline of the

medial temporal lobe structures. When comparing the two allocentric con-

ditions, a benefit is expected where change of location is by self-motion as

the condition will enable participants to continuously update the egocentric

representation by the means of path integration.

4.2 Material and methods

4.2.1 Design

The study made use of a cross-sectional design in which all participants

completed the ALLO task and only older participants completed the addi-

tional battery of neuropsychological tests to check the recruited group could

not be classified as MCI. The between-groups factor in this study was age

group.

4.2.2 Participants

Young participants (n=21) between ages 19-36 were recruited from the UCL

Sona participant pool and via social media advertisement. Older adult par-

ticipants (n=23) between ages 63-80 (m = 72.3, sd = 5.20) were recruited

through the ‘Join Dementia Research’ online database. Exclusion criteria

were the presence of any major medical or psychiatric disorder, assessed in

a phone interview by the GAD-2 and PHQ-2 screening tools (Staples et al.,

2019), epilepsy, a history of alcohol excess or any mobility or visual impair-

ment which may compromise performance in iVR testing.
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Ethical approval was granted by the UCL Research Ethics Committee

(ID number: SHaPS-2018-JK-027). Ethics were in line with the regulations

outlined in the Declaration of Helsinki (WMA, 2013).

4.2.3 The Allocentric Spatial Update Task (ALLO)

The Allocentric Spatial Update task was administered using the HTC Vive

PRO iVR kit, featuring the external base stations “lighthouses” version 2.0

to track headset and controllers. A custom configuration was implemented

featuring three lighthouses (instead of the usual two) to ensure a stable

tracking in a total area of 10.0 x 5.0 m2. Researchers were always in the

immediate proximity of the participants to ensure participants did not go

beyond the testing area and to support older participants with less mobility.

The task was entirely developed using the Unity game engine 2018.3.9f1.

Assets were modelled in Autodesk Maya 2017 (using a student licence) and

when texturing required a more realistic trait, textures were acquired from

cgtrader online platform or were painted with Adobe Photoshop CC 2017

(using a personal licence). A collection of 3D textured models was bought

from the official Unity asset store. The package was acquired to ensure that

objects were represented with a shared style and was selected to comprise

commonly known objects.

A stable 90 HZ framerate – i.e. the minimum amount of time allowed

between two subsequent 3D rendered images on the HTC display that min-

imise motion sickness due to head rotation - was achieved to minimise any

mismatch between physical and virtual movements. For details about the

reason behind this minimum threshold required in iVR please refer to sec-

tion ‘Material and Methods’ of Chapter 2. The 1:1 correspondence between
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real and virtual movement is necessary to lower the incidence of nausea

or tolerability issues caused by vestibular mismatch between the rendering

(virtual world) of the screen and physical movement (real world).

The task was administered using a dedicated desktop PC featuring a

Geforce 980 Ti graphics card and a wireless adaptor the HTC Vive PRO iVR

kit powered by an external 21W power bank. This is one of the lightest set-

ups possible commercially for iVR, as participants’ burden is only the head

mounted display worn on their head and the power bank that was safely

clipped on their belt. No participants dropped out from the experiment due

to motion sickness and two older participants successfully completed the

task despite having locomotion difficulties (requiring a walking stick).

In the ALLO task the environment (see figure. 4.1 for reference) was cho-

sen to be a rectangular room with a rounded corner featuring an L-shaped

elevated platform aligned with one of the corners (to replicate the courtyard

design from the King et al., 2002 experiment). The room features large win-

dows on all sides and, outside the room different visually distinct landmarks

were present to provide orientation cues (rocks, mountains, and trees). Par-

ticipants during testing phase were constantly maintained on the elevated

platform, which was located at 1.8 metres above the room floor. Two lo-

cations (waypoints) on the platform were marked with red targets on the

floor, featuring a blue circular shading that was enabled when the waypoint

was ‘active’ (more details will follow) and three green arrows indicating the

desired face-forward direction of the participant when standing on the top

of the waypoint (in figure 4.1 a version of both waypoints in the ‘active’ sta-

tus are shown). The location of the waypoints on the platform guaranteed

a rotation between the two viewpoints of at least 90 degrees, following the

results from King et al., 2002. This was achieved by having a minimum
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walking path between the two waypoints of 6.0m on the long side and 4.5m

on the short side of the L-shaped platform (plus additional space to ensure

participant would not feel vertigo while walking).

To ensure standardised conditions, before each testing session, the equip-

ment was recalibrated, and the battery packs for the wireless kit were swapped

with fully charged ones. The headset was fitted to the participant and the

lenses within the headset were adjusted for each participant to ensure the

display was in focus. Mobility assistance was offered where necessary. Stan-

dardised on-screen instructions were given throughout the task using in-VR

text cues, ensuring that all participants received the same guidance. A train-

ing phase of the duration of about fifteen minutes was incorporated prior

to testing to ensure participants were familiarised with the equipment and

instructions.
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Figure 4.1: A-B) 3D aerial snapshot of the virtual room where
the Allocentric Spatial Update Task take place during testing
phase. C) Environment used during the training phase. The
testing phase room has rectangular shape with a rounded cor-
ner opposite to the viewpoints (present in both snapshots) and
is tiled with a parquet floor texture. Windows were placed all
around the walls to allow participants use outside cues (rocks,
mountains and trees) to understand in which side of the plat-
form they were. The rectangular shape (excluding the rounded
corner) has a long side of 15m and a short side of 12m. A
L-shaped platform aligned with the corner of the room oppo-
site to the rounded corner and placed at 2m height. A red
rope with poles was used to delimit the area and limit ver-
tigo caused from the height. The participants were constantly
standing on the platform. Two locations on the platform (way-
points) were located with red circles on the floor and green
arrows indicating the face forward direction of the participant
(participant where always asked to be aligned with the green
arrows in the walking conditions). In a counter-balanced de-
sign one of the two waypoint was selected to be the egocentric
point of view for the participant. Objects were placed on the

parquet floor.

Training phase

A training environment was first loaded which consisted only of distant

landmarks and a floor with a square pattern and a highlighted green area
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in the middle of the room (see figure. 4.1 C for reference). On-screen in-

structions guided participants throughout, first helping to familiarise the

handheld controller, namely the front-pad and trigger buttons of the HTC

handheld. An object was then presented which the participant had to mem-

orise. Following a set time of 7 seconds, the object disappeared, and the

participant was instructed to replace it as close to its original position as

possible. Throughout the task, the controller acted as a ‘laser pointer’ with

the previously seen object to be replaced at the tip of the laser beam (see

figure 4.2 C ‘Retrieval’). After the participant attempted to replace the ob-

ject, its true original position was revealed to provide feedback on the ex-

act location of the object (this functionality was not present during testing

phase). The entire procedure was repeated three times and the objects used

were excluded during the testing phase. Next, participants were guided on

how to use the thumbpad to teleport to a blue coloured circular waypoint.

The ‘active’ status of the waypoint can be seen in figure. 4.1 and the ‘ac-

tive’ status was used only to guide the allocentric teleportation. Participants

had to point the controller towards the active waypoint (a different type

of laser beam was animated to confirm participants were pointing in the

proximity of the waypoint) and then press the frontpad button to active the

teleportation process. The teleportation involved a fast (about 1 second per

transition) fade in/out to black of the head mounted display screen where

the participant was relocated on top of the active viewpoint and the current

view was rotated accordingly so to face directly the centre of the room. The

implementation of an active teleportation with a fading screen, where active

means that the participants was aware and triggered the process, was impor-

tant to ensure minimum disorientation and sickness (Moghadam, Banigan,

and Ragan, 2020) as opposed to a teleportation triggered by the experiment

design. The last part of the training phase asks the participants to walk to
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the other waypoint following flashing floor-arrows (which would later ap-

pear in egocentric and allocentric walking conditions during testing phase

(figure 4.2). Upon completion of the training trial, participants could opt to

repeat the entire training or any part of the training phase before moving

onto the ALLO iVR testing phase. No data were recorded during the train-

ing phase.

Testing phase

A counter-balanced design at the start-up for each participant which of the

two waypoints was selected and marked as the ‘egocentric’ viewpoint. For

each trial participants always started from the ‘egocentric’ viewpoint. Each

trial was divided in three steps (see figure 4.2 for a reference to this subsec-

tion); i) encoding, ii) movement manipulation, iii) retrieval.

Two different configurations of objects have been implemented: one ob-

ject or four object trials. The recorded outcome output from the software

was the 3D location of each replaced object.

Encoding The beginning of the encoding step is marked by an in-VR

message instructing the participant to memorise the location of each ob-

ject. Either a single object or four objects appear at predetermined pseudo-

randomised coordinates and the participant is instructed to memorise the

location of each object (figure 4.2 A). Seven seconds and thirty seconds are

allowed to participants in trials with a single object and four objects respec-

tively, to memorise the locations. A timer, displayed on an in-VR user inter-

face, was available to participants to check how long they have left. After the

time elapsed the objects and the in-VR user interface disappeared. Location
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Figure 4.2: ALLO task trial schematic. Each trial is conducted
as follows. Participants start form the egocentric waypoint.
One or four objects appears during the timed encoding phase.
The participants are asked to remember the location of those
objects. After the encoding phase, the objects will disappear
and in VR instructions will ask the participant to perform one
of the three possible movements. 1) Egocentric; the partici-
pants is asked to walk back and forth from the current encod-
ing waypoint (flashing arrows will suggest the path that needs
to be taken) 2) Allocentric (walking); participants is asked to
walk to the other waypoint (flashing arrows will suggest the
path that needs to be taken) 3) Allocentric (teleporting); par-
ticipants is asked to “actively” teleport to the other waypoint
(i.e. by pointing to the other waypoint and pressing a button
on the controller). After the movement condition is applied,
participants are asked to replace, using a virtual pointer, the

objects in their locations in the retrieval phase.
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of the objects are predetermined using an algorithm to space them equally

around the floor (excluding areas that were occluded by the platform itself)

and in the four object configuration the algorithm ensured also that the ob-

jects were not placed along the same line, by excluding random locations

close 0.5m from the line generated from the first two random locations. In

this way, it was ensured that trials were not too easy for participants.

One object configuration was inserted in the design to provide a con-

dition for which the two groups could perform at the same level, as sug-

gested by the results from King et al., 2002. Four objects configuration were

chosen following the design choice for the OLT task (Chapter 3). The ob-

jects presented in the task were selected from a pool of low-poly 3D models

(where low-poly stands for stylistic techniques that aim to use the minimum

amount of polygons to characterize a certain shape) and extended the previ-

ous sample of objects that have been used for the OLT task (Chapter 3). The

objects were selected to be well-known everyday objects or general knowl-

edge – e.g. fruits, furniture, animals, plants, human figures, utensils. The

low-poly technique ensured that each was characterised by a similar style,

but at the same time each object was unique and distinguishable from each

other. Regardless of the real dimensions the model, each object was scaled

to be enclosed on a cubic volume of 0.8 m3. An algorithm randomly selected

the objects at the beginning of the task and assigned them to the different

trials, ensuring no repetition of the same object was present across trials. A

total of 108 objects was implemented in the ALLO task. The number was

chosen after deciding the design of the experiments and that could allow

tweaks to the task design (in terms of trials per condition and number of

objects per configuration).
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Movement condition Per trial, a movement manipulation (figure 4.2 B) is

allocated after the encoding phase from a selection of i) egocentric where

participants have to walk along the platform side and then back to the start-

ing waypoint point ii) allocentric (walking) where participants have to walk

to the other waypoint (allocentric walking) iii) allocentric (teleport) where

participant has to activate the teleport mechanic to being virtually repo-

sitioned on top of the other waypoint. The egocentric condition tests the

spatial memory from the same viewpoint as per encoding, but since the

configuration of objects was given all at once, moving out and back to the

viewpoint can make less likely the use of striatum dependent strategy from

the viewpoint - i.e. making a mental “snapshot” of the scene to replace

the objects (Hartley et al., 2004). The allocentric (teleport) condition was

added to control for self-motion from the shifted viewpoint as it removed

the self-motion cues and environmental cues that are necessary for updat-

ing the reference frame in which the objects are encoded. In this condition,

performance should be optimal if the objects are encoded using an allocen-

tric frame of reference, as the disruption of self-motion and the viewpoint

matching for retrieval would likely to impair a strategy where objects were

encoded using only relations to the self. Indeed, the allocentric (walking)

condition was added to test for the hypothesis that participants could ben-

efit from a continuous update of the perceptual processing by the means of

path integration, putatively mediated by entorhinal processes. While walk-

ing, participants can benefit from continuous updating of the visual and

self-motion cues, enabling them to continuously update the vectors towards

the objects and the vector towards the walking starting point. A successful

update of these vectors is likely to happen if an allocentric frame of refer-

ence is in place to encode them, which should be encouraged by the fact

that the final participant heading for replacing the objects is different from

the participant heading from which the objects are encoded. The continuous
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updating of visual and self-motion cues can be thought of as a test of path

integration (as described in Chapter 2) bringing forward the results found in

Chapter 2 in the PIT.

Retrieval Upon completing the movement condition, an in-VR message

asked the participants to replace the previously seen objects. The laser

pointer was activated automatically and on the tip of the laser beam one

of the objects, randomly selected, from the encoding phase was placed (fig-

ure 4.2 C). Participants had to point the laser at the desired location and

confirm their choice with the trigger button. Only one chance was admitted

for the replacement.

Six trials of each possible combination of movement condition per ob-

ject configuration were assigned evenly to three different blocks, for a total

of thirty-six trials per participant. At the beginning of each block the move-

ment manipulations were assigned a pseudo-random order. An optional rest

in between each block was allowed for the participants where they could re-

move the headset and rest for about 2 minutes.

Outcome measures

Main outcome measures The primary outcome for the allocentric spatial

update task is the displacement error of responses – i.e. the absolute error

distance, in metres, between the identified and actual object location; lower

displacement errors indicated higher accuracy and better performance on

the task.
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Secondary outcome measures Secondary outcome measure was the re-

trieval time, or the time required for the participant to give an answer upon

being prompted with the stimuli. In this task, given no hypothesis over the

response time the measure was used to do an explorative analysis.

Comparator neuropsychological tests

A battery of neuropsychological tests considered sensitive for cognitive de-

cline in AD was selected to confirm the clinical status of the healthy older

control group (n=23), validating their status as healthy controls in this study

and enabling potential future comparison with MCI participants with the

ALLO testing. The tests have been described in Chapter 1 section “Cogni-

tive tests” explaining the different cognitive domains assessed and original

authors. Results of these test have been used to compare performance with

the collected data from the cohort of MCI patients (n = 23) tested in Chap-

ter 3 with the OLT.

4.2.4 Analysis

Pre-processing, visualization and analysis were performed using Matlab

version 2019b. Demographic differences – namely age at testing, years of

education and gender - between the older group and the young group were

assessed using an independent t-test or chi-square for categorical values.

T-tests were substituted with the Wilcoxon-Mann-Whitney test when the as-

sumption of normality for the data distribution or equal variances were not

met.
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Neuropsychological tests

The neuropsychological tests described in Chapter 1 were used only in the

older group to allow a comparison with the group of patients from Chapter 3

aimed at rule out any cognitive impairment in the older group belonging to

this chapter. A Shapiro-Wilk test was applied to check the normality of data

distribution at (p < 0.05). Normally distributed data were compared us-

ing an unpaired student’s t-test. Non-normally distributed data underwent

Wilcoxon’s Signed Rank testing.

Chance performances

The analysis of the ALLO task sees the displacement error as the main out-

come measure. As the task involves a mechanism of teleportation in VR,

which was used in previous literature to ‘disorient’ participants in spa-

tial memory tasks, one possible confound to differences found in ageing

is given by the possibility older adult participants may just guess their re-

sponses. For these reasons, a specific analysis was implemented to calculate

empirically the chance (guessing) level for the ALLO task and to assess if

performances, in the two groups separately, were statistically higher than

the inferred chance level.

Chance levels were calculated using a bootstrap method. This method

was applied to the whole group measures (young and older adult sepa-

rately) and then by grouping the trials for movement condition (but still

separating between young and older adult). The bootstrap method consists

of pooling all the targets and responses together and then shuffling the re-

sponses while the targets remain static. After the shuffle, the displacement

error can be calculated (along with the mean for the group) and the process
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is repeated one thousand times to create the chance population of the av-

erage error. The distribution created this way is a distribution that would

result if the object true locations and the responses were completely unre-

lated. There are other different approaches that can be used to calculate the

same ‘chance’ level. For instance, the chance level can be calculated as the

average distance from each object location to each of the centres of square-

grid used to bin the area. Another possibility to calculate the chance level,

is to calculate the average distance from each object location to the geomet-

rical centroid of the response area (assuming the centre would be the most

common answer). In this case, the alternative methods have a practical dis-

advantage as the surface where participants could point their answers was

not symmetrical (please refer to screenshot in figure 4.1 A), and also a more

general-purpose algorithm was preferred. Moreover, the bootstrap method

has the advantage of using the empirical distribution of searches (response)

and does not assume what ‘chance’ (guessing) performance would look like.

To compare the chance distribution created this way with the data from the

ALLO task, a further step was necessary to infer the population of average

errors from the empirical distribution obtained from the data. To achieve

this a bootstrap sampling was implemented by resampling the empirical

distribution of displacement error one thousand times (Field and Wilcox,

2017). Comparisons between the distributions created this way was made

using t-tests.

In the procedure only data collected from one object configuration was

used (to avoid dealing with the additional variance when averaging across

a single trial in configuration with multiple objects). The procedure in par-

ticular was applied to the displacement errors of one object configuration

across all movement conditions and then to the displacement errors of one

object configuration in the allocentric (teleport) movement condition (being
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the teleport one of the critical condition for this question.

Allocentric spatial update performance

All continuous variables were checked for assumptions before running para-

metric testing. The outcome measures distributions were analysed for nor-

mality including tests to assess skewness and kurtosis of the distributions.

The Shapiro-Wilk (Shapiro and Wilk, 1965) was used to test if the distri-

butions arise from a normal distribution with smaller samples (< 100 data

points).

To investigate the effects of the different movement conditions and object

configurations between young and older adult healthy controls, a mixed-

design ANOVA was chosen with age group as the between group factor.

The Levene test was performed to assess the equality of variances between

the different groups followed by Mauchly’s test of sphericity.

All variables have been checked and removed for outliers using the

Grubbs procedure when data was parametric (Grubbs, 1969). A quartiles-

based procedure, excluding elements outside the 1.5 inter-quantile ranges

above the upper quartile and below the lower quartile was used when the

assumption of normality was not met. Five total trials from five different

participants in the older group had to be excluded because of a temporary

fault of the tracking system. When one of the assumptions for the ANOVA

were not met, visual inspections of the distributions were made to check for

a possible transformation. In the ALLO task, ANOVA assumptions were

met after a natural logarithmic transformation on the data that corrected

the positive skewness of the data. After transformation, assumptions were

tested again before performing the analysis. In addition, exploration of

quantile-quantile plots was made after transformation to visually inspect
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the normality of the data samples. Tests of within-group contrasts for post

hoc analysis to assess differences in the different movement conditions were

performed under the strict Bonferroni correction.

Learning rate The mixed ANOVA design was used to assess any learning

trend in the current task. The question has relevant importance in the scope

of this thesis as the ideal goal for a neuropsychological test is to be imme-

diately understood by the participants, being the result of design choices

to make tests with easy mechanics. In the ALLO task it is legitimate to

see if there is any learning curve given the fact that one of the movement

conditions implied a teleportation mechanic that could create a disorienting

effect and affect the performance if the mechanics is not well understood.

To assess if there was a learning factor while undergoing the tasks an analy-

sis looking at performance over different blocks was performed. A learning

rate can suggest that the participants have become familiarised with the task

mechanics, can provide insight on a minimum number of trials needed for

the task and, lastly, can provide a possible confound if using earlier trials to

assess a potential patient. In the ALLO task, we expected no learning rate as

the instructions were delivered in a detailed explanation by the experiment

while following a lengthy training phase in iVR (see the previous section

with the task structure). Moreover, each trial was completely independent

from the other, thus a learning rate based on an improvement in finding

the location of the objects should be excluded. A mixed ANOVA looking

at the average displacement error was designed with three within subject

factors (block number, movement condition and object configuration) and

a between subject factor represented by the group age (young and older

group) to examine, amongst the outer task outcomes, a possible learning

effect. The choice over the mixed ANOVA rather than a linear regression
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of absolute distance error over number of blocks was made because the in-

terest is in looking at differences in ageing (i.e. both young and older can

have a learning rate so long as it is not different between the two groups).

The results of interest were the main effect of block number (i.e. suggesting

a learning rate across the two groups) and the interactions effect between

block number and age group (e.g. young, older adults), block number and

movement condition and block number and object configuration. A three-

way interaction between block number, movement condition and age group

could also provide differences of the learning rate between groups. Post-hoc

tests of block effects wass performed using a repeated coding for the contrasts

with Bonferroni correction. In this way, the question asked was if a learning

effect exists between each following block.

Factors influencing average error A mixed ANOVA design was used to

assess the movement condition and object configuration effects in average

displacement error. The design is the same as the previous subsection which

sees a three-way factor within groups (movement condition, object config-

uration, block number) and between group factor of age group (young and

older adult). Post-hoc tests of within-group contrasts for the movement con-

dition effect was performed with an Helmert coding for the contrasts. The

Helmert contrast coding enables comparisons between a first selected group

and the subsequent one, in an increasing order. In this way, the comparison

was made between the average displacement errors of the egocentric move-

ment condition and the combined allocentric movement condition (across

walking and teleporting) and then between the two allocentric movement

conditions (walking vs teleporting). With this choice the question asked, ac-

cording to our hypothesis, were i) if the egocentric condition is an advantage

for spatial memory tasks in ageing compared to allocentric conditions ii) if
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there was an expected differences with the contribution of path integration

when being tested in the allocentric point of view.

Retrieval time No hypothesis was made with regards to the retrieval time

measure and a separate analysis was not performed on this measure. How-

ever, an explorative analysis was performed by fitting a linear model with

the average displacement error per participant as the dependent variable

and the retrieval time as the independent variable. Outliers influence was

reduced using a robust linear regression where the least-squares fitting is

weighted using a Tukey’s bisquare on each data point. A longer retrieval

time may indicate difficulties from the participants on remembering the lo-

cation of the objects, thus leading to an increased displacement error.

Associations with neuropsychological test An explorative analysis looked

at the relation between the Four Mountains Test (4MT) score, which is a test

of allocentric processing (Hartley et al., 2007; for information please refer

to the introduction of chapter 2), and the allocentric measures of the ALLO

task. Specifically, a linear model has been fitted where the average dis-

placement error per participant in the allocentric conditions (walking and

teleport) is the dependent variable and the score in the four mountain test

is the independent variable. Outliers effect was reduced using a robust lin-

ear regression where the least-squares fitting is weighted using a Tukey’s

bisquare on each data point. Higher scores in 4MT are expected to be corre-

lated to lower average absolute distance errors in the allocentric conditions

of the ALLO task.
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4.3 Results

4.3.1 Demographics and neuropsychological testing

Young Adults
(n = 21)

Older Adults
(n = 23)

Age (at testing) 23.5 ± 4.2 72.3 ± 5.2*
Males (%) 10(47) 11 (48) n.s.

Years in education 16.3 ± 2.6 16.0 ± 2.1 n.s.

Table 4.1: Table summarising the demographics of the differ-
ent cohorts tested for the ALLO task. A group of young adults

and a group of older adults were recruited.(*) p < 0.05

Table 4.1 reports the demographics of participants recruited for the ALLO

task. Significant difference in age were found between the young and older

healthy cohort. There were no differences in years in education and gender

between the young and older healthy control. Table 4.2 reports the results

from the neuropsychological test comparisons between the older healthy

control recruited for the ALLO task and the MCI group recruited from the

OLT. Neuropsychological tests comparisons were Bonferroni corrected to

consider the number of difference comparisons between the groups (ad-

justed α of 0.002). The healthy older control showed significantly better

performances than the pooled MCI cohort in several tests (p < 0.002). The

tests were conducted to exclude a possibility that the older people recruited

could have been at risk for a classification of MCI. The results concluded

that the older participants could be attributed a status of ‘healthy’ partici-

pants, i.e. not MCI.

4.3.2 Chance performances

Using the bootstrap method described in the methods section the popula-

tion of average chance errors was generated empirically using the ALLO
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Older Group
(ALLO)
(n = 23)

MCI
(OLT)

(n = 23)
ACE-R 96.7 ± 2.4 85.9 ± 11.1*
NART 8.0 ± 5.9 10.4 ± 8.3 n.s.

Copy 33.9 ± 3.5 33.2 ± 3.9 n.s.

Rey Complex Figure Immediate 18.7 ± 5.7 12.6 ± 10.0 n.s.

Delayed 17.6 ± 5.9 12.1 ± 11.3 n.s.

FCSRT Immediate Free 39.6 ± 5.1 20.2 ± 12.7*
Total 47.9 ± 0.5 40.0 ± 11.1 n.s.

FCSRT Delayed Free 14.5 ± 1.4 7.7 ± 6.0*
Total 16.0 ± 0.0 14.3 ± 3.9 n.s.

Trail Making (B) seconds 108.10 ± 21.1 135.1 ± 76.8 n.s.

Digit Symbol 59.6 ± 13.6 46.8 ± 12.8 n.s.

4MT 11.0 ± 1.9 8.2 ± 3.1*

Table 4.2: Table summarising the neuropsychological tests
performance. Between group differences in the performances
were assessed between healthy age matched controls and the
MCI group recruited for the OLT (chapter 3) (including posi-
tive, negative and unknown CSF status). (*) p < 0.05 (Bonfer-
roni adjusted to control for the number of comparisons). Ab-
breviations: ACE-R = Addenbrooke Cognitive Examination –
Revised; NART = National Adult Reading Test; FCSRT = Free
and cued selective reminding test; Trail Making part B; Digit
Symbol = Digit Symbol Substitution test; 4MT = Four Moun-

tain Test.

task displacement errors. The procedure was performed to assess if the

groups independently were well above chance performance.

Figure 4.3 and Figure 4.4 displays the distributions calculated using the

bootstrap methods. For the younger group (figure 4.3 A), across all move-

ment conditions the population of inferred average chance error (m = 5.20m,

95%ci = [4.90,5.49]m) is statistically higher than the population of averaged

error inferred from the data (m = 0.70m, ci = [0.63,0.80]m; t(1,1998) = 910.85,

p < 0.001). The same difference was seen in the older group (figure 4.3

B) across all movement conditions where the population of inferred aver-

age chance error (m = 5.28m, 95%ci = [4.98,5.57]m) is statistically higher

than the population of average displacement error inferred from the data
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[m = 1.28m, 95%ci = [1.13,1.47]m; t(1,1998) = 749.89, p < 0.001]. When re-

peating the procedure only using the displacement errors for the allocentric

(teleport) condition the results are similar (figure 4.4 AB). For the young

group, the population of inferred average chance error (mu = 4.71m, 95%ci

= [4.19,5.23]m) was statistically higher than the inferred than the population

of average displacement error inferred from the data [m = 0.83m, 95%ci =

[0.70,0.99]m; t(1,1998) = 447.59, p < 0.001]. For the older group, the popula-

tion of inferred average chance error (m = 4.95m, 95%ci = [4.43,5.47]m) was

statistically higher than the inferred population of average displacement er-

ror obtained from the data [m = 1.97m, 95%ci = [1.64,2.47]m; t(1,1998) =

284.98, p < 0.001]. The results confirmed that the two groups performed

well above chance.
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4.3.3 Learning rate

Mauchly’s test indicated that the assumption of sphericity is true for the

main effect of block number after using a natural logarithmic transforma-

tion on the data [χ2(2) = 3.14, p > 0.05]. The mixed ANOVA on the average

displacement error revealed a trend towards a main effect of block number

(with decreased average displacement error with higher number of blocks

[F(2,41) = 3.084, p = 0.51, η2 = 0.07; see figure 4.5 A for reference].

Post hoc comparisons using a repeated contrast (Bonferroni corrected)

revealed that across age groups, there were no difference between the sec-

ond block and the first block (p > 0.05), nor differences between the third

block compared to second block (p > 0.05). However, it is important to note

that the average displacement error across group was lower in the third

block (m = 1.17m, sd = 0.10m) compared to the second block (m = 1.31m, sd

= 0.11m) and the first block (m = 1.29m, sd = 0.09m). Despite the main effect

of block being non-significant, interaction terms have been still analysed.

No significant effect was found for the interaction effect between block

number and participant group [F(2,41) = 0.27, p > 0.05] revealing that the

increased number of objects did not require an additional learning from

participants across groups. No interaction effect between block number and

configuration was found (F(2,41) = 1.26, p > 0.05) suggesting that the learn-

ing effect across groups did not depend on the increased difficulty of the

four objects configuration.

A trend towards significance was found between block number and

movement condition [F(4,39) = 2.49, p = 0.05, η2 = 0.05]. When breaking
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down the interaction term, planned contrasts were used to compare the dif-

ference between subsequent blocks in the different movement conditions

(egocentric vs combined allocentric and allocentric (walking) vs allocentric

(teleport)). This comparison revealed that performance in block three in-

creased significantly from block two in the allocentric teleport condition

rather than in the allocentric walking condition [F(1,43) = 4.80, p = 0.03, r =

0.31; see figure 4.5 B for reference] although the effect size is relatively small,

but the same increase has not been seen between block two and block one

[F(1,43) = 0.378, p > 0.05]. Other contrasts revealed no significant interaction

term when comparing egocentric and combined allocentric conditions both

for block one compared to block two [F(1,43) = 0.04, p > 0.05] and block

three compared to block one [F(1,43) = 1.40, p > 0.05]. No trend was found

on the effect of the triple interaction between block number, movement con-

dition and age group [F(4,39) = 0.98, p > 0.05] revealing that the trend

found in this analysis is the same for both age groups separately. In conclu-

sion, these results may suggest that there is small trend, not significant, over

learning between blocks and that the allocentric (teleport) condition may

benefit more from this learning. However, no difference in the learning rate

was found between groups, suggesting that both groups may benefit at the

same extent.
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Figure 4.5: (A) Absolute displacement error per participant
and per block across groups. Data is reported with grey cir-
cles. (B) Visualization of the small interaction effect between
block number and movement condition. Mean absolute dis-
placement error per participants in each different movement
condition and divided per blocks. Colour coding is the fol-
lowing: green is egocentric movement condition, violet is allo-
centric (walking) movement condition and ochre is allocentric
(teleport) movement condition. In both graphs data is reported
as circles. The mean in A) is reported as the thick black line B)
clack circle, standard error of the mean as the darker shaded
area (in A only) and confidence interval as the external limits

of the box.
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4.3.4 Factors influencing average displacement error

Mauchly’s test indicated that the assumption of sphericity is true for the

main effect of movement condition [χ2(2) = 3.47, p > 0.05] and object con-

figuration [χ2(2) = 3.47, p > 0.05] after using a natural logarithmic transfor-

mation on the data [χ2(2) = 3.14, p > 0.05]. Data for means and standard

deviations are reported for untransformed variables. The mixed ANOVA re-

vealed a significant effect of age group [F(1,43) = 18.07, p < 0.001, η2 = 0.89],

object configuration [F(1,42) = 132.16, p < 0.001, η2 = 0.76] and movement

condition [F(2,41) = 63.63, p < 0.001, η2 = 0.60] on the average displacement

error. The older group (m = 1.61m, sd = 0.61m) performed significantly

worse than the young group (m = 0.91m, sd = 0.46m) across all movement

conditions and object configurations (see figure 4.6 A). Performance across

age groups and movement conditions is worse in the four objects configu-

ration (m = 1.55m, sd = 0.70m) than in the single object configuration (m

= 1.00m, sd = 0.66m; see figure 4.6 5B) revealing that overall remembering

more objects has a major cognitive demand. No interaction effect was found

between object configuration and age group [F(1,42) = 4.01, p > 0.05, η2 =

0.50] revealing that both groups were affected in the same way by the in-

creasing cognitive demand of replacing more objects.

Planned comparisons with Helmert contrasting to break down the main

effect of movement condition revealed that the performance across age groups

in the egocentric movement condition (m = 0.88m, sd = 0.36m) was better

than the combined movement allocentric conditions [m = 1.47m, sd = 0.93m;

F(1,42) = 88.04, p < 0.001, η2 = 0.68, r = 0.82], at the same time, performance

in the allocentric (walking) condition (m = 1.22m, sd = 0.58m) were better

than in the allocentric (teleport) condition [m = 1.74m, sd = 1.12m; F(1,42) =

23.82, p < 0.001, η2 = 0.36, r = 0.60; see figure 4.6 C]. An interaction effect
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was found between movement condition and age group [F(2,41) = 12.91, p

< 0.001, η2 = 0.45] suggesting that participants from different groups where

affected in different way by the different movement conditions.

The planned contrast analysis using Helmert coding for the interaction

effect of movement condition and age group across object configurations

revealed no differences between egocentric and combined allocentric move-

ment when comparing young and older group [F(1,42) = 3.67, p > 0.05, η2

= 0.08], but revealed a difference between allocentric (walking) and allocen-

tric (teleport) movement condition when comparing young and older group

[F(1,42) = 18.67, p < 0.001, η2 = 0.97, r = 0.55; see figure 4.6 D]. When looking

at the triple interaction movement condition, age group and object config-

uration the result was not significant [F(2,41) = 0.87, p > 0.05, η2 = 0.02]

although for completeness data is reported in figure 4.6 E-F. Together the

analysis of the interaction effects suggest that the increased difficulty found

in the allocentric (teleport) condition affects the older group to a greater

extent than the young group as exhibited by the increment of 0.89m in the

average displacement error of the older group between the allocentric (tele-

port) condition and the allocentric (walking) condition in the older as op-

posed to the increment of 0.11m in the average displacement error in the

young group between the same conditions.
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Figure 4.6: A) Main effect of age group. Average displacement
error per participant divided by age group and across move-
ment conditions and across object configuration. B) Main effect
of object configuration. Average displacement error per partic-
ipant divided by object configuration across movement condi-
tion and age groups. C) main effect of movement condition.
Average displacement error per participant divided by move-
ment condition across age groups and object configuration. D)
Interaction effect between movement condition and participant
group. Average displacement error divide per movement con-
dition and age group across object configurations. E-F) Same
as D) but divided per object configuration. All graphs report
the datapoints as circles. Mean values are reported as the thick
black line. Darker shade is the standard error of the mean and
the external limits of the box are confidence intervals for the

mean.
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4.3.5 Retrieval time association with displacement error

A linear regression was calculated to predict the averaged displacement er-

ror based on the retrieval time. It was expected to see longer retrieval as-

sociated with a lack of precision when replacing the objects. The analysis

was performed using the average displacement error per participant across

movement conditions and object configurations. Separate analysis was per-

formed in the two age groups. No significant regression equation was found

in the young group [F(1,21) = 2.91, p = 0.10] and no significant regress re-

gression equation was found in the older group [F(1,21) = 1.89, p = 0.07].

Data is reported in figure 4.7.

Figure 4.7: A linear regression was fit between average dis-
placement error and retrieval time per participant across move-
ment condition and object configuration. Regression has been
fitted for young (left, blue) and older adults (right, red) sepa-
rately. The graphs report the retrieval time (RT) on the x-axis
and the average displacement error (ADE) on the y-axis. Data
were average per participant across movement conditions. Cir-
cles are the data points; black line is the fitted line and dashed

curves are the 95% confidence interval for the slope.
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4.3.6 Associations with Four Mountain Test (4MT)

A linear regression has been fitted in the older group to explore the relation

between the average displacement error in the allocentric conditions of the

ALLO task and the Four Mountain Test (4MT) score. A significant correla-

tion was found [F(1,21) = 4.49, p < 0.001, R2 = 0.49] with a slope value β =

-0.24 indicating a negative correlation. Data is reported in figure 4.8.

Figure 4.8: A linear regression was fit between average dis-
placement error per participant across the allocentric condi-
tions and the score on the Four Mountains Test (4MT). The
graphs report the 4MT score on the x-axis and the average dis-
placement error (ADE) on the y-axis. Data were average per
participant across movement conditions. Circles are the data
points; black line is the fitted line and dashed curves are the

95% confidence interval for the slope.
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4.4 Discussions

This study demonstrated that performance on a immersive virtual reality

spatial memory task, assessed either with egocentric and allocentric strate-

gies, was impaired in the allocentric conditions in older people compared

to the young healthy. In keeping with the task hypothesis that the absence

of self-motion in the teleport condition, would manifest deficits in the al-

locentric spatial memory due to a natural decline of medial temporal lobe

structures, we found that the older group was significantly impaired in the

allocentric teleport condition compared to the allocentric walking condition

for which the update of self-motion can provide an advantage in integrating

the changes in orientation and positions of the objects.

This work builds on extensive evidence that advancing age is associ-

ated with significant deficits in spatial allocentric processing in tasks where,

in particular, a shift of the participant viewpoint is involved (Fernandez-

Baizan, Arias, and Mendez, 2020; León, Tascón, and Cimadevilla, 2016;

Tascón, Castillo, and Cimadevilla, 2019). In line with the expectations,

the most accurate replacements were made under the egocentric conditions

where participants likely used an egocentric strategy, followed by the al-

locentric conditions with the worst performance exhibited in the teleport

condition.

Teleporting was associated with greatly increased object replacement er-

rors compared to walking conditions. This indicates that cognitively healthy

elderly individuals are still able to benefit from a path integration of per-

ceptual processing cues when walking, leading to some degree of preserved

accuracy compared to teleport movement condition where the perceptual
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processing is removed. However the slight difficulties found in the walk-

ing condition may be reflected within normal range of ageing in the decline

of functionalities of the EC (Stangl et al., 2018) within the medial tempo-

ral lobe and the parietal cortex which support intrinsic self-motion-related

computations (Hafting et al., 2005; McNaughton et al., 2006). Teleportation,

additionally is thought to depend on structures which support allocentric

processing including the hippocampus, parahippocampal cortex (Burgess,

Maguire, and O’Keefe, 2002; Maguire et al., 1998b; Maguire et al., 1998a) and

possibly the retrosplenial cortex thought to be responsible for the translation

between egocentric and allocentric frame of references (Mitchell et al., 2018;

Vann, Aggleton, and Maguire, 2009). Age-related decline in these structures,

underlined by a reduced activation when performing allocentric process-

ing in navigation (Antonova et al., 2009; Moffat, Elkins, and Resnick, 2006)

could explain the profound accuracy difference observed between walking

and teleportation manipulation in their interaction with age.

A potential confounding factor for the allocentric (walking) deficits found

in the older group is that age-related deterioration in the vestibular system

may additionally contribute to reduced performance during walking via

diversion of attention to balance and postural control (Arshad and Seemu-

ngal, 2016). This may reduce attentional resources which could be allocated

to keeping track of self-motion and environmental cues. However, in the

present study, age-related decline in the vestibular system in allocentric pro-

cessing should be ruled out in the teleport movement condition, where there

is no “real-world” movement, although it may contribute to a sense of disori-

entation. To understand if participants could be disoriented in using the iVR

technology, specific analysis have been run for both groups independently

to investigate the performance against the chance level and to understand if

there is a learning effect while performing the task. The results showed that
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both groups overall performed well above chance in replacing the objects.

A close to significant effect of learning has also been found as underlined

by the performance across age groups slightly better in the last block of the

task. The effect of learning was not expected as each trial is completely

independent from the others in terms of object identity and locations, but

participants could become more used to the VR experience and in using the

handheld as a pointer for replacing the objects during the retrieval phase.

Importantly, the tendency for learning has not been associated with differ-

ences between the two groups, so both groups become familiarised with

the iVR experience at the same extent. Furthermore, no difficulties were

reported verbally by the participants and no participant dropped out from

the study.

The higher cognitive load associated with forming a cognitive map with

multiple objects was reflected in our findings, which found that both young

and elderly participants struggled to a similar extent when memorising four

object locations compared to one. This may suggest that within our cohort,

age-related decline was not responsible for a measurable functional impair-

ment to working memory or egocentric processing of multiple object loca-

tions within a scene, a functionality which has recently been linked to the

alEC in humans (Yeung et al., 2019).

Future studies should use the ALLO task to investigate allocentric spatial

processing in patients with clinically diagnosed MCI and at risk of AD. The

hypothesis would be of lower performances in the clinical group compared

to age-matched healthy elderly in each of the movement condition, with pro-

found differences in the allocentric conditions. Egocentric deficits could be

associated with deterioration of structures associated with the visual stream,

particularly the perirhinal cortex for object identification (Murray and Wise,
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2012) and the parahippocampal cortex and alEC for processing the object

positions (Epstein, 2008; Olsen et al., 2017; Yeung et al., 2019). Interestingly,

a recent study has demonstrated egocentric deficits in MCI using an object

location memory with desktop VR (Hampstead et al., 2018).

The walking allocentric condition on the other hand, may be the con-

dition that selectively demonstrates deficits in a clinical population at risk

of AD as the path integration support, for which the pmEC is heavily in-

volved, may be lacking as shown in previous literature (Hort et al., 2007;

Mokrisova et al., 2016) and in the results from Chapter 2. With this hypoth-

esis MCI may perform comparable to the allocentric teleport condition, for

which the worst performances are still expected. To probe whether walking

conditions can be linked to integrity of pmEC, future studies might incorpo-

rate volumetric data via MR or PET imaging to explore correlations between

performance and region of interest thought to be involved in the allocentric

function, partially following the work from Chapter 2.

Age-related deficits, found in the teleport allocentric condition in this

study, could be dwarfed by performance in the MCI sample. The ability to

translate/rotate spatial information from an egocentric to allocentric point

of view (and vice-versa) is thought to involve the retrosplenial cortex, which

mediates the two networks of brain regions associated with the two strate-

gies (Byrne, Becker, and Burgess, 2007). The retrosplenial cortex is one of the

structures affected by neurodegeneration in preclinical AD (Coughlan et al.,

2018). In particular, integrity of the retrosplenial cortex was identified as key

neural correlate of allocentric processing in a previous study where the au-

thors managed to discriminate AD from fronto-temporal dementia, which is

characterized with relative intact orientation functionalities (Tu et al., 2015).

In future ALLO task testing, the teleport manipulation could prove to be
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sensitive in stratifying MCI stages, by selecting the one with underlying AD

with a marked topographical disorientation, a typical clinical symptom of

AD, possibly expressed in the teleport manipulation in the orientation diffi-

culties resulting from the inability of translating from egocentric to allocen-

tric strategies. This hypothesis could be confirmed by associations between

allocentric manipulations and structural area of the retrosplenial cortex.

In conclusion, the ALLO iVR task is sensitive to subtle signs of age-

related decline in spatial memory processing. Object location memory is

particularly impaired in the teleporting condition, possibly because this task

challenges allocentric spatial cognitive functioning, although difficulty in

understanding teleportation may play a role. The walking condition has

good prospects for showing an AD-specific path integration impairment

and the teleportation condition may reveal deficits related to pure allocen-

tric processing in MCI that are more at risk of AD. The task was tolerated

well by elderly participants, and in the future of the ALLO iVR task, testing

on clinical cohort of MCI is expected to yield insights into functional degen-

eration of navigational structures and will allow further development of the

ALLO iVR task as a diagnostic tool for preclinical AD.
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Chapter 5

General Discussions

In this thesis, spatial cognition in patients with prodromal Alzheimer’s dis-

ease (AD) and in healthy ageing has been investigated. As an overall result

of the thesis I found that spatial cognition, in particular navigation mea-

sures, can be sensible to detect the prodromal stage of AD (for a definition

of prodromal please refer to the introduction provided with chapter 1). In

chapters 2 and 3 I investigated spatial cognition deficits on a sample of

MCI patients, while in chapter 3 I investigated spatial deficits starting from

the point of view of ageing, with the creation of a task that has a poten-

tial application for detecting early signs of AD. The overall conclusion from

chapters 2 and 3 is that spatial cognition measures distinguish MCI patients

from a cognitive healthy older population, thus making spatial cognition-

based tests suitable as diagnostic assessment for people at risk of AD. The

cognitive deficits have been extended to an ageing population in chapter 4,

with a task designed to bring forward the results from the previous chapters.

The work presented in this thesis arise from the necessity of searching for

a gold-standard cognitive test for early AD diagnosis. Currently, this place

is taken by tests built on episodic memory, based on its association with

MTL structures, and the hippocampus in particular, which are also highly

susceptible to AD pathology. However, as pointed out in chapter 1, episodic

memory deficits can be profound also in ageing when considering that the
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peak of episodic memory function is in early adulthood (Gorbach et al.,

2017; Hartshorne and Germine, 2015). After around 55 years old episodic

memory function starts to decline together with a structural decline of the

hippocampus (Gorbach et al., 2017; Schuff et al., 1999). The rapid decline of

this function has made episodic memory-based tests challenging to use for

for a diagnosis of prodromal stages of AD.

This is the main reason that sees the effort within this thesis to develop

novel tasks able to test specific cognitive functions thought to be associ-

ated with a specific network of regions within the MTL, in particular, the

entorhinal cortex and hippocampus. Indeed, as explained in chapter 1,

hippocampus and entorhinal cortex are highly involved in spatial cogni-

tion functions, and both are involved in neurodegeneration due to tauopa-

thy in early phases of AD (with the entorhinal temporarily preceding the

hippocampus). The human EC is divided structurally and functionally in

two areas, pmEC and alEC, according to a recent model, posterior-medial

– anterior-temporal (PMAT; Ritchey, Libby, and Ranganath, 2015) thus the

tasks developed in chapter 2 and 3 have been designed to reflect the likely

functions of these two subdivisions respectively.

The development of the Path Integration Task (PIT) task from chapter 2

was informed by a robust literature in navigation that sees path integration

of self-motion information (McNaughton et al., 2006) supported by a dis-

tance metric computation (Bush et al., 2015) performed by grid cells (Doeller,

Barry, and Burgess, 2010; Hafting et al., 2005; Jacobs et al., 2013) thought to

be present also in the pmEC. The connection between path integration func-

tion and pmEC is underlined by path integration deficits elicited by mEC

lesions in rodents (Jacob et al., 2017b; Parron and Save, 2004; Van Cauter et

al., 2013) in associations with attenuated grid cell firing properties via mEC
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layer knockouts (Tennant et al., 2018) and glutamate repector knockout (Gil

et al., 2018). The Object Location Task (OLT) from chapter 3 was developed

with the hypothesis that remembering location of different objects within

an environment is thought to be supported by a class of cells able to encode

the co-joint representation of object and identity (Connor and Knierim, 2017;

Deshmukh and Knierim, 2011; Knierim, Neunuebel, and Deshmukh, 2014;

Wang et al., 2018) thought to be present in the alEC. Both tasks were able to

classify with higher sensitivity than current gold-standard neuropsycholog-

ical tests MCI patients from healthy older people. Interestingly however, the

PIT task were also able to distinguish MCI patients with abnormal levels of

biomarkers (being classified as MCI due to AD according to Petersen, 2004)

from patients with regular levels of biomarkers for which the association to

AD was not being possible. With this result, the PIT supports the growing

body of studies that see spatial navigation testing as an added value in the

detection of early AD (Allison et al., 2016; Coughlan et al., 2018; Lithfous,

Dufour, and Després, 2013) and contributes also to the work that suggests

total EC and pmEC are involved in path integration (Kim et al., 2013). How-

ever, a pathological explanation of the deficits involved the PIT task might

involve neurodegeneration also in the retrosplenial cortex due to amyloid-

beta deposits, since the area has been associated with the search for a goal

location in previous navigation studies (Chrastil et al., 2015; Sherrill et al.,

2013).

In the future of the PIT task, further studies may combine the PIT perfor-

mance with measures of tau- and amyloid- PET scanning to investigate the

associations between molecular pathology and navigation in early AD with

the possibility to distinguish any different associations of the biomarkers to

the observed deficits. As a general conclusion from the PIT study, naviga-

tion as an AD cognitive marker has a great potential for being a diagnostic
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measure suitable for clinical assessment and possible predictor of incipient

AD pathology. In addition, the task at the current state can be used to test

the preclinical stages of the disease, namely people with “subjective cognitive

decline” (Neto and Nitrini, 2016), allowing a characterization of the deficits

along the continuum from ageing to AD (Aisen et al., 2017). Finally, de-

signs like the PIT, should be encouraged to promote translational studies

with analogous tasks in animal models of AD, currently lacking apart from

a relatively sparse literature (Hort et al., 2013), addressing the necessity of

comparable measures to compare future treatments to delay or prevent the

onset of dementia.

Unlike the PIT, the OLT performances overall have not being able to

stratify between MCI with different levels of biomarkers. Only the measure

for the recognition of the objects in their context was consistently able to

distinguish behaviourally the MCI state and is positively associated with

volumes of alEC. Other results, showed that combined performance in all

OLT subtasks were still better predicted by hippocampal and alEC volumes

rather than perirhinal cortex, a structure involved in object processing (Mur-

ray and Wise, 2012). Lastly, single associations revealed that remembering

the identity of the object was better predicted by hippocampal volumes.

These results partially follow our hypothesis for which a similar stratifica-

tion found in chapter 2, should be achieved with an object location task

based on thought alEC functions. The hypothesis is in place if consider-

ing that tau neurodegeneration happens in the alEC before than pmEC as

suggested by recent PET imaging studies (Berron et al., 2018) and the task

design is corroborated by studies where associations of alEC structural vol-

umes are associated with deficits in spatial memory tasks starting from age-

ing (Olsen et al., 2017; Yeung et al., 2019. However, the OLT measure for the
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recognition of object in context is not conclusive enough as a scene recol-

lection deficit could also be attributed to parahippocampal cortex functions

(Epstein, Parker, and Feiler, 2007; Maguire et al., 1998a), and if the alEC

is thought to participate in the conjoint representation of object identity –

location – context (Knierim, Neunuebel, and Deshmukh, 2014; Tsao, Moser,

and Moser, 2013; Wang et al., 2018) then the measure associated with the

object location memory subtask should have also revealed a potential MCI

stratification.

The fact that a continuous measure of object location replacement could

not distinguish different type of MCI can be attributed to various factors,

that constitutes the starting point for bringing forward the study and were

addressed in the design of the task presented in chapter 4. A possible expla-

nation is that participants (especially the older cohort) have indeed used an

egocentric-based strategy when solving the problem of replacing the objects

on their encoded locations, elicited by the design choice of having encod-

ing and retrieval phases from the same virtual location. This possibility

is further supported by the null effect of ageing when looking at perfor-

mance difference between the older healthy group compared and the young

adult group. In fact, previous studies has supported the idea that egocentric

strategies are preferred in the older population when solving spatial mem-

ory tasks (Iaria et al., 2009; Rodgers, Sindone, and Moffat, 2012), due to a

relative sparing in ageing of the brain areas involved in egocentric process-

ing (parietal cortex and dorsal striatum) (Bian and Andersen, 2013; Gazova

et al., 2013; Iaria et al., 2009).

Other factors to take into consideration is the current limitation of the

iVR tracking system at the time when the task was designed. Objects by de-

sign were placed in the walkable area, thus each object may have not been
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distant enough from each other, making a guess choice an advantage for the

participant. This explanation is supported by the relative high fraction of

binding errors (placing objects close to the locations of other objects) found

in the results across the groups tested. All of these considerations have been

addressed when designing the third experiment presented in this thesis,

the Allocentric Spatial Update (ALLO) task, where participants were tested

from different viewpoints (i.e. encode and retrieval viewpoint was different)

and the area available for replacing the objects was a factor ten higher than

the one used in the OLT task (by removing the walking component during

the encoding phase).

The ALLO task, by bringing forward the experience gained with the pre-

vious two studies, is a test of allocentric spatial memory. Indeed, the task

was designed to assess egocentric and allocentric representation, thus ad-

dressing one of the issues revealed with the OLT. In addition, egocentric

and allocentric spatial processing are commonly affected in ageing, with

more profound deficits found in the allocentric processing in people at risk

of AD. By putting all of these together, the task was designed to separate

general ageing from AD, following the formulation of AD as a continuum

from ageing (Aisen et al., 2017; Franceschi et al., 2018). Indeed, this for-

mulation has been linked to the discovery of PART (Primary Age Related

Tauopaty; Barbeau et al., 2004; Braak et al., 2013; Crary et al., 2014; Knop-

man et al., 2013) which sees early tau pathologies in healthy elderly people

without any apparent cognitive decline. With this background, the ALLO

task presented in chapter 4 was designed to investigate deficits in ageing,

but with the possibility of being used in clinical settings in the future.
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The ALLO task investigates the cognitive deficits in egocentric and allo-

centric spatial representations of a scene, which both support spatial cogni-

tion in humans. The allocentric condition, achieved by walking or teleport-

ing to a different viewpoint (with the latter being a unique feature to iVR)

addresses the design limitation found in the OLT for which the same loca-

tion for encoding and retrieval phases was implemented. The ALLO task, by

involving egocentric and allocentric processing is thought to engage wider

networks commonly used in spatial cognition. Indeed, while egocentric

representations are associated to posterior/frontal cerebral structures, allo-

centric representations are associated to MTL structures, in particular hip-

pocampus, EC and retrosplenial cortex (Colombo et al., 2017), thus relevant

for clinical AD. The task can be thought as an integration of the OLT and the

PIT, thus targeting thought functionalities of the total EC, where the alEC

is involved in spatial memory as participants have to remember locations of

different configuration of objects (Olsen et al., 2017; Reagh and Yassa, 2014;

Yeung et al., 2019) and pmEC is involved in integrating the self-location and

the relations between the objects to each other (Bush et al., 2015; Etienne

and Jeffery, 2004; Hafting et al., 2005; Kearns et al., 2002; Parron and Save,

2004) when participants are asked to move to the different viewpoint before

the retrieval phase.

The results, consistent with my hypothesis, have shown deficits due to

ageing in the measure associated with the replacement of the objects in

the allocentric conditions, with more difficulties in the allocentric condition

achieved by teleporting. Interestingly, the deficits found in the allocentric

teleportation manipulation were recovered when participants were able to

walk when changing viewpoint, suggesting that an intact path integration

function benefits the formation of spatial representations based on allocen-

tric frame of reference (Knierim, Neunuebel, and Deshmukh, 2014; Savelli
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and Knierim, 2019). In the future of the ALLO task, application on a clinical

cohort may reveal if the path integration support, which has been proven to

be deficient in the PIT, is deficient in similar MCI patients with a higher risk

of being classified as prodromal AD. At the same time, the ALLO task could

also investigate selective deficits due to the translation between egocentric

and allocentric representation required in the teleport condition, which has

been thought to be sensitive to AD (Serino and Riva, 2013). This condition

should be investigated following the hypothesis that sees the retrosplenial

involved in the translation between the two reference frames (Byrne, Becker,

and Burgess, 2007; Mitchell et al., 2018) and sensitive to AD amyloid-beta

neuropathology (Tu et al., 2017; Tu et al., 2015; Whitwell et al., 2018). By

bringing these two aspects together, the ALLO task associated with tau- and

amyloid-PET, might discern the deficits associated with tau-related dysfunc-

tion in pmEM associated with path integration and, separately, amyloid-

related dysfunction in retroplenial cortex associated with the translation be-

tween the egocentric and allocentric representation, addressing one of the

conclusion for the PIT study.

In the studies that have involved a young group cohort (chapter 3 and

4), ageing effects have been investigated to look at differences in spatial cog-

nition abilities. The OLT and ALLO task revealed different results. While

older participants recruited for the OLT were able to solve the location task

to the same extent as young participants, the older participants recruited

for the ALLO task performed worse that the young cohort in relocating

the objects, despite both tests having the same putative working memory

load (four objects for each configuration). The apparently-contrasting re-

sults can be understood if we consider that in the OLT participants were

able to choose a preferred strategy when encoding and recalling the objects

in the context. The choice to adopt a preferred strategy might be important
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for older people who have been found in previous studies to be unimpaired

when using egocentric strategies (Colombo et al., 2017) or when using strate-

gies based on the geometry of the environment rather than on the land-

marks (Bécu et al., 2020), the latter being previously found more difficult to

use for older navigators. These studies can potentially explain why older

participants were able to perform as well as young adults in the OLT. Fur-

ther studies should also consider incorporating eye-gaze measures to look

for visual scanning policies and investigate how healthy older participants

tend to use geometry or landmarks. Additionally, it would be interesting

to see if the result still holds while increasing the working memory load

(e.g. the number of objects in each context). When the choice of strategy is

restricted by a design choice, and an allocentric strategy is enforced, then

the spatial cognition task reveal the ageing effects that have been found in

previous literature Antonova et al., 2009; Tascón, Castillo, and Cimadevilla,

2019; Lester et al., 2017 looking at allocentric deficits. The combined re-

sults of the OLT and ALLO task might suggest the conclusion that ageing

effects in allocentric strategies are revealed when the experience of the en-

vironment is restricted by manipulations that affect the integration of the

visual or motor components (e.g. the teleportation mechanism adopted in

the ALLO task). We conclude that visual and motor components might be

important for successful formation of the allocentric representation and the

navigational system generally declines with ageing when the choice for a

strategy is restricted to the subject.

The design of the tasks developed within this thesis have conceptual lim-

itations that can be linked to the incomplete knowledge of medial temporal

lobe functions, including hippocampus and entorhinal cortex. Indeed, it is

fair to say that we are at an impasse regarding the role of medial tempo-

ral lobe, and broadly speaking in the relationship between spatial cognition
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and episodic memory. Even if both functions have been associated with spe-

cific structures, such as the hippocampus, what remains unclear is whether

or how spatial cognition, within the framework of the cognitive map dis-

cussed in chapter 1, contribute to an event of episodic memory. Indeed,

the idea of cognitive mapping based on Euclidean spatial relations as a re-

sult of allocentric processing should be extended to rather represent different

spatio-temporal contexts, following studies proving medial temporal activ-

ity in mental, imagined and time-separated processing of scene(see Ekstrom

and Ranganath, 2018 for a short review). In this view, the medial temporal

lobe structures might encode a wider set of information (such as but not re-

stricted to spatio-temporal) to define the events related to episodic memory.

Consequently, the difficulties in associating the objects to their context found

in the OLT task (chapter 3) might be related to difficulties in encoding the

time presentation of objects along the duration of the task rather than sim-

ply having difficulties in encoding the location in the context. The unclear

relationship between spatial cognition and episodic memory, also makes it

difficult to link the tasks designed in this thesis with standard tasks based on

episodic memory functions used in neuropsychological assessment. In other

words, it is not clear whether the behavioural signatures found in the studies

proposed in chapters 2 and 3 should also be found in tests of episodic mem-

ory, such as the FCSRT widely used in this thesis. However an argument

that might be in favour of our results, and that could potentially explain

the increased sensitivity and specificity of the tasks here presented, is that

the successful creation of a context (i.e. encoding successfully the time and

space relations between the constituents of a context) might be prior to the

construction of the episodic memory information as whole. Thus, ecologi-

cal validity might play an important role in these tests since for successful

encoding of the constituents of the environment, all visual and motor input
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might be required. It is likely that the advance in virtual reality technol-

ogy represents in this sense the best option for neuropsychological testing

of spatial cognition.

The link between the pathophysiolgy and the spatial cognition deficits

revealed throughout this thesis should be extended by including tau- and

amyloyd-PET imaging, enabling inferences between behavioural markers

and the pathway of the biomarkers in the regions of interest. Indeed, the use

of structural MRI adopted in the studies presented in this thesis could not

be conclusive enough to associate allocentric deficits in goal finding (as de-

scribed in chapter 2) to hippocampus and entorhinal cortex solely, without

excluding the possibility that those deficits might be attributed to a reorien-

tation problem, and thus amyloid burdens present in posterior neocortical

areas, e.g. the retrosplenial cortex. Importantly, such techniques, might be

more important in tasks with more complexity such as the one designed in

chapter 3, where scene processing, which is a high demand function, is nec-

essary for solving the task. Indeed, the availability of PET imaging might

prove to be a better discriminator in separating MCI based on differences of

pathological pathways and might highlight difference in strategies adopted

to solve the task of remembering objects across different contexts. In partic-

ular, participants with tau accumulation in the medial temporal lobe might

prefer strategies in repositioning the objects based on the geometry of the

environment rather than using the landmarks, which may not be success-

fully encoded. Subsequently, tau PET imaging can potentially reveal which,

if any, structures could be accountable for the deficits found in the positive

MCI patients when associating the objects to their scene or remembering the

location of a previously visited place.

The studies presented investigated a specific cohort of patients with MCI
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and older healthy participants. The patients with MCI have been assessed

using criteria that are well established (Petersen, 2004), but recent classi-

fication (e.g. A/T/N classification, Jack et al., 2016) may be more effec-

tive in refining the MCI sample and characterizing those at higher risk of

AD. However, in this thesis we decided that an A/T/N classification is best

achieved with aggregation of biomarker data, i.e. including amyloid and

tau PET data as suggested in the original paper, which were not available in

the cohort recruited for the studies. The classification can still be achieved

using the CSF samples only, and in the future it would be interesting to

separate for instance A+/T+/N+ from A+/T-/N+ (that is participants with

diagnosed neurodegeneration and amyloid accumulation, but either hav-

ing tau biomarkers or not) to assess the reliability of the studies to assess

pathways responsible for tau degeneration. In the studies presented, the as-

sessment of MCI positive status was performed after both CSF amyloid and

tau (phosphorylated and total) levels were above the indicated threshold,

so in relation to the A/T/N classification the division was likely between

A+/T+/N+ and A-/T-/N-.

When CSF data were not present, it is not clear what could be the impact

on the effect sizes for those MCI characterized as "unknown", given the large

variance the group exhibited. From a diagnosis point of view, while neu-

ropsychology will still play an important role in AD, an assessment based

solely on behavioural functions is still far from being reached. Another

limitation of the MCI cohort recruited in the studies is that it does not rep-

resent the general population, as the patients recruited from the Cambridge

cohort were highly educated subjects (there were no difference in years of

education between the cohorts recruited for the studies) with high occu-

pational attainment. A previous study found that the risk of dementia is

increased when one or the other level is low (Stern et al., 1994) suggesting
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that the tasks proposed in this thesis should be extended to include cohorts

with different levels of education and occupation, testing whether the ef-

fects found in the present studies are found in broader representation of

the general public and testing whether the task can be easily performed re-

gardless of the level of education and previous occupation. When looking

at ageing effects, there is still a generation gap in the cohort tested (missing

middle-aged adults with an age around 40-50 years old). It would be inter-

esting to consider in the future the possibility of creating a set of ‘normative’

data similar to the one created with ”Sea Hero Quest”, which is a mobile-

app aimed to create a global sample of navigational data (Coutrot et al.,

2018). In fact, by analysing the dataset obtained from the general public in

”Sea Hero Quest” the authors found differences in navigational performance

based on economic wealth and different areas of the world. Those factors

should be taken into consideration when trying to create cross-cultural and

multi-centre clinical trials. The studies hereby presented could create a sim-

ilar dataset, by releasing the tasks in game form publicly in available online

platforms such as Steam.

The studies here presented have design limitations that can be easily

addressed for future iterations. The main concern from a clinical point of

view is the time required to test one participant (which is currently about

40 minutes). Clinics have limitations on the available time for each patient

and making use of time efficiently is crucial in assessment. The studies here

presented should be reduced in time, and this can be done by using the

existing data to calculate effect sizes and predict a range of samples nec-

essary for each subjects. Some duration can be automatically reduced by

considering the amount of trials that have been discarded in the studies, in

particular in the PIT where the amount was almost 30% . An effective design

based on analysis of the factors leading to wasted trials should limit those
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trials. Another practical matter to take into consideration for the future is

the available space in the facilities. Indeed, the setup requires a relatively

large room (ideally 6m × 6m) that must be empty to enable free movements

of the participants, and in many facilities this could represent a limitation. A

possible solution to overcome the problem could be adding a constant gain

in the virtual movements of the participants, following a separate study to

assess the effect, as virtual gain has an effect in the goal finding abilities.

Regarding this point, it is also worth mentioning that the new generation

of head mounted display available make use of a new tracking technique

based on cameras placed on the headset (commonly referred as ‘inside-out’)

which makes the equipment easily transportable.

Experimental design for the future should also take into account partic-

ipants’ individual ability in navigation and also the propensity for using a

virtual reality technology. Despite the fact that no participant dropped out

from any of the studies presented, oculomotor measures (e.g. eye gazing

and head tracking) could be used to investigate postural differences in the

participant (e.g. deviation from the sagittal plane) and investigate whether

those difference could affect performance. Also screening for exposure to

gaming or using behavioural questionnaires (e.g. the Santa Barbara Sense

of Direction) could be important to control for individual differences.

The three studies presented in this thesis have been used independently

from each other, but given that they involve different aspects of spatial cog-

nition, a future direction to bring them forward may be the creation of a

composite score, or a ‘spatial cognition’ score, to assess early signs of AD.

In recent years, there has been a proliferation of composite scores based

on aggregation of neuropsychological tests to assess the decline due to AD

in patients (Schneider and Goldberg, 2020; Crane et al., 2012). Composite
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scores have an empirical advantage of being based on tests that demonstrate

a clear behavioural signature in AD patients. They have also the advantage

of mitigating floor and ceiling effects that can be present in a single test,

and might prove to be robust to individual abilities (e.g. in an orientation

task participants might perform better or worse depending on their ability to

navigate), individual differences in level of education, previous employment

and global determinants (e.g. country of birth). The tests here proposed

feature very simple objects (commonly used) and simple instructions, not

requiring language or previous knowledge to be solved, so one advantage

of a composite spatial cognition score might be to be easily adopted cross-

nationally.

For example, a spatial cognition composite score can feature aspects such

as orientation, goal-finding, way-finding, egocentric and allocentric encod-

ing/recalling based on the ability of learning the features of a scene. In

developing a composite score based on the tests presented in this thesis, a

challenge would present in designing a task able to capture the salient fea-

tures of each single test. However these tests can be easily integrated into

a single experience - e.g. when asking participants to ’visit’ the objects as

in the OLT a specific path from the starting point could be used so to sim-

ulate the behaviour in the PIT. In relation to this, the creation of a spatial

cognition score may enable also the possibility of studying the longitudi-

nal properties of spatial cognition, by enabling testing of people at different

stages of the disease over a longer period of time, starting, for example, with

subjective cognitive impairment subjects, who have not yet met the criteria

for mild cognitive impairment. A spatial cognition composite score used in

a longitudinal study might also have the capability of predicting the con-

version to Alzheimer of a particular category of patients, such as the MCI

with positive CSF biomarkers. Finally, it would enable direct comparison
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with existing composite scores to address the validity and performance of

the spatial cognition composite score.

One of the aspects that has been constantly adopted in the design of

the tasks has been the use of novel technologies in commercially available

iVR. iVR represent currently the best ecological choice allowing the exper-

imenter full control over the visual input and at the same time addressing

the issues of desktop VR. In fact, although similar cognitive mechanisms of

navigation are engaged in both setups (Duffy, Cushman, and Stein, 2008),

iVR has the advantage to provide realistic inputs fundamental for success-

ful spatial cognition (optic flow, proprioceptive and vestibular feedback),

which can be a crucial aspect when testing older people who might be less

used to desktop VR (Gazova et al., 2013) , expressed in difficulties in under-

standing interfaces and nauseas following the mismatch between vestibular

information and optic flow from the image on screen. Regarding this point,

no older participant tested across the studies dropped from the study or re-

ported nausea issues. A particular care has been given in the design of the

experiments, especially in the choice of the transitions during the critical

manipulation (e.g. modifying environments, teleporting or bringing back

the participants to neutral rooms for resting). Future neuropsychological

studies of navigation should adopt iVR when possible as the technology is

rapidly developing in terms of tracking solutions (e.g. ‘inside-out’ systems

where the tracking is done by the headset itself rather than from external

beacons) and lightweight solutions (e.g. no requirement for external pro-

cessing units) at an affordable cost.

In conclusion, this thesis demonstrated that performance on EC-based

iVR tests can be sensitive and specific for prodromal Alzheimer’s disease,
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with a greater classification accuracy than common gold standard tests. Dif-

ferent aspects of spatial cognition have been investigated by targeting spe-

cific functionalities thought to involve the EC, which sees a structural and

functional subdivision in the human and phylogenetically conserved species

(e.g. rodents). The findings from these studies have implications not only

for the early diagnosis of AD, but also for translations AD research aimed to

understand the mechanism between impairments and behaviour associated

with the disease. One part of this thesis has been answering the question of

whether a suitable test for Alzheimer’s disease should start from detecting

subtle cognitive deficits in ageing associated with the functions of the same

structures involved in AD. For this question a task designed to integrate

the results from experimental chapters 2 and 3 has proven to detect deficits

in allocentric spatial cognition associated with healthy ageing. Finally, the

studies presented here, combined with analogous tests of spatial cognition

in animal models, would help to address the need for measures capable of

assessing the effects of future treatments aimed to delay or prevent the onset

of dementia across species.
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Appendix A

Appendix (PIT)

In this appendix I report the work performed by D.H., a clinical doctorate

from Cambridge, with whom I had the luck to collaborate to recruit the

patients for the study presented in chapter 2. The division of labour be-

tween me and D.H. has been the following. I worked on the design and

the implementation of the task, including pilot-testing and re-iteration for

design optimization. I helped with the behavioural testing in Cambridge

with the patients and the older healthy group. D.H. collected separately all

the MRI scan on the patients and the older healthy group. I analysed all the

behavioural data. D.H. processed and analysed the data involving the MRI

scans as reported in this appendix.

A.1 MRI acquisition

Thirty-seven healthy control subjects and 34 MCI patients (11 MCI+, 9 MCI−)

underwent MRI scanning on 32 channel Siemens 3 T Prisma scanners based

either at the MRC Cognition and Brain Sciences Unit, Cambridge, or the

Wolfson Brain Imaging Centre, Cambridge, with the same acquisition pa-

rameters used at the two scan sites. The scan protocol included whole brain

1 × 1 × 1 mm T1-weighted MPRAGE (acquisition time 5 min 12 s, repeti-

tion time 2300 ms, echo time 2.96 ms) and high-resolution 0.4 × 0.4 × 2 mm

T2-weighted scans through the hippocampal formation with scans aligned
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orthogonally to the long axis of the hippocampus (acquisition time 8 min 11

s, repetition time 8020 ms, echo time 50 ms).

As well as segmentation of the whole EC, additional segmentation of the

alEC and pmEC subregions, representing the human homologues of the ro-

dent lateral and medial EC, respectively, was undertaken given their differ-

ing roles in spatial processing (Knierim, Neunuebel, and Deshmukh, 2014;

Van Cauter et al., 2013). Converging evidence from functional MRI studies

indicate a functional domain-specificity to the EC that mirrors rodent re-

search, whereby the pmEC and alEC is implicated in processing scene and

object information, respectively (Maass et al., 2015; Schröder et al., 2015).

Whilst age-related deficits in object-related processing have been related to

alEC hypoactivity (Berron et al., 2018; Reagh et al., 2018), no research to date

has investigated the relationship between EC subfield volumetry and per-

formance in navigational tasks in either MCI or Alzheimer’s disease. While

segmentation protocols for these subregions are available at 7 T (Maass et

al., 2015), no complete protocol is available for segmentation at 3 T. There-

fore, for this study, an in-house protocol was devised that partially seg-

mented alEC and pmEC using the three anterior-most and three posterior-

most slices of the EC. Intermediate slices were not used for alEC and pmEC

segmentation because of the overlap of the two subdivisions within this part

of the EC and the absence of robust anatomical landmarks for delineating

this progressive boundary. The EC, alEC and pmEC were manually seg-

mented on coronal slices of high resolution T2-weighted 3T MRI scans of all

participants, where MRI data was available, segmentation of EC subfields is

summarized in figure A.1. The alEC was segmented on the three anterior-

most slices, whereas the pmEC was segmented on the three posterior-most

terminal slices of the EC. The segmentation of alEC began two slices ante-

rior to appearance of the hippocampal head and subiculum extending to
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the first slice of the subiculum. Whereas, pmEC segmentation extends one

slice anterior from, to one slice posterior to the emergence of the incisura

temporalis and the separation of the uncus from the medial temporal lobe.

As such, this protocol prioritized specificity of segmentation over complete-

ness. Manual segmentation was performed in ITK-SNAP (Yushkevich et al.,

2006) (figure A.1).

Figure A.1: Anteriolateral EC (alEC, green) is segmented two
slices anterior to the emergence of the hippocampal head (slice
3). Posteromedial (pmEC, pink) is segmented from one slice
anterior to, and one slice posterior from, the uncal apex (slice
10). This partial approach for EC subdivisions does not en-
compasses the full extent of the EC but rather reflects the an-
terior and posterior extremes of the EC that avoid segmenting
the progressive boundary in the absence of consistent land-
marks. Correspondingly, all intermediate slices between alEC
and pmEC are segmented as EC (brown), total EC volume is
produced by summing all three EC subdivision volumes. Ar-
row schematic indicates anatomical plane for 3D segmentation.

A.1.1 Reliability of Manual Segmentation

High inter- and intra- rater reliability was achieved for the manual segmen-

tation protocol of the EC, alEC and pmEC, consistent with previous research
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(Berron et al., 2017; Olsen et al., 2017) (table A.1). Intra-rater reliability was

assessed for both raters by re-segmenting 5 randomly selected scans follow-

ing a delay from initial segmentation (3 months). Inter-rater reliability was

assessed for both raters by segmenting 5 randomly selected images from the

other rater. Intra- and inter-rater reliability was assessed using spatial over-

lap as measured using Convert3D’s Dice similarity coefficient (Yushkevich

et al., 2006). Whereas volumetric consistency was assessed using intraclass

correlation coefficient (ICC) for intra- (ICC (3,k) -consistency) and inter-rater

(ICC(2,k) - agreement) reliability.

Entorhinal Cortex Anterior-lateral EC Posterior-medial EC
LHS RHS LHS RHS LHS RHS

Intra-rater reliability *ICC 0.93 0.82 0.88 0.89 0.85 0.77

Dice 0.87 0.87 0.89 0.82 0.88 0.85

Inter-rater reliability ICC 0.98 0.94 0.92 0.98 0.91 0.7
Dice 0.7 0.71 0.75 0.73 0.71 0.69

Table A.1: Dice similarity coefficient was computed for both
intra- and inter-rater reliability. ICC(3k) and ICC(2k) was used
for intra-rater and inter-rater reliability, respectively. Abbrevi-
ations: EC, entorhinal cortex; ICC intraclass coefficient; *ICC –

averaged across both raters.
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A.2 Volumetric differences between groups

HC vs all MCI MCI+ vs MCI-
Isthmus cingulate cortex F(1, 66) = 0.85, p>0.05 F(1, 15) = 1.44, p>0.05

Posterior cingulate cortex F(1, 66) = 11.20, p<0.01 F(1, 15) = 5.83, p<0.05

Hippocampus F(1, 66) = 13.32, p<0.001 F(1, 15) = 6.02, p<0.05

Entorhinal cortex F(1, 66) = 33.14, p<0.001 F(1, 15) = 14.51, p<0.01

Anterior-lateral
entorhinal cortex F(1, 66) = 21.87, p<0.001 F(1, 15) = 11.60, p<0.01

Posterior-medial
entorhinal cortex F(1, 66) = 12.16, p<0.001 F(1, 15) = 11.91, p<0.01

Table A.2: ANCOVAs were ran across the two participant
groups with the region of interest as the dependent variable,
patient diagnostic status as the predictor variable with age, sex
and years in education covariates. Bonferroni adjusted α =

0.005.
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A.3 Associations between Regions of Interest and

Absolute Distance Error

Figure A.2: The relationship absolute distance error and re-
gions of interest including; EC (A), alEC (B), pmEC (C), whole
hippocampus (D), PCC (E) and isthus of the cingulate cortex
(F) was assessed. Least square lines are group specific: grey =
across MCI+and MCI−; purple = all participants), *p < 0.005

(Bonferroni adjusted α).
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A.4 Effect of brain volumes on Absolute Error Dis-

tance

Estimate Std Error t value Adjusted P
(Intercept) 5.96 1.58 3.78 0.001

Subcortical Gray Matter 0.00 0.00 -3.22 0.003

Lateral Ventricle 57.26 10.85 5.28 0.000

Hippocampus -852.44 184.64 -4.62 0.000

Amygdala 1306.92 375.26 3.48 0.001

Superior Temporal Sulcus -1051.40 229.55 -4.58 0.000

Caudal Anterior Cingulate 659.02 221.14 2.98 0.005

Caudal Middle Frontal -282.32 74.47 -3.79 0.001

Entorhinal 470.63 137.30 3.43 0.002

Inferior Parietal 145.14 41.27 3.52 0.001

Inferior Temporal 210.86 60.20 3.50 0.001

Lingual 277.51 72.23 3.84 0.000

Paracentral -544.63 182.78 -2.98 0.005

Parstriangularis -551.03 127.40 -4.33 0.000

Postcentral -197.61 61.86 -3.19 0.003

Posterior Cingulate -738.58 182.43 -4.05 0.000

Superior Frontal 186.23 46.95 3.97 0.000

Supramarginal -194.32 56.23 -3.46 0.001

Temporal Pole -1030.28 191.89 -5.37 0.000

Transverse Temporal 1881.20 461.71 4.07 0.000

Table A.3: A backward elimination stepwise regression was
performed to examine the neural correlates of absolute dis-
tance error. Volumes normalised to intracranial volume from
the Destrieux atlas were used as predictor variables, multiple
comparisons were controlled using false discovery rate with an

α of 0.01.
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Appendix (OLT)

In this appendix I report the work performed by D.H., a clinical doctorate

from Cambridge, with whom I had the luck to collaborate to recruit the pa-

tients for the study presented in chapter 3. The division of labour between

me and D.H. has been the following. I worked on the design and the im-

plementation of the task, including pilot-testing and re-iteration for design

optimization. I helped with the behavioural testing in Cambridge for the the

patients and the older healthy group. I tested the young group at UCL. D.H.

collected separately all the MRI scan on patients and older healthy group.

I analysed all the behavioural data. D.H. processed and analysed the data

involving the MRI scans as reported in this appendix.

B.1 Associations between Regions of Interest and

OLT performances
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A multivariate analysis examined the relationship between regions of in-

terest (ROIs) (alEC, hippocampus and Braodmann Area 35 (BA35) encom-

passing the perirhinal cortex) and the Object Location Task (OLT) perfor-

mance (all subtasks - absolute distance error in object location memory sub-

task, percentage of correct choices in the object recognition subtask and per-

centage of correct choices in the object-in-context memory subtasks) across

healthy controls and MCI participants. It was found that OLT performance

was predicted by alEC [PT=0.31, F(3,33)=4.86, p < 0.05] and hippocampal

[PT=0.33, F(3,33)=5.35, p<0.01] volumes.

Taken the OLT performance separately, larger hippocampal volumes [t(1,34)=

3.94, p<0.001, R2= 0.4; table B.1] were predictive of more correct responses

in the object recognition subtask, whereas the proportion of correct re-

sponses in the object-environment association subtask was predicted by

larger alEC [t(1,34)=3.63, p<0.01, R2= 0.45; table B.1]. No volume was asso-

ciated with absolute distance errors in the object replacement subtask. See

figure B.1 for single associations between performances and ROI volumes.

Voxel-based morphometry (VBM) analysis revealed that, at family-wise

error-corrected p < 0.05 threshold, object recognition performance (% cor-

rect) was correlated with gray matter voxel values in the left hippocampus

and left parahippocampal gyrus. However, neither absolute distance errors

in the object location memory subtask nor percentage correct in the object-

in-context subtask were predictive of any changes in gray matter at either a

corrected family-wise error-corrected threshold of p < 0.05 or uncorrected

threshold of p < 0.001.
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Figure B.1: Individual regressions between performances and
ROI volumes. Only predictors that were significant in the
generalized linear model were used in the regression analy-
sis. Larger hippocampal volumes correlated with better per-
formance in the object recognition subtask while larger alEC
volumes are associated with better performances in the object-

in-context subtask.



220 Appendix B. Appendix (OLT)

O
bj

ec
t

Lo
ca

ti
on

Ta
sk

Pe
rf

or
m

an
ce

O
bj

ec
t

lo
ca

ti
on

m
em

or
y

O
bj

ec
t

R
ec

og
ni

ti
on

O
bj

ec
t-

in
-C

on
te

xt
β

SE
t

p
β

SE
t

p
β

SE
t

p
En

to
rh

in
al

C
or

te
x

0
.2

0
.1

6
1
.2

8
0
.2

1
-0

.0
9

0
.0

5
-1

.8
6

0
.0

7
-0

.1
6

0
.0

7
-2

.1
0

.0
4

A
nt

er
ol

at
er

al
EC

-0
.2

5
0
.1

3
-1

.9
4

0
.0

6
0
.0

6
0

.0
4

1
.5

3
0
.1

3
0
.2

3
0
.0

6
3
.6

3
<

0.
00
1

B
A
35

0
.0

4
0

.0
8

0
.4

2
0
.6

8
-0

.0
2

0
.0

3
-0

.8
3

0
.4

1
-0

.0
7

0
.0

4
-1

.8
0

.0
8

H
ip

po
ca

m
pu

s
-0

.0
6

0
.0

7
-0

.8
0

.4
6

0
.4

1
0

.0
2

3
.9

4
<

0.
00
1

-0
.0

2
0
.0

3
-0

.6
2

0
.5

4

F(
8

,3
4
)

=
5
.2

6
,p

<
0

.0
0
1
,R

2
=

0
.5

5
F(

8
,3

4
)

=
2

.8
7
,p

<
0

.0
5
,R

2
=

0
.4

0
F(

8
,3

4
)

=
3
.5

3
,p

<
0
.0

1
,R

2
=

0
.4

5

Ta
b
l
e

B.
1
:

R
O

I
(a

lE
C

,
hi

pp
oc

am
pu

s
an

d
BA

3
5

as
a

pe
ri

rh
in

al
pr

ox
y)

co
rr

el
at

io
n

w
it

h
th

e
pe

rf
or

m
an

ce
of

th
e

ob
je

ct
lo

ca
ti

on
ta

sk
as

in
de

pe
nd

en
tv

ar
ia

bl
es

.T
he

an
al

ys
is

ha
s

be
en

pe
rf

or
m

ed
ac

ro
ss

po
ol

ed
M

C
Ia

nd
th

e
he

al
th

y
ol

de
r

co
nt

ro
l

gr
ou

p
by

ru
nn

in
g

a
ge

ne
ra

liz
ed

lin
ea

r
m

od
el

us
in

g
a

lin
ea

r
te

rm
s

fo
r

ea
ch

pr
ed

ic
to

r
an

d
us

in
g

a
no

rm
al

di
st

ri
bu

ti
on

ty
pe

fo
r

th
e

re
sp

on
se

va
ri

ab
le

.A
ll

m
od

el
s

w
er

e
ad

ju
st

ed
fo

r
ag

e,
se

x
an

d
ye

ar
s

in
ed

uc
at

io
n.

Th
re

e
m

od
el

s
w

er
e

fit
te

d
fo

r
ea

ch
of

th
e

di
ff

er
en

t
su

bt
as

k.
Sl

op
es

,s
ta

nd
ar

d
er

ro
r,

t-
st

at
is

ti
cs

an
d

p
va

lu
es

ar
e

re
po

rt
ed

fo
r

ea
ch

of
R

O
I

pr
ed

ic
to

r.
Bo

tt
om

lin
e

re
pr

es
en

t
th

e
go

od
ne

ss
of

fit
or

th
e

va
ri

ab
ili

ty
in

th
e

de
pe

nd
en

t
m

od
el

ex
pl

ai
ne

d
by

th
e

m
od

el
.



221

Appendix C

Published Paper





223

Bibliography

Adamo, Diane E. et al. (2012). “Age differences in virtual environment and

real world path integration”. In: Frontiers in Aging Neuroscience 4.SEP,

p. 26. issn: 1663-4365. doi: 10.3389/fnagi.2012.00026. url: http:

//journal.frontiersin.org/article/10.3389/fnagi.2012.00026/

abstract.

Ahmed, Zeshan et al. (2014). “A novel in vivo model of tau propagation

with rapid and progressive neurofibrillary tangle pathology: The pattern

of spread is determined by connectivity, not proximity”. In: Acta Neu-

ropathologica 127.5, pp. 667–683. issn: 14320533. doi: 10.1007/s00401-

014- 1254- 6. url: https://link.springer.com/article/10.1007/

s00401-014-1254-6.

Aisen, Paul S. et al. (2017). On the path to 2025: Understanding the Alzheimer’s

disease continuum. doi: 10.1186/s13195-017-0283-5.

Albert, Marilyn S. et al. (2011). “The diagnosis of mild cognitive impairment

due to Alzheimer’s disease: Recommendations from the National Insti-

tute on Aging-Alzheimer’s Association workgroups on diagnostic guide-

lines for Alzheimer’s disease”. In: Alzheimer’s and Dementia 7.3, pp. 270–

279. issn: 15525279. doi: 10.1016/j.jalz.2011.03.008.

Allen, Gary L. et al. (2004). “Aging and path integration skill: Kinesthetic

and vestibular contributions to wayfinding”. In: Perception and Psychophysics

66.1, pp. 170–179. issn: 00315117. doi: 10.3758/BF03194870.

https://doi.org/10.3389/fnagi.2012.00026
http://journal.frontiersin.org/article/10.3389/fnagi.2012.00026/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2012.00026/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2012.00026/abstract
https://doi.org/10.1007/s00401-014-1254-6
https://doi.org/10.1007/s00401-014-1254-6
https://link.springer.com/article/10.1007/s00401-014-1254-6
https://link.springer.com/article/10.1007/s00401-014-1254-6
https://doi.org/10.1186/s13195-017-0283-5
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.3758/BF03194870


224 Bibliography

Allison, Samantha L. et al. (2016). “Spatial Navigation in Preclinical Alzheimer’s

Disease”. In: Journal of Alzheimer’s Disease 52.1, pp. 77–90. issn: 18758908.

doi: 10.3233/JAD-150855.

Anderson, Michael I. and Kathryn J. Jeffery (2003). “Heterogeneous modula-

tion of place cell firing by changes in context”. In: Journal of Neuroscience

23.26, pp. 8827–8835. issn: 02706474. doi: 10.1523/jneurosci.23-26-

08827.2003.

Antonova, E. et al. (2009). “Age-related neural activity during allocentric

spatial memory”. In: Memory 17.2, pp. 125–143. issn: 0965-8211. doi: 10.

1080/09658210802077348. url: http://www.tandfonline.com/doi/abs/

10.1080/09658210802077348.

Arshad, Qadeer and Barry M. Seemungal (2016). “Age-related vestibular

loss: Current understanding and future research directions”. In: Frontiers

in Neurology 7.DEC, p. 231. issn: 16642295. doi: 10.3389/fneur.2016.

00231. url: www.frontiersin.org.

Auger, Stephen D., Sinéad L. Mullally, and Eleanor A. Maguire (2012). “Ret-

rosplenial Cortex Codes for Permanent Landmarks”. In: PLoS ONE 7.8.

Ed. by Chris I. Baker, e43620. issn: 1932-6203. doi: 10.1371/journal.

pone.0043620. url: https://dx.plos.org/10.1371/journal.pone.

0043620.

Augustinack, Jean C. et al. (2013). “Predicting the location of human perirhi-

nal cortex, Brodmann’s area 35, from MRI”. In: NeuroImage 64.1, pp. 32–

42. issn: 10538119. doi: 10.1016/j.neuroimage.2012.08.071.

Banta Lavenex, Pamela et al. (2011). “As the world turns: Short-term human

spatial memory in egocentric and allocentric coordinates”. In: Behavioural

Brain Research 219.1, pp. 132–141. issn: 01664328. doi: 10.1016/j.bbr.

2010.12.035.

Barage, Sagar H. and Kailas D. Sonawane (2015). “Amyloid cascade hypoth-

esis: Pathogenesis and therapeutic strategies in Alzheimer’s disease”. In:

https://doi.org/10.3233/JAD-150855
https://doi.org/10.1523/jneurosci.23-26-08827.2003
https://doi.org/10.1523/jneurosci.23-26-08827.2003
https://doi.org/10.1080/09658210802077348
https://doi.org/10.1080/09658210802077348
http://www.tandfonline.com/doi/abs/10.1080/09658210802077348
http://www.tandfonline.com/doi/abs/10.1080/09658210802077348
https://doi.org/10.3389/fneur.2016.00231
https://doi.org/10.3389/fneur.2016.00231
www.frontiersin.org
https://doi.org/10.1371/journal.pone.0043620
https://doi.org/10.1371/journal.pone.0043620
https://dx.plos.org/10.1371/journal.pone.0043620
https://dx.plos.org/10.1371/journal.pone.0043620
https://doi.org/10.1016/j.neuroimage.2012.08.071
https://doi.org/10.1016/j.bbr.2010.12.035
https://doi.org/10.1016/j.bbr.2010.12.035


Bibliography 225

Neuropeptides 52, pp. 1–18. issn: 15322785. doi: 10.1016/j.npep.2015.

06.008.

Barbeau, Emmanuel et al. (2004). “Evaluation of visual recognition memory

in MCI patients”. In: Neurology 62.8, pp. 1317–1322. issn: 00283878. doi:

10.1212/01.WNL.0000120548.24298.DB.

Bays, Paul M. (2016). “Evaluating and excluding swap errors in analogue

tests of working memory”. In: Scientific Reports 6. issn: 20452322. doi:

10.1038/srep19203.

Bécu, Marcia et al. (2020). “Age-related preference for geometric spatial cues

during real-world navigation”. In: Nature Human Behaviour 4.1, pp. 88–

99. issn: 23973374. doi: 10 . 1038 / s41562 - 019 - 0718 - z. url: https :

//doi.org/10.1038/s41562-019-0718-z.

Bejanin, Alexandre et al. (2017). “Tau pathology and neurodegeneration con-

tribute to cognitive impairment in Alzheimer’s disease”. In: Brain 140.12,

pp. 3286–3300. issn: 0006-8950. doi: 10.1093/brain/awx243. url: https:

//doi.org/10.1093/brain/awx243.

Bellassen, Virginie et al. (2012). “Temporal order memory assessed during

spatiotemporal navigation as a behavioral cognitive marker for differ-

ential Alzheimer’S disease diagnosis”. In: Journal of Neuroscience 32.6,

pp. 1942–1952. issn: 02706474. doi: 10.1523/JNEUROSCI.4556-11.2012.

Berron, D. et al. (2017). “A protocol for manual segmentation of medial

temporal lobe subregions in 7 Tesla MRI”. In: NeuroImage: Clinical 15,

pp. 466–482. issn: 22131582. doi: 10.1016/j.nicl.2017.05.022.

Berron, David et al. (2018). “Age-related functional changes in domain-

specific medial temporal lobe pathways”. In: Neurobiology of Aging 65,

pp. 86–97. issn: 15581497. doi: 10.1016/j.neurobiolaging.2017.12.

030.

https://doi.org/10.1016/j.npep.2015.06.008
https://doi.org/10.1016/j.npep.2015.06.008
https://doi.org/10.1212/01.WNL.0000120548.24298.DB
https://doi.org/10.1038/srep19203
https://doi.org/10.1038/s41562-019-0718-z
https://doi.org/10.1038/s41562-019-0718-z
https://doi.org/10.1038/s41562-019-0718-z
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1093/brain/awx243
https://doi.org/10.1523/JNEUROSCI.4556-11.2012
https://doi.org/10.1016/j.nicl.2017.05.022
https://doi.org/10.1016/j.neurobiolaging.2017.12.030
https://doi.org/10.1016/j.neurobiolaging.2017.12.030


226 Bibliography

Bettio, Luis E.B., Luckshi Rajendran, and Joana Gil-Mohapel (2017). “The

effects of aging in the hippocampus and cognitive decline”. In: Neuro-

science and Biobehavioral Reviews 79, pp. 66–86. issn: 18737528. doi: 10.

1016/j.neubiorev.2017.04.030.

Bian, Zheng and George J. Andersen (2013). “Aging and the perception of

egocentric distance”. In: Psychology and Aging 28.3, pp. 813–825. issn:

08827974. doi: 10.1037/a0030991.

Bird, Chris M. and Neil Burgess (2008). “The hippocampus and memory:

Insights from spatial processing”. In: Nature Reviews Neuroscience 9.3,

pp. 182–194. issn: 1471003X. doi: 10.1038/nrn2335.

Bohbot, Véronique D. et al. (2007). “Gray matter differences correlate with

spontaneous strategies in a human virtual navigation task”. In: Journal

of Neuroscience 27.38, pp. 10078–10083. issn: 02706474. doi: 10 . 1523 /

JNEUROSCI.1763-07.2007.

Bohbot, Veronique D. et al. (2012). “Virtual navigation strategies from child-

hood to senescence: evidence for changes across the life span”. In: Fron-

tiers in Aging Neuroscience 4.OCT, p. 28. issn: 1663-4365. doi: 10.3389/

fnagi.2012.00028. url: http://journal.frontiersin.org/article/

10.3389/fnagi.2012.00028/abstract.

Bondi, M. W. et al. (1993). “Utility of a modified version of the Wisconsin

Card Sorting Test in the detection of dementia of the Alzheimer type”.

In: Clinical Neuropsychologist 7.2, pp. 161–170. issn: 09201637. doi: 10.

1080/13854049308401518.

Booth, Clair A et al. (2016). “Altered Intrinsic Pyramidal Neuron Proper-

ties and Pathway-Specific Synaptic Dysfunction Underlie Aberrant Hip-

pocampal Network Function in a Mouse Model of Tauopathy”. In: The

Journal of Neuroscience 36.2, 350 LP –363. doi: 10.1523/JNEUROSCI.2151-

15.2016. url: http://www.jneurosci.org/content/36/2/350.abstract.

https://doi.org/10.1016/j.neubiorev.2017.04.030
https://doi.org/10.1016/j.neubiorev.2017.04.030
https://doi.org/10.1037/a0030991
https://doi.org/10.1038/nrn2335
https://doi.org/10.1523/JNEUROSCI.1763-07.2007
https://doi.org/10.1523/JNEUROSCI.1763-07.2007
https://doi.org/10.3389/fnagi.2012.00028
https://doi.org/10.3389/fnagi.2012.00028
http://journal.frontiersin.org/article/10.3389/fnagi.2012.00028/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2012.00028/abstract
https://doi.org/10.1080/13854049308401518
https://doi.org/10.1080/13854049308401518
https://doi.org/10.1523/JNEUROSCI.2151-15.2016
https://doi.org/10.1523/JNEUROSCI.2151-15.2016
http://www.jneurosci.org/content/36/2/350.abstract


Bibliography 227

Bott, Jean-Bastien et al. (2016). “APOE -Sensitive Cholinergic Sprouting Com-

pensates for Hippocampal Dysfunctions Due to Reduced Entorhinal In-

put ”. In: The Journal of Neuroscience. issn: 0270-6474. doi: 10 . 1523 /

jneurosci.1174-16.2016.

Braak, H and E Braak (1991). “Neuropathological stageing of Alzheimer-

related changes.Braak, H., & Braak, E. (1991). Neuropathological stage-

ing of Alzheimer-related changes. Acta Neuropathologica, 82(4), 239–259.”

In: Acta neuropathologica. issn: 0001-6322 (Print).

Braak, Heiko and Kelly Del Tredici (2011). “Alzheimer’s pathogenesis: Is

there neuron-to-neuron propagation?” In: Acta Neuropathologica. issn: 00016322.

doi: 10.1007/s00401-011-0825-z.

— (2015). “The preclinical phase of the pathological process underlying spo-

radic Alzheimer’s disease”. In: Brain 138.10, pp. 2814–2833. issn: 0006-

8950. doi: 10.1093/brain/awv236. url: https://doi.org/10.1093/

brain/awv236.

Braak, Heiko and Kelly Del Tredici-Braak (2015). “Alzheimer’s Disease, Neu-

ral Basis of”. In: International Encyclopedia of the Social & Behavioral Sci-

ences: Second Edition. isbn: 9780080970875. doi: 10.1016/B978- 0- 08-

097086-8.55001-6.

Braak, Heiko et al. (2011). “Stages of the pathologic process in alzheimer dis-

ease: Age categories from 1 to 100 years”. In: Journal of Neuropathology and

Experimental Neurology. issn: 00223069. doi: 10.1097/NEN.0b013e318232a379.

Braak, Heiko et al. (2013). “Intraneuronal tau aggregation precedes diffuse

plaque deposition, but amyloid-β changes occur before increases of tau

in cerebrospinal fluid”. In: Acta Neuropathologica 126.5, pp. 631–641. issn:

00016322. doi: 10.1007/s00401-013-1139-0.

Brady, Timothy F. et al. (2008). “Visual long-term memory has a massive

storage capacity for object details”. In: Proceedings of the National Academy

https://doi.org/10.1523/jneurosci.1174-16.2016
https://doi.org/10.1523/jneurosci.1174-16.2016
https://doi.org/10.1007/s00401-011-0825-z
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1016/B978-0-08-097086-8.55001-6
https://doi.org/10.1016/B978-0-08-097086-8.55001-6
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1007/s00401-013-1139-0


228 Bibliography

of Sciences of the United States of America 105.38, pp. 14325–14329. issn:

00278424. doi: 10.1073/pnas.0803390105.

Bright, Peter, Eli Jaldow, and Michael D Kopelman (2002). “The National

Adult Reading Test as a measure of premorbid intelligence: a comparison

with estimates derived from demographic variables.” In: Journal of the

International Neuropsychological Society : JINS 8.6, pp. 847–54. issn: 1355-

6177.

Buckner, Randy L. (2004). “Memory and executive function in aging and ad:

Multiple factors that cause decline and reserve factors that compensate”.

In: Neuron 44.1, pp. 195–208. issn: 08966273. doi: 10.1016/j.neuron.

2004.09.006.

Burgess, Neil (2006). “Spatial memory: how egocentric and allocentric com-

bine”. In: Trends in Cognitive Sciences 10.12, pp. 551–557. issn: 13646613.

doi: 10.1016/j.tics.2006.10.005.

— (2008a). “Grid cells and theta as oscillatory interference: Theory and pre-

dictions”. In: Hippocampus 18.12, pp. 1157–1174. issn: 10509631. doi: 10.

1002/hipo.20518. url: https://onlinelibrary.wiley.com/doi/full/

10.1002/hipo.20518.

— (2008b). Spatial cognition and the brain. doi: 10.1196/annals.1440.002.

url: https://nyaspubs.onlinelibrary.wiley.com/doi/full/10.1196/

annals.1440.002.

Burgess, Neil, Eleanor A. Maguire, and John O’Keefe (2002). The human hip-

pocampus and spatial and episodic memory. doi: 10.1016/S0896-6273(02)

00830-9.

Burgess, Neil, Hugo J. Spiers, and Eleni Paleologou (2004). “Orientational

manoeuvres in the dark: Dissociating allocentric and egocentric influ-

ences on spatial memory”. In: Cognition 94.2, pp. 149–166. issn: 00100277.

doi: 10.1016/j.cognition.2004.01.001.

https://doi.org/10.1073/pnas.0803390105
https://doi.org/10.1016/j.neuron.2004.09.006
https://doi.org/10.1016/j.neuron.2004.09.006
https://doi.org/10.1016/j.tics.2006.10.005
https://doi.org/10.1002/hipo.20518
https://doi.org/10.1002/hipo.20518
https://onlinelibrary.wiley.com/doi/full/10.1002/hipo.20518
https://onlinelibrary.wiley.com/doi/full/10.1002/hipo.20518
https://doi.org/10.1196/annals.1440.002
https://nyaspubs.onlinelibrary.wiley.com/doi/full/10.1196/annals.1440.002
https://nyaspubs.onlinelibrary.wiley.com/doi/full/10.1196/annals.1440.002
https://doi.org/10.1016/S0896-6273(02)00830-9
https://doi.org/10.1016/S0896-6273(02)00830-9
https://doi.org/10.1016/j.cognition.2004.01.001


Bibliography 229

Burgess, Neil et al. (2001). “A Temporoparietal and Prefrontal Network for

Retrieving the Spatial Context of Lifelike Events”. In: NeuroImage 14.2,

pp. 439 –453. issn: 1053-8119. doi: https://doi.org/10.1006/nimg.

2001.0806. url: http://www.sciencedirect.com/science/article/

pii/S1053811901908067.

Burgess, Paul and Jon Simons (2005). “Theories of frontal lobe executive

function: clinical applications”. In: Effectiveness of Reabilitation for Cogni-

tive Deficits, pp. 211–232.

Buschke, Herman (1984). “Cued recall in Amnesia”. In: Journal of Clinical

and Experimental Neuropsychology 6.4, pp. 433–440. issn: 0165-0475. doi:

10.1080/01688638408401233. url: https://www.tandfonline.com/

action/journalInformation?journalCode=ncen20.

Bush, Daniel et al. (2015). “Using Grid Cells for Navigation”. In: Neuron.

issn: 10974199. doi: 10.1016/j.neuron.2015.07.006.

Busse, A. et al. (2006). “Mild cognitive impairment: Long-term course of four

clinical subtypes”. In: Neurology 67.12, pp. 2176–2185. issn: 00283878. doi:

10.1212/01.wnl.0000249117.23318.e1.

Byrne, Patrick, Suzanna Becker, and Neil Burgess (2007). “Remembering the

past and imagining the future: A neural model of spatial memory and

imagery”. In: Psychological Review 114.2, pp. 340–375. issn: 0033295X. doi:

10.1037/0033-295X.114.2.340.

Cacucci, F. et al. (2008). “Place cell firing correlates with memory deficits and

amyloid plaque burden in Tg2576 Alzheimer mouse model”. In: Proceed-

ings of the National Academy of Sciences. issn: 0027-8424. doi: 10.1073/

pnas.0802908105.

Caine, Diana (2004). “Posterior Cortical Atrophy: A Review of the Litera-

ture”. In: Neurocase 10.5, pp. 382–385. issn: 1355-4794. doi: 10.1080/

13554790490892239. url: http://www.tandfonline.com/doi/abs/10.

1080/13554790490892239.

https://doi.org/https://doi.org/10.1006/nimg.2001.0806
https://doi.org/https://doi.org/10.1006/nimg.2001.0806
http://www.sciencedirect.com/science/article/pii/S1053811901908067
http://www.sciencedirect.com/science/article/pii/S1053811901908067
https://doi.org/10.1080/01688638408401233
https://www.tandfonline.com/action/journalInformation?journalCode=ncen20
https://www.tandfonline.com/action/journalInformation?journalCode=ncen20
https://doi.org/10.1016/j.neuron.2015.07.006
https://doi.org/10.1212/01.wnl.0000249117.23318.e1
https://doi.org/10.1037/0033-295X.114.2.340
https://doi.org/10.1073/pnas.0802908105
https://doi.org/10.1073/pnas.0802908105
https://doi.org/10.1080/13554790490892239
https://doi.org/10.1080/13554790490892239
http://www.tandfonline.com/doi/abs/10.1080/13554790490892239
http://www.tandfonline.com/doi/abs/10.1080/13554790490892239


230 Bibliography

Castel, Alan D., David A. Balota, and David P. McCabe (2009). “Memory Ef-

ficiency and the Strategic Control of Attention at Encoding: Impairments

of Value-Directed Remembering in Alzheimer’s Disease”. In: Neuropsy-

chology 23.3, pp. 297–306. issn: 08944105. doi: 10.1037/a0014888.

Chadwick, Martin J. et al. (2015). “A goal direction signal in the human

entorhinal/subicular region”. In: Current Biology 25.1, pp. 87–92. issn:

09609822. doi: 10.1016/j.cub.2014.11.001.

Chao, Owen Y. et al. (2016). “The medial prefrontal cortex-lateral entorhinal

cortex circuit is essential for episodic-like memory and associative object-

recognition”. In: Hippocampus 26.5, pp. 633–645. issn: 10509631. doi: 10.

1002/hipo.22547. url: http://doi.wiley.com/10.1002/hipo.22547.

Chen, Guifen et al. (2019). “Differential influences of environment and self-

motion on place and grid cell firing”. In: Nature Communications 10.1,

pp. 1–11. issn: 20411723. doi: 10.1038/s41467-019-08550-1.

Cheng, Jingheng and Daoyun Ji (2013). “Rigid firing sequences undermine

spatial memory codes in a neurodegenerative mouse model”. In: eLife.

issn: 2050084X. doi: 10.7554/eLife.00647.

Cho, Hanna et al. (2016). “In vivo cortical spreading pattern of tau and

amyloid in the Alzheimer disease spectrum”. In: Annals of Neurology 80.2,

pp. 247–258. issn: 03645134. doi: 10.1002/ana.24711. url: http://doi.

wiley.com/10.1002/ana.24711.

Chrastil, Elizabeth R. et al. (2015). “There and back again: Hippocampus and

retrosplenial cortex track homing distance during human path integra-

tion”. In: Journal of Neuroscience 35.46, pp. 15442–15452. issn: 15292401.

doi: 10.1523/JNEUROSCI.1209-15.2015.

Clark, R. E. and L. R. Squire (2013). “Similarity in form and function of

the hippocampus in rodents, monkeys, and humans”. In: Proceedings of

the National Academy of Sciences. issn: 0027-8424. doi: 10.1073/pnas.

1301225110.

https://doi.org/10.1037/a0014888
https://doi.org/10.1016/j.cub.2014.11.001
https://doi.org/10.1002/hipo.22547
https://doi.org/10.1002/hipo.22547
http://doi.wiley.com/10.1002/hipo.22547
https://doi.org/10.1038/s41467-019-08550-1
https://doi.org/10.7554/eLife.00647
https://doi.org/10.1002/ana.24711
http://doi.wiley.com/10.1002/ana.24711
http://doi.wiley.com/10.1002/ana.24711
https://doi.org/10.1523/JNEUROSCI.1209-15.2015
https://doi.org/10.1073/pnas.1301225110
https://doi.org/10.1073/pnas.1301225110


Bibliography 231

Colombo, Desirée et al. (2017). “Egocentric and allocentric spatial reference

frames in aging: A systematic review”. In: Neuroscience and Biobehavioral

Reviews. issn: 18737528. doi: 10.1016/j.neubiorev.2017.07.012.

Connor, Charles E. and James J. Knierim (2017). “Integration of objects and

space in perception and memory”. In: Nature Neuroscience 20.11, pp. 1493–

1503. issn: 15461726. doi: 10.1038/nn.4657.

Conover, W. J. and Ronald L. Iman (1982). “Analysis of Covariance Using

the Rank Transformation”. In: Biometrics 38.3, p. 715. issn: 0006341X. doi:

10.2307/2530051.

Corwin, June and Frederick W. Bylsma (1993). “Psychological examination

of traumatic encephalopathy”. In: Clinical Neuropsychologist. issn: 0920-

1637. doi: 10.1080/13854049308401883.

Coughlan, Gillian et al. (2018). “Spatial navigation deficits — Overlooked

cognitive marker for preclinical Alzheimer disease?” In: Nature Reviews

Neurology. issn: 17594766. doi: 10.1038/s41582-018-0031-x.

Coutrot, Antoine et al. (2018). “Global Determinants of Navigation Ability”.

In: Current Biology 28.17, 2861–2866.e4. issn: 09609822. doi: 10.1016/j.

cub.2018.06.009.

Cowell, Rosemary A., Timothy J. Bussey, and Lisa M. Saksida (2010). “Com-

ponents of recognition memory: Dissociable cognitive processes or just

differences in representational complexity?” In: Hippocampus 20.11, pp. 1245–

1262. issn: 10509631. doi: 10.1002/hipo.20865. url: http://doi.wiley.

com/10.1002/hipo.20865.

Crane, Paul K. et al. (2012). “Development and assessment of a composite

score for memory in the Alzheimer’s Disease Neuroimaging Initiative

(ADNI)”. In: Brain Imaging and Behavior 6.4, pp. 502–516. issn: 19317557.

doi: 10.1007/s11682-012-9186-z. url: http://adni.loni.ucla.edu/

research/active-investigators/.

https://doi.org/10.1016/j.neubiorev.2017.07.012
https://doi.org/10.1038/nn.4657
https://doi.org/10.2307/2530051
https://doi.org/10.1080/13854049308401883
https://doi.org/10.1038/s41582-018-0031-x
https://doi.org/10.1016/j.cub.2018.06.009
https://doi.org/10.1016/j.cub.2018.06.009
https://doi.org/10.1002/hipo.20865
http://doi.wiley.com/10.1002/hipo.20865
http://doi.wiley.com/10.1002/hipo.20865
https://doi.org/10.1007/s11682-012-9186-z
http://adni.loni.ucla.edu/research/active-investigators/
http://adni.loni.ucla.edu/research/active-investigators/


232 Bibliography

Crary, John F. et al. (2014). “Primary age-related tauopathy (PART): a com-

mon pathology associated with human aging”. In: Acta Neuropathologica

128.6, pp. 755–766. issn: 14320533. doi: 10.1007/s00401-014-1349-0.

Cummings, Jeffrey L., Travis Morstorf, and Kate Zhong (2014). “Alzheimer’s

disease drug-development pipeline: Few candidates, frequent failures”.

In: Alzheimer’s Research and Therapy 6.4, p. 37. issn: 17589193. doi: 10.

1186/alzrt269. url: http://alzres.biomedcentral.com/articles/10.

1186/alzrt269.

De Calignon, Alix et al. (2012). “Propagation of Tau Pathology in a Model

of Early Alzheimer’s Disease”. In: Neuron. issn: 08966273. doi: 10.1016/

j.neuron.2011.11.033.

DeIpolyi, A. R. et al. (2007). “Spatial cognition and the human naviga-

tion network in AD and MCI”. In: Neurology 69.10, pp. 986–997. issn:

00283878. doi: 10 . 1212 / 01 . wnl . 0000271376 . 19515 . c6. url: http :

//www.neurology.org/cgi/doi/10.1212/01.wnl.0000271376.19515.c6.

Delis, Dean C. et al. (1991). “Profiles of Demented and Amnesic Patients

on the California Verbal Learning Test: Implications for the Assessment

of Memory Disorders”. In: Psychological Assessment 3.1, pp. 19–26. issn:

10403590. doi: 10.1037/1040-3590.3.1.19.

Demakis, George J. et al. (2001). “Incidental recall on WAIS-R digit symbol

discriminates Alzheimer’s and Parkinson’s diseases”. In: Journal of Clini-

cal Psychology 57.3, pp. 387–394. issn: 0021-9762. doi: 10.1002/jclp.1020.

url: http://doi.wiley.com/10.1002/jclp.1020.

Deshmukh, Sachin S. and James J. Knierim (2011). “Representation of Non-

Spatial and Spatial Information in the Lateral Entorhinal Cortex”. In:

Frontiers in Behavioral Neuroscience 5. doi: 10.3389/fnbeh.2011.00069.

— (2013). “Influence of local objects on hippocampal representations: Land-

mark vectors and memory”. In: Hippocampus 23.4, pp. 253–267. issn:

10509631. doi: 10.1002/hipo.22101.

https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1186/alzrt269
https://doi.org/10.1186/alzrt269
http://alzres.biomedcentral.com/articles/10.1186/alzrt269
http://alzres.biomedcentral.com/articles/10.1186/alzrt269
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1016/j.neuron.2011.11.033
https://doi.org/10.1212/01.wnl.0000271376.19515.c6
http://www.neurology.org/cgi/doi/10.1212/01.wnl.0000271376.19515.c6
http://www.neurology.org/cgi/doi/10.1212/01.wnl.0000271376.19515.c6
https://doi.org/10.1037/1040-3590.3.1.19
https://doi.org/10.1002/jclp.1020
http://doi.wiley.com/10.1002/jclp.1020
https://doi.org/10.3389/fnbeh.2011.00069
https://doi.org/10.1002/hipo.22101


Bibliography 233

Diana, Rachel A., Andrew P. Yonelinas, and Charan Ranganath (2007). “Imag-

ing recollection and familiarity in the medial temporal lobe: a three-

component model”. In: Trends in Cognitive Sciences 11.9, pp. 379–386. issn:

13646613. doi: 10.1016/j.tics.2007.08.001.

— (2012). “Adaptation to cognitive context and item information in the

medial temporal lobes”. In: Neuropsychologia 50.13, pp. 3062–3069. issn:

00283932. doi: 10.1016/j.neuropsychologia.2012.07.035.

Dickerson, Bradford (2013). “Biomarker-based prediction of progression in

MCI: comparison of AD signature and hippocampal volume with spinal

fluid amyloid-β and tau”. In: Frontiers in Aging Neuroscience 5.OCT, p. 55.

issn: 16634365. doi: 10.3389/fnagi.2013.00055. url: http://journal.

frontiersin.org/article/10.3389/fnagi.2013.00055/abstract.

Diehl, Geoffrey W. et al. (2017). “Grid and Nongrid Cells in Medial En-

torhinal Cortex Represent Spatial Location and Environmental Features

with Complementary Coding Schemes”. In: Neuron 94.1, 83–92.e6. issn:

10974199. doi: 10.1016/j.neuron.2017.03.004.

Doeller, Christian F., Caswell Barry, and Neil Burgess (2010). “Evidence for

grid cells in a human memory network”. In: Nature. issn: 00280836. doi:

10.1038/nature08704.

Doeller, Christian F., John A. King, and Neil Burgess (2008). “Parallel stri-

atal and hippocampal systems for landmarks and boundaries in spatial

memory”. In: Proceedings of the National Academy of Sciences of the United

States of America 105.15, pp. 5915–5920. issn: 00278424. doi: 10.1073/

pnas.0801489105.

dos Santos Kawata, K H et al. (2012). “A Validation Study of the Japanese

Version of the Addenbrooke’s Cognitive Examination-Revised”. In: De-

mentia and Geriatric Cognitive Disorders Extra 2.1, pp. 29–37. doi: 10.1159/

000336909. url: https://www.karger.com/DOI/10.1159/000336909.

https://doi.org/10.1016/j.tics.2007.08.001
https://doi.org/10.1016/j.neuropsychologia.2012.07.035
https://doi.org/10.3389/fnagi.2013.00055
http://journal.frontiersin.org/article/10.3389/fnagi.2013.00055/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2013.00055/abstract
https://doi.org/10.1016/j.neuron.2017.03.004
https://doi.org/10.1038/nature08704
https://doi.org/10.1073/pnas.0801489105
https://doi.org/10.1073/pnas.0801489105
https://doi.org/10.1159/000336909
https://doi.org/10.1159/000336909
https://www.karger.com/DOI/10.1159/000336909


234 Bibliography

Drachman, David A. (2014). “The amyloid hypothesis, time to move on:

Amyloid is the downstream result, not cause, of Alzheimer’s disease”.

In: Alzheimer’s and Dementia 10.3, pp. 372–380. issn: 15525279. doi: 10.

1016/j.jalz.2013.11.003. url: http://doi.wiley.com/10.1016/j.

jalz.2013.11.003.

Driscoll, I et al. (2003). “The aging hippocampus: cognitive, biochemical and

structural findings”. In: Cerebral Cortex 13.12, pp. 1344–1351. doi: https:

//doi.org/10.1093/cercor/bhg081. url: https://academic.oup.com/

cercor/article-abstract/13/12/1344/384492.

Duffy, Charles J., Laura A. Cushman, and Karen Stein (2008). “Detecting

navigational deficits in cognitive aging and Alzheimer disease using

virtual reality”. In: Neurology. issn: 1526632X. doi: 10.1212/01.wnl.

0000326262.67613.fe.

Dumont, Julie R. and Jeffrey S. Taube (2015). “The neural correlates of navi-

gation beyond the hippocampus”. In: Progress in Brain Research. Vol. 219.

Elsevier B.V., pp. 83–102. isbn: 9780444635495. doi: 10.1016/bs.pbr.

2015.03.004.

Edmonds, Emily C. et al. (2015). “Susceptibility of the conventional crite-

ria for mild cognitive impairment to false-positive diagnostic errors”. In:

Alzheimer’s & Dementia 11.4, pp. 415–424. issn: 15525260. doi: 10.1016/

j.jalz.2014.03.005. url: http://doi.wiley.com/10.1016/j.jalz.

2014.03.005.

Eichenbaum, H., A.P. Yonelinas, and C. Ranganath (2007). “The Medial Tem-

poral Lobe and Recognition Memory”. In: Annual Review of Neuroscience

30.1, pp. 123–152. issn: 0147-006X. doi: 10.1146/annurev.neuro.30.

051606.094328.

https://doi.org/10.1016/j.jalz.2013.11.003
https://doi.org/10.1016/j.jalz.2013.11.003
http://doi.wiley.com/10.1016/j.jalz.2013.11.003
http://doi.wiley.com/10.1016/j.jalz.2013.11.003
https://doi.org/https://doi.org/10.1093/cercor/bhg081
https://doi.org/https://doi.org/10.1093/cercor/bhg081
https://academic.oup.com/cercor/article-abstract/13/12/1344/384492
https://academic.oup.com/cercor/article-abstract/13/12/1344/384492
https://doi.org/10.1212/01.wnl.0000326262.67613.fe
https://doi.org/10.1212/01.wnl.0000326262.67613.fe
https://doi.org/10.1016/bs.pbr.2015.03.004
https://doi.org/10.1016/bs.pbr.2015.03.004
https://doi.org/10.1016/j.jalz.2014.03.005
https://doi.org/10.1016/j.jalz.2014.03.005
http://doi.wiley.com/10.1016/j.jalz.2014.03.005
http://doi.wiley.com/10.1016/j.jalz.2014.03.005
https://doi.org/10.1146/annurev.neuro.30.051606.094328
https://doi.org/10.1146/annurev.neuro.30.051606.094328


Bibliography 235

Eichenbaum, Howard et al. (2012). “Towards a functional organization of

episodic memory in the medial temporal lobe”. In: Neuroscience and Biobe-

havioral Reviews 36.7, pp. 1597–1608. issn: 01497634. doi: 10.1016/j.

neubiorev.2011.07.006.

Ekstrom, Arne D. and Charan Ranganath (2018). “Space, time, and episodic

memory: The hippocampus is all over the cognitive map”. In: Hippocam-

pus 28.9, pp. 680–687. doi: https://doi.org/10.1002/hipo.22750.

eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/hipo.

22750. url: https://onlinelibrary.wiley.com/doi/abs/10.1002/

hipo.22750.

Ekstrom, Arne D. et al. (2003). “Cellular networks underlying human spatial

navigation”. In: Nature. issn: 00280836. doi: 10.1038/nature01964.

Epstein, Russell A. (2008). “Parahippocampal and retrosplenial contribu-

tions to human spatial navigation”. In: Trends in Cognitive Sciences 12.10,

pp. 388–396. issn: 13646613. doi: 10.1016/j.tics.2008.07.004.

Epstein, Russell A., Whitney E. Parker, and Alana M. Feiler (2007). “Where

am i now? Distinct roles for parahippocampal and retrosplenial cortices

in place recognition”. In: Journal of Neuroscience 27.23, pp. 6141–6149.

issn: 02706474. doi: 10.1523/JNEUROSCI.0799-07.2007.

Etienne, Ariane S. and Kathryn J. Jeffery (2004). “Path integration in mam-

mals”. In: Hippocampus 14.2, pp. 180–192. issn: 10509631. doi: 10.1002/

hipo.10173.

Fan, Zengzhi et al. (2015). “Simulation and rendering for millions of grass

blades”. In: Proceedings of the 19th Symposium on Interactive 3D Graphics

and Games, i3D 2015. New York, New York, USA: Association for Com-

puting Machinery, Inc, pp. 55–60. isbn: 9781450333924. doi: 10.1145/

2699276 . 2699283. url: http : / / dl . acm . org / citation . cfm ? doid =

2699276.2699283.

https://doi.org/10.1016/j.neubiorev.2011.07.006
https://doi.org/10.1016/j.neubiorev.2011.07.006
https://doi.org/https://doi.org/10.1002/hipo.22750
https://onlinelibrary.wiley.com/doi/pdf/10.1002/hipo.22750
https://onlinelibrary.wiley.com/doi/pdf/10.1002/hipo.22750
https://onlinelibrary.wiley.com/doi/abs/10.1002/hipo.22750
https://onlinelibrary.wiley.com/doi/abs/10.1002/hipo.22750
https://doi.org/10.1038/nature01964
https://doi.org/10.1016/j.tics.2008.07.004
https://doi.org/10.1523/JNEUROSCI.0799-07.2007
https://doi.org/10.1002/hipo.10173
https://doi.org/10.1002/hipo.10173
https://doi.org/10.1145/2699276.2699283
https://doi.org/10.1145/2699276.2699283
http://dl.acm.org/citation.cfm?doid=2699276.2699283
http://dl.acm.org/citation.cfm?doid=2699276.2699283


236 Bibliography

Feczko, Eric et al. (2009). “An MRI-based method for measuring volume,

thickness and surface area of entorhinal, perirhinal, and posterior parahip-

pocampal cortex”. In: Neurobiology of Aging 30.3, pp. 420–431. issn: 01974580.

doi: 10.1016/j.neurobiolaging.2007.07.023.

Fernandez-Baizan, Cristina, Jorge L. Arias, and Marta Mendez (2020). “Spa-

tial memory assessment reveals age-related differences in egocentric and

allocentric memory performance”. In: Behavioural Brain Research 388, p. 112646.

issn: 18727549. doi: 10.1016/j.bbr.2020.112646.

Field, Andy P. and Rand R. Wilcox (2017). “Robust statistical methods: A

primer for clinical psychology and experimental psychopathology re-

searchers”. In: Behaviour Research and Therapy 98, pp. 19–38. issn: 1873622X.

doi: 10.1016/j.brat.2017.05.013.

Fischl, Bruce et al. (2002). “Whole brain segmentation: Automated label-

ing of neuroanatomical structures in the human brain”. In: Neuron 33.3,

pp. 341–355. issn: 08966273. doi: 10.1016/S0896-6273(02)00569-X.

Folstein, Marshal F., Susan E. Folstein, and Paul R. McHugh (1975). “"Mini-

mental state". A practical method for grading the cognitive state of pa-

tients for the clinician”. In: Journal of Psychiatric Research 12.3, pp. 189–

198. issn: 00223956. doi: 10.1016/0022-3956(75)90026-6.

Fougnie, Daryl, Jordan W. Suchow, and George A. Alvarez (2012). “Variabil-

ity in the quality of visual working memory”. In: Nature Communications

3. issn: 20411723. doi: 10.1038/ncomms2237.

Frances Wang, Ranxiao and Daniel J. Simons (1999). “Active and passive

scene recognition across views”. In: Cognition 70.2, pp. 191–210. issn:

00100277. doi: 10.1016/S0010-0277(99)00012-8.

Franceschi, Claudio et al. (2018). “The continuum of aging and age-related

diseases: Common mechanisms but different rates”. In: Frontiers in Medicine

5.MAR, p. 1. issn: 2296858X. doi: 10.3389/fmed.2018.00061.

https://doi.org/10.1016/j.neurobiolaging.2007.07.023
https://doi.org/10.1016/j.bbr.2020.112646
https://doi.org/10.1016/j.brat.2017.05.013
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1038/ncomms2237
https://doi.org/10.1016/S0010-0277(99)00012-8
https://doi.org/10.3389/fmed.2018.00061


Bibliography 237

Fu, Hongjun et al. (2017). “Tau Pathology Induces Excitatory Neuron Loss,

Grid Cell Dysfunction, and Spatial Memory Deficits Reminiscent of Early

Alzheimer’s Disease”. In: Neuron. issn: 10974199. doi: 10.1016/j.neuron.

2016.12.023.

Fyhn, Marianne et al. (2004). “Spatial representation in the entorhinal cor-

tex”. In: Science 305.5688, pp. 1258–1264. issn: 00368075. doi: 10.1126/

science.1099901.

Fyhn, Marianne et al. (2007). “Hippocampal remapping and grid realign-

ment in entorhinal cortex”. In: Nature 446.7132, pp. 190–194. issn: 14764687.

doi: 10.1038/nature05601.

Galati, Gaspare et al. (2000). “The neural basis of egocentric and allocentric

coding of space in humans: A functional magnetic resonance study”.

In: Experimental Brain Research 133.2, pp. 156–164. issn: 00144819. doi:

10.1007/s002210000375. url: https://link.springer.com/article/

10.1007/s002210000375.

Gallistel, Charles R (1990). The organization of learning. Learning, develop-

ment, and conceptual change. Cambridge, MA, US: The MIT Press, pp. 648,

viii, 648–viii. isbn: 0-262-07113-4 (Hardcover).

Gazova, Ivana et al. (2013). “Spatial navigation in young versus older adults”.

In: Frontiers in Aging Neuroscience 5.DEC, p. 94. issn: 1663-4365. doi:

10.3389/fnagi.2013.00094. url: http://journal.frontiersin.org/

article/10.3389/fnagi.2013.00094/abstract.

Gil, Mariana et al. (2018). “Impaired path integration in mice with disrupted

grid cell firing”. In: Nature Neuroscience 21.1, pp. 81–93. issn: 15461726.

doi: 10.1038/s41593-017-0039-3.

Gómez-Isla, Teresa et al. (1997). “Neuronal loss correlates with but exceeds

neurofibrillary tangles in Alzheimer’s disease”. In: Annals of Neurology

41.1, pp. 17–24. issn: 03645134. doi: 10 . 1002 / ana . 410410106. url:

https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410410106.

https://doi.org/10.1016/j.neuron.2016.12.023
https://doi.org/10.1016/j.neuron.2016.12.023
https://doi.org/10.1126/science.1099901
https://doi.org/10.1126/science.1099901
https://doi.org/10.1038/nature05601
https://doi.org/10.1007/s002210000375
https://link.springer.com/article/10.1007/s002210000375
https://link.springer.com/article/10.1007/s002210000375
https://doi.org/10.3389/fnagi.2013.00094
http://journal.frontiersin.org/article/10.3389/fnagi.2013.00094/abstract
http://journal.frontiersin.org/article/10.3389/fnagi.2013.00094/abstract
https://doi.org/10.1038/s41593-017-0039-3
https://doi.org/10.1002/ana.410410106
https://onlinelibrary.wiley.com/doi/full/10.1002/ana.410410106


238 Bibliography

Gomperts, Stephen N. (2016). “Lewy body dementias: Dementia with lewy

bodies and Parkinson disease dementia”. In: Lifelong Learning in Neu-

rology 22.2, Dementia, pp. 435–463. issn: 15386899. doi: 10.1212/CON.

0000000000000309.

Gorbach, Tetiana et al. (2017). “Longitudinal association between hippocam-

pus atrophy and episodic-memory decline”. In: Neurobiology of Aging 51,

pp. 167–176. issn: 15581497. doi: 10.1016/j.neurobiolaging.2016.12.

002.

Goyal, Nikita et al. (2020). “Individual and combined effects of a cogni-

tive task, light finger touch, and vision on standing balance in older

adults with mild cognitive impairment”. In: Aging Clinical and Experi-

mental Research 32.5, pp. 797–807. issn: 17208319. doi: 10.1007/s40520-

019-01262-y. url: https://doi.org/10.1007/s40520-019-01262-y.

Grieves, Roddy M. and Kate J. Jeffery (2017). “The representation of space

in the brain”. In: Behavioural Processes 135, pp. 113–131. issn: 18728308.

doi: 10.1016/j.beproc.2016.12.012.

Grober, Ellen et al. (2008). “Free and cued selective reminding distinguishes

Alzheimer’s disease from vascular dementia”. In: Journal of the American

Geriatrics Society 56.5, pp. 944–946. issn: 00028614. doi: 10.1111/j.1532-

5415.2008.01652.x. url: http://doi.wiley.com/10.1111/j.1532-

5415.2008.01652.x.

Grober, Ellen et al. (2010). “Free and cued selective reminding identifies

very mild dementia in primary care”. In: Alzheimer Disease and Associated

Disorders. issn: 08930341. doi: 10.1097/WAD.0b013e3181cfc78b.

Grön, G. et al. (2006). “Inhibition of hippocampal function in mild cognitive

impairment: Targeting the cholinergic hypothesis”. In: Neurobiology of Ag-

ing 27.1, pp. 78–87. issn: 01974580. doi: 10.1016/j.neurobiolaging.

2004.12.005.

https://doi.org/10.1212/CON.0000000000000309
https://doi.org/10.1212/CON.0000000000000309
https://doi.org/10.1016/j.neurobiolaging.2016.12.002
https://doi.org/10.1016/j.neurobiolaging.2016.12.002
https://doi.org/10.1007/s40520-019-01262-y
https://doi.org/10.1007/s40520-019-01262-y
https://doi.org/10.1007/s40520-019-01262-y
https://doi.org/10.1016/j.beproc.2016.12.012
https://doi.org/10.1111/j.1532-5415.2008.01652.x
https://doi.org/10.1111/j.1532-5415.2008.01652.x
http://doi.wiley.com/10.1111/j.1532-5415.2008.01652.x
http://doi.wiley.com/10.1111/j.1532-5415.2008.01652.x
https://doi.org/10.1097/WAD.0b013e3181cfc78b
https://doi.org/10.1016/j.neurobiolaging.2004.12.005
https://doi.org/10.1016/j.neurobiolaging.2004.12.005


Bibliography 239

Grubbs, Frank E. (1969). “Procedures for Detecting Outlying Observations

in Samples”. In: Technometrics 11.1, pp. 1–21. issn: 15372723. doi: 10.

1080/00401706.1969.10490657.

Guderian, Sebastian et al. (2015). “Hippocampal volume reduction in hu-

mans predicts impaired allocentric spatial memory in virtual-reality nav-

igation”. In: Journal of Neuroscience 35.42, pp. 14123–14131. issn: 15292401.

doi: 10.1523/JNEUROSCI.0801-15.2015.

Gulisano, Walter et al. (2018). “Role of Amyloid-β and Tau Proteins in Alzheimer’s

Disease: Confuting the Amyloid Cascade”. In: Journal of Alzheimer’s Dis-

ease 64.s1, S611–S631. issn: 18758908. doi: 10.3233/JAD-179935.

Hafting, Torkel et al. (2005). “Microstructure of a spatial map in the entorhi-

nal cortex”. In: Nature. issn: 00280836. doi: 10.1038/nature03721.

Hales, Jena B. et al. (2014). “Medial entorhinal cortex lesions only partially

disrupt hippocampal place cells and hippocampus- dependent place mem-

ory”. In: Cell Reports. issn: 22111247. doi: 10.1016/j.celrep.2014.10.

009.

Ham, Ineke J. M. van der et al. (2015). “Ecological validity of virtual envi-

ronments to assess human navigation ability”. In: Frontiers in Psychology

6, p. 637. issn: 1664-1078. doi: 10.3389/fpsyg.2015.00637.

Hampstead, Benjamin M. et al. (2011). “Where did I put that? Patients with

amnestic mild cognitive impairment demonstrate widespread reductions

in activity during the encoding of ecologically relevant object-location

associations”. In: Neuropsychologia 49.9, pp. 2349–2361. issn: 00283932.

doi: 10.1016/j.neuropsychologia.2011.04.008.

Hampstead, Benjamin M. et al. (2018). “Continuous measurement of object

location memory is sensitive to effects of age and mild cognitive im-

pairment and related to medial temporal lobe volume”. In: Alzheimer’s

and Dementia: Diagnosis, Assessment and Disease Monitoring 10, pp. 76–85.

issn: 23528729. doi: 10.1016/j.dadm.2017.10.007.

https://doi.org/10.1080/00401706.1969.10490657
https://doi.org/10.1080/00401706.1969.10490657
https://doi.org/10.1523/JNEUROSCI.0801-15.2015
https://doi.org/10.3233/JAD-179935
https://doi.org/10.1038/nature03721
https://doi.org/10.1016/j.celrep.2014.10.009
https://doi.org/10.1016/j.celrep.2014.10.009
https://doi.org/10.3389/fpsyg.2015.00637
https://doi.org/10.1016/j.neuropsychologia.2011.04.008
https://doi.org/10.1016/j.dadm.2017.10.007


240 Bibliography

Harris, Mathew A. and Thomas Wolbers (2012). “Ageing effects on path

integration and landmark navigation”. In: Hippocampus 22.8, pp. 1770–

1780. issn: 10509631. doi: 10.1002/hipo.22011. url: http://doi.wiley.

com/10.1002/hipo.22011.

Hartley, Tom et al. (2004). “The Well-Worn Route and the Path Less Trav-

eled”. In: Neuron. issn: 08966273. doi: 10.1016/s0896-6273(03)00095-3.

Hartley, Tom et al. (2007). “The hippocampus is required for short-term to-

pographical memory in humans”. In: Hippocampus 17.1, pp. 34–48. issn:

10981063. doi: 10.1002/hipo.20240. url: https://www.onlinelibrary.

wiley.com/doi/full/10.1002/hipo.20240.

Hartshorne, Joshua K and Laura T Germine (2015). “When does cognitive

functioning peak? The asynchronous rise and fall of different cognitive

abilities across the life span.” In: Psychological science 26.4, pp. 433–43.

issn: 1467-9280. doi: 10.1177/0956797614567339.

Hawkins, Douglas M., Subhash C. Basak, and Denise Mills (2003). “Assess-

ing model fit by cross-validation”. In: Journal of Chemical Information and

Computer Sciences. Vol. 43. 2. Miller Trunk Highway, pp. 579–586. doi:

10.1021/ci025626i. url: https://pubs.acs.org/sharingguidelines.

He, Qiliang and Timothy P. McNamara (2018). “Spatial Updating Strategy

Affects the Reference Frame in Path Integration”. In: Psychonomic Bulletin

and Review 25.3, pp. 1073–1079. issn: 15315320. doi: 10.3758/s13423-

017- 1307- 7. url: https://link.springer.com/article/10.3758/

s13423-017-1307-7.

Heo, Susie et al. (2010). “Resting hippocampal blood flow, spatial memory

and aging”. In: Brain Research 1315, pp. 119–127. issn: 00068993. doi:

10.1016/j.brainres.2009.12.020.

https://doi.org/10.1002/hipo.22011
http://doi.wiley.com/10.1002/hipo.22011
http://doi.wiley.com/10.1002/hipo.22011
https://doi.org/10.1016/s0896-6273(03)00095-3
https://doi.org/10.1002/hipo.20240
https://www.onlinelibrary.wiley.com/doi/full/10.1002/hipo.20240
https://www.onlinelibrary.wiley.com/doi/full/10.1002/hipo.20240
https://doi.org/10.1177/0956797614567339
https://doi.org/10.1021/ci025626i
https://pubs.acs.org/sharingguidelines
https://doi.org/10.3758/s13423-017-1307-7
https://doi.org/10.3758/s13423-017-1307-7
https://link.springer.com/article/10.3758/s13423-017-1307-7
https://link.springer.com/article/10.3758/s13423-017-1307-7
https://doi.org/10.1016/j.brainres.2009.12.020


Bibliography 241

Hodges, John R. and Karalyn Patterson (1995). “Is semantic memory consis-

tently impaired early in the course of Alzheimer’s disease? Neuroanatom-

ical and diagnostic implications”. In: Neuropsychologia 33.4, pp. 441–459.

issn: 00283932. doi: 10.1016/0028-3932(94)00127-B.

Hodges, John R., David P. Salmon, and Nelson Butters (1992). “Semantic

memory impairment in Alzheimer’s disease: Failure of access or de-

graded knowledge?” In: Neuropsychologia 30.4, pp. 301–314. issn: 00283932.

doi: 10.1016/0028-3932(92)90104-T.

Hort, J. et al. (2007). “Spatial navigation deficit in amnestic mild cogni-

tive impairment”. In: Proceedings of the National Academy of Sciences. issn:

0027-8424. doi: 10.1073/pnas.0611314104.

Hort, J. et al. (2013). “Effect of Donepezil in Alzheimer Disease Can Be Mea-

sured by a Computerized Human Analog of the Morris Water Maze”.

In: Neurodegenerative Diseases 13.2-3, pp. 192–196. issn: 1660-2854. doi:

10.1159/000355517. url: https://www.karger.com/Article/FullText/

355517.

Howard, Lorelei R. et al. (2014). “The hippocampus and entorhinal cortex

encode the path and euclidean distances to goals during navigation”. In:

Current Biology 24.12, pp. 1331–1340. issn: 09609822. doi: 10.1016/j.cub.

2014.05.001. url: http://dx.doi.org/10.1016/j.cub.2014.05.001.

Hsieh, Sharpley et al. (2013). “Validation of the Addenbrooke’s Cognitive

Examination III in Frontotemporal Dementia and Alzheimer’s Disease”.

In: Dementia and Geriatric Cognitive Disorders 36.3-4, pp. 242–250. issn:

14219824. doi: 10.1159/000351671.

Iachini, Tina et al. (2009). “Visuospatial memory in healthy elderly, AD

and MCI: A review The influence of emotions on spatial memory View

project Visuospatial Memory in Healthy Elderly, AD and MCI: A Re-

view”. In: Current Aging Science 2, pp. 43–59. doi: 10.2174/1874609810902010043.

url: https://www.researchgate.net/publication/231337123.

https://doi.org/10.1016/0028-3932(94)00127-B
https://doi.org/10.1016/0028-3932(92)90104-T
https://doi.org/10.1073/pnas.0611314104
https://doi.org/10.1159/000355517
https://www.karger.com/Article/FullText/355517
https://www.karger.com/Article/FullText/355517
https://doi.org/10.1016/j.cub.2014.05.001
https://doi.org/10.1016/j.cub.2014.05.001
http://dx.doi.org/10.1016/j.cub.2014.05.001
https://doi.org/10.1159/000351671
https://doi.org/10.2174/1874609810902010043
https://www.researchgate.net/publication/231337123


242 Bibliography

Iaria, Giuseppe et al. (2003). “Cognitive strategies dependent on the hip-

pocampus and caudate nucleus in human navigation: Variability and

change with practice”. In: Journal of Neuroscience 23.13, pp. 5945–5952.

issn: 02706474. doi: 10.1523/jneurosci.23-13-05945.2003.

Iaria, Giuseppe et al. (2008). “Navigational skills correlate with hippocampal

fractional anisotropy in humans”. In: Hippocampus 18.4, pp. 335–339. issn:

10509631. doi: 10.1002/hipo.20400. url: http://doi.wiley.com/10.

1002/hipo.20400.

Iaria, Giuseppe et al. (2009). “Age differences in the formation and use of

cognitive maps”. In: Behavioural Brain Research 196.2, pp. 187–191. issn:

01664328. doi: 10.1016/j.bbr.2008.08.040.

Iglesias, Juan Eugenio et al. (2015). “A computational atlas of the hippocam-

pal formation using ex vivo, ultra-high resolution MRI: Application to

adaptive segmentation of in vivo MRI”. In: NeuroImage 115, pp. 117–137.

issn: 10959572. doi: 10.1016/j.neuroimage.2015.04.042.

Jack, Clifford R. and David M. Holtzman (2013). “Biomarker modeling of

alzheimer’s disease”. In: Neuron 80.6, pp. 1347–1358. issn: 10974199. doi:

10.1016/j.neuron.2013.12.003.

Jack, Clifford R. et al. (2013). “Tracking pathophysiological processes in

Alzheimer’s disease: An updated hypothetical model of dynamic biomark-

ers”. In: The Lancet Neurology 12.2, pp. 207–216. issn: 14744422. doi: 10.

1016/S1474-4422(12)70291-0.

Jack, Clifford R. et al. (2016). “A/T/N: An unbiased descriptive classification

scheme for Alzheimer disease biomarkers”. In: Neurology 87.5, pp. 539–

547. issn: 1526632X. doi: 10.1212/WNL.0000000000002923.

Jacob, Pierre Yves et al. (2017a). “An independent, landmark-dominated

head-direction signal in dysgranular retrosplenial cortex”. In: Nature Neu-

roscience 20.2, pp. 173–175. issn: 15461726. doi: 10.1038/nn.4465.

https://doi.org/10.1523/jneurosci.23-13-05945.2003
https://doi.org/10.1002/hipo.20400
http://doi.wiley.com/10.1002/hipo.20400
http://doi.wiley.com/10.1002/hipo.20400
https://doi.org/10.1016/j.bbr.2008.08.040
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1016/j.neuron.2013.12.003
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1016/S1474-4422(12)70291-0
https://doi.org/10.1212/WNL.0000000000002923
https://doi.org/10.1038/nn.4465


Bibliography 243

Jacob, Pierre Yves et al. (2017b). “Medial entorhinal cortex and medial sep-

tum contribute to self-motion-based linear distance estimation”. In: Brain

Structure and Function 222.6, pp. 2727–2742. issn: 18632661. doi: 10.1007/

s00429-017-1368-4. url: https://link.springer.com/article/10.

1007/s00429-017-1368-4.

Jacobs, Joshua et al. (2010). “A sense of direction in human entorhinal cor-

tex”. In: Proceedings of the National Academy of Sciences of the United States

of America 107.14, pp. 6487–6492. issn: 00278424. doi: 10.1073/pnas.

0911213107.

Jacobs, Joshua et al. (2013). “Direct recordings of grid-like neuronal activity

in human spatial navigation”. In: Nature Neuroscience 16.9, pp. 1188–1190.

issn: 10976256. doi: 10.1038/nn.3466.

Jarque, Carlos M. and Anil K. Bera (1987). “A Test for Normality of Ob-

servations and Regression Residuals”. In: International Statistical Review

/ Revue Internationale de Statistique 55.2, p. 163. issn: 03067734. doi: 10.

2307/1403192.

Jebara, Najate et al. (2014). “Effects of enactment in episodic memory: A pilot

virtual reality study with young and elderly adults”. In: Frontiers in Aging

Neuroscience 6.DEC. issn: 16634365. doi: 10.3389/fnagi.2014.00338.

Jellinger, Kurt A. et al. (2015). “PART, a distinct tauopathy, different from

classical sporadic Alzheimer disease”. In: Acta Neuropathologica 129.5,

pp. 757–762. issn: 14320533. doi: 10.1007/s00401- 015- 1407- 2. url:

https://link.springer.com/article/10.1007/s00401-015-1407-2.

Johnson, Keith A. et al. (2016). “Tau positron emission tomographic imag-

ing in aging and early Alzheimer disease”. In: Annals of Neurology 79.1,

pp. 110–119. issn: 03645134. doi: 10.1002/ana.24546. url: http://doi.

wiley.com/10.1002/ana.24546.

https://doi.org/10.1007/s00429-017-1368-4
https://doi.org/10.1007/s00429-017-1368-4
https://link.springer.com/article/10.1007/s00429-017-1368-4
https://link.springer.com/article/10.1007/s00429-017-1368-4
https://doi.org/10.1073/pnas.0911213107
https://doi.org/10.1073/pnas.0911213107
https://doi.org/10.1038/nn.3466
https://doi.org/10.2307/1403192
https://doi.org/10.2307/1403192
https://doi.org/10.3389/fnagi.2014.00338
https://doi.org/10.1007/s00401-015-1407-2
https://link.springer.com/article/10.1007/s00401-015-1407-2
https://doi.org/10.1002/ana.24546
http://doi.wiley.com/10.1002/ana.24546
http://doi.wiley.com/10.1002/ana.24546


244 Bibliography

Juottonen, K. et al. (1998). “Major decrease in the volume of the entorhi-

nal cortex in patients with Alzheimer’s disease carrying the apolipopro-

tein E ε4 allele”. In: Journal of Neurology Neurosurgery and Psychiatry 65.3,

pp. 322–327. issn: 00223050. doi: 10.1136/jnnp.65.3.322.

Kalová, Eva et al. (2005). “Allothetic orientation and sequential ordering of

places is impaired in early stages of Alzheimer’s disease: Correspond-

ing results in real space tests and computer tests”. In: Behavioural Brain

Research. issn: 01664328. doi: 10.1016/j.bbr.2004.10.016.

Kametani, Fuyuki and Masato Hasegawa (2018). “Reconsideration of amy-

loid hypothesis and tau hypothesis in Alzheimer’s disease”. In: Frontiers

in Neuroscience 12.JAN. issn: 1662453X. doi: 10.3389/fnins.2018.00025.

Kasai, Mari et al. (2006). “Non-verbal learning is impaired in very mild

Alzheimer’s disease (CDR 0.5): Normative data from the learning version

of the Rey-Osterrieth Complex Figure Test”. In: Psychiatry and Clinical

Neurosciences. issn: 13231316. doi: 10.1111/j.1440-1819.2006.01478.x.

Kavcic, Voyko et al. (2006). “Neurophysiological and perceptual correlates of

navigational impairment in Alzheimer’s disease”. In: Brain. issn: 00068950.

doi: 10.1093/brain/awh727.

Kearns, Melissa J et al. (2002). “Path Integration from Optic Flow and Body

Senses in a Homing Task”. In: Perception 31.3, pp. 349–374. issn: 0301-

0066. doi: 10.1068/p3311. url: http://journals.sagepub.com/doi/10.

1068/p3311.

Khan, Usman A. et al. (2014). “Molecular drivers and cortical spread of lat-

eral entorhinal cortex dysfunction in preclinical Alzheimer’s disease”. In:

Nature Neuroscience 17.2, pp. 304–311. issn: 10976256. doi: 10.1038/nn.

3606.

Killian, Nathaniel J., Michael J. Jutras, and Elizabeth A. Buffalo (2012). “A

map of visual space in the primate entorhinal cortex”. In: Nature 491.7426,

https://doi.org/10.1136/jnnp.65.3.322
https://doi.org/10.1016/j.bbr.2004.10.016
https://doi.org/10.3389/fnins.2018.00025
https://doi.org/10.1111/j.1440-1819.2006.01478.x
https://doi.org/10.1093/brain/awh727
https://doi.org/10.1068/p3311
http://journals.sagepub.com/doi/10.1068/p3311
http://journals.sagepub.com/doi/10.1068/p3311
https://doi.org/10.1038/nn.3606
https://doi.org/10.1038/nn.3606


Bibliography 245

pp. 761–764. issn: 00280836. doi: 10.1038/nature11587. url: https:

//www.nature.com/articles/nature11587.

Kim, Misun and Eleanor A. Maguire (2019). “Can we study 3D grid codes

non-invasively in the human brain? Methodological considerations and

fMRI findings”. In: NeuroImage 186, pp. 667–678. issn: 10959572. doi: 10.

1016/j.neuroimage.2018.11.041.

Kim, Soyun et al. (2013). “Contrasting effects on path integration after hip-

pocampal damage in humans and rats”. In: Proceedings of the National

Academy of Sciences of the United States of America 110.12, pp. 4732–4737.

issn: 00278424. doi: 10.1073/pnas.1300869110. url: https://www.pnas.

org/content/110/12/4732https://www.pnas.org/content/110/12/

4732.abstract.

King, John A. et al. (2002). “Human hippocampus and viewpoint depen-

dence in spatial memory”. In: Hippocampus 12.6, pp. 811–820. issn: 1050-

9631. doi: 10.1002/hipo.10070. url: http://doi.wiley.com/10.1002/

hipo.10070.

Klein, Arno and Jason Tourville (2012). “101 Labeled Brain Images and a

Consistent Human Cortical Labeling Protocol”. In: Frontiers in Neuro-

science 6.DEC, p. 171. issn: 1662-4548. doi: 10.3389/fnins.2012.00171.

url: http://journal.frontiersin.org/article/10.3389/fnins.2012.

00171/abstract.

Knierim, James J., Inah Lee, and Eric L. Hargreaves (2006). “Hippocampal

place cells: Parallel input streams, subregional processing, and impli-

cations for episodic memory”. In: Hippocampus 16.9, pp. 755–764. issn:

1050-9631. doi: 10.1002/hipo.20203. url: http://doi.wiley.com/10.

1002/hipo.20203.

Knierim, James J., Joshua P. Neunuebel, and Sachin S. Deshmukh (2014).

“Functional correlates of the lateral and medial entorhinal cortex: ob-

jects, path integration and local–global reference frames”. In: Philosophical

https://doi.org/10.1038/nature11587
https://www.nature.com/articles/nature11587
https://www.nature.com/articles/nature11587
https://doi.org/10.1016/j.neuroimage.2018.11.041
https://doi.org/10.1016/j.neuroimage.2018.11.041
https://doi.org/10.1073/pnas.1300869110
https://www.pnas.org/content/110/12/4732 https://www.pnas.org/content/110/12/4732.abstract
https://www.pnas.org/content/110/12/4732 https://www.pnas.org/content/110/12/4732.abstract
https://www.pnas.org/content/110/12/4732 https://www.pnas.org/content/110/12/4732.abstract
https://doi.org/10.1002/hipo.10070
http://doi.wiley.com/10.1002/hipo.10070
http://doi.wiley.com/10.1002/hipo.10070
https://doi.org/10.3389/fnins.2012.00171
http://journal.frontiersin.org/article/10.3389/fnins.2012.00171/abstract
http://journal.frontiersin.org/article/10.3389/fnins.2012.00171/abstract
https://doi.org/10.1002/hipo.20203
http://doi.wiley.com/10.1002/hipo.20203
http://doi.wiley.com/10.1002/hipo.20203


246 Bibliography

Transactions of the Royal Society B: Biological Sciences 369.1635, p. 20130369.

issn: 0962-8436. doi: 10.1098/rstb.2013.0369. url: https://royalsocietypublishing.

org/doi/10.1098/rstb.2013.0369.

Knopman, David S. et al. (2013). “Brain injury biomarkers are not dependent

on β-amyloid in normal elderly”. In: Annals of Neurology 73.4, pp. 472–

480. issn: 03645134. doi: 10.1002/ana.23816. url: http://doi.wiley.

com/10.1002/ana.23816.

Konishi, Kyoko et al. (2013). “Decreased functional magnetic resonance imag-

ing activity in the hippocampus in favor of the caudate nucleus in older

adults tested in a virtual navigation task”. In: Hippocampus 23.11, pp. 1005–

1014. issn: 10509631. doi: 10.1002/hipo.22181. url: http://doi.wiley.

com/10.1002/hipo.22181.

Kordower, Jeffrey H. et al. (2001). “Loss and atrophy of layer II entorhinal

cortex neurons in elderly people with mild cognitive impairment”. In:

Annals of Neurology 49.2, pp. 202–213. issn: 1531-8249. doi: 10.1002/

1531-8249(20010201)49:2<202::AID-ANA40>3.0.CO;2-3.

Korthauer, Laura E. et al. (2016). “Correlates of virtual navigation perfor-

mance in older adults”. In: Neurobiology of Aging 39, pp. 118–127. issn:

15581497. doi: 10.1016/j.neurobiolaging.2015.12.003.

Kropff, Emilio et al. (2015). “Speed cells in the medial entorhinal cortex”. In:

Nature. issn: 14764687. doi: 10.1038/nature14622.

Kunz, Lukas et al. (2015). “Reduced grid-cell-like representations in adults

at genetic risk for Alzheimer’s disease”. In: Science. issn: 10959203. doi:

10.1126/science.aac8128.

Laczó, Jan et al. (2009). “Spatial navigation testing discriminates two types

of amnestic mild cognitive impairment”. In: Behavioural Brain Research.

issn: 01664328. doi: 10.1016/j.bbr.2009.03.041.

Laczó, Jan et al. (2014). “APOE and spatial navigation in amnestic MCI: Re-

sults from a computer-based test”. In: Neuropsychology 28.5, pp. 676–684.

https://doi.org/10.1098/rstb.2013.0369
https://royalsocietypublishing.org/doi/10.1098/rstb.2013.0369
https://royalsocietypublishing.org/doi/10.1098/rstb.2013.0369
https://doi.org/10.1002/ana.23816
http://doi.wiley.com/10.1002/ana.23816
http://doi.wiley.com/10.1002/ana.23816
https://doi.org/10.1002/hipo.22181
http://doi.wiley.com/10.1002/hipo.22181
http://doi.wiley.com/10.1002/hipo.22181
https://doi.org/10.1002/1531-8249(20010201)49:2<202::AID-ANA40>3.0.CO;2-3
https://doi.org/10.1002/1531-8249(20010201)49:2<202::AID-ANA40>3.0.CO;2-3
https://doi.org/10.1016/j.neurobiolaging.2015.12.003
https://doi.org/10.1038/nature14622
https://doi.org/10.1126/science.aac8128
https://doi.org/10.1016/j.bbr.2009.03.041


Bibliography 247

issn: 19311559. doi: 10.1037/neu0000072. url: /record/2014-14432-

001?doi=1.

Lafleche, Ginette and Marilyn S Albert (1995). “Executive function deficits

in mild Alzheimer’s disease.” In: Neuropsychology 9.3, pp. 313–320. issn:

1931-1559(Electronic),0894-4105(Print). doi: 10.1037/0894-4105.9.3.

313.

Larner, Andrew J. and Alex J. Mitchell (2014). “A meta-analysis of the accu-

racy of the Addenbrooke’s Cognitive Examination (ACE) and the Ad-

denbrooke’s Cognitive Examination-Revised (ACE-R) in the detection

of dementia”. In: International Psychogeriatrics 26.4, pp. 555–563. issn:

1741203X. doi: 10.1017/S1041610213002329.

Lavenex, Pierre and David G. Amaral (2000). “Hippocampal-neocortical in-

teraction: A hierarchy of associativity”. In: Hippocampus 10.4, pp. 420–

430. issn: 1098-1063. doi: 10.1002/1098-1063(2000)10:4<420::AID-

HIPO8>3.0.CO;2-5.

León, Irene, Laura Tascón, and José Manuel Cimadevilla (2016). “Age and

gender-related differences in a spatial memory task in humans”. In: Be-

havioural Brain Research 306, pp. 8–12. issn: 18727549. doi: 10.1016/j.

bbr.2016.03.008.

Lester, Adam W. et al. (2017). “The Aging Navigational System”. In: Neuron.

issn: 10974199. doi: 10.1016/j.neuron.2017.06.037.

Liang, Yuying et al. (2016). “Visual short-term memory binding deficit in

familial Alzheimer’s disease”. In: Cortex 78, pp. 150–164. issn: 00109452.

doi: 10 . 1016 / j . cortex . 2016 . 01 . 015. url: https : / / linkinghub .

elsevier.com/retrieve/pii/S0010945216300016.

Lithfous, Ségolène, André Dufour, and Olivier Després (2013). “Spatial nav-

igation in normal aging and the prodromal stage of Alzheimer’s disease:

https://doi.org/10.1037/neu0000072
/record/2014-14432-001?doi=1
/record/2014-14432-001?doi=1
https://doi.org/10.1037/0894-4105.9.3.313
https://doi.org/10.1037/0894-4105.9.3.313
https://doi.org/10.1017/S1041610213002329
https://doi.org/10.1002/1098-1063(2000)10:4<420::AID-HIPO8>3.0.CO;2-5
https://doi.org/10.1002/1098-1063(2000)10:4<420::AID-HIPO8>3.0.CO;2-5
https://doi.org/10.1016/j.bbr.2016.03.008
https://doi.org/10.1016/j.bbr.2016.03.008
https://doi.org/10.1016/j.neuron.2017.06.037
https://doi.org/10.1016/j.cortex.2016.01.015
https://linkinghub.elsevier.com/retrieve/pii/S0010945216300016
https://linkinghub.elsevier.com/retrieve/pii/S0010945216300016


248 Bibliography

Insights from imaging and behavioral studies”. In: Ageing Research Re-

views 12.1, pp. 201–213. issn: 15681637. doi: 10.1016/j.arr.2012.04.

007.

Long, Xiaojing, Chunxiang Jiang, and Lijuan Zhang (2018). “Morphologi-

cal Biomarker Differentiating MCI Converters from Nonconverters: Lon-

gitudinal Evidence Based on Hemispheric Asymmetry”. In: Behavioural

Neurology 2018. Ed. by Hwee L Lee, p. 3954101. issn: 0953-4180. doi:

10.1155/2018/3954101. url: https://doi.org/10.1155/2018/3954101.

Lopez, Antonella et al. (2019). “The Effect of Aging on Memory for Recent

and Remote Egocentric and Allocentric Information”. In: Experimental

Aging Research 45.1, pp. 57–73. issn: 0361-073X. doi: 10.1080/0361073X.

2018.1560117. url: https://www.tandfonline.com/doi/full/10.1080/

0361073X.2018.1560117.

Maass, Anne et al. (2015). “Functional subregions of the human entorhinal

cortex”. In: eLife 4, pp. 1–20. issn: 2050-084X. doi: 10.7554/eLife.06426.

Maass, Anne et al. (2017). “Comparison of multiple tau-PET measures as

biomarkers in aging and Alzheimer’s disease”. In: NeuroImage 157, pp. 448–

463. issn: 10959572. doi: 10.1016/j.neuroimage.2017.05.058.

Maass, Anne et al. (2019). “Alzheimer’s pathology targets distinct memory

networks in the ageing brain”. In: Brain 142.8, pp. 2492–2509. issn: 0006-

8950. doi: 10.1093/brain/awz154. url: https://doi.org/10.1093/

brain/awz154.

MacLeod, Colin M. and Thomas O. Nelson (1984). “Response latency and

response accuracy as measures of memory”. In: Acta Psychologica 57.3,

pp. 215–235. issn: 00016918. doi: 10.1016/0001-6918(84)90032-5.

Maguire, E. A. et al. (1998a). “Knowing where things are: Parahippocampal

involvement in encoding object locations in virtual large-scale space”.

In: Journal of Cognitive Neuroscience 10.1, pp. 61–76. issn: 0898929X. doi:

https://doi.org/10.1016/j.arr.2012.04.007
https://doi.org/10.1016/j.arr.2012.04.007
https://doi.org/10.1155/2018/3954101
https://doi.org/10.1155/2018/3954101
https://doi.org/10.1080/0361073X.2018.1560117
https://doi.org/10.1080/0361073X.2018.1560117
https://www.tandfonline.com/doi/full/10.1080/0361073X.2018.1560117
https://www.tandfonline.com/doi/full/10.1080/0361073X.2018.1560117
https://doi.org/10.7554/eLife.06426
https://doi.org/10.1016/j.neuroimage.2017.05.058
https://doi.org/10.1093/brain/awz154
https://doi.org/10.1093/brain/awz154
https://doi.org/10.1093/brain/awz154
https://doi.org/10.1016/0001-6918(84)90032-5


Bibliography 249

10.1162/089892998563789. url: https://www.mitpressjournals.org/

doix/abs/10.1162/089892998563789.

Maguire, Eleanor A. et al. (1998b). “Knowing where and getting there: A hu-

man navigation network”. In: Science 280.5365, pp. 921–924. issn: 00368075.

doi: 10.1126/science.280.5365.921.

Maguire, Eleanor A. et al. (2000). “Navigation-related structural change in

the hippocampi of taxi drivers”. In: Proceedings of the National Academy of

Sciences of the United States of America 97.8, pp. 4398–4403. issn: 00278424.

doi: 10.1073/pnas.070039597.

Mahmood, Omar et al. (2009). “Age differences in visual path integration”.

In: Behavioural Brain Research 205.1, pp. 88–95. issn: 01664328. doi: 10.

1016/j.bbr.2009.08.001.

Mahoney, Elaine J., Allison E. Nickel, and Deborah E. Hannula (2015). “Recog-

nition”. In: International Encyclopedia of the Social & Behavioral Sciences: Sec-

ond Edition. Elsevier Inc., pp. 37–43. isbn: 9780080970875. doi: 10.1016/

B978-0-08-097086-8.51056-3.

Maidenbaum, Shachar et al. (2018). “Grid-like hexadirectional modulation

of human entorhinal theta oscillations”. In: Proceedings of the National

Academy of Sciences of the United States of America 115.42, pp. 10798–10803.

issn: 10916490. doi: 10.1073/pnas.1805007115. url: https://www.pnas.

org/content/115/42/10798.

Manns, Joseph R., Ramona O. Hopkins, and Larry R. Squire (2003). “Seman-

tic memory and the human hippocampus”. In: Neuron 38.1, pp. 127–133.

issn: 08966273. doi: 10.1016/S0896-6273(03)00146-6.

Mapstone, Mark, Kathryn Dickerson, and Charles J Duffy (2008). “Distinct

mechanisms of impairment in cognitive ageing and Alzheimer’s dis-

ease”. In: Brain 131.6, pp. 1618–1629. issn: 0006-8950. doi: 10 . 1093 /

brain/awn064. url: https://doi.org/10.1093/brain/awn064.

https://doi.org/10.1162/089892998563789
https://www.mitpressjournals.org/doix/abs/10.1162/089892998563789
https://www.mitpressjournals.org/doix/abs/10.1162/089892998563789
https://doi.org/10.1126/science.280.5365.921
https://doi.org/10.1073/pnas.070039597
https://doi.org/10.1016/j.bbr.2009.08.001
https://doi.org/10.1016/j.bbr.2009.08.001
https://doi.org/10.1016/B978-0-08-097086-8.51056-3
https://doi.org/10.1016/B978-0-08-097086-8.51056-3
https://doi.org/10.1073/pnas.1805007115
https://www.pnas.org/content/115/42/10798
https://www.pnas.org/content/115/42/10798
https://doi.org/10.1016/S0896-6273(03)00146-6
https://doi.org/10.1093/brain/awn064
https://doi.org/10.1093/brain/awn064
https://doi.org/10.1093/brain/awn064


250 Bibliography

Marchette, Steven A., Arnold Bakker, and Amy L. Shelton (2011). “Cogni-

tive mappers to creatures of habit: Differential engagement of place and

response learning mechanisms predicts human navigational behavior”.

In: Journal of Neuroscience 31.43, pp. 15264–15268. issn: 02706474. doi:

10.1523/JNEUROSCI.3634-11.2011. url: https://www.jneurosci.org/

content/31/43/15264.

Marshall, Gad A. et al. (2011). “Executive function and instrumental activ-

ities of daily living in mild cognitive impairment and Alzheimer’s dis-

ease”. In: Alzheimer’s & Dementia 7.3, pp. 300–308. issn: 15525260. doi:

10.1016/j.jalz.2010.04.005. url: http://doi.wiley.com/10.1016/j.

jalz.2010.04.005.

Martin, Chris B. et al. (2016). “Distributed category-specific recognition-

memory signals in human perirhinal cortex”. In: Hippocampus 26.4, pp. 423–

436. issn: 10981063. doi: 10.1002/hipo.22531. url: http://doi.wiley.

com/10.1002/hipo.22531.

Masters, Colin L. et al. (2015). “Alzheimer’s disease”. In: Nature Reviews

Disease Primers 1.1, pp. 1–18. issn: 2056676X. doi: 10.1038/nrdp.2015.56.

Mathuranath, P. S. et al. (2000). “A brief cognitive test battery to differentiate

Alzheimer’s disease and frontotemporal dementia”. In: Neurology 55.11,

pp. 1613–1620. issn: 00283878. doi: 10.1212/01.wnl.0000434309.85312.

19.

Matsuda, Hiroshi, Yoko Shigemoto, and Noriko Sato (2019). “Neuroimaging

of Alzheimer’s disease: focus on amyloid and tau PET”. In: Japanese Jour-

nal of Radiology 37.11, pp. 735–749. issn: 1867108X. doi: 10.1007/s11604-

019-00867-7.

Mattson, Mark P. (2004). “Pathways towards and away from Alzheimer’s

disease”. In: Nature. issn: 00280836. doi: 10.1038/nature02621.

Mayes, A. R. et al. (2002). “Relative sparing of item recognition memory

in a patient with adult-onset damage limited to the Hippocampus”. In:

https://doi.org/10.1523/JNEUROSCI.3634-11.2011
https://www.jneurosci.org/content/31/43/15264
https://www.jneurosci.org/content/31/43/15264
https://doi.org/10.1016/j.jalz.2010.04.005
http://doi.wiley.com/10.1016/j.jalz.2010.04.005
http://doi.wiley.com/10.1016/j.jalz.2010.04.005
https://doi.org/10.1002/hipo.22531
http://doi.wiley.com/10.1002/hipo.22531
http://doi.wiley.com/10.1002/hipo.22531
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1212/01.wnl.0000434309.85312.19
https://doi.org/10.1212/01.wnl.0000434309.85312.19
https://doi.org/10.1007/s11604-019-00867-7
https://doi.org/10.1007/s11604-019-00867-7
https://doi.org/10.1038/nature02621


Bibliography 251

Hippocampus 12.3, pp. 325–340. issn: 10509631. doi: 10.1002/hipo.1111.

url: http://doi.wiley.com/10.1002/hipo.1111.

McKhann, Guy M. et al. (2011). “The diagnosis of dementia due to Alzheimer’s

disease: Recommendations from the National Institute on Aging-Alzheimer’s

Association workgroups on diagnostic guidelines for Alzheimer’s dis-

ease”. In: Alzheimer’s and Dementia 7.3, pp. 263–269. issn: 15525279. doi:

10.1016/j.jalz.2011.03.005.

McNaughton, Bruce L. et al. (2006). “Path integration and the neural basis

of the ’cognitive map’”. In: Nature Reviews Neuroscience 7.8, pp. 663–678.

issn: 1471003X. doi: 10.1038/nrn1932.

Mehta, Dev et al. (2017). “Why do trials for Alzheimer’s disease drugs keep

failing? A discontinued drug perspective for 2010-2015”. In: Expert Opin-

ion on Investigational Drugs 26.6, pp. 735–739. issn: 17447658. doi: 10.

1080/13543784.2017.1323868.

Miller, E. (1978). “Retrieval from long-term memory in presenile demen-

tia: Two tests of an hypothesis”. In: British Journal of Social and Clinical

Psychology 17.2, pp. 143–148. issn: 00071293. doi: 10 . 1111 / j . 2044 -

8260.1978.tb00256.x. url: http://doi.wiley.com/10.1111/j.2044-

8260.1978.tb00256.x.

Miller, Edgar (1971). “On the nature of the memory disorder in presenile

dementia”. In: Neuropsychologia 9.1, pp. 75–81. issn: 00283932. doi: 10.

1016/0028-3932(71)90064-9.

Miller, Jonathan F. et al. (2013). “Neural activity in human hippocampal

formation reveals the spatial context of retrieved memories”. In: Science

342.6162, pp. 1111–1114. issn: 10959203. doi: 10.1126/science.1244056.

Mioshi, Eneida et al. (2006). “The Addenbrooke’s Cognitive Examination

revised (ACE-R): A brief cognitive test battery for dementia screening”.

In: International Journal of Geriatric Psychiatry 21.11, pp. 1078–1085. issn:

08856230. doi: 10.1002/gps.1610.

https://doi.org/10.1002/hipo.1111
http://doi.wiley.com/10.1002/hipo.1111
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1038/nrn1932
https://doi.org/10.1080/13543784.2017.1323868
https://doi.org/10.1080/13543784.2017.1323868
https://doi.org/10.1111/j.2044-8260.1978.tb00256.x
https://doi.org/10.1111/j.2044-8260.1978.tb00256.x
http://doi.wiley.com/10.1111/j.2044-8260.1978.tb00256.x
http://doi.wiley.com/10.1111/j.2044-8260.1978.tb00256.x
https://doi.org/10.1016/0028-3932(71)90064-9
https://doi.org/10.1016/0028-3932(71)90064-9
https://doi.org/10.1126/science.1244056
https://doi.org/10.1002/gps.1610


252 Bibliography

Mitchell, Alex J. (2009). “A meta-analysis of the accuracy of the mini-mental

state examination in the detection of dementia and mild cognitive im-

pairment”. In: Journal of Psychiatric Research 43.4, pp. 411–431. issn: 00223956.

doi: 10.1016/j.jpsychires.2008.04.014.

Mitchell, Anna S. et al. (2018). “Retrosplenial cortex and its role in spa-

tial cognition”. In: Brain and Neuroscience Advances 2, p. 239821281875709.

issn: 2398-2128. doi: 10.1177/2398212818757098. url: http://journals.

sagepub.com/doi/10.1177/2398212818757098.

Moen, Erika L. et al. (2016). “Analyzing Clustered Data: Why and How to

Account for Multiple Observations Nested within a Study Participant?”

In: PLOS ONE 11.1. Ed. by Jaroslaw Harezlak, e0146721. issn: 1932-6203.

doi: 10.1371/journal.pone.0146721. url: https://dx.plos.org/10.

1371/journal.pone.0146721.

Moffat, S. D. et al. (2007). “Extrahippocampal Contributions to Age Differ-

ences in Human Spatial Navigation”. In: Cerebral Cortex 17.6, pp. 1274–

1282. issn: 1047-3211. doi: 10 . 1093 / cercor / bhl036. url: https : / /

academic.oup.com/cercor/article- lookup/doi/10.1093/cercor/

bhl036.

Moffat, Scott D., Wendy Elkins, and Susan M. Resnick (2006). “Age differ-

ences in the neural systems supporting human allocentric spatial navi-

gation”. In: Neurobiology of Aging 27.7, pp. 965–972. issn: 01974580. doi:

10.1016/j.neurobiolaging.2005.05.011.

Moffat, Scott D. and Susan M. Resnick (2002). “Effects of age on virtual

environment place navigation and allocentric cognitive mapping”. In:

Behavioral Neuroscience 116.5, pp. 851–859. issn: 07357044. doi: 10.1037/

0735-7044.116.5.851.

Moghadam, Kasra, Colin Banigan, and Eric D. Ragan (2020). “Scene Transi-

tions and Teleportation in Virtual Reality and the Implications for Spatial

https://doi.org/10.1016/j.jpsychires.2008.04.014
https://doi.org/10.1177/2398212818757098
http://journals.sagepub.com/doi/10.1177/2398212818757098
http://journals.sagepub.com/doi/10.1177/2398212818757098
https://doi.org/10.1371/journal.pone.0146721
https://dx.plos.org/10.1371/journal.pone.0146721
https://dx.plos.org/10.1371/journal.pone.0146721
https://doi.org/10.1093/cercor/bhl036
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhl036
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhl036
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhl036
https://doi.org/10.1016/j.neurobiolaging.2005.05.011
https://doi.org/10.1037/0735-7044.116.5.851
https://doi.org/10.1037/0735-7044.116.5.851


Bibliography 253

Awareness and Sickness”. In: IEEE Transactions on Visualization and Com-

puter Graphics 26.6, pp. 2273–2287. issn: 19410506. doi: 10.1109/TVCG.

2018.2884468.

Mokrisova, I. et al. (2016). “Real-space path integration is impaired in Alzheimer’s

disease and mild cognitive impairment”. In: Behavioural Brain Research

307, pp. 150–158. issn: 18727549. doi: 10.1016/j.bbr.2016.03.052.

Monacelli, Anthony M. et al. (2003). “Spatial disorientation in Alzheimer’s

disease: The remembrance of things passed”. In: Neurology. issn: 00283878.

doi: 10.1212/WNL.61.11.1491.

Moodley, Kuven et al. (2015). “Diagnostic differentiation of mild cognitive

impairment due to Alzheimer’s disease using a hippocampus-dependent

test of spatial memory”. In: Hippocampus 25.8, pp. 939–951. issn: 10509631.

doi: 10.1002/hipo.22417. url: http://doi.wiley.com/10.1002/hipo.

22417.

Moroney, J. T. et al. (1997). “Meta-analysis of the Hachinski ischemic score

in pathologically verified dementias”. In: Neurology 49.4, pp. 1096–1105.

issn: 00283878. doi: 10.1212/WNL.49.4.1096. url: https://n.neurology.

org/content/49/4/1096.

Mulder, Cees et al. (2010). “Amyloid-β(1–42), Total Tau, and Phosphorylated

Tau as Cerebrospinal Fluid Biomarkers for the Diagnosis of Alzheimer

Disease”. In: Clinical Chemistry 56.2, pp. 248–253. issn: 0009-9147. doi:

10.1373/clinchem.2009.130518. url: https://academic.oup.com/

clinchem/article/56/2/248/5622518.

Murray, Elisabeth A. and Steven P. Wise (2012). “Why is there a special issue

on perirhinal cortex in a journal called hippocampus? The perirhinal cor-

tex in historical perspective”. In: Hippocampus 22.10, pp. 1941–1951. issn:

10509631. doi: 10.1002/hipo.22055. url: http://doi.wiley.com/10.

1002/hipo.22055.

https://doi.org/10.1109/TVCG.2018.2884468
https://doi.org/10.1109/TVCG.2018.2884468
https://doi.org/10.1016/j.bbr.2016.03.052
https://doi.org/10.1212/WNL.61.11.1491
https://doi.org/10.1002/hipo.22417
http://doi.wiley.com/10.1002/hipo.22417
http://doi.wiley.com/10.1002/hipo.22417
https://doi.org/10.1212/WNL.49.4.1096
https://n.neurology.org/content/49/4/1096
https://n.neurology.org/content/49/4/1096
https://doi.org/10.1373/clinchem.2009.130518
https://academic.oup.com/clinchem/article/56/2/248/5622518
https://academic.oup.com/clinchem/article/56/2/248/5622518
https://doi.org/10.1002/hipo.22055
http://doi.wiley.com/10.1002/hipo.22055
http://doi.wiley.com/10.1002/hipo.22055


254 Bibliography

Musiek, Erik S. and David M. Holtzman (2015). “Three dimensions of the

amyloid hypothesis: Time, space and ’wingmen’”. In: Nature Neuroscience

18.6, pp. 800–806. issn: 15461726. doi: 10.1038/nn.4018.

Nakamura, Akinori et al. (2018). “High performance plasma amyloid-β biomark-

ers for Alzheimer’s disease”. In: Nature 554.7691, pp. 249–254. issn: 14764687.

doi: 10.1038/nature25456.

Nardini, Marko et al. (2008). “Development of Cue Integration in Human

Navigation”. In: Current Biology 18.9, pp. 689–693. issn: 09609822. doi:

10.1016/j.cub.2008.04.021. url: http://www.cell.com/article/

S096098220800506X/fulltext.

Nedelska, Z. et al. (2012). “Spatial navigation impairment is proportional

to right hippocampal volume”. In: Proceedings of the National Academy of

Sciences. issn: 0027-8424. doi: 10.1073/pnas.1121588109.

Negen, James et al. (2018). “Development of allocentric spatial recall from

new viewpoints in virtual reality”. In: Developmental Science 21.1, e12496.

issn: 14677687. doi: 10.1111/desc.12496. url: http://doi.wiley.com/

10.1111/desc.12496.

Nelson, HE and J Willison (1991). National adult reading test (NART).

Neto, Adalberto Studart and Ricardo Nitrini (2016). “Subjective cognitive

decline: The first clinical manifestation of alzheimer’s disease?” In: De-

mentia e Neuropsychologia 10.3, pp. 170–177. issn: 19805764. doi: 10.1590/

s1980-5764-2016dn1003002.

Nieto, Antonieta et al. (2016). “Addenbrooke’s Cognitive Examination-Revised:

Effects of Education and Age. Normative Data for the Spanish Speak-

ing Population”. In: Archives of Clinical Neuropsychology 31.7, pp. 811–818.

issn: 0887-6177. doi: 10.1093/arclin/acw057. url: https://doi.org/

10.1093/arclin/acw057.

https://doi.org/10.1038/nn.4018
https://doi.org/10.1038/nature25456
https://doi.org/10.1016/j.cub.2008.04.021
http://www.cell.com/article/S096098220800506X/fulltext
http://www.cell.com/article/S096098220800506X/fulltext
https://doi.org/10.1073/pnas.1121588109
https://doi.org/10.1111/desc.12496
http://doi.wiley.com/10.1111/desc.12496
http://doi.wiley.com/10.1111/desc.12496
https://doi.org/10.1590/s1980-5764-2016dn1003002
https://doi.org/10.1590/s1980-5764-2016dn1003002
https://doi.org/10.1093/arclin/acw057
https://doi.org/10.1093/arclin/acw057
https://doi.org/10.1093/arclin/acw057


Bibliography 255

Norman, J. Farley et al. (2015). “The visual perception of exocentric distance

in outdoor settings”. In: Vision Research 117, pp. 100–104. issn: 18785646.

doi: 10.1016/j.visres.2015.10.003.

O’Keefe, J. and J. Dostrovsky (1971). “The hippocampus as a spatial map.

Preliminary evidence from unit activity in the freely-moving rat”. In:

Brain Research. issn: 00068993. doi: 10.1016/0006-8993(71)90358-1.

O’Keefe, J and L Nadel (1978). “The hippocampus as a cognitive map”. In:

O’Keefe, John (1976). “Place units in the hippocampus of the freely mov-

ing rat”. In: Experimental Neurology. issn: 10902430. doi: 10.1016/0014-

4886(76)90055-8.

Olsen, Rosanna K. et al. (2017). “Human anterolateral entorhinal cortex vol-

umes are associated with cognitive decline in aging prior to clinical di-

agnosis”. In: Neurobiology of Aging 57, pp. 195–205. issn: 15581497. doi:

10.1016/j.neurobiolaging.2017.04.025.

Palmer, Katie et al. (2008). “Mild cognitive impairment in the general pop-

ulation: Occurrence and progression to alzheimer disease”. In: Ameri-

can Journal of Geriatric Psychiatry 16.7, pp. 603–611. issn: 15457214. doi:

10.1097/JGP.0b013e3181753a64.

Palmqvist, Sebastian et al. (2014). “Accuracy of brain amyloid detection in

clinical practice using cerebrospinal fluid β-Amyloid 42: A cross-validation

study against amyloid positron emission tomography”. In: JAMA Neu-

rology 71.10, pp. 1282–1289. issn: 21686149. doi: 10.1001/jamaneurol.

2014.1358.

Parra, Mario A. et al. (2009). “Short-term memory binding deficits in Alzheimers

disease”. In: Brain 132.4, pp. 1057–1066. issn: 00068950. doi: 10.1093/

brain/awp036.

https://doi.org/10.1016/j.visres.2015.10.003
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1016/0014-4886(76)90055-8
https://doi.org/10.1016/0014-4886(76)90055-8
https://doi.org/10.1016/j.neurobiolaging.2017.04.025
https://doi.org/10.1097/JGP.0b013e3181753a64
https://doi.org/10.1001/jamaneurol.2014.1358
https://doi.org/10.1001/jamaneurol.2014.1358
https://doi.org/10.1093/brain/awp036
https://doi.org/10.1093/brain/awp036


256 Bibliography

Parra, Mario A. et al. (2010). “Visual short-term memory binding deficits in

familial Alzheimer’s disease”. In: Brain 133.9, pp. 2702–2713. issn: 1460-

2156. doi: 10.1093/brain/awq148. url: https://academic.oup.com/

brain/article-lookup/doi/10.1093/brain/awq148.

Parron, Carole and Etienne Save (2004). “Evidence for entorhinal and pari-

etal cortices involvement in path integration in the rat”. In: Experimental

Brain Research 159.3, pp. 349–359. issn: 00144819. doi: 10.1007/s00221-

004-1960-8.

Peich, Muy-Cheng, Masud Husain, and Paul M. Bays (2013). “Age-related

decline of precision and binding in visual working memory.” In: Psychol-

ogy and Aging 28.3, pp. 729–743. issn: 1939-1498. doi: 10.1037/a0033236.

Perry, Richard J and John R Hodges (1999). “Attention and executive deficits

in Alzheimer’s disease: A critical review”. In: Brain 122.3, pp. 383–404.

issn: 0006-8950. doi: 10.1093/brain/122.3.383. url: https://doi.org/

10.1093/brain/122.3.383.

Persson, Jonas et al. (2012). “Longitudinal structure-function correlates in

elderly reveal MTL dysfunction with cognitive decline”. eng. In: Cere-

bral Cortex 22.10, pp. 2297–2304. issn: 1460-2199. doi: 10.1093/cercor/

bhr306.

Pertzov, Yoni et al. (2012). “Forgetting What Was Where: The Fragility of

Object-Location Binding”. In: PLoS ONE 7.10. issn: 19326203. doi: 10.

1371/journal.pone.0048214.

Pertzov, Yoni et al. (2015). “Effects of healthy ageing on precision and bind-

ing of object location in visual short term memory”. In: Psychology and

Aging 30.1, pp. 26–35. issn: 19391498. doi: 10.1037/a0038396.

Peter, Jessica et al. (2018). “Real-world navigation in amnestic mild cognitive

impairment: The relation to visuospatial memory and volume of hip-

pocampal subregions”. In: Neuropsychologia 109, pp. 86–94. issn: 18733514.

doi: 10.1016/j.neuropsychologia.2017.12.014.

https://doi.org/10.1093/brain/awq148
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awq148
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awq148
https://doi.org/10.1007/s00221-004-1960-8
https://doi.org/10.1007/s00221-004-1960-8
https://doi.org/10.1037/a0033236
https://doi.org/10.1093/brain/122.3.383
https://doi.org/10.1093/brain/122.3.383
https://doi.org/10.1093/brain/122.3.383
https://doi.org/10.1093/cercor/bhr306
https://doi.org/10.1093/cercor/bhr306
https://doi.org/10.1371/journal.pone.0048214
https://doi.org/10.1371/journal.pone.0048214
https://doi.org/10.1037/a0038396
https://doi.org/10.1016/j.neuropsychologia.2017.12.014


Bibliography 257

Petersen, R. C. (2004). “Mild cognitive impairment as a diagnostic entity”. In:

Journal of Internal Medicine. Vol. 256. 3, pp. 183–194. doi: 10.1111/j.1365-

2796.2004.01388.x.

Petersen, R. C. et al. (2010). “Prevalence of mild cognitive impairment is

higher in men: The Mayo Clinic Study of Aging”. In: Neurology 75.10,

pp. 889–897. issn: 00283878. doi: 10.1212/WNL.0b013e3181f11d85.

Petersen, R. C. et al. (2014). “Mild cognitive impairment: a concept in evo-

lution”. In: Journal of Internal Medicine 275.3, pp. 214–228. issn: 09546820.

doi: 10.1111/joim.12190. url: http://doi.wiley.com/10.1111/joim.

12190.

Petersen, Ronald C. et al. (1999). “Mild cognitive impairment: Clinical char-

acterization and outcome”. In: Archives of Neurology 56.3, pp. 303–308.

issn: 00039942. doi: 10.1001/archneur.56.3.303.

Pettigrew, Corinne et al. (2016). “Cortical thickness in relation to clinical

symptom onset in preclinical AD”. In: NeuroImage: Clinical 12, pp. 116–

122. issn: 22131582. doi: 10.1016/j.nicl.2016.06.010.

Piguet, Olivier et al. (2011). “Behavioural-variant frontotemporal dementia:

Diagnosis, clinical staging, and management”. In: The Lancet Neurology

10.2, pp. 162–172. issn: 14744422. doi: 10.1016/S1474-4422(10)70299-4.

Price, Joseph L. et al. (2001). “Neuron number in the entorhinal cortex and

CA1 in preclinical alzheimer disease”. In: Archives of Neurology 58.9, pp. 1395–

1402. issn: 00039942. doi: 10.1001/archneur.58.9.1395.

Prince, Martin et al. (2013). “The global prevalence of dementia: A system-

atic review and metaanalysis”. In: Alzheimer’s and Dementia 9.1, 63–75.e2.

issn: 15525279. doi: 10.1016/j.jalz.2012.11.007.

Qasim, Salman E. et al. (2019). “Memory retrieval modulates spatial tun-

ing of single neurons in the human entorhinal cortex”. In: Nature Neuro-

science. issn: 15461726. doi: 10.1038/s41593-019-0523-z.

https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1212/WNL.0b013e3181f11d85
https://doi.org/10.1111/joim.12190
http://doi.wiley.com/10.1111/joim.12190
http://doi.wiley.com/10.1111/joim.12190
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1016/j.nicl.2016.06.010
https://doi.org/10.1016/S1474-4422(10)70299-4
https://doi.org/10.1001/archneur.58.9.1395
https://doi.org/10.1016/j.jalz.2012.11.007
https://doi.org/10.1038/s41593-019-0523-z


258 Bibliography

Qiu, Chengxuan, Miia Kivipelto, and Eva Von Strauss (2009). “Epidemiology

of Alzheimer’s disease: Occurrence, determinants, and strategies toward

intervention”. In: Dialogues in Clinical Neuroscience 11.2, pp. 111–128. issn:

12948322.

Ratcliff, Roger and Jeffrey J. Starns (2009). “Modeling Confidence and Re-

sponse Time in Recognition Memory”. In: Psychological Review 116.1, pp. 59–

83. issn: 0033295X. doi: 10.1037/a0014086.

Reagh, Zachariah M. and Michael A. Yassa (2014). “Object and spatial mnemonic

interference differentially engage lateral and medial entorhinal cortex in

humans”. In: Proceedings of the National Academy of Sciences 111.40, E4264–

E4273. issn: 0027-8424. doi: 10.1073/pnas.1411250111. url: http://

www.pnas.org/lookup/doi/10.1073/pnas.1411250111.

Reagh, Zachariah M. et al. (2018). “Functional Imbalance of Anterolateral

Entorhinal Cortex and Hippocampal Dentate/CA3 Underlies Age-Related

Object Pattern Separation Deficits”. In: Neuron 97.5, 1187–1198.e4. issn:

10974199. doi: 10.1016/j.neuron.2018.01.039.

Reitan, Ralph M (1958). “Validity of the Trail Making Test as an indicator”.

In: Perceptual and Motor Skills 8, pp. 271–276. doi: 10.2466/pms.1958.8.

3.271.

Ritchey, Maureen, Laura A. Libby, and Charan Ranganath (2015). “Cortico-

hippocampal systems involved in memory and cognition: The PMAT

framework”. In: Progress in Brain Research. Vol. 219. Elsevier B.V., pp. 45–

64. isbn: 9780444635495. doi: 10.1016/bs.pbr.2015.04.001.

Roberts, R. O. et al. (2012). “The incidence of MCI differs by subtype and

is higher in men: The Mayo Clinic study of aging”. In: Neurology 78.5,

pp. 342–351. issn: 1526632X. doi: 10.1212/WNL.0b013e3182452862.

Rodgers, M. Kirk, Joseph A. Sindone, and Scott D. Moffat (2012). “Effects

of age on navigation strategy”. In: Neurobiology of Aging 33.1, 202.e15–

202.e22. issn: 15581497. doi: 10.1016/j.neurobiolaging.2010.07.021.

https://doi.org/10.1037/a0014086
https://doi.org/10.1073/pnas.1411250111
http://www.pnas.org/lookup/doi/10.1073/pnas.1411250111
http://www.pnas.org/lookup/doi/10.1073/pnas.1411250111
https://doi.org/10.1016/j.neuron.2018.01.039
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.2466/pms.1958.8.3.271
https://doi.org/10.1016/bs.pbr.2015.04.001
https://doi.org/10.1212/WNL.0b013e3182452862
https://doi.org/10.1016/j.neurobiolaging.2010.07.021


Bibliography 259

Rouleau, Isabelle et al. (1992). “Quantitative and qualitative analyses of clock

drawings in Alzheimer’s and Huntington’s disease”. In: Brain and Cogni-

tion 18.1, pp. 70–87. issn: 10902147. doi: 10.1016/0278-2626(92)90112-

Y.

Ryan, Joseph J and Shane J Lopez (2001). “Wechsler Adult Intelligence Scale-

III”. In: Understanding Psychological Assessment, pp. 19–42.

Salimi, Shirin et al. (2019). “Visuospatial dysfunction in Alzheimer’s disease

and behavioural variant frontotemporal dementia”. In: Journal of the Neu-

rological Sciences 402, pp. 74–80. issn: 18785883. doi: 10.1016/j.jns.

2019.04.019.

Salmon, David P. et al. (2002). “Alzheimer’s disease can be accurately diag-

nosed in very mildly impaired individuals”. In: Neurology 59.7, pp. 1022–

1028. issn: 00283878. doi: 10.1212/WNL.59.7.1022.

Sapkota, Raju P. et al. (2017). “Patients with mild cognitive impairment show

lower visual short-term memory performance in feature binding tasks”.

In: Dementia and Geriatric Cognitive Disorders Extra 7.1, pp. 74–86. issn:

16645464. doi: 10.1159/000455831.

Sargolini, Francesca et al. (2006). “Conjunctive representation of position,

direction, and velocity in entorhinal cortex”. In: Science. issn: 00368075.

doi: 10.1126/science.1125572.

Sauzéon, Hélène et al. (2016). “Age and active navigation effects on episodic

memory: A virtual reality study”. In: British Journal of Psychology 107.1,

pp. 72–94. issn: 20448295. doi: 10.1111/bjop.12123.

Save, Etienne, Ludek Nerad, and Bruno Poucet (2000). “Contribution of mul-

tiple sensory information to place field stability in hippocampal place

cells”. In: Hippocampus. issn: 10509631. doi: 10 . 1002 / (SICI ) 1098 -

1063(2000)10:1<64::AID-HIPO7>3.0.CO;2-Y.

https://doi.org/10.1016/0278-2626(92)90112-Y
https://doi.org/10.1016/0278-2626(92)90112-Y
https://doi.org/10.1016/j.jns.2019.04.019
https://doi.org/10.1016/j.jns.2019.04.019
https://doi.org/10.1212/WNL.59.7.1022
https://doi.org/10.1159/000455831
https://doi.org/10.1126/science.1125572
https://doi.org/10.1111/bjop.12123
https://doi.org/10.1002/(SICI)1098-1063(2000)10:1<64::AID-HIPO7>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1098-1063(2000)10:1<64::AID-HIPO7>3.0.CO;2-Y


260 Bibliography

Savelli, Francesco and James J. Knierim (2019). “Origin and role of path in-

tegration in the cognitive representations of the hippocampus: Compu-

tational insights into open questions”. In: Journal of Experimental Biology

222.Suppl 1. issn: 00220949. doi: 10.1242/jeb.188912.

Schinazi, Victor R. et al. (2013). “Hippocampal size predicts rapid learning

of a cognitive map in humans”. In: Hippocampus 23.6, pp. 515–528. issn:

10509631. doi: 10.1002/hipo.22111. url: http://doi.wiley.com/10.

1002/hipo.22111.

Schneider, Lon S. and Terry E. Goldberg (2020). “Composite cognitive and

functional measures for early stage Alzheimer’s disease trials”. In: Alzheimer’s

& Dementia: Diagnosis, Assessment & Disease Monitoring 12.1. issn: 2352-

8729. doi: 10.1002/dad2.12017. url: https://onlinelibrary.wiley.

com/doi/10.1002/dad2.12017.

Schott, Jonathan M. et al. (2003). “Assessing the onset of structural change

in familial Alzheimer’s disease”. In: Annals of Neurology. issn: 03645134.

doi: 10.1002/ana.10424.

Schröder, Tobias Navarro et al. (2015). “Functional topography of the human

entorhinal cortex”. In: eLife 4.JUNE, pp. 1–17. issn: 2050084X. doi: 10.

7554/eLife.06738.

Schuff, Norbert et al. (1999). “Age-related metabolite changes and volume

loss in the hippocampus by magnetic resonance spectroscopy and imag-

ing”. In: Neurobiology of Aging 20.3, pp. 279–285. issn: 01974580. doi:

10.1016/S0197-4580(99)00022-6.

Schultz, Heidrun, Tobias Sommer, and Jan Peters (2012). “Direct evidence

for domain-sensitive functional subregions in human entorhinal cortex”.

In: Journal of Neuroscience 32.14, pp. 4716–4723. issn: 02706474. doi: 10.

1523/JNEUROSCI.5126-11.2012.

https://doi.org/10.1242/jeb.188912
https://doi.org/10.1002/hipo.22111
http://doi.wiley.com/10.1002/hipo.22111
http://doi.wiley.com/10.1002/hipo.22111
https://doi.org/10.1002/dad2.12017
https://onlinelibrary.wiley.com/doi/10.1002/dad2.12017
https://onlinelibrary.wiley.com/doi/10.1002/dad2.12017
https://doi.org/10.1002/ana.10424
https://doi.org/10.7554/eLife.06738
https://doi.org/10.7554/eLife.06738
https://doi.org/10.1016/S0197-4580(99)00022-6
https://doi.org/10.1523/JNEUROSCI.5126-11.2012
https://doi.org/10.1523/JNEUROSCI.5126-11.2012


Bibliography 261

— (2015). “The role of the human entorhinal cortex in a representational

account of memory”. In: Frontiers in Human Neuroscience 9, p. 628. issn:

16625161. doi: 10.3389/fnhum.2015.00628.

Serino, Silvia and Giuseppe Riva (2013). “Getting lost in Alzheimer’s dis-

ease: A break in the mental frame syncing”. In: Medical Hypotheses 80.4,

pp. 416–421. issn: 03069877. doi: 10.1016/j.mehy.2012.12.031. url:

https://linkinghub.elsevier.com/retrieve/pii/S0306987713000200.

Shan, Guogen, Daniel Young, and Le Kang (2014). “A new powerful non-

parametric rank test for ordered alternative problem”. In: PLoS ONE 9.11.

issn: 19326203. doi: 10.1371/journal.pone.0112924.

Shapiro, S. S. and M. B. Wilk (1965). “An Analysis of Variance Test for

Normality (Complete Samples)”. In: Biometrika 52.3-4, pp. 591–611. issn:

0006-3444. doi: 10.1093/biomet/52.3-4.591.

Shaw, Leslie M. et al. (2009). “Cerebrospinal fluid biomarker signature in

alzheimer’s disease neuroimaging initiative subjects”. In: Annals of Neu-

rology 65.4, pp. 403–413. issn: 03645134. doi: 10.1002/ana.21610.

Sherrill, Katherine R. et al. (2013). “Hippocampus and retrosplenial cortex

combine path integration signals for successful navigation”. In: Journal

of Neuroscience 33.49, pp. 19304–19313. issn: 02706474. doi: 10 . 1523 /

JNEUROSCI.1825-13.2013.

Shindo, Aki et al. (2013). “Trail Making Test Part A and Brain Perfusion

Imaging in Mild Alzheimer’s Disease”. In: Dementia and Geriatric Cogni-

tive Disorders Extra 3.1, pp. 202–211. doi: 10.1159/000350806.

Shine, Jonathan P. et al. (2016). “The human retrosplenial cortex and thala-

mus code head direction in a global reference frame”. In: Journal of Neu-

roscience 36.24, pp. 6371–6381. issn: 15292401. doi: 10.1523/JNEUROSCI.

1268-15.2016.

Shrager, Yael, C. Brock Kirwan, and Larry R. Squire (2008). “Neural basis

of the cognitive map: Path integration does not require hippocampus or

https://doi.org/10.3389/fnhum.2015.00628
https://doi.org/10.1016/j.mehy.2012.12.031
https://linkinghub.elsevier.com/retrieve/pii/S0306987713000200
https://doi.org/10.1371/journal.pone.0112924
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.1002/ana.21610
https://doi.org/10.1523/JNEUROSCI.1825-13.2013
https://doi.org/10.1523/JNEUROSCI.1825-13.2013
https://doi.org/10.1159/000350806
https://doi.org/10.1523/JNEUROSCI.1268-15.2016
https://doi.org/10.1523/JNEUROSCI.1268-15.2016


262 Bibliography

entorhinal cortex”. In: Proceedings of the National Academy of Sciences of

the United States of America 105.33, pp. 12034–12038. issn: 00278424. doi:

10.1073/pnas.0805414105. url: www.pnas.orgcgidoi10.1073pnas.

0805414105.

Solfrizzi, V et al. (2007). “Cind and MCI in the italian elderly: frequency, vas-

cular risk factors, progression to dementia”. In: Neurology 69.23, p. 2186.

doi: 10.1212/01.wnl.0000295706.28423.65. url: http://n.neurology.

org/content/69/23/2186.abstract.

Solstad, Trygve, Edvard I. Moser, and Gaute T. Einevoll (2006). “From grid

cells to place cells: A mathematical model”. In: Hippocampus. issn: 10509631.

doi: 10.1002/hipo.20244.

Spiers, Hugo J. and Caswell Barry (2015). “Neural systems supporting nav-

igation”. In: Current Opinion in Behavioral Sciences 1, pp. 47–55. issn:

23521546. doi: 10.1016/j.cobeha.2014.08.005.

Spiers, Hugo J. and Eleanor A. Maguire (2006). “Thoughts, behaviour, and

brain dynamics during navigation in the real world”. In: NeuroImage 31.4,

pp. 1826–1840. issn: 10538119. doi: 10.1016/j.neuroimage.2006.01.

037.

— (2007). “A navigational guidance system in the human brain”. In: Hip-

pocampus 17.8, pp. 618–626. issn: 10509631. doi: 10.1002/hipo.20298.

Stangl, Matthias et al. (2018). “Compromised Grid-Cell-like Representations

in Old Age as a Key Mechanism to Explain Age-Related Navigational

Deficits”. In: Current Biology. issn: 09609822. doi: 10.1016/j.cub.2018.

02.038.

Staples, Lauren G. et al. (2019). “Psychometric properties and clinical utility

of brief measures of depression, anxiety, and general distress: The PHQ-

2, GAD-2, and K-6”. In: General Hospital Psychiatry 56, pp. 13–18. issn:

18737714. doi: 10.1016/j.genhosppsych.2018.11.003.

https://doi.org/10.1073/pnas.0805414105
www.pnas.orgcgidoi10.1073pnas.0805414105
www.pnas.orgcgidoi10.1073pnas.0805414105
https://doi.org/10.1212/01.wnl.0000295706.28423.65
http://n.neurology.org/content/69/23/2186.abstract
http://n.neurology.org/content/69/23/2186.abstract
https://doi.org/10.1002/hipo.20244
https://doi.org/10.1016/j.cobeha.2014.08.005
https://doi.org/10.1016/j.neuroimage.2006.01.037
https://doi.org/10.1016/j.neuroimage.2006.01.037
https://doi.org/10.1002/hipo.20298
https://doi.org/10.1016/j.cub.2018.02.038
https://doi.org/10.1016/j.cub.2018.02.038
https://doi.org/10.1016/j.genhosppsych.2018.11.003


Bibliography 263

Stensola, Hanne et al. (2012). “The entorhinal grid map is discretized”. In:

Nature. issn: 00280836. doi: 10.1038/nature11649.

Stern, Yaakov et al. (1994). “Influence of Education and Occupation on the

Incidence of Alzheimer’s Disease”. In: JAMA: The Journal of the American

Medical Association 271.13, pp. 1004–1010. issn: 15383598. doi: 10.1001/

jama.1994.03510370056032. url: https://jamanetwork.com/journals/

jama/fullarticle/368856.

Storandt, Martha et al. (1984). “Psychometric Differentiation of Mild Senile

Dementia of the Alzheimer Type”. In: Archives of Neurology 41.5, pp. 497–

499. issn: 15383687. doi: 10.1001/archneur.1984.04050170043013.

Stott, Joshua et al. (2017). “Dementia Screening Accuracy is Robust to Pre-

morbid IQ Variation: Evidence from the Addenbrooke’s Cognitive Examination-

III and the Test of Premorbid Function”. In: Journal of Alzheimer’s Disease

57.4, pp. 1293–1302. issn: 18758908. doi: 10.3233/JAD-161218.

Tascón, Laura, Joaquín Castillo, and José Manuel Cimadevilla (2019). “Age-

related differences in the elderly in a spatial recognition task”. In: Mem-

ory 27.10, pp. 1415–1422. issn: 0965-8211. doi: 10.1080/09658211.2019.

1663216. url: https://www.tandfonline.com/doi/full/10.1080/

09658211.2019.1663216.

Taube, JS, RU Muller, and JB Ranck (1990). “Head-direction cells recorded

from the postsubiculum in freely moving rats. I. Description and quan-

titative analysis”. In: The Journal of Neuroscience 10.2, pp. 420–435. issn:

0270-6474. doi: 10.1523/JNEUROSCI.10- 02- 00420.1990. url: http:

/ / www . jneurosci . org / lookup / doi / 10 . 1523 / JNEUROSCI . 10 - 02 -

00420.1990.

Tcheang, Lili, Heinrich H. Bülthoff, and Neil Burgess (2011). “Visual influ-

ence on path integration in darkness indicates a multimodal representa-

tion of large-scale space”. In: Proceedings of the National Academy of Sci-

ences of the United States of America 108.3, pp. 1152–1157. issn: 00278424.

https://doi.org/10.1038/nature11649
https://doi.org/10.1001/jama.1994.03510370056032
https://doi.org/10.1001/jama.1994.03510370056032
https://jamanetwork.com/journals/jama/fullarticle/368856
https://jamanetwork.com/journals/jama/fullarticle/368856
https://doi.org/10.1001/archneur.1984.04050170043013
https://doi.org/10.3233/JAD-161218
https://doi.org/10.1080/09658211.2019.1663216
https://doi.org/10.1080/09658211.2019.1663216
https://www.tandfonline.com/doi/full/10.1080/09658211.2019.1663216
https://www.tandfonline.com/doi/full/10.1080/09658211.2019.1663216
https://doi.org/10.1523/JNEUROSCI.10-02-00420.1990
http://www.jneurosci.org/lookup/doi/10.1523/JNEUROSCI.10-02-00420.1990
http://www.jneurosci.org/lookup/doi/10.1523/JNEUROSCI.10-02-00420.1990
http://www.jneurosci.org/lookup/doi/10.1523/JNEUROSCI.10-02-00420.1990


264 Bibliography

doi: 10.1073/pnas.1011843108. url: https://www.pnas.org/content/

108/3/1152.

Tennant, Sarah A. et al. (2018). “Stellate Cells in the Medial Entorhinal Cor-

tex Are Required for Spatial Learning”. In: Cell Reports 22.5, pp. 1313 –

1324. issn: 2211-1247. doi: https://doi.org/10.1016/j.celrep.2018.

01.005. url: http://www.sciencedirect.com/science/article/pii/

S2211124718300056.

Terada, Seishi et al. (2013). “Trail Making Test B and brain perfusion imaging

in mild cognitive impairment and mild Alzheimer’s disease”. In: Psy-

chiatry Research - Neuroimaging 213.3, pp. 249–255. issn: 09254927. doi:

10.1016/j.pscychresns.2013.03.006.

Terpstra, Jeffrey T. and Rhonda C. Magel (2003). “A new nonparametric test

for the ordered alternative problem”. In: Journal of Nonparametric Statistics

15.3, pp. 289–301. issn: 10485252. doi: 10.1080/1048525031000078349.

Thal, Dietmar R. et al. (2002). “Phases of Aβ-deposition in the human brain

and its relevance for the development of AD”. In: Neurology. issn: 00283878.

doi: 10.1212/WNL.58.12.1791.

Thompson, Bruce (1995). “Stepwise Regression and Stepwise Discriminant

Analysis Need Not Apply here: A Guidelines Editorial”. In: Educational

and Psychological Measurement 55.4, pp. 525–534. issn: 0013-1644. doi: 10.

1177/0013164495055004001. url: http://journals.sagepub.com/doi/

10.1177/0013164495055004001.

Tifratene, Karim et al. (2015). “Progression of mild cognitive impairment to

dementia due to AD in clinical settings”. In: Neurology 85.4, pp. 331–338.

issn: 1526632X. doi: 10.1212/WNL.0000000000001788.

Tolman, Edward C. (1948). “Cognitive maps in rats and men”. In: Psycholog-

ical Review. issn: 0033295X. doi: 10.1037/h0061626.

https://doi.org/10.1073/pnas.1011843108
https://www.pnas.org/content/108/3/1152
https://www.pnas.org/content/108/3/1152
https://doi.org/https://doi.org/10.1016/j.celrep.2018.01.005
https://doi.org/https://doi.org/10.1016/j.celrep.2018.01.005
http://www.sciencedirect.com/science/article/pii/S2211124718300056
http://www.sciencedirect.com/science/article/pii/S2211124718300056
https://doi.org/10.1016/j.pscychresns.2013.03.006
https://doi.org/10.1080/1048525031000078349
https://doi.org/10.1212/WNL.58.12.1791
https://doi.org/10.1177/0013164495055004001
https://doi.org/10.1177/0013164495055004001
http://journals.sagepub.com/doi/10.1177/0013164495055004001
http://journals.sagepub.com/doi/10.1177/0013164495055004001
https://doi.org/10.1212/WNL.0000000000001788
https://doi.org/10.1037/h0061626


Bibliography 265

Tsao, Albert, May Britt Moser, and Edvard I. Moser (2013). “Traces of expe-

rience in the lateral entorhinal cortex”. In: Current Biology 23.5, pp. 399–

405. issn: 09609822. doi: 10.1016/j.cub.2013.01.036.

Tu, Sicong et al. (2015). “Lost in spatial translation - A novel tool to objec-

tively assess spatial disorientation in Alzheimer’s disease and frontotem-

poral dementia”. In: Cortex 67, pp. 83–94. issn: 19738102. doi: 10.1016/

j.cortex.2015.03.016.

Tu, Sicong et al. (2017). “Egocentric versus Allocentric Spatial Memory in

Behavioral Variant Frontotemporal Dementia and Alzheimer’s Disease”.

In: Journal of Alzheimer’s Disease 59.3, pp. 883–892. issn: 18758908. doi:

10.3233/JAD-160592.

Unverzagt, Frederick W. et al. (2001). “Prevalence of cognitive impairment:

Data from the Indianapolis study of health and aging”. In: Neurology

57.9, pp. 1655–1662. issn: 00283878. doi: 10.1212/WNL.57.9.1655.

Van Cauter, T. et al. (2013). “Distinct Roles of Medial and Lateral Entorhinal

Cortex in Spatial Cognition”. In: Cerebral Cortex 23.2, pp. 451–459. issn:

1047-3211. doi: 10.1093/cercor/bhs033.

Van Den Berg, Ronald et al. (2012). “Variability in encoding precision ac-

counts for visual short-term memory limitations”. In: Proceedings of the

National Academy of Sciences of the United States of America 109.22, pp. 8780–

8785. issn: 00278424. doi: 10.1073/pnas.1117465109.

Vann, Seralynne D., John P. Aggleton, and Eleanor A. Maguire (2009). What

does the retrosplenial cortex do? doi: 10.1038/nrn2733.

Velayudhan, Latha et al. (2013). “Entorhinal cortex thickness predicts cog-

nitive decline in Alzheimer’s disease”. In: Journal of Alzheimer’s Disease

33.3, pp. 755–766. issn: 18758908. doi: 10.3233/JAD-2012-121408.

Viard, Armelle et al. (2011). “Anterior Hippocampus and Goal-Directed Spa-

tial Decision Making”. In: Journal of Neuroscience 31.12, pp. 4613–4621.

issn: 02706474. doi: 10.1523/JNEUROSCI.4640-10.2011.

https://doi.org/10.1016/j.cub.2013.01.036
https://doi.org/10.1016/j.cortex.2015.03.016
https://doi.org/10.1016/j.cortex.2015.03.016
https://doi.org/10.3233/JAD-160592
https://doi.org/10.1212/WNL.57.9.1655
https://doi.org/10.1093/cercor/bhs033
https://doi.org/10.1073/pnas.1117465109
https://doi.org/10.1038/nrn2733
https://doi.org/10.3233/JAD-2012-121408
https://doi.org/10.1523/JNEUROSCI.4640-10.2011


266 Bibliography

Walker, J. M. et al. (2011). “Spatial learning and memory impairment and

increased locomotion in a transgenic amyloid precursor protein mouse

model of Alzheimer’s disease”. In: Behavioural Brain Research. issn: 01664328.

doi: 10.1016/j.bbr.2011.03.049.

Waltz, James A. et al. (2004). “Relational Integration and Executive Func-

tion in Alzheimer’s Disease”. In: Neuropsychology 18.2, pp. 296–305. issn:

08944105. doi: 10.1037/0894-4105.18.2.296.

Wang, Cheng et al. (2018). “Egocentric coding of external items in the lateral

entorhinal cortex”. In: Science 362.6417, pp. 945–949. issn: 0036-8075. doi:

10.1126/science.aau4940.

Weidemann, Christoph T. and Michael J. Kahana (2016). “Assessing recog-

nition memory using confidence ratings and response times”. In: Royal

Society Open Science 3.4. issn: 20545703. doi: 10.1098/rsos.150670.

Whitwell, Jennifer L et al. (2018). “[18F]AV-1451 clustering of entorhinal

and cortical uptake in Alzheimer’s disease”. In: Annals of Neurology 83.2,

pp. 248–257. issn: 0364-5134. doi: 10.1002/ana.25142. url: https://

doi.org/10.1002/ana.25142.

Winblad, B. et al. (2004). “Mild cognitive impairment - beyond controversies,

towards a consensus: report of the International Working Group on Mild

Cognitive Impairment”. In: Journal of Internal Medicine 256.3, pp. 240–

246. issn: 0954-6820. doi: 10.1111/j.1365-2796.2004.01380.x. url:

http://doi.wiley.com/10.1111/j.1365-2796.2004.01380.x.

Winter, Shawn S. et al. (2015). “Passive transport disrupts grid signals in the

parahippocampal cortex”. In: Current Biology 25.19, pp. 2493–2502. issn:

09609822. doi: 10.1016/j.cub.2015.08.034. url: http://dx.doi.org/

10.1016/j.cub.2015.08.034.

Wixted, John T (2007). “Dual-Process Theory and Signal-Detection Theory

of Recognition Memory”. In: doi: 10.1037/0033-295X.114.1.152.

https://doi.org/10.1016/j.bbr.2011.03.049
https://doi.org/10.1037/0894-4105.18.2.296
https://doi.org/10.1126/science.aau4940
https://doi.org/10.1098/rsos.150670
https://doi.org/10.1002/ana.25142
https://doi.org/10.1002/ana.25142
https://doi.org/10.1002/ana.25142
https://doi.org/10.1111/j.1365-2796.2004.01380.x
http://doi.wiley.com/10.1111/j.1365-2796.2004.01380.x
https://doi.org/10.1016/j.cub.2015.08.034
http://dx.doi.org/10.1016/j.cub.2015.08.034
http://dx.doi.org/10.1016/j.cub.2015.08.034
https://doi.org/10.1037/0033-295X.114.1.152


Bibliography 267

Wolbers, Thomas and Christian Büchel (2005). Dissociable retrosplenial and

hippocampal contributions to successful formation of survey representations.

doi: 10.1523/JNEUROSCI.4705-04.2005.

Wolbers, Thomas, Cornelius Weiller, and Christian Büchel (2004). “Neural

foundations of emerging route knowledge in complex spatial environ-

ments”. In: Cognitive Brain Research 21.3, pp. 401–411. issn: 09266410. doi:

10.1016/j.cogbrainres.2004.06.013.

Wolbers, Thomas et al. (2007). “Differential recruitment of the hippocampus,

medial prefrontal cortex, and the human motion complex during path

integration in humans”. In: Journal of Neuroscience 27.35, pp. 9408–9416.

issn: 02706474. doi: 10.1523/JNEUROSCI.2146-07.2007.

Wood, Ruth A. et al. (2016). “Allocentric spatial memory testing predicts

conversion from mild cognitive impairment to dementia: An initial proof-

of-concept study”. In: Frontiers in Neurology 7.DEC, p. 215. issn: 16642295.

doi: 10.3389/fneur.2016.00215.

Worsley, Claire L. et al. (2001). “Path integration following temporal lobec-

tomy in humans”. In: Neuropsychologia 39.5, pp. 452–464. issn: 00283932.

doi: 10.1016/S0028-3932(00)00140-8.

Yamazaki, Yu et al. (2019). “Apolipoprotein E and Alzheimer disease: patho-

biology and targeting strategies”. In: Nature Reviews Neurology. issn: 1759-

4758. doi: 10.1038/s41582-019-0228-7.

Yartsev, Michael M., Menno P. Witter, and Nachum Ulanovsky (2011). “Grid

cells without theta oscillations in the entorhinal cortex of bats”. In: Nature

479.7371, pp. 103–107. issn: 00280836. doi: 10.1038/nature10583. url:

https://www.nature.com/articles/nature10583.

Yeung, Lok Kin et al. (2019). “Object-in-place memory predicted by antero-

lateral entorhinal cortex and parahippocampal cortex volume in older

adults”. In: Journal of Cognitive Neuroscience 31.5, pp. 711–729. issn: 15308898.

doi: 10.1162/jocn_a_01385.

https://doi.org/10.1523/JNEUROSCI.4705-04.2005
https://doi.org/10.1016/j.cogbrainres.2004.06.013
https://doi.org/10.1523/JNEUROSCI.2146-07.2007
https://doi.org/10.3389/fneur.2016.00215
https://doi.org/10.1016/S0028-3932(00)00140-8
https://doi.org/10.1038/s41582-019-0228-7
https://doi.org/10.1038/nature10583
https://www.nature.com/articles/nature10583
https://doi.org/10.1162/jocn_a_01385


268 Bibliography

Yoganarasimha, D. and James J. Knierim (2005). “Coupling between place

cells and head direction cells during relative translations and rotations

of distal landmarks”. In: Experimental Brain Research 160.3, pp. 344–359.

issn: 00144819. doi: 10.1007/s00221-004-2016-9.

Yonelinas, Andrew P. et al. (2010). “Recollection and familiarity: Examining

controversial assumptions and new directions”. In: Hippocampus 20.11,

pp. 1178–1194. issn: 10509631. doi: 10.1002/hipo.20864. url: http:

//doi.wiley.com/10.1002/hipo.20864.

Yushkevich, Paul A. et al. (2006). “User-guided 3D active contour segmenta-

tion of anatomical structures: Significantly improved efficiency and relia-

bility”. In: NeuroImage 31.3, pp. 1116–1128. issn: 10538119. doi: 10.1016/

j.neuroimage.2006.01.015.

Zhang, Sijie et al. (2014). “Spatial representations of place cells in darkness

are supported by path integration and border information”. In: Frontiers

in Behavioral Neuroscience 8.JUNE, p. 222. issn: 1662-5153. doi: 10.3389/

fnbeh.2014.00222. url: http://journal.frontiersin.org/article/

10.3389/fnbeh.2014.00222/abstract.

Zhao, Mintao and William H. Warren (2015). “Environmental stability mod-

ulates the role of path integration in human navigation”. In: Cognition

142, pp. 96–109. issn: 18737838. doi: 10.1016/j.cognition.2015.05.008.

Zhou, He et al. (2017). “Instrumented Trail-Making Task to Differentiate Per-

sons with No Cognitive Impairment, Amnestic Mild Cognitive Impair-

ment, and Alzheimer Disease: A Proof of Concept Study”. In: Gerontology

63.2, pp. 189–200. issn: 14230003. doi: 10.1159/000452309.

https://doi.org/10.1007/s00221-004-2016-9
https://doi.org/10.1002/hipo.20864
http://doi.wiley.com/10.1002/hipo.20864
http://doi.wiley.com/10.1002/hipo.20864
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.3389/fnbeh.2014.00222
https://doi.org/10.3389/fnbeh.2014.00222
http://journal.frontiersin.org/article/10.3389/fnbeh.2014.00222/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2014.00222/abstract
https://doi.org/10.1016/j.cognition.2015.05.008
https://doi.org/10.1159/000452309

	Declaration of Authorship
	Abstract
	Impact Statement
	Acknowledgements
	Introduction
	Alzheimer's Disease
	Neuropathology
	Neuropsychology
	Mild Cognitive Impairment

	Cognitive Tests
	Composite scores (ACE, MMSE)
	Pre-morbid IQ
	Episodic Memory
	Executive and Speed Functioning
	Visual Construction and Recall

	Spatial Cognition as Alzheimer's Disease Marker
	Introduction
	Spatial Strategies
	Neural Correlates
	Navigation in Healthy Humans and Ageing
	Navigation in AD
	Electrophysiology Studies In Rodents
	Human studies


	Aim of the Thesis

	Path Integration Task
	Introduction
	Material and Methods
	Design
	Participants
	The Path Integration Task (PIT)
	Outcome Measures

	MRI Acquisition
	Comparator Neuropsychological Tests
	Analysis
	Neuropsychological tests
	Outcome measures
	Associations between Performance and Structural Volumes
	Receiving Operator Characteristic (ROC)


	Results
	Demographics and Neuropsychological Testing
	Path Integration Task
	Absolute distance error
	Proportional Angular Error
	Proportional Linear Error

	Effect of return condition on path integration
	Absolute Error Distance
	Proportional Angular Error
	Proportional Linear Error

	Group Differences in MRI Volumetry and Association with PIT Performance
	Receiver operating curves (ROC)

	Discussions

	Object Location Task
	Introduction
	Material and Methods
	Design
	Participants
	The Object Location Task (OLT)
	Object Location Memory
	Object Recognition
	Object in Context Memory
	Outcome Measures
	MRI Acquisition
	Comparator Neuropsychological Tests

	Analysis
	Neuropsychological Tests
	Outcome Measures
	Object Location Memory Performance
	Detection of Location Binding Errors
	Recognition Memory
	Receiving Operator Characteristic (ROC)


	Results
	Demographics and Neuropsychological Testing
	Absolute Error Distance
	Retrieval Times
	Location Binding Errors Frequency
	Absolute Error Distance Controlled for Location Binding Errors
	Object Recognition Performance
	Object-in-Context Memory Performance
	MRI volumetry and association with OLT performance
	MCI classification

	Discussions

	Allocentric Spatial Update Task
	Introduction
	Material and methods
	Design
	Participants
	The Allocentric Spatial Update Task (ALLO)
	Training phase
	Testing phase
	Outcome measures
	Comparator neuropsychological tests

	Analysis
	Neuropsychological tests
	Chance performances
	Allocentric spatial update performance


	Results
	Demographics and neuropsychological testing
	Chance performances
	Learning rate
	Factors influencing average displacement error
	Retrieval time association with displacement error
	Associations with Four Mountain Test (4MT)

	Discussions

	General Discussions
	Appendix (PIT)
	MRI acquisition
	Reliability of Manual Segmentation

	Volumetric differences between groups
	Associations between Regions of Interest and Absolute Distance Error
	Effect of brain volumes on Absolute Error Distance

	Appendix (OLT)
	Associations between Regions of Interest and OLT performances

	Published Paper
	Bibliography

