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Abbreviations
AD

Alzheimer’s disease

ANOVA

Analysis of variance

BDI

Beck´s Depression Inventory

BVP

Bilateral vestibulopathy

CA

Cornu Ammonis

CERAD plus

Consortium to Establish a Registry for Alzheimer’s
Disease plus

DG

Dentate gyrus

DWI

Diffusion-weighted imaging

EC

Entorhinal cortex

[18F]-FDG

[18F]-fluorodeoxyglucose

HF

Hippocampal formation

MCI

Mild cognitive impairment

MMSE

Mini mental state exam

MRI

Magnetic resonance imaging

MTC

Medial temporal cortex

OPA

Occipital place area

PET

Positron emission tomography

PPA

Parahippocampal place area

rCGM

regional cerebral glucose metabolism

RSC

Retrosplenial cortex

TD

Topographical disorientation

TGA

Transient global amnesia

TMT-B

Trail making test B
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Summary
Spatial navigation is the innate ability to successfully orientate in naturally complex
environments. It consists of a system for representation and storage of one’s location in
relation to the environment. It is guided by cues provided by the visual and vestibular
systems, where visual landmarks and optic flow (visual image-motion) are processed in
conjunction with vestibular path integration. Two navigational strategies emerge: allocentric
spatial representations guide wayfinding to locations via central integrative abilities to form a
cognitive map; egocentric spatial representations guide wayfinding to locations via visual
information being relayed to the individual.
Neuroimaging studies in navigation indicate the presence of a complex cerebral navigation
network involving the prefrontal cortex, the parietal cortex, and the hippocampal formation.
Visual cues project to the dorsal regions of the hippocampal formation and vestibular
information projects into the anterior hippocampal formation. Allocentric strategies are
represented predominantly by place cells and grid cells throughout the hippocampal
formation. Egocentric strategies, on the other hand, are represented in extrahippocampal
regions, namely the parahippocampal and posterior parietal cortex. The retrosplenial cortex
and precuneus assist with integration of both allocentric and egocentric reference frames.
When there are lesions or degeneration in the cerebral navigation network, deficits in
allocentric or egocentric navigation are present.
A more recent and less invasive technique for assessing navigation in humans is using gaze
behaviour, which refers to visual exploration within an environment, where a number of
parameters are determined and quantified. Calculation of the number of saccades, saccade
frequency, fixations to landmarks, overall visual fixations during egocentric and allocentric
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routes provides a description on individual reliance on visual cues, therefore providing
detailed information on navigation strategy.
The aim of this thesis was to assess spatial navigation abilities in healthy subjects and in
patients with hippocampal dysfunction with a novel experimental paradigm. We combined
behavioural measurements of visual exploration and navigational performance with
simultaneous measurements of brain activation. Navigation performance and gaze behaviour
were measured with a head-mounted eye-tracking camera to record eye movements and
analyse navigational performance and strategy in real-space. Brain activations were quantified
by regional cerebral glucose metabolism (rCGM) with [18F]-FDG-PET imaging. With this
novel, real-space paradigm, I aimed to elucidate the relationship between spatial navigation
performance, strategies, and their relation to regional brain activations, sensory feedback and
motor control during locomotion.
This new method is a major departure from the typical approaches for assessing spatial
navigation in humans with virtual environments as it utilises target-search in a real
environment, allowing for multisensory feedback and motor control to be included in the
overall analyses. This is of particular importance as this thesis also intends to extend
understanding of the dynamics of the multisensory integration involved in spatial orientation
and navigation, and how aging and strategic lesions contribute to impairment.
Participants performed a target-search task in a complex and unfamiliar real-space
environment. The area had five items as target points; participants were shown each target,
then, after tracer injection, participants were to navigate to the items autonomously. The
sequence of target items was pseudorandomised and split to allow for both egocentric and
allocentric strategies to be utilised within the 10 minute experimental session. Participants
wore a gaze-monitoring head-mounted camera to record their visual exploration and head
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position and were then placed in the PET scanner to record the metabolic activity of the brain
during navigation.
Three studies are included to clarify the navigation control in the real world: firstly, in a study
with healthy adults, we defined normal parameters for navigation performance, gaze
behaviour, and regional brain activity, then analysed for age and gender effects on spatial
navigation. Secondly, using a group of patients with transient global amnesia, presenting with
focal hippocampal lesions, we performed the same experiment in the postacute stage (3 days)
and during follow-up (3 months) and compared all parameters with healthy age-matched
controls. Finally, we performed the paradigm with a single patient, who had a strategic rightsided hippocampal haemorrhage, and compared behavioural parameters with healthy agematched controls. The patient was assessed a second time, 4 months after symptom onset.
These patient samples were selected as examples of “pure” hippocampal dysfunction,
therefore giving a clearer indication of the extent of the involvement of the hippocampus in
navigation.
In this thesis I have demonstrated how the successful integration of behavioural, PET imaging
and gaze data has led to a novel paradigm for measuring navigation impairment in real-space,
sensitive to hippocampal dysfunction and aging. The paradigm could depict a change of
navigational strategy with age, where older adults showed a deterioration in allocentric
navigation, but compensate with egocentric strategies. This was accompanied by a reduced
navigation-induced hippocampal activation in older relative to younger subjects.
Secondly, I present evidence that the paradigm is sensitive and reliable to detect prolonged
navigational strategy deficits in transient global amnesia. Allocentric, but not egocentric,
navigation remained impaired 3 months after initial symptom presentation; where patients
remained dependent on visual cues. During the postacute stage, patients had greater brain
activation in extrahippocampal hubs of the cerebral navigation network.
6
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Finally, in a case report of a single subject, I argue that the paradigm is able to detect an
almost complete loss of navigation abilities following a small, strategic right-sided
hippocampal lesion, where the single symptom was topographical disorientation. Rapid
functional compensation was complete over time, with re-establishment of allocentric and
egocentric navigation strategies, as well as exploratory gaze behaviour, indicating
reorganisation of the cerebral navigation network or functional substitution by the left
hippocampus.
With these three studies, I argue that the paradigm has been shown to be a reliable, sensitive
and valid method for measuring and discriminating spatial navigation deficits caused by
hippocampal dysfunction and is a potential biomarker for other navigation pathologies, such
as Alzheimer’s disease and impending cognitive decline.
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Introduction
1.1

Previous navigation research

Much of what we know about navigation, particularly the neural mechanisms, has emerged
from animal studies. Indeed, the discovery of the cellular processes involved in navigation
came from spatial navigation studies in the hippocampus of rodents (O’Keefe & Dostrovsky,
1971; O’Keefe, 1976; O’Keefe & Nadel, 1978; Moser et al., 2008; Chersi & Burgess, 2015;
Moser et al., 2017). Further investigations over the decades revealed a series of distinct cells,
located throughout the rodent brain, each responsible for specific navigational and orientation
functions (Moser et al., 2015).
Place cells fire individually and in relation to where you are, rather than what you are doing,
and discriminate between locations in an environment, i.e. different place cells fire at different
positions, with no apparent topography (Derdikman & Moser, 2010; O’Mara, 2017). Grid
cells, on the other hand, have multiple firing locations and form a hexagonal grid over the
environmental space (Derdikman & Moser, 2010). Recent evidence has suggested that place
cells are dependent upon grid cell input and emerge from grid cell output, thus strongly
connecting the two cellular groups together in forming a neuronal network for rodent spatial
orientation (Derdikman & Moser, 2010).
Head direction cells act as an inertial compass, providing relative orientation and spatial
orientation from distance-travelled and direction from an arbitrary point of reference (Moser
et al., 2017). They integrate head angular velocity and, with the hippocampal formation (HF),
are involved in path integration. This acts as a basis for creating spatial coordinates for
navigation, assisting to form a “cognitive map” of the environment; a mental representation of
one’s spatial environment (McNaughton et al., 2006; Moser et al., 2017).
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The story of spatial navigation is one of discovery, initially directed by psychological theory,
moving to animal physiology, and finally emerging with studies in humans (see figure 1)
(Moser et al., 2017).

Figure 1: Discoveries over time in spatial orientation research. A selection of historical milestones in spatial
orientation coding in the hippocampal formation. Adapted with permission from (Moser et al., 2017).

Human spatial navigation, however, is fundamentally different from that of rodents as humans
are more visually dependent. Yet, like rodents, humans navigate through complex
9
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environments by relying on differing forms of spatial memory to produce spatial
representations; each of which utilises different frames of reference, learning strategies, and
neuroanatomical structures (Arnold et al., 2015; Ekstrom & Isham, 2017; Lester et al., 2017;
Wang 2017). Two navigational mechanisms are shared between rodents and humans: pathintegration and landmark-guidance. The path-integration system is a sense of direction based
on self-motion information and motor efference copy from the vestibular system. The
landmark-guidance system is visually orientated in utilising landmarks and other
environmental cues (Stackman et al., 2002; Zhao & Warren, 2015).
Locomotion during human navigation requires continuous position updating as we move
between environmental objects and landmarks, and active decision-making regarding their
relevance in reaching the target location (Ekstrom et al, 2014; Ekstrom et al, 2017; Wang
2017). The visual system is the favoured modality during navigation, however simultaneous
processing of vestibular, motor, and proprioceptive information enables the path integration
system to work alongside optic flow to optimise spatial orientation and navigation (Angelaki
& Cullen, 2008; Hüfner et al., 2011).
Navigation is not only a complex multimodal task, but involvement of memory storage and
recall of information, and the planning and execution of behaviour is key to our
understanding. There are extensive experimental data on strategy-based behaviour,
environmental manipulations, neurophysiological structures, and the cellular aspects of spatial
navigation (Burgess, 2014; Chersi & Burgess, 2015).
The primary region for spatial orientation is a cluster of interconnected structures located
within the medial temporal cortex (MTC): the HF, which includes the hippocampus proper,
parahippocampus, entorhinal cortex (EC), subiculum, and the dentate gyrus (DG) (Hartley et
al., 2013; Schultz & Engelhardt, 2014). This network of brain regions is a key part of the
cerebral navigation network, a series of linked structures throughout the brain that
10
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successfully generates representations of space during navigation. Structures include the HF,
the retrosplenial cortex (RSC), and the neocortex, particularly the posterior parietal and
prefrontal cortices. In unison, the functional cerebral navigation network enables successful
navigation in space (Zwergal et al., 2016).
Vestibular-hippocampal interaction plays a significant role in hippocampal processing of
spatial information, wherein the vestibular input to the hippocampus updates spatial
representations during locomotion in order for the spatial representations to reflect the present
body position in space (Stackman et al., 2002). Indeed, the vestibular system is involved in
spatial navigation inasmuch as vestibular stimulation activates a number of regions
throughout the cerebral navigation network, particularly the HF, RSC, and the parietal cortex
(Stackman et al., 2002).
Integration of available sensory cues aids navigation by creating internal spatial
representations responsible for generating relative distances, directions, and objects in our
environment. The reference frames used in spatial coding is key for understanding spatial
navigation as all spatial information is relative (Wang 2017). To specify the location of an
object, a reference frame must be established to determine how the object’s location can be
measured. This reference could be another object, a direction, known point, the navigator
itself, etc.
These spatial representation frames are divided into two: allocentric navigation, which is
spatial information relative to the external world, and egocentric navigation, which is spatial
information relative to the self (Bartsch & Deutschl, 2010; Ekstrom et al, 2017; Wang 2017).
Due to the cue-rich nature of our environments, both allocentric and egocentric navigation
strategies can be implemented simultaneously (Jacob et al., 2014).
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1.1.2 Allocentric and egocentric navigation
Allocentric navigation is based on overall representations of the environment, utilising
multiple landmarks and surrounding spatial geometry, external to oneself in space. As one
navigates through an environment, in an allocentric frame, one’s position in space relative to
landmarks is used to determine location. This forms a stable coordinate-based system, known
as a cognitive map (Bartsch & Deutschl, 2010; Ekstrom & Isham, 2017; Ekstrom et al., 2017;
Lester et al., 2017; Wang 2017).
The cognitive map is essentially the representation of relative direction and distance of
objects and landmarks to each other within the environment. This internal representation of
space is located in the HF and supported by place cells and grid cells (O’Keefe, 1991, Moser
et al., 2008). As a flexible function, it allows the navigator to use novel shortcuts in the
environment, where a unified representation is created based on combined information of
other spatial references to support spatial memory and to guide future action (Epstein et al.,
2017; Wang, 2017).
Egocentric navigation is viewpoint-dependent. It is based on representations formed from
reference to one’s body position, calculating the distance an object is from oneself, for
example, and is predominantly used to avoid collisions in space and to navigate in the
immediate surrounding space (Epstein 2008; Ekstrom & Isham, 2017; Lester et al., 2017).
Target locations are coded in relation to the navigator and each target is updated based on an
estimation of self-motion.
Simply, this dynamic spatial representation frame feeds information about object location
relative to the navigator from wherever in the environment the navigator is, allowing the
navigator to directly use the information to reach a target goal without further spatial
processing (Lester et al., 2017; Wang, 2017).
12
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1.1.3 Navigation in different spaces
How we structure our spatial knowledge can be divided into two functional spatial scales; the
‘vista space’ is small-scale and room-sized environments, where all relevant spatial
knowledge can be acquired from one viewpoint. The ‘environmental space’ is large-scale and
requires integration of multisensory information across viewpoints and trajectories,
experienced at different points in time during locomotion (Meilinger et al., 2014, 2016;
Ekstrom & Isham, 2017).
Vista space allows for the rapid formation of spatial representations, whereas environmental
space requires more time for dynamic representations to become internalised. Therefore,
environmental space requires conversion of egocentric coordinates into allocentric
coordinates through the integration of multiple egocentric reference frames. Egocentric
navigation is optimal for vista spaces and allocentric navigation is optimal for environmental
spaces (Meilinger et al., 2016; Ekstrom & Isham, 2017).
In sum, successful navigation is a multitude of complex behaviours involving perceptual,
executive, and memory processes, requiring the integration of allocentric and egocentric
navigation strategies, and utilising a coordination of different tasks and processes (Lester et
al., 2017).
Specific anatomical regions are involved in spatial navigation, where the hub of information
processing is the hippocampus, which coordinates widespread cortical regions that map
different forms of space and is the neural basis of cognitive mapping (Ekstrom et al., 2003;
Bartsch & Deutschl, 2010; Eichenbaum, 2015).
Indeed, this can be seen with spatial reference frames: both egocentric and allocentric
navigation strategies utilise overlapping parieto-frontal networks, but egocentric navigation
dominates the right superior parietal and superior frontal cortex, particularly in the right
13
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hemisphere. Allocentric navigation additionally activates more temporal lobe structures and
occipital regions, alongside the core of the HF. Damage to these brain regions can severely
disrupt navigation (Chen et al., 2014; Arnold et al., 2015; Filimon, 2015; Lester et al., 2017).
1.2 The role of the hippocampal formation in spatial navigation
The HF refers to a group of anatomical structures, centred on the hippocampus, which feed
information into each other. It is located in the MTC, formed around the temporal horn of the
lateral ventricle, and includes the hippocampus proper, the DG, the subiculum, and the EC
(see figure 2).
Extensive connectivity allows for large-scale and highly processed multimodal sensory
integration and projection to numerous cortical and subcortical areas (see figure 3) (Martin,
2012; Hartley et al., 2013; Schultz & Engelhardt, 2014).

Figure 2: The human hippocampal formation. Located within the medial temporal cortex and showing the
locations of the substructures of the hippocampal formation. Adapted with permission from (Nadel & Hardt,
2011).
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In its entirety, the HF measures at approximately 5cm. It can be divided into precommissural,
supracommissural, and retrocommissural sections, with the retrocommissural hippocampus as
the main portion of the HF (Insausti & Amaral, 2012; Schultz & Engelhardt, 2014).
Caudally, the HF merges into the retrosplenial cortex (RSC) going upward around the
splenium of the corpus callosum (Martin, 2012; Insausti & Amaral, 2012; Schultz &
Engelhardt, 2014), projecting into the precuneus (Cavanna & Trimble, 2006) and the
neocortex (Kessels & Kopelman, 2012).
Each anatomical structure is interconnected and largely unidirectional in communication,
giving the appearance of a single functional entity (Insausti & Amaral, 2012).

Figure 3: The human hippocampal formation and its connections. Showing extensive connectivity between
structures, where information is processed in the HF and projected to the neocortex. Adapted with permission
from (Kessels & Kopelman, 2012).
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The hippocampus proper is a phylogenetically ancient cortical structure that forms a commashaped prominence and is embedded within the parahippocampal gyrus of the MTC (Tatu &
Vuillier, 2014).
As one of the most-studied anatomical regions, the hippocampus is implicated in a number of
memory processes, spatial navigation, emotion processing, scene construction, and
perception. Due to its extensive structural and functional connectivity to a wide range of other
brain regions (Henson et al., 2016), it enables multisensory integration of information
throughout the HF (Fogwe & Mesfin, 2018).
Structurally, the hippocampus is unique in its neuronal architecture (Henson et al., 2016) and
is made of two interlocking structures, the DG and the cornu ammonis (CA). According to
Lorente de Nó’s (1934) nomenclature, the CA is a horn-like structure of different layers
divided into four fields of differing functions: CA1, CA2, CA3, and CA4, based on cellular
morphology of the cortical neurons (Tatu & Vuillier, 2014) (see figure 4.).

Figure 4. Surgical specimen of a human hippocampal formation, showing the different anatomic subregions, including cornu ammonis sectors CA1, CA2, CA3, and CA4. The CA regions are morphologically
distinct fields. Adapted with permission from (Pauli et al., 2006).
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CA2 and CA3 are located in the EC and border the DG. CA3 is the largest in the
hippocampus and CA2 has widespread anatomical connectivity and unique signalling
properties. CA4 receives signals from CA3 and projects into the DG (Lorente de Nó, 1934;
Tatu & Vuillier, 2014; Pang et al., 2018; Fogwe & Mesfin, 2018).
CA1 has strong connections to the EC and subiculum, and is strongly implicated in successful
spatial navigation, alongside CA3 neurons. When there is focal damage to CA1 neurons,
deficits in allocentric spatial navigation are present (Lorente de Nó, 1934; Guillery-Girard et
al., 2006; Moser et al., 2008; Bartsch et al., 2010; Bartsch & Deutschl, 2010).
The DG is a region of the hippocampus implicated in pattern separation and pattern
completion, the formation of episodic memories in space, and spontaneous exploration.
Pattern separation, which transforms similar-looking spatial representations into separate
representations, is a key component of spatial cognition (Bakker et al., 2008; Baker et al.,
2016). Input from the EC to the DG creates sparse orthogonalised representations of the
environment, important for exploration (Bakker et al., 2008).
The outer layers of the EC are a major pathway for information from the neocortex to enter
the hippocampus and DG, while the deeper layers of the EC and the subiculum supply output
from the HF to the rest of the brain (Hartley et al., 2013). Together with the hippocampus, the
EC creates a detailed cognitive map through visually-guided navigation and is involved in the
planning of routes during navigation (Epstein, 2008; Epstein et al., 2017).
Located around the hippocampus, and a key structure for of the HF, the parahippocampus is
implicated in scene processing in spatial navigation (Schultz & Engelhardt, 2014; Spiers &
Barry, 2015), The parahippocampus processes contextual spatial information, and during
navigational tasks, the parahippocampal place area (PPA) works alongside the hippocampus
and RSC to encode distance and landmark recognition (Taube et al., 2013; Spiers & Barry,
17
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2015). Damage to the parahippocampal cortex can lead to topographic disorientation (TD),
whereas because the PPA responds to pictures of places and complex visual scenes,
perception or encoding of the local scene in an environment becomes impaired with PPA
damage (Epstein, 2008; Hartley et al., 2013). The parahippocampus and RSC have distinct yet
complementary roles in spatial navigation; the PPA creates a representation of the local visual
scene and the RSC places the scene within the broader spatial environment (Epstein, 2008).
Although not part of the HF itself, the RSC forms part of the posterior cingulate region and
has complimentary connections with notable regions of the HF: the subicular complex
(subiculum, presubiculum and parasubiculum), the parahippocampal region, and the EC
(Epstein, 2008; Vann et al., 2009).
Likewise, the RSC is directly involved in spatial navigation and memory, particularly in scene
construction, mental navigation, and interactive navigation in virtual-reality environments
(Epstein, 2008; Auger & Maguire, 2013).

By translating different perspectives of the

environment, i.e. body-centred spatial representations into internal spatial representations and
vice versa, the RSC acts as a form of short-term buffer for these spatial representations whilst
they are processed by the hippocampus proper (Wolbers & Büchel, 2005; Epstein, 2008;
Burgess, 2008).
The hippocampus and EC receive inputs from the PPA and RSC, which broadly support the
cognitive map, encode spatial memory and encode different scene representations. Similarly,
at the cellular level, throughout the HF there are different cells working together as
specialised neuronal substrates of navigation: place cells, grid cells, and head direction cells
(Hüfner et al., 2011). Altogether, these structural and cellular interactions are vital in making
the HF entire a key composition for successful spatial navigation and orientation (Burgess,
2008; Epstein, 2008; Vann et al., 2009; Hüfner et al., 2011; Spiers & Barry, 2015).
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1.2.1 Place cells
In 1971, the discovery of place cells in the hippocampus by O’Keefe and Dostrovsky marked
the beginning of our understanding of spatial representation in the brain. Spatial receptive
fields were recorded in complex-spiking neurons in the rat hippocampus, which fired
whenever the rat was in a certain place in an environment. Similarly, neighbouring cells fired
in different locations in such a manner that throughout the hippocampus, the entire
environment was represented by the firing activity patterns of the local cell population
(O’Keefe & Dostrovsky, 1971).
Different place cells have different firing locations, known as place fields, which are mapped
non-topographically throughout the hippocampus (see figure 5) (O’Keefe, 1976). The
combination of active cells per location within an environment is unique, suggesting the
hippocampus is central to creating an internal representation of the spatial environment, as
external features and events get mapped internally (O’Keefe & Nadel, 1978; Moser et al.,
2008; Moser et al., 2017).
Early indications suggested place cells were part of an immediate and direct representation of
location and to be independent of memory; however, they are now known to express previous,
current and future locations and feed directly into a much broader network of different
spatially modulated cells for spatial representation (Moser et al., 2015).
Place cells respond to a wide range of spatial inputs, such as extrinsic landmarks and
translational and directional movement signals. Coupled with strong involvement in
hippocampal spatial learning, the expression of both positional and directional information in
place cells strongly argues for a central role of the hippocampus in spatial representation and
information processing (Hafting et al., 2005; Moser et al., 2015).
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Further, a number of studies have revealed that CA1 place cell activity increases in relation to
proximity to goal locations. Such proximity coding is suggestive of a stored cognitive map of
the environment, directly linked to place cell activity (Spiers et al., 2017).
Place cells have also been directly recorded in the human hippocampus and parahippocampal
region: intracranial electrodes in the medial temporal lobes of patients with temporal lobe
epilepsy, navigating in a virtual reality environment, revealed cellular firing for location in the
environment, desired destination in the environment, and specific landmarks in the
environment (Ekstrom at el., 2003).
This is a growing field of study and is likely to yield exciting results of the involvement of
human place cells in spatial navigation.
1.2.2 Grid cells
Grid cells, located primarily in the MEC and subiculum, display multiple place fields firing in
multiple locations in the environment to create a hexagonal grid pattern (Moser et al., 2008).
Entorhinal cortical grid cells provide a metric for extended space, which when coupled with
place cells, their relative firing rate at population level can represent the entire spatial layout
of an environment (see figure 5) (O’Mara, 2017).
These environmental cues serve as a corrector of path integration errors and create an internal
representation of an allocentric reference frame (McNaughton et al., 2006; Moser et al., 2008,
2017).
This integration, which also includes speed, velocity, and orientation information, shows grid
cells and the EC itself are central to the cerebral navigation network; they form the basis of
path integration, cognitive maps, and enable successful navigation through complex
environments (McNaughton et al., 2006; Moser et al., 2008, 2017; Lester et al., 2017; Strangl
et al., 2018).
20
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Figure 5. Grid cells and place cells. (Left) A grid cell from the rat EC. The black trace shows trajectory in part
of a square enclosure. Spike locations of the grid cell are superimposed in red, each red dot corresponds to one
spike. Blue triangles illustrate the hexagonal structure of the grid pattern. (Right) Grid cell and place cell. (Top)
Trajectory with spike locations. (Bottom) Colour-coded rate map with red showing high activity and blue
showing low activity. Adapted with permission from (Moser et al., 2015).

The grid field has three properties: scale, orientation, and spatial phase. Space is determined
by the distance between adjacent firing rate peaks, orientation via grid axes relative to a
reference direction, and spatial phase by the two-dimensional offset of the grid in relation to
an external reference point (Hartley et al., 2013).

In humans, grid cells have been shown to support a flexible neuronal code for space that is
dynamic to thoughts and mental simulations (Horner et al., 2016; Jacobs & Lee, 2016). They
are, however, susceptible to damage and age-related decay, where grid-cell representations in
the EC are compromised in normal adult aging. Impairment in grid cell functioning is
arguably key in the decline in higher cognitive functions, such as spatial navigation (Strangl
et al., 2018).
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1.2.3 Head direction cells
The discovery of head direction cells revealed a neural coding for heading direction in a
compass-like fashion. Located in the presubiculum, EC, RSC, thalamus, and beyond, they fire
rapidly when the individual is faced in a preferred direction (Hartley et al., 2013; O’Mara,
2017). They record angular and linear accelerations in the head and provide a representation
of allocentric heading that is independent of location, detected by the vestibular system
(Hartley et al., 2013; Jacob et al., 2014).
A substantial population of head direction cells in the thalamus project to the CA1 area. This
input from the head-direction system is required by place cells to discriminate between
identical-looking environments of differing orientations. When this directional input is
removed, place cells cannot discriminate between locations, indicating directional information
provided is a key input for allowing place cells to resolve differences in visually ambiguous
environments (O’Mara, 2017).

In humans, research into head direction cells is relatively new: fMRI studies examining
coding in virtual reality have reported changes in activation in the RSC and subiculum, with
coding apparently insensitive to global landmarks (Marchette et al., 2014; Shine et al., 2016).
This is possibly due to the experimental setup being visually-based and lacking vestibular
input to differentiate orientation (Shine et al., 2016).

However, when the option to make physical rotations to steer orientation in a virtual
environment is included, results are consistent with rodent research: signal detection in the
RSC, thalamus, and precuneus, with head direction cells in the thalamus likely integrating
visual and vestibular orientation cues (Shine et al., 2016). These findings bolster the idea of
vestibular-to-HF connectivity in spatial orientation and provides a viable way to investigate
the neural basis of navigation in humans.
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1.3 Imaging of cerebral navigational networks
Neuroimaging gives insight into the functional role of anatomical structures in cognitive and
motor actions, for example HF activation during vestibular stimulation has been shown
(Hüfner et al., 2011). Positron emission tomography (PET) is a powerful imaging tool which
enables in vivo examination of brain functionality, a non-invasive quantification of cerebral
blood flow, metabolism, and receptor binding in relation to a given task or action (Tai &
Piccini, 2004).
Imaging with fluorine 18 fluorodeoxyglucose ([18F]-FDG) PET is commonly used for
studying brain glucose metabolism as it is sensitive to the progressive neurodegeneration
associated with AD (Karow et al., 2010; Laforce et al., 2010; Omami et al., 2014). This effect
is seen even in prodromal AD pathologies, such as mild cognitive impairment (MCI), and in
comparison of several neurodegenerative pathologies to normal aging. [18F]-FDG-PET has
been extensively used in research and in clinical investigations due to its diagnostic sensitivity
and accuracy (Berti et al., 2014).
Glucose is the major metabolic substrate of the brain and its oxidation produces the amount of
energy that is necessary for cerebral activity. Injection of the tracer [18F]-FDG, which has a
cerebral uptake in the first 10 minutes after injection, allows for the study of cerebral glucose
metabolism, reflecting neuronal and synaptic activity in the brain (Berti et al., 2014; Zwergal
et al., 2016).
As the [18F]-FDG cerebral uptake correlates strictly with local neuronal activity, wherein it
proportionally increases with stimulus intensity or frequency, and decreases in conditions of
sensory deprivation, it therefore provides an estimation of neuronal activation specific for the
action or task performed (Berti et al., 2014; Zwergal et al., 2016).
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In a seminal study on London taxi drivers, Maguire et al. (1998) demonstrated the plasticity
of the hippocampus in relation to spatial navigation. Using MRI and PET, it was possible to
show that not only is the hippocampus activated in the processing of topographical memory,
but in London taxi drivers, there is an increase in grey matter volume in the posterior
hippocampus when compared with healthy controls.
It is argued that as London taxi drivers must retrieve complex routes throughout the city; the
plasticity of the hippocampus is reflected in relation to the complex nature of the task.
Further, the right hippocampus was particularly activated during large-scale environmental
navigation (Maguire et al., 1998).
To enhance our understanding of the functional role of the hippocampus in spatial processing
and navigation, imaging has also been applied to a number of studies of amnesic deficits in
patients with lesions to the hippocampus (Guillery-Girard et al., 2006; Bartsch et al., 2010).
Diffusion-weighted imaging (DWI) has shown that small lesions to CA1 neurons profoundly
impacts spatial learning and navigation (Bartsch et al., 2006, 2007, 2011).
However, recent studies have placed less importance on the hippocampus proper and have
extended into the RSC. In virtual reality environments, neuroimaging showed increased
hippocampal activity during the learning phase of an environment, where there was
subsequent activation decay, and increased bilateral RSC activation in parallel to navigational
performance. The hippocampus was concluded to incorporate new information into memory
representations (Wolbers & Büchel, 2005; Epstein, 2008) and the RSC is associated with
navigation in familiar environments (Epstein, 2008; Auger & Maguire, 2013).
Damage to the RSC can cause a selective deficit in spatial navigation, particularly in
successful navigation in familiar environments, indicating failure to derive directional
information from landmark cues (Epstein, 2008).
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Like hippocampal lesions, patients with RSC lesions can present with impairments in learning
to navigate new environments, however retention of sense of direction and navigation in
familiar environments remains intact (Epstein, 2008; Auger & Maguire, 2013).
Such specific spatial deficits in patients with RSC pathology bolsters the theory that the RSC
has a translational function for the hippocampus and serves to support stimulus conversion
through integrating egocentric spatial information with allocentric spatial information
(Wolbers & Büchel, 2005; Epstein, 2008).
Over the years a number of studies revealed a network of brain regions that were more active
during navigation than in perceptual control conditions. Key regions of this network include
the HF, RSC, and the occipital place area (OPA), all of which perceive and use landmarks and
generate an internal cognitive map for successful navigation in a dynamic environment
(Epstein et al., 2017) (see figure 6).

Figure 6. A network of brain regions involved in spatial navigation showing the hippocampus (Hipp),
retrosplenial cortex (RSC), entorhinal cortex, parahippocampal cortex and place area (PPA), and occipital place
area (OPA). Adapted with permission from (Epstein et al., 2017).

Here we see more than a foundation for the concept of hippocampal involvement in a wider
HF and neocortical network in spatial navigation; hippocampus, RSC, parahippocampal
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cortex, and the medial prefrontal cortex were activated during successful path integration
(Epstein et al., 2017).
In sum, to create internal spatial representations, findings from neuroimaging suggest that
spatial navigation is a dynamic process recruiting a number of anatomical structures to
support path integration, self-motion, spatial reference frame integration, and spatial learning.
All of this resulting in the cerebral navigation network, a collaborative network for successful
navigation (Wolbers & Büchel, 2005; Epstein 2008; Bartsch & Deutschl, 2010; Chrastil et al.,
2015; Epstein et al., 2017).
1.4 Quantification of navigation performance and strategy
Regarding navigation and spatial orientation, eye-tracking studies have mainly focused on
investigating the relationship between gaze and locomotion. Navigation, however, as a higher
cognitive function, requires encoding of spatial information, retrieval from spatial memory,
path planning, and executive functioning for decision making (de Condappa & Wiener, 2014;
Wiener et al., 2011).
So how does gaze behaviour relate to navigation? When studying human spatial navigation, a
key issue is discerning navigation strategies used during tasks. To accommodate this, eye
tracking has been used to quantify gaze behaviour and thus to discriminate egocentric and
allocentric strategies. This is possible by analysing the differences in gaze position within an
environment (Livingstone-Lee et al., 2011; de Condappa & Wiener, 2014).
In virtual reality environments, it is possible to identify dominant gaze positions, i.e. towards
the distal features or proximal features in strategy-biased mazes. Eye movements and targets
of focus, such as landmarks and unique objects, provide an indication whether an egocentric
or an allocentric strategy is utilised (Livingstone-Lee et al., 2011; de Condappa & Wiener,
2014). Furthermore, heat maps of gaze position during navigation and orientation in an
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allocentrically or egocentrically biased environment reveal different strategies during route
learning and navigation (Livingstone-Lee et al., 2011; de Condappa & Wiener, 2014).
As gaze behaviour during navigation tasks can be predicted by environmental features, there
can be a gaze bias directed towards environmental landmarks that are decisive for spatial
learning and decision making (Wiener et al., 2011). Spatial attention connects and integrates
environmental landmarks and unique features to spatial decision making. This in turn
indicates cognitive strategies underlying navigation (Wiener et al., 2011).
Despite a wealth of knowledge gained from gaze behaviour studies, the vast majority are labbased and in virtual realities.

They demonstrate the relevance of gaze behaviour for

navigation, yet they are limited due to simple visual stimuli and a lack of vestibular input
(Wenczel et al., 2017).
Humans navigating real-world environments must process complex multisensory input, which
cannot be replicated in virtual environments or lab settings, which may result in differences
compared with real-world gaze behaviour (Wenczel et al., 2017).
1.5 Navigation control during healthy aging, sensory and cognitive decline
The decline in spatial navigation was shown to be apparent after 60 years of age and further
accelerated after 70 years of age. Studies performed in virtual reality showed a specific
pattern of spatial navigation deficits in older adults, where allocentric navigation is reduced,
and showed an increase in a compensatory egocentric strategy. This indicates the use of
extrahippocampal hubs instead of the hippocampus proper (Barrash, 1994; Wiener et al.,
2013; Bates et al., 2014; Lester et al., 2017; Strangl et al., 2018).
Younger navigators tend to adopt an allocentric navigation strategy, whilst older participants,
even with successful recollection of the route, show preference for an egocentric strategy,
resulting in a poorer navigational performance. As allocentric spatial navigation is dependent
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on hippocampal processes, age-related hippocampal degeneration is proposed to force a
change in navigation strategy (Gazova et al., 2013; Konishi & Bohbot, 2013; Wiener et al.,
2013; Bates et al., 2014; ).
Mild cognitive impairment (MCI) refers to a cognitive impairment present in older adults
where there is a functional impairment and an increased likelihood of developing Alzheimer’s
disease (AD) (Cushman et al., 2008; Laczó et al., 2010; Rusconi et al., 2015). MCI and AD
patients show impairment in allocentric and egocentric navigation strategies, visuo-spatial
perception, and the selection of relevant information for successful navigation.
Specifically, navigational impairment is associated more with impaired allocentric than
egocentric processing (Vlcek & Laczó, 2014; Wood et al, 2016), and it is more prominent in
early-stage AD patients (Hort et al., 2007).
Functional disability early in AD often involves navigational deficits, such as wandering and
getting lost. Further, there is evidence of decreased tissue volume in the right posterior
hippocampal and parietal areas, key regions for allocentric navigation (Cushman et al., 2008).
The hippocampus is a core structure for learning and memory, receiving both visual and
vestibular input. Visual information is projected to the posterior hippocampus and vestibular
information is projected to the anterior hippocampus (Hüfner et al., 2011; Göttlich et al.,
2016).
The vestibular system has both a central and peripheral component, each presenting with
different symptoms and syndromes. Peripheral vestibular disorders affect the vestibular nerve
or ear labyrinths. Central vestibular disorders, on the other hand, are caused by lesions to the
central vestibular system; an extensive network of regions that includes the vestibular nuclei
in the brain stem up to the multisensory vestibular cortex regions (Brandt & Dieterich, 2017).

28

Gaze behaviour and brain activation patterns during real-space navigation in hippocampal dysfunction

Changes to vestibular function and the knock-on effects to the hippocampus are seen in two
ways: in cellular morphology and in hippocampal functionality. This morphological change is
complex, is dependent upon how the vestibular system is dysfunctional (i.e. bilateral,
unilateral), and for how long it has been dysfunctional. For example, rodents with bilateral
vestibulopathy (BVP) show irregular place cell response and theta rhythm in the hippocampus
(Smith, 2017).
Similarly, with humans, bilateral vestibular loss is linked to bilateral anterior hippocampal
atrophy of 16.9% volume reduction, correlated with decreased spatial memory and navigation
abilities (Brandt et al., 2005). These patients also show decreased grey matter in the CA3
region of the hippocampus, which correlated with the length of clinical vestibular impairment
(Göttlich et al., 2016).
In hippocampal functionality, navigation impairments are persistent and a likely consequence
of disruption to hippocampal coding of spatial information in BVP patients (Stackman et al.,
2002). BVP directly impairs the vestibular system and therefore path integration abilities
(Angelaki & Cullen, 2008; Kremmyda et al., 2016; Popp et al., 2017; Fogwe & Mesfin,
2018), where atrophy-associated volume loss in the anterior hippocampus has been implicated
(Brandt et al., 2005; Brandt et al., 2014).
As navigation requires constant integration of self-motion and external cues to track one’s
location in space, disturbance to the vestibular-hippocampal network affects navigation
accuracy via impaired internal monitoring of both external landmark cues and internal selfmotion cues (Stackman et al., 2002).
Recent unpublished data, utilising a head-mounted and gaze-controlled camera combined
with [18F]-FDG PET imaging, demonstrated decreased activation of the right anterior
hippocampus and a route-based, landmark-reliant navigation strategy. An impaired ability to
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generate a cognitive map has been linked to degeneration of the anterior hippocampus.
Increased activation in the bilateral posterior hippocampus, on the other hand, indicates a
visual system compensation for lack of vestibular input (Zwergal et al., unpublished).
The vestibular system responds to angular and linear accelerations in the head, which project
to the central vestibular nuclei to create a neuronal representation of angular and linear head
velocity. It is hypothesised that there are at least four pathways that transmit vestibular
information to the hippocampus (Hitier et al., 2014). Damage to these pathways have wideranging consequences regarding spatial cognition and memory, but imply heavily the
presence of not only vestibular input into the hippocampus, but of a functional interaction
between the vestibular system and the cerebral navigation network (Jacob et al., 2014;
Zwergal et al., 2016).
1.6 Navigation control in focal hippocampal damage
Patients with focal hippocampal damage tend to show decreased connectivity to the posterior
cingulate cortex and a number of other regions in the cerebral navigation network, including
the medial prefrontal cortex, parietal cortex, and thalamus (Henson et al., 2016).
Disruption of connectivity caused by damage to the HF can have far-reaching consequences,
where not only is navigation affected, but also episodic memory storage and retrieval (Gratton
et al., 2012; Schedlbauer et al., 2014).
Hippocampal lesions in animals have sufficiently shown disruption to spatial memory and the
ability to acquire and use mapping strategies (O’Keefe, 1991; Moser et al., 2017). In humans,
however, it is difficult to assess hippocampal subfield contributions to spatial navigation. In
exceptional circumstances, it is feasible to directly record cells from the hippocampus in
humans: place cells have been directly recorded in the human hippocampus in patients with
temporal lobe epilepsy, where 24% of cells were responsive to spatial location. Using
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intracranial electrodes in the medial temporal lobes of these patients navigating in a virtual
reality environment, cell firings were isolated for location in the environment, specific
landmarks in the environment, and the desired destination (Ekstrom et al., 2003).
It is with these exceptional circumstances we can add weight to the argument that the human
hippocampus is directly involved in spatial navigation in a similar manner to rodents.
The majority of our knowledge on the relationship between the HF and spatial navigation has
been acquired from animal studies and patients. Therefore, patients with damage to the
hippocampus, and focal lesions to the hippocampus in particular, provide insight into spatial
memory and navigation abilities (Bartsch & Deutschl, 2010).
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Aims of this thesis
Much of previous research into spatial navigation and orientation deficits in patients with
hippocampal dysfunction has consisted of virtual reality paradigms, with few and sparse realspace paradigms. Virtual reality paradigms lack essential sensory feedback and motor control.
Here, we measure spatial navigation abilities in a real-space environment, using combined
sequential quantitative spatial navigation, brain activation patterns from PET, and visual
exploration from gaze behaviour patterns as a sensitive and reliable marker of hippocampal
function and dysfunction.
Here, we have documented and quantified potential pathological signs of spatial memory
deficits and correlated with functional cerebral activation and differences in gaze behaviour.
We have further elucidated the contribution of landmark-based/egocentric and cognitive-mapbased/allocentric navigational strategies and analysed changes in patients with hippocampal
dysfunction.
This cumulative thesis consists of three manuscripts, of which the first one has been
published in the peer-reviewed journal Journal of Neurology®. The second has been
published in the peer-reviewed journal Neurology®. The third has been published in the
peer-reviewed journal Brain and Behaviour®.
The aims of this cumulative thesis are: first, to determine the effects of gender and aging on
spatial navigation, gaze behaviour, and navigation strategies in healthy adults, in a real-space
and novel environment. Secondly, to understand the basis of behavioural neurophysiology,
i.e. navigation strategies, gaze behaviour, and brain activation patterns in patients with
strategic brain lesions. Thirdly, to improve our understanding of how the visual and vestibular
systems interconnect for successful spatial navigation, and conversely, to what extent specific
deficits within these systems contribute to spatial disorientation.
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Discussion
Navigation, being fundamental in both humans and animals, has been shown to involve
multiple cognitive functions and processes: spatial reference frames are created by integrating
dynamic self-motion cues with static environmental cues. Self-motion cues are derived from
motor efference copy signals, vestibular information feedback, and proprioceptive processes,
each integrated into a single process of establishing and maintaining one’s position and
orientation within an environment.
Visual landmarks and path integration, from the visual and vestibular systems respectively,
interact to guide successful human navigation. However, disruption to the cerebral navigation
network causes impairments in spatial orientation and navigation. Such disruption can come
from trauma to the key structures of the network, such as the hippocampus, or through disease
or age-related degeneration.
The major findings of this thesis are as follows:
Our first study aimed to validate a novel real-space navigation paradigm. We utilised
behavioural data from navigation performance and gaze behaviour, where we measured visual
fixations and saccades, and combined them with brain activation patterns obtained from [18F]FDG-PET imaging.
The main points of interest were that the paradigm successfully created normalised
parameters for gaze behaviour and brain activation patterns during real-space navigation. This
real-space navigation paradigm is a practical method for use in the clinical setting to
investigate the cerebral navigation control of humans, with the sensitivity to detect age-related
changes in navigation.
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Comparisons within the healthy cohort revealed that allocentric navigation strategies in realspace deteriorated with age, but were successfully substituted by more egocentric navigation
strategies. Increased saccades and visual fixations to environmental landmarks confirmed
these findings. This was further accompanied by a reduced rCGM in the bilateral HF and
increased rCGM in the frontal cortex in the older participants.
Regarding gender differences, males trended towards allocentric, females towards egocentric
navigation strategies. Further, females were more likely to utilise left hippocampal and right
temporal areas of the cerebral navigation network compared to males. Finally, visual
exploration parameters, such as total number of saccades or search saccades were genderindependent; instead, they were more likely to reflect age-related changes of navigation
performance.
Taken together, this novel real-space paradigm is a promising tool for the discrimination of
age-related spatial orientation pathologies, such as impending cognitive decline.
Our second study focused on transient glabal amnesia (TGA), a “pure” hippocampal disorder,
in order to assess if the paradigm was sensitive and reliable for hippocampal dysfunction. The
main findings were supportive as we were able to discriminate that allocentric navigation, but
not egocentric navigation was impaired, despite normalised neuropsychological testing.
We raise questions as to the transient nature of TGA, as the deficit in allocentric navigation
was persistent 3 months after symptom onset, and the severity of the navigation deficit
correlated with TGA duration.
The TGA patients were more reliant on visual cues. Furthermore, [18F]-FDG-PET imaging
showed increased recruitment of extrahippocampal regions of the cerebral navigation
network. We present an enduring navigation deficit that is likely due to microstructural

64

Gaze behaviour and brain activation patterns during real-space navigation in hippocampal dysfunction

damage in the hippocampus, following focal CA1 lesions, which is recognised for the first
time with our real-space navigation paradigm.
Our third study was a case report of a small but strategic, right-sided hippocampal
haemorrhage, where the singular symptom was topographical disorientation (TD). The
paradigm showed itself to be sensitive and reliable in discriminating the nature of the acute
TD: we recorded severe deficits in both allocentric and egocentric navigation, despite the vast
majority of the HF remaining intact.
This highlights the importance of the right hippocampus for navigation and spatial
orientation, as the patient showed a near complete loss of the ability to form a cognitive map.
Increased saccades and a lack of recognition of landmarks were linked to the
parahippocampus, where there was oedema. Functional compensation was rapid and complete
within 4 months, with complete navigation recovery and the utilisation of allocentric
navigation, despite residual hippocampal damage. Gaze behaviour changed significantly over
the course of 4 months and was comparable to healthy subjects.
We argue this case highlights the plasticity of the HF and cerebral navigation network, where
either the left hippocampus or extrahippocampal regions were compensating for the right
hippocampal lesion, and that changes in gaze behaviour reflect changes in navigation strategy.
The vast majority of previous research into human navigation has been conducted in
laboratory settings, utilising virtual environments (Harris & Wolbers, 2012; Wiener et al.,
2012). The standardisation of the setting is a major advantage as the environments can be
controlled and manipulated as required, particularly for testing allocentric and egocentric
abilities (Astur et al., 2002; Guderian et al., 2015).
However, navigation in virtual space relies on visual information; virtual environment
paradigms neglect vestibular and proprioceptive input, as well as motor efference copy
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signals. These body-based self-motion clues are a key component of vestibular-hippocampal
communication, and studies lacking such input are at a major disadvantage when comparing
results to human navigation in the real world (Taube et al., 2012).
Here we see the advantage of using our real-space navigation paradigm: we detect changes in
navigational strategy by measuring saccades and fixations, and utilise [18F]-FDG-PET
imaging to discern the brain regions active during real-space navigation (Schöberl et al.,
2018).
By combining navigation performance, measurements of visual exploration and simultaneous
measurements of cerebral glucose metabolism by [18F]-FDG-PET, a novel paradigm is
created that presents itself as both a reliable and sensitive measure of spatial navigation in
healthy adult aging and in hippocampal dysfunction.
Gaze behaviour discriminates allocentric and egocentric navigation strategies, and brain
activation patterns show greater reliance on the visual system where the hippocampus has
been compromised (Irving et al., 2018; Schöberl et al, 2018).
6.1

Navigation strategies in aging and cognitive decline

By analysing individual spatial navigation performance in healthy subjects and hippocampal
dysfunction patients, it is possible to create reliable factors for the measurement of navigation
strategy and to apply them in a broader clinical context. Markers that differentiate between
normal adult aging, mild cognitive impairment (MCI), and Alzheimer’s disease (AD) has a
specific diagnostic utility (Lester et al, 2017).
Navigational deficits in older adults is not a surprising finding as key structures of the
cerebral navigation network (e.g. EC and HF) are vulnerable to the degenerative effects of
aging (Lester et al, 2017). Indeed, the ability to form a cognitive map, a hippocampal-based
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function, degenerates with normal adult aging (Harris & Wolbers, 2014). Younger
participants can switch between egocentric and allocentric navigation strategies, yet older
participants restrict themselves to egocentric strategies.
Moreover, as age increases, more time with allocentric route planning is required, but this
effect is not present for egocentric route planning (Irving et al., 2018). This finding is also
reflected in previous studies were older adults have been shown to outperform younger
participants in egocentric navigation, but were significantly poorer in allocentric navigation
(Lester et al., 2017; Strangl, 2018).
Our real-space paradigm combined egocentric and allocentric navigation routes. Reduced path
optimisation, increased gaze behaviour directed towards visual landmarks, increased search
saccades and total number of saccades recorded, implies dependence on visual input to the
HF.
A switch to an egocentric navigation strategy, which is shown to utilise extrahippocampal
regions and the more robust parietal cortex and striatal circuits of the cerebral navigation
network, is a feasible compensatory method for age-related hippocampal decay (Burgess,
2008; Gazova et al., 2013; Wiener et al., 2013; Strangl et al., 2018; Irving et al., 2018).
Changes in gaze behaviour, wherein during navigation older participants accumulate more
saccades, require more visual fixations, rely more on landmarks for navigation, and have
more diffuse eye movements on the horizontal plane, also suggests a reliance on an egocentric
navigation strategy (Irving et al., 2018). This reflects allocentric navigation deterioration with
age.
The analysis of visual exploration behaviour in space firmly depicts alterations of navigation
strategies and can be seen across various hippocampal pathologies (Burgess, 2008;
Livingstone-Lee et al., 2011; Wiener et al., 2013; de Condappa & Wiener, 2014; Lester et al.,
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2017). For example, comparing older healthy subjects with MCI patients, we see an even
greater increase in saccades and visual fixations correlated with reduced hippocampal
activation and increased pontine ocular motor centres, thus showing how pathological aging is
distinguishable from healthy aging (Zwergal et al., unpublished).
Age-related changes to hippocampal volume and long-term potentiation can be detrimental to
hippocampal place and grid cells – important for allocentric navigation (Strangl et al., 2018).
Where we see a reduction in rCGM in the HF, decline in the ability to form a cognitive map,
and poor flexibility in shifts in navigation strategy, the integrity of the RSC and hippocampus
are compromised (Epstein, 2008; Fogwe & Mesfin, 2018). Similarly, the increased rCGM in
the frontal regions indicate efforts being made for route-planning, as opposed to routelearning (Javadi et al., 2017).
This real-space navigation paradigm reflects the physiology of the cerebral navigation
network and its functionality. It is a promising tool for the discrimination of healthy agerelated changes in navigation against pathological changes, such as patients with MCI and
prodromal dementia, and could be a potential marker for early detection and intervention in
AD (Rusconi et al., 2015; Laczó et al., 2016; Lester et al., 2017; Irving et al., 2018).
Indeed, specific deficits in translating allocentric reference frames into egocentric reference
frames has been found in early-stage AD, directly inferring degeneration of the RSC and
hippocampus (Pai & Yang, 2013; Strangl et al., 2018). Early disruption to navigation circuitry
as measured by both gaze behaviour and imaging is a potential diagnostic tool in the clinical
setting (Rusconi et al., 2015; Lester et al., 2017).
6.1.1 Practical implications
Previous studies into spatial navigation and age-related pathologies utilised virtual realities to
show their diagnostic capabilities. For example, with early stage AD, patients typically
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present with impairments to both allocentric and egocentric navigation, as well as impaired
translation between the two reference frames. This is likely caused by widespread
neurodegeneration of temporal, medial, frontal, and frontal brain areas (Jheng & Pai, 2009;
Coughlan et al., 2018).
On the other hand, with MCI patients, who have substantial hippocampal volume reduction
compared to healthy age-matched controls, they also show impairment in spatial navigation
and path integration. However, the difference between the two patient cohorts is the
navigation impairment is severe in allocentric navigation. Egocentric navigation is also
impaired, but to a lesser extent (Laczó et al., 2009). This important distinction is a key point
in the diagnosis of MCI and early-stage AD.
By incorporating the use of gaze behaviour, clinical settings can quickly assess the nature of
the navigational impairment and speed up a diagnosis of AD. For example, switching virtual
reality to real-space allows for the inclusion of both vestibular and visual systems in
navigating, and analysing the use of environmental landmarks and search saccades could
distinguish normal aging from MCI and AD.
6.2

Navigation strategies in hippocampal lesions

TGA is a “pure” hippocampal dysfunction and is rapid in its presentation. It also has a rapid
clinical recovery of approximately 24 hours. It is typically characterised by temporary and
sudden onset of both anterograde and retrograde amnesia, as well as spatial disorientation. No
other neurological signs or symptoms are present (Jäger et al., 2009; Bartsch & Deutschl,
2010).
Our data showed TGA patients in both pre- and post phases performed worse than healthy
controls in overall navigation performance and presented with an isolated and persistent
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allocentric navigation deficit: they had a greater dependency on visual cues to navigate the
environment (Schöberl et al., 2018).
TGA is also characterised by focal lesions to the CA1 region of the hippocampus. However,
the CA1 lesions are reversible; they are no longer present a few weeks after the episode
(Bartsch et al. 2011). We report persistent navigation deficits 3 months following symptom
onset. This persistent impairment in allocentric navigation from damage to CA1 neurons is
likely due to a functional disconnection of the hippocampus, or residual microstructural
damage (Döhring et al., 2017; Schöberl et al., 2018), thus resulting in compensatory
navigation strategies from intact extrahippocampal structures (Chen et al., 2014).
TGA patients utilised more lateral saccades and used more fixations to unique landmarks
during allocentric routes. They used less shortcuts, spent more time at crossroads and
unexplored routes. This describes a route-based strategy, as opposed to creating a cognitive
map of the environment (Schöberl et al., 2018).
The persistence in allocentric navigation impairment points to a longer-lasting deficit,
indicating damage to place cells and the use of extrahippocampal regions for a compensatory
navigation strategy (Wiener et al., 2013; Chen et al., 2014; Strangl et al., 2018).
There is not a large body of research on spatial navigation and memory in TGA beyond the
days following symptom onset. We found just one previous study of navigation deficits in a
virtual environment, with a repetition conducted 2 weeks after symptom onset. Interestingly,
the recorded navigation deficits recovered completely after these 2 weeks (Jäger et al., 2009).
In contrast, we discovered prolonged deficits of allocentric navigation (Schöberl et al., 2018).
This discrepancy is likely methodological: a different sensitivity in the virtual paradigms to
the sensory systems could be an explanation as to why they were unable to detect allocentric
navigation impairment, yet with our real-space paradigm, we were (Jung et al., 1996).
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We report deficits in allocentric navigation of our TGA patients that were reflected by an
increased use of fixations and saccadic behaviour, reduced use of shortcuts in the
environment, and increased time spent at way crossings. These effects were present in both
the post-acute and follow-up stages (Schöberl et al., 2018).
The allocentric navigation impairment and the associated behavioural differences reflect
distinct deficits in constructing and updating an internal cognitive map of a novel
environment, which is a key function of the hippocampal formation (Ekstrom et al., 2003;
Angelaki & Cullen, 2008; Hüfner et al., 2011). The level of persistence of allocentric
navigational deficits in TGA patients was dependent on the duration of the initial amnesia.
Therefore, hippocampal plasticity, or adaptation from within the HF itself, is evident (Hartley
et al., 2013).
In analogy to TGA navigation performance over time, the case report presented in this thesis
indicates that strategic hippocampal haemorrhage can cause temporary but severe allocentric
and egocentric navigation deficits. Patient H.W. showed a more extensive use of search
saccades towards, and fixations on, landmarks serving as spatial cues. These deficits
completely recovered after four months, when the patient navigated with strongly allocentric
strategies (Irving et al., 2018).
It is likely that other structures within the HF had adapted: arguably, due to the great
functional and structural connectivity of the HF, with the hippocampus as the hub, individual
brain regions may not function as isolated for specific cognitive abilities, but instead are
connected and integrated together (Hartley et al., 2013; Schultz & Engelhardt, 2014; Ekstrom
et al., 2017).
When extrahippocampal structures are undisturbed by lesions or trauma, a number of spatial
orientation and navigation functions remain intact. The parahippocampal regions encode local
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scenes within an environment; i.e. egocentrically. Thus, egocentric navigation remains largely
intact, despite hippocampal dysfunction (Epstein, 2008, Hartley et al., 2013). Similarly,
patient H.W. shows that the cognitive map can be restored completely, in spite of residual
hippocampal damage, demonstrating the extensive plasticity of the human cerebral navigation
network (Wiener et al., 2013; Ekstrom et al., 2017).
Our paradigm has shown sensitivity to hippocampal dysfunction in TGA where other clinical
assessments showed recovery. Similarly, with patient H.W., this paradigm accurately detected
initial deficiencies in both allo- and egocentric navigation, with full recovery. Gaze behaviour,
when combined with imaging data, was diagnostically useful for navigation deficits caused by
hippocampal dysfunction, this is due to its sensitivity in detecting changes in visual
exploration and therefore navigation strategies (Schöberl et al., 2018).
6.3

Imaging of the cerebral navigation network adaptation in hippocampal

dysfunction
The cognitive map theory states the brain creates a unified representation of integrated spatial
reference frames of the environment to support memory and guide future action. This takes
the form of the cerebral navigation network, which extends beyond the HF (see figure 7).
Deficits, either caused by aging or focal lesions, disrupt this network and spatial navigation
impairments present (Chen et al., 2014; Wolbers & Büchel, 2005; Epstein et al., 2017).
The essential functions of the cerebral navigation network regard one’s location in space,
what is in the environment, and how one got there. Specific neurons in the hippocampal
formation, i.e. place cells and grid cells, process spatially-relevant information and both
receive and project throughout the HF and beyond (Maguire et al., 1998, 1999; Ekstrom et al.,
2003; Epstein et al., 2017).
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Figure 7. Schematic representation of the major anatomical structures of the cerebral navigational
network. Adapted with permission from (Zwergal et al., 2016).

However, age-related decay and focal lesions to the HF result in increases in activations in
some regions and decreases in activations in others. For example, the key anatomical
structures in the cerebral navigation network of older adults decline with healthy adult aging
(Lester et al., 2017).
In older adults, we reported decreased activation across the HF bilaterally, in the right
precuneus in the parietal cortex, left postcentral gyrus, and the left pontomedullary
tegmentum. However, there were increased activations in the cerebellum and the right medial
frontal gyrus (Irving et al., 2018).
Similarly, other studies have reported decreases in activation in the hippocampus proper,
parahippocampus and the RSC, respectively, when compared to younger participants (Chen et
al., 2014; Lester et al., 2017).
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These changes in activation patterns indicate changes in navigation strategies, as the key
structures for allocentric navigation in the HF have decreased activation, yet
extrahippocampal regions associated with egocentric navigation are more activated (Chen et
al., 2014; Epstein et al., 2017).
This correlates with changes in gaze behaviour, where patients with impaired allocentric
navigation have increased saccadic behaviour and more total overall fixations, particularly to
landmarks (Irving et al., 2018, Schöberl et al., 2018).
Further, with strategic lesions in the hippocampus, spatial processing in functionally and
structurally connected regions can be disrupted (Henson et al., 2016). In TGA patients, DWI
regularly shows transient punctuate lesions in lateral CA1 region (Bartsch et al. 2011).
Our patients, however, showed fractual anisotropy and diffusivity, which indicated long-term
microstructural hippocampal damage, indicating why allocentric navigation deficits persisted
(Schöberl et al., 2018).
Activations in the post-acute phase were located in the parahippocampal hubs of the
navigation network, pointing towards a compensatory mechanism for focal hippocampal
damage, and the use of egocentric navigation strategies (Schöberl et al., 2018).
The use of imaging to detect age-related degradation of the cerebral navigation network is an
expensive and time-consuming method for examination, however the use of gaze behaviour in
a navigation task reveals intrinsic changes in navigation strategies, correlating with brain
activation patterns, thus indicating the anatomical regions in use within the cerebral
navigation network.
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7.

Conclusions

Navigation in virtual environments is easily controlled and manipulated but only rely on
visual inputs. This thesis provides sufficient support that a real-space paradigm, combining
visual, vestibular and proprioceptive inputs with motor efference copy signals (body-based
self-motion cues), is a reliable and valid method of measuring spatial navigation and
orientation abilities.
The analysis of visual exploration behaviour in space robustly depicts alterations of
navigation strategies; where allocentric navigation is particularly vulnerable when the
hippocampus is affected by age-related atrophy or strategic lesions within the cerebral
navigation network. However, where allocentric navigation deteriorates with age, it is
substituted with egocentric navigation strategies.
These findings correlate with decreased activation in the hippocampus and the precuneus, and
increased activation of the frontal lobe, basal ganglia, and the cerebellum. Similarly, when
unable to utilise allocentric strategies due to hippocampal damage, TGA patients used
compensatory egocentric strategies, which correlates with increased activation in the
extrahippocampal regions, such as the retrosplenial, parietal, and mesio-frontal cortices,
respectively.
Multiple brain areas form a distributed cerebral network for spatial navigation in humans.
Impairment can originate from deficits in landmark recognition and utilisation for route
planning or disturbance of an overarching cognitive map of the spatial environment. We have
shown that strategic lesions to multiple brain regions, including critical hubs of the cerebral
navigation network, results in this impairment.
Gaze behaviour correlated with changes in navigation strategy, where increases in saccades,
fixations on landmarks, and lateral or diffuse gaze patterns supports an egocentric navigation
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strategy. In combination with brain activation patterns, our real-space paradigm is a sensitive
and reliable tool for measuring discrete navigational changes in hippocampal dysfunction.
Overall, the combination of gaze behaviour and brain activation patterns with real-space
navigation is a useful tool for investigating the physiology of cerebral navigation in patients.
We have shown it can discriminate hippocampal-related changes in spatial orientation
pathologies. For sequential quantitative spatial orientation and visual exploration testing, this
paradigm is sensitive and reliable for hippocampal function in relation to spatial navigation
and orientation, and can be considered as a diagnostic tool in a clinical setting for both
hippocampal and age related pathologies, such as MCI and AD.
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