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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 [*F]-FDG-PET imaging. With this
novel, real-space paradigm, | 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 right-
sided hippocampal haemorrhage, and compared behavioural parameters with healthy age-
matched 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 | 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, | 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, | 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, | 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).

’ Tolman publishes ‘Cogmtlve

H 4
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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: path-
integration 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; Hifner 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).

11
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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).

ANTERIOR THALAMIC NUCLEI

BASAL FOREBRAIN

/ CINGULATE GYRUS
RETROSPLENIAL
/ CORTEX

L) FORNIX

AMYGDALA ' \MAMMILLARY BODY
PERIRHINAL CORTEX / \ HIPPOCAMPUS
ENTORHINAL CORTEX

PARAHIPPOCAMPAL CORTEX

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).

‘“'ocO RTEX

(@)
C
R4
°
Anterior z
Mammillary thalamus >
=
z o
7
S/ &
\\
N
Parahippocampal gyrus
Entorhinal cortex Perirhinal cortex

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 comma-
shaped 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 N&’s (1934) nomenclature, the CA is a horn-like structure of different layers
divided into four fields of differing functions: CAl, CA2, CA3, and CA4, based on cellular

morphology of the cortical neurons (Tatu & Vuillier, 2014) (see figure 4.).

CA1

CA3

Figure 4. Surgical specimen of a human hippocampal formation, showing the different anatomic sub-
regions, including cornu ammonis sectors CAl, 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 No, 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 N6, 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 & Biichel, 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
(Hufner 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; Hifner et al., 2011; Spiers & Barry, 2015).

18
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1.2.1 Placecells

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).

19



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

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

etal., 2018).
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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

etal., 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 CAL 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
(HUfner 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 ([*®F]-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. [®F]-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 [*®F]-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

etal., 2016).

As the [*®F]-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 & Biichel, 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 & Biichel, 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 & Buichel, 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 lab-
based 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; Lacz0 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 & Laczd, 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 (Hifner et al., 2011; Goéttlich 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).
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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

(Gottlich 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 self-

motion cues (Stackman et al., 2002).

Recent unpublished data, utilising a head-mounted and gaze-controlled camera combined
with [*®F]-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 wide-
ranging 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 real-
space 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-map-
based/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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Abstract

Objective To establish a novel multimodal real-space navigation paradigm and define age- and gender-related normative
values for navigation performance and visual exploration strategies in space.

Methods A group of 30 healthy subjects (mean age 43.9+ 16,5 years, 16 men) performed a real-space navigation para-
digm, requiring allo- and egocentric spatial orientation abilibes. Visnal exploration behaviour and navigation strategy wen:
documented by a gare-controlled, head-fined camera. Allo- and egocentric spatial orientation performance wene compared
in younger and older subjects (age threshold 30 years) as well as men and women. Navigation-induced changes of regional
cembral glucose metabolism (rOGM) were measured by ['HF]-Hum'odm:.)'glu:o.lie-pnsium emission tomography in a sub-
group of 15 subjects (8 men) and compared across age and gender.

Results The majority of healthy subjects (73.3%) completed the navigation task without errors. Ther was no gender dif-
ference in navigation performance. Normalized total error rates increased slightly, but significantly with age (r=0.36,
p=005). Analysis of navigation path indicated a significantly reduced use of short cuts in older age (r=0.44, p=0.013).
Visual ex ploration analysis revealed that older subjects made significantly more total saccades (r=0.49, p=0.006) and
search saccades (r=0.54, p= 0,002} during navigation. All visual exploration parameters wer: similar in men and women.
Mavigation-induced rfCGM decreased with age in the hippocampus and precunzus and increased in the frontal corex, basal
ganglia and cerehellum. Women showed an increase of fOGM in the left hippocampus and right middle temporal gyrus,
men in the superior vermis.

Concluslon Real-space navigation testing was a feasible and sensitive method to depict age-related changes in navigation
performance and sirategy. Normalized error rates, total mean durations per item and total number of saccades wene the most
sensitive and practical parameters to indicae deterioration of allocentric navigation strategies and right hippocampal func-
tion in age irrespective of gender.

Keywords Spatial navigation - Aging - Eye movements - Hippocampal dysfunction

Introduction

Mavigation in space is one of the most fundamental cognitive
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abilities of humans, which involves multiple strategics and
levels of processing [1-3]. It can be based on static environ-
mental and dynamic self-motion clues. Egooentric navigation
strategries rely on a self-centred miernee frame, in which rouke
trajectories are planned along landmarks in space [4]. Allo-
ceniric srakgies comprize of cognitive epresentations of the
emvironment [3, 6]. Here the position in space is predominantly
updated by self-motion clues. The preferned navigation strat-
egy vares considerably between subjects. Age and gender an:
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within the most important influencing factors. Young subjects
tend to shift between ego- and allocentric strategies. In the
healthy elderty, allocentric navigation shiliies decline because
key structures of the cerzbral navigational network deferiomte
as a conseguence of aging [7, §]. Men ofien report using cog-
nitive map-like strategies, wherzas women apply route-based
straiegies along known landmarks mone likely [9].

In the last years, age- and gender-related changes of spa-
tial navigation abilities and corresponding brain activations
have been examined mainly in virtual environments [7, 10,
I1]. The major advantage of such an approach is that the set-
ting can be well controlled and exactly manipulated. How-
ever, navigation in virtual space predominantly relies on
visual information and neglects vestibular and propriocep-
tive stimuli as well as motor efference copy signals, which
am essential body-based self-motion clues [12]. Therefore,
in the curment study we investigated spatial navigation in a
mal-space environment in healthy malke and female subjects
across the age spectrum by combining behavioural measure-
ments of visual exploration and navigational performance
with simultancous measurements of cercbral glucose metab-
olism by positron emission tomography (PET).

The major aims were (1) to investigate age- and gender-
dependent changes in real-space navigation strategy and
visual exploration, (2) to relate those to alterations of naviga-
tion-induced cerebral glucose metabolism and (3) to define
concrete behavioural parameters, which are casy o record
and robust across subjects of different age and gender to
quantify real space navigation performance. It was hypoth-
esized that navigation efficiency and accuracy would dete-
riorate mildly and navigation behaviour would shift towards
4 more egocentric strategy in the elderty. For gender it was
assumed that women would use preferentially landmark-
based strategics while navigation performance would be
gender-independent. As concerns robust markers for navi-
gation performance and strategy, we hypothesized that the
number of saccades during visual exploration would refliect
a visually-guided navigation strategy and would increase
in older subjects and women. For navigation-induced brain
activation patierns, it was expected that glucose uptake
during navigation would decrease in the hippocampus and
increase in extrahippocampal hubs of the navigation network
(g frontal cortex, basal ganglia) with age and that women
wiould recruit additional brain areas, which are dedicated to
landmark processing (e.g. parietal cortex).

Methods

Subjects

Thirty healthy. right-handed subjects (mean age
459+ 16.3 years, |6 men) with normal neurological and

£) Springer
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physical status were included in the study. All participating
subjects had intact vestibular function, as measumed by the
head-impulse test, no signs for a polyneuropathy, and no
melevant deficits in visual function. Cognitive function was
tested in all subjects by the CERAD plus test.

Standard protocol approvals and patient consent

All subjects gave their informed, written consent to par-
ticipate in the study. The protocol was approved by the Eth-
ics Committee of the Ludwig-Maximilians University of
Munich and by the German Federal Office for Radiation

Protection.
Spatial orientation paradigms

All participants performed a navigation paradigm in a com-
plex and unfamiliar spatial environment to test their spatial
orientation performance. The 700 m® area, in which five
itemns had been placed as target points, was shown first on an
investigator-guided walk (exploration). The exploration rouwke
followed a defined sequence of target items (Fig. 1). After-
wards, over the next 10 min, participants were rquested to
navigate antonomously and by a self-determined strategy to
items given by the investigator respectively (navigation). In
the: first part of the navigation paradigm, the sequence of tar-
et liems reguested was identical (o the previous ex ploration
rouke, thus requining no spatial cognitive map (an egocentric
strategy); in the second part, the order of target items was
pseudo-randomised, which required the planning of novel
routes, potentially including short cuts (an allocentric strat-
egyl} (Fig. 1).

Recording of navigational path and visual
exploration behaviour

Participants wor a gaze-monitoring head camera to docu-
ment their visual exploration and head position [13]. Error
rates fior ilems approached during the navigation phase wen:
calculated for the total paradigm (normalized to 15 target
items) and separated by egocentric and alloceniric roates
based on post-hoc analysis of the recorded videos. The
search path during the navigation task was mapped by accu-
mulating time at a specific place and anabysed quantitativelby.
Viewing the video recordings allowed all fixation targets to
be categorised into fived objects in space. mobile ohjects,
and non-object fixations. The total number of objects and
unigque ohjects viewed were quantified. Analysis was carried
out by MATLAB® 20122 based on established algorithms
[14]. Raw eye movements were converted into degrees in
the x and ¥ axes. The overall distance traversed by gaze was
determined as:
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MNavigation
Allocentric routes

_|| o 4 I |[|“t|'1rl1|1

1 ball egocentric

2 mushroom egocentric

3 flower egocentric

4 train egocentric

5 house egocentric 5->6
6 mushroom allocentric

7 ball allocentric 7->8
& train allocentric

k] flower allocentric

10 house allocentric 10->11
11 mushroom allocentric 11->12
12 train allocentric 12 ->13
13 ball allocentric 13->14
14 house allocentric 14 -> 15
15 ball allocentric T

Fig.1 Mavigation paradigm in real space. All subjects performed
2 mavigation paradizm in a complex and untzmiliar spatial environ-
ment to test their spatial orientation performance. The 700 m® aea
{20 35 m), in which five items had been placed as tarpet points, was
shown o the subgects first on an investizator gided walk (explors-
tion, upper panel, keft side). Afterwards subjects had to fnd the iems
in 2 pseudo-randomisad onder over the next 10 min {(navigation, kower
panel, left sade). In the first part of the navigation paradigm, routes
were kested, which wem sdentical to the previous explomtion rowe
(the so-called egocentric rouks, upper panel, middie); in the second

35

part. the onder of tarpet ilems was changed in a8 way that mequired the
planning of new rowkes (the so-called allocentric roates, upper panel,
right sidz). Poiential short cots on the allocentric route-planning
were registered (lower panel, right side). The sequence of iiems dur
ing exploration and navigation is depscted in a tabde and appears as
numbers beside the target ilems in the Agures. If subjects managed to
find all 15 targets items betimes, the sequence stared again with item
number | and was continoed as shown in the table umtil 10 min were
over
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Distance = *.‘/(x,. — x5 + 0y —v2P

when t; and t; refer to adjacent time points. Velocity was
computed as distance/time, acceleration as (velocity,,—veloc-
ity W time. Saccades wene classified above a velocity thresh-
old of 240 “/s. The total number of saccades and the saccade
frequency was computed. Saccades directed to objects that
were fasible landmarks were defined as search saccades.
Fixations were defined as events lasting longer than 100 ms
at a velocity and acoeleration cut-off of less than 240 s and
3000 /5%, respectively. The total number of fixations, fixa-
tion frequency, and duration were analysed quantitatively.
Fixation on a potential landmark was termed a search fixa-
tion. x and ¥ gare magnitudes and direction cormesponding
to the peak saccadic velocites and median fixation periods
wem grouped into classes at 207 intervals and displayed as
wind rose plots (dirzction and freguency of each class). The
20" dirction intervals were coded in coloor bands resem-
bling the number of events in that particular direction and
position combination. Search saccades and search fixations
were defined as those direcied +20° from the horizontal.

Positron emission tomography imaging

To investigate the age- and gender-related changes of
navigation-induced cerebral glucose metabolism, 15 sub-
jects (B men) above 50 years of age were examined by
["*F]-fluorodeoxyglucose -PET {['*F]-FDG-PET) during
navigation following an established protocol [13]. Each
subject was scanned while in a fasting state = 6 h (validated
by means of blood glucose concentration). ["*F]-FIMG was
injected at the start of the 10 min navigation phase. This
paradigm was chosen because the cencbral glucose utiliza-
tion is known to be weighted to the first 10 min following
[IBF]-FI'_'K] injection and is integrative due to intracellular
trapping of the tracer [16] (Supplementary Figure 1). Image
acquisition started 30 min afier racer administration and
emission was recorded in an BCAT EXACT HR* PET scan-
ner (Siemens/CT1, Knoxville, TN, USA) from 30 to 60 min
post injection. A transmission scan was obtained using a
rotating [*Ge] point-source. For further evaluation, images
wene reconstructed as 128 128 matrices of 2% 2 mm voxels

by filtered back-projection using a Hann filter with a cut-off

frequency of 0.5 Nyguist and corrected for random, dead
time, scatter, and attenuation. The reconstructed [#F -FDG
images were then transformed to NIFTI format for further

processing.
PET image analysis
Data processing and statistical analysis were performed

using statistical parametric mapping software SPME
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implemented in MATLAB® 20124 as described previ-
ously [13]. All the reconstructed [*F-FDG brain PET
images were linearly co-registered to the corresponding
magnetic resonance image (MRI) using automated algo-
rithms implemented in SPME. Anatomical brain MREIs
wene spatially normalised into the Montreal Neurological
Institute (MNI) standard template using an affine transfor-
mation, whose parameters were applied to the co-regis-
tered ["*F1-FDG-PET images. Then the spatially normal-
ised images were blurred with a Gaussian filier (FWHM
12 mm) to adjust for anatomical inter-subject differences.
The normalisation prior to voxel-based statistics was done
with an anatomical mask {centrum semiovale) to remove
the effects of the differences in the overall counts. Cor-
relation analyses of regional cenzbral glucose metabolism
(rCGM) with the covariate age and subgroup comparison
of rOGM in male versus female subjects were done in
SPME. Both glucoss-metabolism increases and decreases
wemn calculated and considered significant for a p< 0005
uncorrected for multiple comparisons.

Statistical analysis

Behavioural and navigational measurements wers analysed
using SPSS® 24. Cormrelation analysis between age, navi-
gation performance (error rates) and eye movement was
conducted using Pearson’s correlation, with a p< 003 con-
sidered significant. Furthermore, behavioural parameters
during the navigation phase wene compared in a group of
vounger (< 50 years) and older subjects (= 50 years) as
well as male and female subjects using independent t-1est
or Kruskal-Wallis Chi-square test, respectively (p<0.05
considered significant].

RESULTS

Spatial navigation performance and strategy
of subjects across age and gender

The majority of participants performed considerably well
in the real-space navigation task with 22 of 30 subjects
having found all target items. Men trended to have lower
total error rates (2.10 +£6.89) compared to age-matched
women (3.94+7.76) (t=3.30, p=0.069). The percentage
of short cuts taken was higher in men compared to women
(62.96 £43.33 versus 3690+ 41.95; =252, p=0.112)
(Fig. 2a, b). Error rates increased only slightly with age: in
the group of younger subjects below 30 vears of age (n= 16)
the total error rate was 3.02 £ 5.91 versus 4.88 +9.02 in the
group of older subjects above this age (n= 14) (t=0.14,
p=0.708). The same tendency was found during planning
of egocentric routes (younger group 4.38 £ 13.15; older
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Fig.2 Navigation strategy and
visual exploration paterns

in younger and odder as well

as malke and female subjects.

a Male subgects had a more
allocentric navigation strat-
egy and used short cuts more
regularly. b Female subjects
embedded short cuts less ofen
in their navigation rouke (blue
arrows) and had a tendency to
explore straie gic landmarks at
way crossings more frequently
(red arrow). ¢ Younger controls
showed a navigation strae gy
that included the use of short
cuts, indicating the presence of
2 spatial cognitive map. Visual
exploration was mainly directed
10 strategic landmarks (e.2. at
crossings). d In contrast, older
subjects used signihicantly less
short cuts (blue arrows) and
showed more frequent fixations
of straegic landmarks (red
arrows). indicating a mom visu-
ally- puided navigation strategy.
Search paths during navigation
were colour-coded on a ground
map (x, y) as cumulative ime
at location (). Most frequent
visual fixation targets wem
indicated as green circkes on
the ground map with diameter
proportional to the cumulative
tme of axation
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group 821+ 13.95; t=1.13. p=0.284) and allocentric
routes (younger group 2.537 £7.60; older group 3.10 +6.22;
t=0.37, p=0.543). A logistic regression analysis showed
o significant increase of the normalized total error rate
with age (r=0.36, p=003) (Fig. 3a), especially if only the
eight subjects with errors wene taken into account (r=074,
p=0.006). Older subjects had a lower navigation efficiency:
the mean total duration per item was significantly higher
(46.8 1 10.2 5) compared to younger subjects (40.4+6.9 =)
(t=2.0, p=0.03]. Lincar regression analysis showed a sig-
nificant increase of total duration per item during aging
(r=0.46, p=0.01) (Fig. 3b). This difference resalted from
longer search duration during allocentric route planning
(older subjects 47.52 + 1 1.78; younger subjects 3828 +6.1%;
t=2.74, p=0.11; r=0.36, p= 0001}, whereas older sub-
jects on average reached targets slightly faster on egocentric
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Fig.3 Cormlations of navigation performance and visual explon:
tiom patierns with age. 8 Normalized error retes increased skightly, but
significantly (r=0.36, p<0.05) with age. b Older subgects needed a
longer mean time to fmd an item (r=0.46, p=0.01). ¢ The total num-
her of saccades during navigation was higher in the elderly (r=10.49,
p=00006), indicating @ mone visually-guided strategy. d Use of
umigue landmarks was significantly more frequent in obder subjects
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routes (40,89 + 12.72 5) compared to younger participants
(4669 + 51.38) (t= 041, p=0.684). Younger subjects used
short cuts more frequently (64.06 +39.17 ) compared to older
subjects (35.65 +£45.63) (t=2.49, p=0.114) (Fg. Zc, d).
Linear regression analysis evealed a decrease of short cut
use with age (r=0.44, p=0.015).

Visual exploration behaviour during navigation

in younger and older subjects as well as male
and female subjects

The wisual exploration behaviour of older subjects
profoundly differed from that of the younger controls.
Quantitative analyses revealed a significantly higher
total number of saccades during navigation {older group
267357 £1323.15; younger group 1906.06 + 626.68;
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(r=051, p=048M}. The linear mgession lines of the Pearson’s
cormelation are depicied in blue and the 95% contdence intervals of
the mt as red dashed lines. Error rates were normalired to 15 items.
It more than 15 items were spproached successfully, the additional
number of ilems was calculated 25 negative values (outperformer). If
less than 15 iems were reached within 10 min, the oulstanding tar
gets were caloulated as ermors
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t=2.07, p=0.047) and a higher total number of sac-
cades per approached item (older group 197.70 + 96 48;
younger group 132.07 +36.80; t=2.31, p=0.029).
Similarly, logistic regression analysis of the total num-
ber of saccades and saccades per item with age revealed
significant correlations (r=0.49, p=0.006; r=0.54,
p=0.002, respectively) (Table 1; Fig. 3c). Number of
saccades per item significantly increased with age both
during navigation on egocentric and allocentric routes
(r=051, p=0.004 versus r=061, p<0.001). The total
number of saccades increased during allocentric as com-
pared to egocentric routes, both in younger subjects
(allocentric routes 1196.25 +363.72; egocentric routes
536.88 £378.22; t=5.03, p< 0.001) and older subjects
(allocentric routes 1961.86 + 1074.58; egocentric routes
T03.36+321.87; t=42, p<0.001). Older subjects used
significantly more unigue landmarks in total (older sub-
jects 144,57 £ 31.30; younger subjects 11938 + 20.33;
t=2.61, p=0.013; r=0.351, p=0.004) and per item (older
subjects 11.08 +£3.77; younger subjects 821 £2.13;

t=261, p=0.014; r=033. p=0.003) (Fig. 3d). Use of
unigue landmarks was especially increased on allocentric
routes (older subjects 126.36 +25.00; younger subjects
106.81 £22.15; t=2.27, p=0.031, r=046, p=0.01).
Accordingly, the total number of search saccades
increased with age (r=0.36, p=0.03) (Table 1). Posi-
tion of eyes in space was focussed to the straight-ahead
position in younger subjects, whereas older subjects had
more diffuse eye movements along the horizontal (Fig. 4).
Comparison of male versus female subjects revealed no
significant difference in any of the recorded visual explo-
ration parameters (Table 2).

Age- and gender-dependent cerebral glucose
metabolism during navigation

Cormzlation analysis of tCGM with age in the older subjects
indicated the following relative increases and decreases:
rCGM decreased with age in the hippocampal forma-
tion bilaterally (right parahippocampal gyrus, BA 35; left

Table 1 Statistical comparison

of visual exploration behaviour Younger subjects (m=16)  Older subjects (n=14) Lm

iujmu:ger_mdulderﬁutﬁeclﬁ g

during navigation
Total mumber of saccades 190606+ 626.68 267357 £1323.15 0047
Total mumber of fixations 134960+ 15079 132836+ 27202 078
Total mumber of search saccades 103925 + 40892 1288 .64 + 628 .80 0.203
Total mumber of search fixations 605 56+ 164 B0 647 57 + 730,34 0.541
Total saccades per item 132,07 + 56.80 19770 + 06 48 (X 1L
Total txations per item 0223+ 1640 L0 9+ 79,97 0528
Total egocentric saccades 536 ER£3TR22 T03.36+321.87 0.208
Total egocentric fixations IE025+ 14382 3824313595 0731
Epgocentric saccades per item 1347555 174.73£77530 0027
Epgocentric fixations per iiem TT6ex2576 Qle5+£34497 0. 200
Total allocentric saccades 115625+ 363.72 1961 86+ 107458 0012
Total allocentric fixations 80413+ 14333 0aD.O7 £ 215.61 03717
Allocentric saccades per item 12415+ 4879 3.9 11107 [XINE
Allocentric fixations per item 0129+ 16.40 10484 + 32 68 0.154
Total duration per item A0 39+ (.80 46,84+ 102 [¥1L3
Eguocentric duration per iem da60+51.38 A B9+ 1272 0684
Allocentric duration per item B2 +a619 A 52£11.78 0011
Percentape duratson at crossroads 50+ 308 2142308 0.428
Total landmarks 1644 44+ 77056 1657.93 £ 330.84 0.503
Unigue landmarks 11938 £ 2033 144.57 £ 31.30 0013
Total landmarks per item 11348+ 30047 125.40+34.73 0.325
Unigue landmarks per item B21£213 1108377 0014
Total allocentric landmarks 121088+ 272 RO 122700+ 737 .26 0.849
Unigue allocentric landmarks 10681 £2215 12636+ 25.00 0031

Visual exploration behaviour significantty chanped with ape. A higher number of total saccades, search
saccades, saccades per item and unsgue landmarks indicated more visual dependency in the eldery. This
was especially the case on allocentric navigation roates. Signiticant valees in the independent ¢ test ame

indicated in bold

39
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Youngersubjects

Eye position

Fig.4 Eye movements of younger and obder subjects during naviga-
tion. & Younger subjects (left side) showed eye movements focusad
in the straight-ahead position, whereas older subjects (right side)
had mom diffuse eye movements, with the maxima aligned along the
horizontal. b Saccadic eye movements in the youmger group wen
mainly direcied to a lateral position (left). Oder subgects poided sac-

hippocampus), in the right precuncus (BA 31, in the lkeft
postcentral gyrus (BA 40) and in the left pontomedul-
lary tegmentum (p<0.003) (Fig. 5a). In contrast, rOGM
increased during aging in the cerebellum (left posterior
lobe, right anterior lobe), right putamen, left superior fron-
tal gyrus (BA 10) and right medial frontal gyrus (BA 10)
(p=0.005) (Fig. 5b). Comparison of male versus female
subjects revealed the following differences in lCGM pat-
terns: women had more rCGM in the left hippocampal
formation and in the right middle emporal gyrus (BA 21),
men a higher 'CGM in the superior cerebellar vermis during
navigation (p- 0003} (Fig. 5c, d).

€1 Springer

Older subjects

I 80 - 100
60 - 80
140 -60
B 20 - 40
Wo-20

caifies alternately to the gpround shead and the lateral position {right).
Exploratory saccades to the sides (> 40" were mome frequent than in
younger controls. DMnection and fMequency of saccades is pesentad as
wind rose plots with the angle of respective saccades caleporised by
207 intervals and coded in colours (see lepend)

Discussion

The major findings of this study were the following: (1)
allocentric navigation strategies in real space deteriorated
with age, but were successfully substituted by momre ego-
centric navigation strategies. (2) Age-related behavioural
changes wene accompaniced by a reduced rCGM in the hip-
pocampus and the precuncus and an increased fCGM in
the frontal lobe, basal ganglia and cerebellum. (3) Male
subjects tended to prefer allocentric, female subjects ego-
centric navigation strategies. Variability of navigation
strategy between subjects was considerable. (4) Women
recruited more keft hippocampal and right temporal areas
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Table 2 Statistical comparison

of viswal exploration behaviour Male subjects (n=16) Female subjects (n=14) im

in male E.I:II? female subgects i

during navigation
Total number of saccades 214519+ 118778 230571 +£037.82 0537
Total number of fixations 135231+ 25897 132536+ 150063 07315
Total mumber of search saccades 104475 4 50644 1282.053 4+ 54361 0.1
Total number of search fixations 657.31 423103 680,00+ 163.10 0674
Total saccades per ilem 14320474 .41 184.98 + 0007 0.175
Tuotal fxations per item D307+ 24.28 000d 4+ 73,32 0.438
Total egocentric saccades 534 060+ 28062 Tha.64 +420.13 0.191
Taotal egocentric fixations 35806+ 12505 IETT9+ 15379 0.565
Egocentric saccades per item 1235346877 158.52+04.18 0.251
Egocentric fixztions per fiem B350+ 3208 B4274+2024 0.948
Total allocentric saccades 1518.81 +981.28 1583.21 £ 727 68 D218
Total allocentric fixations 049,44+ 197 06 B0e.B6 + 16080 0.43a
Allocentric saccades per item 14257+ 81 06 18673+ 10011 0.197
Allocentric fixations per item 0309+ 2383 2T+ 27.84 0.313
Total duration per item 4137+ 9.64 4573+ 858 0.205
Egocentric duration per iem 36053+ 12.60 5308+ 53.63 0.217
Allocentric duration per item 200049 + 9.66 4545+ 10.38 0.154
Percentape duration at crossroads 2111+ 2.58 MNT2+372 0739
Total landmarks 1633.754 32375 1647.29 + 270006 0.953
Unigue landmarks 12531+ 29.81 133.21 + 2806 0718
Total landmarks per item 11336+ 77.04 12554+ 3706 0314
Unigue landmearks per item Bos+ 287 1023+ 370 0.303
Total allocentric landmarks 1237.69+ 236 87 1186 36+ 219.08 0.625
Unigue allocentric landmarks 11625+ 25.97 11557+25.4 0.843

There was no statistically significant difference in any of the recorded visnal exploration parameer batween

male and female subjects

of the cerchral navigation network compared to men. (3)
Visual exploration parameters like total number of sac-
cades or ssarch saccades were gender-independent and
thus most feasible to reflect changes of navigation per-
formance and strategy across age. Taken together, real-
space navigation paradigms are practical to investigate
physiolegy of cerchral navigation control and promising
to discriminate age-related changes against spatial orienta-
tion pathologies, e.g. in patients with impending cognitive
decline.

Age-dependent differences of real-space navigation
performance and strategy

Aging has considerable impact on computation, consoli-
dation and retrieval of spatial information [#]. Previous
studies reported that spatial navigation abilities signifi-
cantly declined with increasing age in the absence of neu-
rodegenerative processes [7, [7-19]. Older subjects were
less efficient in using cognitive map-like knowledge for
route planning and showed a spontancous preference for

egocentric rsponss strategies, which were well preserved
[10, 20-23]. Switching navigational strategies was sig-
nificantly impaired in the elderly. which might be a main
issue for everyday navigational challenges [17, 22, 23]. The
current study was in good accordance with these findings.
Qur real-space navigation paradigm combined egocentric
routes, where the sequence of items was identical to the
routes learned during the exploration phase, and allocen-
tric routes, which required the planning of new roates,
including the use of hitherto unknown short cuts. Older
subjects showed a mild deterioration of overall navigation
performance, educed navigation efficiency and impaired
allocentric navigation strategies. This was indicated by a
reduced use of path optimization strategies via short cuts
and an increase in dependence on visual landmarks. The
total amount of saccades, as well as search saccades was
a robust marker to quantify the age-relaed shift towards
a mone egocentric reference frame. These findings agmeed
with previous navigation experiments in virtual environ-
ments, which have provided convincing evidence that eye
tracking datasets can give valuable information about

&1 Springer
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Fig.5 Regional cerebral
slucose metabolism (FOGM) A rCGM younger subjects > older subjects
during navigation in younger
and older subjects as well as
male and £malke subjects. a In
younger subjects. rCGM dur-
ing navigation was relatively
increased in the left pontine £2-
mentum, bilsteral anterior hip-
pocampus and right precuneus
as compard to older subjects.

b Older subjects had mlatively
more navigation-induced activa-
tions in the left lateral cerebel-
lum, right strigtum, right mesial
frontal and left superior frontal
gyrus. ¢ Female subjects had an
increased navigation-induced
rCGM in the left hippocampus
and right middle temporal
gyrus, make subjects in the
superior vermis (d). Signif-
cance level p<0.005, levels of
sections in x- and ~direction ae
given by MNI coordinakes
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underlying navigational strategies and major deficits. Liv-
ingston-Lee et al. showed that heat maps of gaze position
in normal subjects are strong indicators of orientation in
allocentric environments, demonstrating that gare is pre-
dominantly straight ahead and above the horizon [24].

Age-dependent patterns of cerebral glucose
metabolism during real-space navigation

Previous imaging studies have shown that spatial naviga-
tion mlies on a large network of brain regions involving
the medial temporal lobe (hippocampus, parahippocam-
pal. entorhinal cortex), parietal lobe (retrospinal cortex,
precunsus), frontal lobe, as well as subcortical regions
(basal ganglia, cerebellum) [2—4] Allocentric navigation
strategics are mpresented predominantly by cell ensembles
(place cells, grid cells) in the hippocampal formation [3,
25], whereas egocentric navigation control mzlies on visual
landmark processing found in the parahippocampal and pos-
terior parietal cortex [4]. The retrosplenial cortex and pre-
cuncus play a role for the integration of allo- and egocentric
mference frames [26]. Age-related neural changes in critical
hubs of the cerebral navigation network have been reported,
including a decrease in hippocampal volume, change in
hippocampal long-tzrm potentiation, and instability of
grid-cell representation in the entorhinal cortex [27-29].
Accordingly, older subjects in our study had relatively less
navigation-induced rCGM in the hippocampal formation
bilaterally and the precuncus. These patterns explain, why
allocentric navigation strategies, which ulimatkely depend
on a hippocampal cognitive map, decline with age and
flexible shifting between allo- and egocentric navigation
strategies, which relies on the integrity of retrosplenial
cortex and particularly precuneus functions, are impeded
in the elderly. Furthermore, older subjects had a reduced
CGM in the left pontine tegmentum in the area of the ves-
tibular nucleus during navigation. Given that vestibular
signals convey information about translation and rotation
of the body, age-mlated changes of vestibular functioning
could impair self-motion perception during navigation [£].
Reduced rCGM in the left postcentral gyrus may also reflect
mduced somatosensory feedback during navigation in the
elderly. On the other hand, older subjects showed a relative
navigation-induced rCGM increase in the frontal cortex,
basal ganglia and cerebellum. Frontal cortex involvement
could reflect efforts being made for path planning, as this
area is involved in anticipating novel routes and direction
decisions at way crossings [30]. Basal ganglia have been
linked to stimulus—msponse strategies of navigation [31].
Mavigation-induced cerebellar activations could reflect
sequence-based, non-allocentric navigation such as route

learning [32, 33].

Real-space navigation in male and female subjects

Gender-dependent navigation strategies have been inves-
tigated mostly in virtual environments. A male advantage
was reported for navigation tasks which require spatial
cognitive map knowledge, like pointing to an unseen loca-
tion in a known environment or orientating along compass
directions in an unknown surrounding [9, 34]. In para-
digms, which could be accomplished with route or land-
mark knowledge no significant sex difference werne rported
[35]. Visual exploration strategies in real space have not
been systematically investigated in men and women. In the
current study, overall navigation performance and naviga-
tion efficiency wemr not statistically different bebwesn maks
and female subjects. This finding could be explained by
the fact that the navigation paradigm could be sufficiently
solved by either ego- or allocentric navigation strafegies.
Indeed, analysis of navigation strategies revealed a more
allocentric navigation strategy in male subjects. Men by
trend used more short cuts, while women fixated strategic
landmarks at way crossing longer (Fig. 2). However, none
of the analysed visual exploration parameters like total sac-
cades, search saccades, saccades per iem, total fixations or
total search fixations differed statistically between men and
women (Table 2). Furthermore, the number of landmarks
and their localisation in space were imespective of gender
(Fig. 2a, b). Sex-related differences in spatial navigation
seem to be not triggered by landmark recognition per se
but rather by aliernative internal strategies of embedding
landmarks into route planning.

Gender-dependent cerebral glucose metabolism
patterns during real-space navigation

Previous studies in virtual environments have reported
partially contradictive results about gender differences in
navigation-induced brain activations: Grin and collkeagues
found an increased activation of the left hippocampus in
men and the right parietal and prefrontal cortex in women
during mental navigation in a complex three-dimensional
virtual-reality maze [36]. Another group showed a relatively
increased activation of the right hippocampus during naviga-
tion in a virtual maze in men and of the left hippocampus
during a dircction pointing task in space in women [37].
These differences were explained by alternative demands of
the respective navigation paradigms. In our study, women
had an increased glucose metabolism in the keft kippocampal
formation and right middle mporal gyrus compared to men
during navigation (Fig. 5). This finding could be interpreted
as a recruitment of additional hubs of the cerebral naviga-
tion network in women during navigation in a large-scale
real environment, which required planning of previously
unfamiliar routes. The relatively increased fCGM of the
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superior vermis in men is likely a correlate of a slightly
higher locomotion velocity of male versus female subjects,
as this region is known as a cershellar pacemaker during
locomotion [18].

MHavigation testing in real space: which parameters
are suitable and which problematic to reflect
performance differences across subjects?

Testing of navigation performance and straiegy has not yet
mached clinical practice, although ther is a consensus that

it may have great potential, e.g. for the early detection of

impending cognitive decline. One major challenge is to
define parameters, which can be recorded easily and are sen-
sitive to indicate relevant changes of navigation performance
and strate gy despite a high physiological varability of navi-
gation strategies across healthy men and women. In the cur-
ment study, the following parameters fulfilled these criteria:
(1} normalized ermor rate for finding items (number of iems
found'number of items approached). While there was no
difference betwesn men and women, age-related decline of
navigation performance could be documented based on this
parameter. (2) Total mean duration per item. This parameter
was sensitive o age-related deterioration of navigation effi-
ciency, but sex-independent. (3) Total number of saccades
and saccades per item. These parameters are easy to delect
with modern eve tracking technology, independent of gender
and robust to document overall changes of visual exploration
behaviour during navigation across age. Other parameters,
like the number of short cuts or the number of landmarks,
may suffer from either a high variability across subjects
of both gender or from the major dizadvantages, that their
mcording is gquik difficult and kess standardised thus making
them kess appropriate to test navigation performance.

Limitations of the current study

A limitation of the current study is the relatively small num-
ber of subjects tested, which allows depicting statistically
significant differences of navigation performance only as a
function of age. Possibly gender differences would be more
pronounced in a larger sample. In the PET study. subgroups
wenz even smaller due to regulations for radiation protection.
Significant results could only be found for uncorrected data.
The minimum age limit for inclusion allowed comparing
PET data only across an age range of 50-78 years.

Navigation testing in real space versus virtual
environments: future perspectives

There is no consensus about a mode of testing navigation
performance and strategics in a clinical context. The major
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challenges for any experimental approaches are (1) o deal
with the high natural variability of navigation strate gies
across subjects, (21 to be applicable to clinical conditions by
use of a widely available technigue, and (3) to result in dis-
tinct parameters which can be measured guantitatively and
can relisbly refiect navigation performance. Basically, test
paradigms can cither be designed in virtual environments or
performed in real space. Navigation tests in virtual reality
allow a high degree of standardization and modification and
are mome practical with the spread of commercially available
hard- and software setups. However, concerns have been
raised that virtual reality paradigms may test only specific
aspects of navigation (e.g. visually-guided navigation) and
neglect others (e.g. navigation by path integration doe to
multisensory processing and continuous updating). Further-
more, easily measureable readout parameiers for navigaion
performance are not yet defined.

On the other hand, navigation paradigms in real space
am more comparable to everyday conditions and include
processes of motor planning, sensory feedback and central
multisensory integration. Larger environmental spaces ans
needed and it remains unchear how navigation performance
and strategy can be quantified across different environments.
Based on the current study, we suggest that recording of vis-
ual exploration behaviour (especially saccades) is a feasible
method to quantify navigation abilities. This approach can
take advantage of commercially available eye tracking sys-
temns and can be adapted to different spatial environments.
In our experience, testing can be reliably done in spaces like
outpatient units or hospital hallways, even in parallel to clin-
ical routine business. Further studies are urgently needed,
which compare real versus virtual space paradigms directly
as concerns practical climical use.

Concluslons

Taken together, our study established real-space navigation
as an alternative approach to test navigation and defined
normative values for navigation abilities and strategies in
healthy subjects across age and gender. Analysis of explora-
tory saccadic eve movements during navigation was shown
to be a gender-independent, accurate and robust measure
of the individual navigation strategy. The current data con-
firmed an age-related shift towards egocentric navigation
strategies with significantly more total saccades and search
saccades during navigation. Recording of regional cerebral
glucose metabolism during meal space navigation indicated
a decline of right hippocampal function in the elderly and
an additional recruitment of the left hippocampal forma-
tion in women. Together, these findings lay the foundation
for future studies, aiming to further explore pathological
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changes of navigational functions in real space and identify
distinctive biomarkers, e.g. in the early diagnosis of impend-
ing cognitive decline.
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Pmlonged allocentric navigation deficits indicate

hippocampal damage in TGA
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Abstract
Objective

To investigate long-term recovery of allocentric and egocentric spatial orientation as a sensitive
marker for hippocampal and extrahippocampal network fundtion in transient global amnesia
(TGA)

Methods

A group of 18 patients with TGA performed an established real-space navigatdon paradigm,
requiring alle- and egocentric spatial orientation abilities, 3 days (postacute stage) and 3
maonths (follow-up ) after symptom onset. Visual exploration behavior and navigation strategy
were documented by a gaze-controlled, head-fixed camera Allo- and egocentric spatial ori-
entation performance was compared to that of 12 age-matched healthy controls. Mavigation-
induced brain activations were measured using [* °F]-fluorodecxyghicose-PET in a subgroup of
8 patients in the postacute stage and compared to those of the controls,

Results

In the postacute stage, the patients navigated worse and had higher error rares than controls in
allocentric (p = 0.002), but not in egocentric, route plhnning (p = 0.30), despite complete
recovery of verbal (p = 0.58) and figuml memory (p = 0.11). Until follow-up, allocentric
navigation deficits improved, but higher error rates and reduced use of shortouts pemisted (p <
0.0001). Patients still exhibited relatively more fixations of unique lindmarks during follow-up
(p = 003). PET measurements during the postacute stage showed increased navigation-
induced brain activations in the right hippomampus, bilateral retrosplenial, parietal, and
mesiofrontal cortices, and cerebellar dentate nudeus in patients compared to controks (p <
0.005).

Conclusions

Patients with TGA show selective and prolonged deficits of allocentric spatial orientation.
Activations in right hippocampal and extrhippocampal hubs of the cerebral navigation network
functionally substitute for the deficit in creating and updating the internal cognitive map in
TGA
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Glossary

CERAD = Consortium to Establish a Registry for Alzheimer's Disease; DWI = diffusion-weighted imaging; [*F])-FDG =["*F]-
fluorodecxyghicose; HC = healthy control; TGA = transient global amnesia

Transient global amnesia { TGA) is typically charcterized by
temporary antero- and retrograde amnesia and spatial dis-
ofentaion of sudden onset, without any other neurologic
signs or symptoms.’™ Whie verbal and figuradl memory
functions resolve completely, more detailed assessments de-
tect subtle long-term, persistent deficits in episodic memory.”
Meuropsychological and imaging studies suggest that the
hippocampus, especially the CAl region, i predominantly
involved in the pathophysiclogy of TGA.*® Recently, detailed
analyses of fractional anisotropy and ditffusivity indicated long-
term microstructural hippocampa damage in TGA” Func-
tional imaging stdies have yielded contradictory results with
some reporting hyper- and other hypofunction in the hip-
pocampal formation.™"! Given these controversies, in the
aurrent study, we aimed to analyze spatial orientation per-
formance as a marker of hippocampal function in patients
with TGA over time. A new multimodal quantitative analysis
of search path, visual exploration behavior, and navigation-
induced brain activation was uwed during a real-space navi-
gation paradigm. The major questions were as follows:

I. Do spatial orientation and memory deficits in patients
with TGA persist over time? Which dinical cofactos
influence the ectent and time course of these deficits?

1 I there a dissociation of allocentric (ie., hippocampus-
mediated) and egocentiic (ie, extrahippocmpal) nav-
igation performance?

3. Which cerebral circuits and hubs are recuited in the
postacute stage of TGA during a real-space navigation
paradigm?

(wverall, we aimed to further harden the view that TGA i
a disorder with long-term hippocampal dysfundtion, which
can be detected only by specific and demanding hippocampal
testing, for example, with orientation in real space

Methods

Participants

Eighteen patients (aged 64.7 £ 8.3 years, 11 men), who ful-
filled the diagnostic criteria for TGA proposed by Hodges and
Warlow,® and 12 age-matched healthy control (HCs) (aged
63.7 £ 5.2 years, 6 men ) were induded in the study. Relevant
neurologic comorbidities affecting sensory or cognitive
functions (ie., dementa and psychiatric disease, use of sed-
ative medication) were ruled out by neurologic and neuro-
psychological assessment (data available from Diryad, mble
e-1, doiorg/ 10,5061 /dryad s07ch56). All patients with TGA
underwent a standardized diagnostic workup induding MEI
and EEG.

Meurclogy | Wolume 92 Wumber3 | Januany 15, 2019

Standard protocol approvals and

patient consents

Al participants gave their informed written consent to par-
ticipate in the study. The protocol was approved by the ethics
committee of the Ludwig Maximilians University, Munich, in
acordance with the Dedamtion of Helsinki and by the
German Federml Office for Radiation Protection.

Study protocol

The patients with TG A performed a real-s pace navigation task
on 2 occasions: first, within 2 to 3 days (median 54 hours,
range 48-72 hows) after symptom onset ( postacute stage ),
and second, 3 to 4 months later (median 98 days, range
82-132 days) (follow-up). The postacute stage (>24 hours
from symptom onset) was chosen for the following reasons:
waorking and short-term memory problems had resolved by
that time, allowing detection of sdective impairments of
spatial memory and navigation without oveday. Futhermaore,
the complex testing paradigm (including PET imaging on
fasting conditions) could not be performed ad hoc At the
postacute stage, all patients underwent a standardized neu-
ropsychologica assessment A subgroup of 8 patents were
subjected to PET imaging at the postacute stage to depict
navigation-induced brain activations and compared to a sam-
ple of 12 age-matched HCs.

Meuropsychological testing

Cognitive function was tested in all participants in the post-
acute stage by using the Consortinm to Establish a Registry
for Akheimer’s Disease (CERAD }-Flus test, induding subt-
ests forattention, psychomotor speed and flexibility, executive
functioning, and memory.'* The absolute values for the fol-
lowing subtests were included on a group level: word-list
learning (immediate, deliyed recall and discrimination), fig-
ural learning (delayed recall), and the Trail Making Test Part
B; they were considered parameters for verbal learning,
nonverbal learning, and executive fundtions. Depression was
exduded by the Beck's Depression Inventory in both groups.

Spatial orientation paradigms

Al partidpants performed a well-established navigation par-
adigm in a complex unfamiliar spatiad environment to test
their spatial orientation Perfann,ance.“ The area, in which 5
target items had been placed, was shown to the partidpants
first during an investigator-guided walk (exploration). After-
ward, partidpants had to find 15 target items in a pseudor-
andomized order (navigation)."® In the first part of the
navigation paradigm, routes that were similar to the previous
exploration route were tested; in the second part, the order of
target items was changed (figure 1). Clear spatial clues were
covered. Based on aurrent concepts from the literature, routes
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48



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

Figure 1 Mavigation paradigm in real space

Exploration roure

Mavigation - allocentric routes

Fir st rowe exploration route with a defined sequende ofibems. Sacand row, left in the fira2 pant of the navigason paradigm, routes were tested) which were
identicalto the previows explor stion route (& godentric routes). Seand and third row, dght-in the second part, the order of target item s was changediin a way
ithast requiir ed the planning of novel route s (allocentric routes). Thind row, lefit potential shorous wathin theallocentric route were recorded. The Seguend: of
thee Lar get iterms during exploration and navigation appears s cormespanding numbsers beside the tanget iems in the figures

were categorized as “egocentric” and “allocentric” acconding
to 2 criteria™: (1) whether the exact sequence of 2 consec-
utive target items had been explored before and (2) whether
route planning to a target item allowed nowvel path optimiza-
tion strategies. Specifically, the routes to the first 5 targetitems
were termed egocentric because the sequence resembled ex-
plomtion and way optimization was not applicable (figure 1).
In contrast, the remaining routes wene classified as allocentric
becanse partidpants had to plan novel routes potentially in-
cluding shomcuts. For this purpose, a cognitive map of the
environment was required to improve the optimality of the
search path (figure 1). Each participant had to recall the 5
target items after the explomtion and navigation phases in
order to exdude the possibility of verbal memory dysfunction.

Recording of navigational path and visual
exploration behavior

To document their visual exploration and head position, partic-
ipants wore a gaze-monitoring head camera throughout the ex-
periment (for the methodin detal see references 14, 15,and 17).
Post hoc anabysis of the recorded videos revealed the errorrate for

Neurnlogy org/N

49

finding items during navigation. Error rates were further sepa-
rated for ego- and allocentric route planning to depict spedfic
deficits of both navigational strategies. The search path during the
navigation task was mapped by cumulating time ata specific place
and analyzed quantitatively (e.g, usage of shortouts and time
spent atway aossings ). Video recordings were used to categorize
all fixation targets as foed objects in space, mohile objects, or
unspedfic fomtions | eg, the ground, wall).

The orientation of eye-in-head and head during the navigation
task was plotted as cumulative “heat maps.” Analysis based on
a previously reported algorithm was performed with MAT-
LAB 20123 software (MathWorks, Natick, MA).® Eye
movements wene displayed as heat maps on the x and ¥ axes.
The cumulative distance of eye movement was caloulated by

Disance = 3 /(z, —xa)*+ (30— yu)*
where tl and t2 represent consequtive time points. Eye ve-
locity {distance /ime) and accderation ([velodty,, - veloc
ityya ) time) were computed. Saccades were automatically

Weurology | “olume 92 Number3 | Jaruany 15 3019
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detected on the basis of thresholds for velodty (>240°/s),
acceleration ( »3,000°/s%), and duration (<100 milliseconds).
Fimtions were considered to last longer than 100 millseconds
(velodty and  acceleration  below  above-named
thresholds)."*"* To analyze the basic visual exploration be-
havior, the following parameters were determined: first, the
total number of saccades, saccade frequency, and the overall
visual fixations were investigated; second, saccades and visual
focations  during  egocentric  and  allocentric
(ie., egocentric saccades and fimtions as well as allocentric
saccades and fixations) were calculated. Based on previous
literature, freations directed to objects feasible as visual cues
were defined as landmarks, and the visual objects that were
focated more than once were defined as unique landmardks'?
Finally, the ratio of unique allocentric landmarks to overall
alocentric saccades was clmlated in order to estimate the
reliance on visual cues as exactly as possible.

rotes

The total mmber of firations, fixation frequency, and dura-
ton were analyzed quantitatively. The xand y magnitudes and
directions of gaze shifts were depicted as wind mse P]a;“
The 2{F direction intervals were color-coded with the length/
thideness of the color bands resembling the number of events
in that particular combination of direction and position.

The traveled moutes during the navigation paradigm were vi-
sualized for both the TGA group in the postacute and follow-
up stages and the control group by 3-dimensional plots
(so-called navigograms). The lindmark fizxations during the
navigation task were plotted to the ground map of the enwi-
ronment, in which the navigation paradigm took place.

Magnetic resonance imaging

All patients with TGA underwent an MEI in the postacute
stage within 24 to 72 hours after the TGA episode. The
following sequences were induded: whole-brain T1, T2,
fhuid-attenuated inversion recovery, T2%, diffusion-weighred
imaging (DWI1), 3-dimersional fluid-attermated inversion
recovery, and D'WI temporal lobe fine-slice sequences
(3 mm). DWI lesions were plotted on a 3-dimensional hip-
pocampal template to indicate the exact localization of the
lesions within the hippocampus, Furthermore, the lesion size
was calculated on the axial and coronal DWI slices in square
millimeters. The anterior-posterior distribution of lesions was
indicated as distance from the anteror commissure.

PET imaging

To investigate the navigation-induced cerebral activation
patterns, a subgroup of 8 patients with TGA were examined
by using [**F]-fluorodecxyglicose {["*E]-FDG)-PET in the
postacute stage (for method, see references 14 and 135). [F]-
FIMG was injected at the beginning of the 10-minute naviga-
ton phase and images were acquired 30 minutes lter.
Because more than 90% of ['*F]-EDG & trapped in neurons
within 10 minutes after injection, this protocol is suitable to
depict navigation-induced cerebral activations."****' Emis-
sion recording was done from 30 to 60 minutes postinjection

Meurology | Volume 9 Mumber 3 | January 15, 2019

in 3 frames, folowed by a transmission scan using a rotating
[**Cie] point source. Images were reconstructed (128 x 128
matrices, 2 % 2 mm wvomels) and transformed to NIFTT
( Neuroimaging Informatics Technology Initiative) format for
further l:ulznze-serlg.2

PET image analysis

The reconstructed [“F]-FDG-PET data were linearly cor-
egistered to the corresponding MREI using automated algo-
rithms in SPMB. As desaibed earlier, brain MBEIs were
spatially normalized into the MNI standard template (McGil
University, Montreal, Canada) using an affine transformation,
whose pammeters were applied to the comgistered [*°F]-
FDG-PET j.rrl,:age-.;2 Signal to noise ratio was increased by
blurring the normalized images with a gaussian filter (full
width at half maximum >12 mm)."* Images of the patients
with TGA were compared with those of a group of 12 age-
matched HCs in a voxel-wise manner. Increases and decreases
of glucose metabolism were considered significant for a p
vahie <0005

Statistical analysis

The statistical analysis of patient data was performed with
SPSS version 20 ([BM Corp, Armonk, NY). As appropriate,
an unpaired f test was applied for parametric data, the X test
for nonparametric data, and analysis of variance for repeated
measures, Bonferroni and Sidik methods were used for post
hoc corrections. Significance was set at p < 0.05. Non-
parametric testing with Spearman p was used for correlation
analysis and interpreted as significant if more than £0.5 and p
< (.05, respectively.

Data availability
Data reported in this artide will be shared with amy appropri-
ately qualified investigator on request after pssudonymization.

Results

Neuropsychological assessment of patients
with TGA in the postacute stage

In the amte stage, all patients had dinically severe problems in
waorking and short-term memory. In the postacute stage
(ie, 2-3 days after symptom onset) patients with TGA per-
formed equally well as HCs in the following subtests of the
CERAD-Plus battery: the Mini-Mental State Examination (p
= (L.82), the Trail Making Test Part B (p = 0.33), the imme-
diate (p = 0.52) and delayed verbal memory recal (p = 0.58),
the word recognition/discrimination (p = 0.91), and figural
learning (p = 0.11) subtest { table 1). Normalization of verhal
and nonverbal learning as well as executive function therefore
was in accordance with the diagnostic criteria for TGA

Spatial orientation performance of patients
with TGA (postacute stage and follow-up)
compared to HCs

[Despite restoration of verbal memory, patients with TGA
performed worse on the applied real-space navigation task,
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Table 1 Clinical charaderistics and neuropsychological test results for patients with TEA and HCs

Category HCs Patients with TGA, postacute Unpaired ¢ test, pvalues
Age. y 63752 647183 090
Sex, M'E.n 545 17 059
Years of education 115225 118130 0568
BN score 59207 5810 074
MMSE 2931048 292 09 oAz
THT-B 139+ 165 ‘948 260 033
‘Word list learning 59146 5612 052
‘Word list delayed recall 7Ax12 F7A4x18 058
‘Word list discrimination 196207 196 1.0 o
Figuralleaming 97+26 112421 an

Abbreviasons BDI= Becks Depression Inventory, HC = healthy control; MMS E= Mini-Mental State Examination; TGA = rangent global am nesia; TMT-B = Trail
Making Tes Pant B.

Drata repretant mean + S0 unbess othe raise indicated. Both g roups were mached for age, sex, and years of aducstion. There were no Sgnificant differenass
betwean HCS and patients with TGA in the postacute 2age inany subtest of the CERAD { ConsorSium to Etablish a Regisry for Alzheimer's Disaste]-Plus test
battery.

both in the postacute stage and dwring follow-up 3 to 4
months later: total error rates on finding target items were
higher than in HCs { postacute stage: 22.0% + 19.99%; follow-
up: 15.4% % 18.3%; HCs: 24% 2 59%; X* = 7.9; p =0.02)
( figure 2. Post hoc analysis reveded a deardifference in ermor
rates of patients with TGA and HCs in the postacute stage (p
= 0.005) and a clear tendency toward a persistently inferior
performance of the patients with TGA during followeup (p =
0.062). The separate analysis of navigation performance on
egocentric and allocentric routes (figure 1) showed an iso-
lated allocentric spatial arientation defidt in the patients with
TGA (egocentric routes: X' = 2.4, p =0.30; allocentric routes:
X' = 105, p = 0005) (figure 2). Specifically, patients with
TGA had higher error rates for allocentric route learning in
the postacute stage compared to HCs (TGA: 24.8% + 19.6%;
HCs: L4% £ 4.5%; p = 0002 ). Although it improved slightly
in the follow-up (TGA: 154% + 20.9%), it was still worse than
that of HCs (p = 0.074) (figure 2). Ten of 18 patients with
TGA reported subjective impaimments in new spatial envi-
ronments at follow-up. Some patients recognized a shift in
ther navigational strategy toward a more landmark-based
approach. Considerable impairments in activities of daily life
were not desaribed.

Visual exploration behavior during spatial
orientation of patients with TGA and HCs
Cluantitative analyses of basic visual exploration parameters
during the entire navigation paradigm such as total visual
fixations (F = 0.21; r= 0.81), total saccades (F = 1.49; p=
0.24), and total famtions of possible landmarks ( F=0.083; p =
0.92) did not differ between the TGA groupin the postacute
and follow-up stages compared to HCs (table 2}, although
qualitatively, patients with TG A showed maore lateral saccades
(data avalable from Dryad, figure e-1, doiorg/10.5061/
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dryads07ch56) The amount of overdl visml fixations and
saccades during the egocentric and allocentric parts of the
navigation paradigm was comparable between patients with
TGA and HCs (table 2). However, more dedicated analyses
revealed that patients with TG A had more fications to unique
landmarks during allocentric navigation routes compared to
HCs (F= 32;p = 0.05), indicating visual cueing. The mtio of
mique landmark fimtions to the total number of saccades
showed there wasa difference between the T GA group in the
postacute and follow-up stages and HCs (F= 4.3; p = 0.023)
(table 2). Post hoc Sidik test showed an effect for TGA
postacute ve HCs (p=0.022) and a tendency for T GA during
the follow-up vs HCs (p = 0.08).

Search path during navigation of patients with
TGA (postacute stage and follow-up) and HCs
The analyses of the search path during the real-space navi-
gation paradigm showed remarkable differences between the
TGA group and the HCs: the patients with TGA used
shortauts to a lesser extent in the postacute stage (2= 144 r
= 0.0001 ) as well as during follow-up (¥X*= 17.3; p < 0.0001)
(table 2, figure 3). Furthermore, patients with TGA spent
relatively more time at oossroads and unexplored routes.
However, these effects were not significant (table 2).

DWI results for the patients with TGA

DWI lesions were found in 11 of 18 patients with TGA in the
postacute stage. Altogether, 16 punctuate DWI lesons were
found in the TGA group; 15 of these lay in the lateral parts of
the hippocampus and only one lesion lay in the adjacent para-
hippocampal gyrus (figure 4). Seven patients with TGA had
asingle YW lesion: 3in theleft and 3 in theright hippocampus,
and one in the right parahippocampal gyrus. Three patients
exthibited hilateral hippocampal lesions and one patient had 3
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Figure 2 Performance during the real-space navigation
task by patients with TGA (postacute stage, fok

loww-up) and HCs
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distinct DWI lesions within the dght hippocampus The mean
lesion size was 6.0 £ 21 mm” (mnge: 3.1-9.4 mm’). Lesons
were distributed within the hippocampus along an anterior-
posterior axs (figure 4). An analysis of the hippocampal ledon
lo@lizations showed they seledtively corresponded to the hip-
pocampal cornu ammonis {(CAL sector).

Navigation-induced cerebral glucose
metabolism in patients with TGA during the
postacute stage compared to HCs

A subgroup of 8 patients with TGA underwent [ *F]-FDG-
PET during the navigation task in the postacute stage. Direct
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comparison with an age-matched group of HCs (see reference
15) reveded the following differences in regional cerebral
gluoose metabolism during real-space navigation: patients
with TGA showed an increased regional cerebral glucose
metabolism in the right anterior hippocampus, bilateral ret-
rosplenial, paretal, and mesiofrontal cortices, and cerebellar
dentate nuclews compared to HCs (p < 0.003) (figure 5],
while HCs only showed more activation in motion-sensitive
visual areas (p < 0.005) (data not shown ).

Correlation analyses of navigation
performance with cofactors in the TGA group
Lesion skze and distance of the lesion from the anterior
commissure did not correlate with navigation deficits {lesion
size: p = 0L16, p = 054 lesion distibution: p = 0.068, p =
0.84). Duration of the TGA episode cormelated with the
navigation deficits (p = 0.86, p < 0.0001) (data available from
Diryad, figure -2, doi.org/10.5061/ dryad s07ch56). Comela-
tion of navigation deficits with age was not significant, al-
though there was a tendency for performance to worsen with
inreasing age.

Discussion

TGA s frequently thought to be a transient condition cansed
by hippocampal dysfundion. In the cument study, we used
sequential quantitative spatial orientation and visual explora-
tion testing as a sensitive and reliable marker of hippocampal
fundtion, to document potentally more persistent spatial
memory deficits in this disorder. The major findings were the
following: (1) allocentric, ie, hippocampus-dependent, but
not egocentric real-space navigation abilities were oitically
impaired in patients with T'GA in the postacute phase despite
normalized verbal and fignra memory; (2) alocentric navi-
gation deficits persisted for months after the TGA episode;
(3) patients with TGA remained more dependent on visual
cues over ime than HCs; (4) persistence of allocentric nav-
igation deficits depended on the duration of the patient's
TGA; and (5] brain activations during real-space navigation in
the postacute stage showed recruitment of extrahippocmpal
hubes of the human spatial navigation network. Altogether, the
current study clearly demonstrated persistent spatial orien-
tation deficits as an indicator for hippocampal dysfunction
in TGA

Investigations of spatial orientation and memory in T GA over
time are largely nonexistent. Only one previous study showed
spatial navigation deficits in the virtual variant of the Morris
water maze task during the very acute stage of TGA (<24
howrs); these deficits recovered completelyafter 2 weeks® In
contrast, we found prolonged deficits of allocentric real-space
orientation in the absence of verbal and figural memory
problems. This disoepancy may be explained by different
sensitivities of the experimental paradigms (virtnal ws real
navigation) to detect allocentric navigation impa.irm.em_la
Deficits in allocentric navigation of our patents with TGA
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Figure 3 Navigation strategy and visual exploration patterns of patients with TGA (postacute stage, follow-up) and HCs
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(A) HCs showed 3 navig ston strategy that included the use of shortauss (Aa), indicating the use of 3 spasal cognitive map of the envr onment (Ab). (B) Pateres with
TGA showed 3 reduced use of shor uts during allocntric routs (red arr ows) and spent more Sme 3t cossings(blue arrows) both in the postacute stage(Ra)and
during folowup (Bb). The visus! explarason behavior of patients with TGA indicated & higher visual dependency than for HCs, both in the postacute gage and
during fallowup. Search pathe during navigason were mibrcoded on a ground map (x, y) 35 cumulstive time st locstion (2). Visual explor sson behavior was
rexorded by a hesd fixad aye tracking sysem and analysad post hoc. The pasition ofthe most frequently fics ted oljects in ploe wars indicated on a groundmap (x y)
&% green drckes (dlametars represnting the anmulstive Sme of foustion © arespeaine abipat). HC = hesithy mntral; TGA = trandent global amnesa.

x

decisicn-malu'ng.’w Furthermore, sequence-based non- network ™ Taken together, brain activations during real-space
allocentric navigation such as route learning was shown to  navigation in the present study underlined how hippocampal
strongly depend on a hippocampal-cerebellar centered  defidts in postacute TGA can intensely recruit, on the one

Figure 4 Localization of DWI lesions in patients with TGA relative to the hippocampal formation
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Al DWI lesions (a total of 16 lesions in 11 patients) were glotted on a hippocampus model. Alllesions except one were in the Isteral parts of the hippocampas,
wreponding tothe CA1 sactor. The AP distribuson was indicated as distana: fromthe anterior commissure. The nsecutive numberof ther espective TGA
patient sindicated next to the ksion. Let sided legons are aded in red right Sdedin blue, and bilsteral legons in green AP = anterior. pasteriorn; DWI =
diffsionweighted imaging L = left; R = right TGA = transient global amnesa.

8 Neurclogy | Voume92 Number3 | jJanuary15,2019 Neurologyorg/N

53



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

Table 2 Statistical comparison of visual exploration and spatial orientation parameters of patients with TGA (postacute

stage, follow-up) and HCs during navigation

Patients with TGA, Patients with TGA,

Parameter HCs postacute foll ow-up AMNOVA Fip values, ¥3p valses

Total fixations, n 13341 £ 3373 13606 +374.9 14409+ 2978 02108

Total saccades, n ERLTESRE N 25862 +1,0094 25032+ 6298 1434024

Egocentric fixations, n 372175 4174 +1448 419241334 083044

Egocentric saccades, n 634 22076 T0L1 £2942 6938 42987 0.19.0.83

Allocentric fications, n 107188 + 2067 8995 £ 3007 9548 + 2611 064053

Allocentric saccades, n 2290419252 17267 £ 7977 16909+ 538 6 22013

Totallandmarks, n 1.7238 + 306 17824 +5193 17961+ 3079 0083092

Unigque landmarks, n 1514 +3133 16200 + 3763 172544 28,14 1.1/0.33

Unigue allocentric Tox22 1178 +303 1088 +444 32005

landmarks, n

Unique allocentric 0036 0075 0083 4200023

landmarks/saccad e

Lhortcuts used, % 450+ 27 1212 217 48 215 Postacute: 14.400.00010; fellowup: 1734
=0.00H

Duration at crossmads, 5 210+24 243165 243164 Postacute: -1 60.10; follew-up: -1.2/
024

Duration at unex plored 47160 2172 64183 Postacute: 0840040 folbw-up: -039

roads, &

069

AbbreviaSons ANOVA = analysis of varianc:; HC = healthy control; TGA = ransent global amnesia.
Within all analyred parameters, the number of unique oljeas and the raso of unique objecs vs total saacades viewed during allocentric routes wene
significantly higher in pasients with TGA inthe postacute Sage and by tendendy during follow-up. Pasients with TGA wed significantly fewer shoout routes

b in the postacute stage and during follow-up compared & HCS

were reflected by a reduced use of shortcuts and increased
time spent at way aossings, both in the postacute and follow-
up stages (figure 3, table 2). A detailed analysis of visual
fixations revealed that patients with TGA used more unique
landmark fixations on their allocentric routes (table 2), in-
dicating that they rely more on visnal mes as a feature of
egocentric navigation strategies. Altogether, the observed
allocentric navigation problems and the assodated behavioral
differences in T GA refleat distinct defidts in constructing and
updating an internal cognitive map of a novel emvironment,
which iz a key function of the hippocampal formation.

Brain activation patterns during navigation indicate re-
organization processes following TGAL In the postacute stage,
patients with TGA adtivated a cerebral network during spatial
orientation, which was similar to previously reported patterns
in HCs and included the hippocampus, retrosplenial, poste-
rior parietal, and prefrontal cortices, as well as the
cerebellum.'**** Remarkably, the right hippocampal for-
mation was overactivated during navigation in patients as
compared to controls. This finding could be explained by
neuroplastidty and reorganization mechanisms in an attempt
to compensate for the disease-specific hippocampal defidt >
It cannot be excluded definitely that the hippomampal hy-
permetabolism could be an unspedfic phenomenon in the
postacute stage of TG A However, previous imaging studies in

Neumlogy .org/W
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TGA repot mostly a hippocampal  hypometabolism/
hypoperfusion in the acute and postacute stages!'*-*

Extrahippocampal areas of navigation control (ie, the pos-
terior parietal, prefrontal, and retrosplenial cortices, and cer-
ebellum) were recruited to a greater extent in patients with
TGA than in HCs. Increased adivation of the posterior pa-
rietal cortex could indicate the attempt to substitute the im-
paired abdlity to form hippocampal cognitive maps by a more
egocentric navigation strategy, ie, computation of distance
and directions for suocessful route lea.rn.lng.'“ Greater acti-
vation of the prefrontal cortex could reflect efforts being made
for path planning, as this area is involved in antidpating novel
routes and direction decisions at way cwssings’® Activation
of the retrosplenial cortex might indicate an attempt to
transfer egocentric coordinates to a more general allocentric
cognitive map. It has been shown that the retrosplenial cortex
@n thereby partially assume hippocampal cognitive map
functions despite a lack of detail-rich texture *** This would
explain why patients with TGA did not fal completely on
alocentric navigation routes but seemed to have problems
incorporating certain spatial aspects such as shortcuts in the
detail-rich texture of the navigationa space (figure 3). The
navigation-induced cerebellar activations in our study might
be exphined by a recuitment of prefrontal-cerebellar net-
works for executive functions, e.g, plnning {of routes) and

Weurclogy | ‘Volume 92, Number3 | Jaruany 15, 2019



Figure 5 rCGM during navigation in patients with TGA (postacute stage) and HCs
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hand, extrahippocampal hubs of the human spatial navigation
network and, on the other, intrahippocampal plastidty and
recrganization.

The experimental approach of the current study has certain
methodological limitations. It is hardly possible to design
navigation paradigms, which test only ego- or allocentric
navigation abilities, for real space. A dichotomous dassifica-
tion of routes, as defined in the cumrent study, can, therefore,
only be an approximation based on theoretical concepts de-
rived from previous navigational studies in virtual reality, ™
Detection and exact localization of hippoampal lesions on
routine D'W1 sequences may be restricted by the spatial res-
olution of cur 3-tesla MREL Lesions were only found in about
60% of patents in lateral hippomampal areas induding the
CAl sector, which is critially involved in allocentric naviga-
tion control™ These data are completely in line with results
reported by key publications on MR lesions in patients with
TGA™** The statistical comparison of the TGA sub-
groups with and without lesions did not show any significant
differences between these groups. Therefore, the presence or
absence of a hippocampal lesion does not seem to be a rele-
vant covariate in our stady. There are no established scales for
navigation performance that can reliably estimate the pre-
morhid level in patients with TGA Mone of the patients
reported having had any subjective problem in spatial orien-
tation before the onset of TGA

From a clinical pemspective, the question remains whether
prolonged navigation deficits affect activities of daily life of
patients with TGA Indeed, a majority of patients with TGA

Weurnlogy oM
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reported subtle defidts of orientation at follow-up, which,
however, did not critically interfere with their functionality.
Possible explanations may be the preservation of long-term
spatial memory and knowledge in T GA, the reorganization of
the cerebral navigation network, and the applimtion of
compensatory navigation strategies. In cse of a reduced
cognitive reserve or impaired compensatory neuroplasticity,
eg., due to age or structural cerebral damage, hippocampal
dysfunction in TGA could become functionally relevant.

The current study provides evidence of prolonged defidts of
dlocentric spatial orientation and memory in patients with
TGA This finding contrasts with the previously described
complete recovery of other memory domains, such as verbal,
figural, orepisodic memory." Lesionlocalization in the lateral
hippocampal CAL area of patients with TG A may explain why
hippocampal cell types, like place cells, are predominantly
affected. These cells are involved in constructing an internal
cognitive map of the environment. The time course of spatial
orentation deficits suggests more persistent hippocampal
dysfunction in TGA PET data point toward a compensatory
requitment of right hippocampal neurons and a functional
shift to extrahippocampal hubs of the cerebral navigational
network. TGA provides a disease model for studying the
particular role of hippocampal and extrahippocampal func-
tions in spatial orentation and navigation.
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Abstract

Introduction: Topographical disorientation is defined as the inability to recognize
familiar or unfamiliar environments. While its slowly progressive development is a
common feature of neurodegenerative processes like Alzheimer's dementia, acute
presentations are less frequent and mostly caused by strategic lesions within the
cerebral nawvigation network. Depending on the lesion site, topographical
disorientation can originate from deficits in landmark recognition and utilization for
route planning (egocentric navigation deficit), or disturbance of an owverarching
cognitive map of the spatial environment (allocentric navigation deficit]. However,
objective measurements of spatial navigation performance ower time are largely
missing im patients with topographical disorientation.

Methods: We here report a 55-year-old patient with acute topographical
disorientation as the single symptom of right-sided hippocampal hemorrhage and
present quantitative gaze-monitoring head camera-based analyses of his path-finding
strategy and visual exploration behavior in a real space navigation paradigm.
Results: The patient exhibited severe allocentric and also egocentric navigation
deficits during the acute phase, shown by higher error rates at finding target items. In
addition, he showed a more extensive use of search saccades toward, and fixations
on, landmarks that could potentially serve as spatial cues. These deficits had been
completely compensated for after four months, when the patient performed
unremarkably in the real space navigation tazk, and used even more strongly
allocentric path optimization strategies than age-matched controls.

Conclusions: This case report highlights the integral function and right-sided
dominance of the hippocampal formatiom in the cerebral navigation network in
humans. It shows that the cognitive map can be restored completely despite a
residusal hippocampal lesion, which illustrates the enormous plasticity of the cerebral

navigation network in humans.
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1 | INTRODUCTION

Previous studies show self-reported deficits of navigation abil-
ities in about one-third of patients with mild stroke. However,
izolated topographical disorientation is an uncommonly reported
chief complaint of acute cerebral lesions characterized by sud-
den deficits in the recognition of familiar surroundings (Aguirre
& D'Esposito, 1999; Van der Ham, Kant, Postma, & Visser-Meily,
2013). Lesions to various brain regions including critical hubs of
the cerebral navigation network may result in this impzairment
[Clagssen & van der Ham, 2017; Ekstrom, Arnold, & laria, 2014).
Mast often the right hippocampus or parahippocampus is in-
volved. It has been proposed that topographical disorientation
can ariginate from deficits in allocentric and/or egocentric spatial
strategies (Classzen & van der Ham, 2017). The cognitive map the-
ory pasits that the right hippocampus mainly supports allocentric
processing of space and is thus activated in more complex navi-
gational zituations (Burgess, Maguire, & O'Keefe, 2002; Kesfe
& Madel, 1978). In contrast, egocentric navigation mainly relies
on seguential distance and direction computations by means of
landmark recognition and utilization, processed particularly in the
parahippocampal and retrosplenial cortex [Epstein & Vazs, 2013).
In thiz caze study, we report a spatially disoriented patient with
an acute focal right-zided hippocampal/parahippocampal hem-
orrhage, and the long-term time-course of hiz deficits as doc-
umented by quantitative analyses of path-finding strategy and
gaze behavior in a real space environment. We hypothesized that
[a) allo- and egocentric navigation abilities would be impaired in
the acuts stage due to the anatomic localization of the lesion and
(b} navigation deficits would compensate over time by plasticity
mechanisms within the cerebral navigation network.

The 55-year-old patient HWW. presented to the emergency room
after feeling a sudden loss of familiarity with the entire surrcund-
ing environment while he was driving home from wark. He reported
ni further subjective deficits, and in particular no amnesia, aphasia,
gpraxia or visual deficits. The neurclogical status was unremark-
able except for a severe spatial orientation deficit. In particular, we
could not find any signs of visual field deficits, neglect/extinction

phenomena or deficits of left/right recognition. MRI revealed an
acute focal hemorrhage, affecting the medial-posterior hippocampus
and adjacent parahippocampus (Figure 1). Detailed neuropsycholog-
ical azzezzment was performed using the CERAD-plus test battery.
Performance in the subtests word list leaming total, word listwrial 1,
2 and 3, word list delayed recall, word list recognition, figure draw-
ing, figure drawing recall and trail making test B was compared to
age-matched controls using z-scores. HW. furthermaore underwent
CLOX1 and CLOX2 tests to identify potential executive or visug-
spatialfvisuoconstructive deficits. To exclude (hemilneglect the Line
Bisection and Balloons Test were performed. Results were depicted
as deviation from the true center of lines for the Line Bisection Test
and total B Score and Laterality B Index for the Balloons Test. Upan
informed written consent by the patient and approval by the Ethics
Committee of the Ludwig-Maximilians-University, Munich, topa-
graphical orientation was further assessed by an item search task
in an unfamiliar real space environment. The environment, in which
five items were placed as target points, was thown to the patient
first by an investigator-guided walk (exploration). Afterward, HW.
had ta find the items in & pseudorandomized order within 10 min
(navigation). The first part of the navigation paradigm was similar to
the previous exploration route, which can be successfully sohed by
pure egocentric repetition of the route leamed [Le., sequential com-
putations of distance and direction), thus requiring no cognitive map
of the spatial environment. However, in the second part, the order
of the target items was psewdorandomized, which consequently
required detailed imagery of the environment as 2 whole and con-
crete planning of novel routes, potentially including short-cuts (e, a
cognitive map-based or allocentric strategy) (Figure 2). Patient HW.
ware 3 gaze-monitoring head camera throughout the experiment to
document his visual exploration and head position [Schneider etal.,
2009). To quantify spatial navigation performance, the error rate for
items approached during the navigation phase was calculated by
offline analysis of the videos recorded by the gaze-monitoring head
camera. Error rates wers further separately analyzed for egocentric
and allocentric routes to test for specific deficits of either naviga-
tion strategy. Error rates were compared to those of an age-matched
cohort of 10 healthy men [age: 54.3 = 6.2 years). The s=arch path

-

Medial

Lateral

L "

FIGURE 1 Lesion localization in a case of acute topographical dizorizntation. & T2 MRI sequence showed a focal hemorrhage in the right
hippocampus and parshippocampus (left side). The lesion in full-scale (red sphere) was projected to a standard T1 brain template [middle)
and & hippocampus (blee) and parahippocampus (green) 30 model (right side) to visualize the exact lesion localization. B: right, L: left, A:

anterior, - posterior
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Exploration route

FIGURE 2 Mavigation paradigm in
real space. First row: exploration route
with a defined sequence of items. Second
row: In the first part of the navigation
paradigm, routas were tested which were
identical to the previous exploration routs
(zo-called egocentric routes). Third and
fourth row: in the second part, the order
of target items was changed in a way that
required the planning of novel routes
(z0-called allocentric routes). Potential
short-cuts within the allecentric route
wiere recorded (fourth row, right side).
The sequence of the target items during
exploration and navigation is depicted

in a table and appears as corresponding
numbers besides the target items in the
figures

during the navigation task was mapped by accumulating time spent
at a specific place and analyzed guantitatively [mean gait speed
during exploration or navigation, use of short-cuts, and time spent
at crossings). Video analysis allowed all fixation targets to be catego-
rized into fixed objects in space, mabile objects, and unspecific, non-
object fixations [e.g.. the ground, wall, ceiling). The total number of
objects viewed and the number of unique objects viewed were also
recorded. The objects, which were fixated most frequently, were
plotted on a ground map to indicate the visual exploration strategy
and landmark use. Analysis was carried out a5 described previoushy
(Stuart et al, 2014; Fwergal et al, 20146} The total number of sac-
cades and the saccade frequency were computed. Saccades directed
to objects that were feasible &= landmarks were defined as search
saccades. The total number of fixations, fixation freguency, and du-
ration were analyzed quantitatively. Fixation on a patential landmark
wias termed a search fixation. X and y gaze magnitudes and direction
corresponding to the peak saccadic velocities and median fixation
perinds were identified and displayed as wind rose plots (direction
and frequency of each claszl All eye movement parameters were
comparad to data from the healthy contrals.

Dietailed neuropsychological assessment with the CERAD-
plus test battery indicsted normal performance on &l subtests.

L
11 1;3: o i
S B
e e

bl allagantbric
houss m o
bl allocantric

The respective z-scores of subtest performance compared to ags-
matched controls were as follows: word list learning total: 0.4%; word
list trial 1: 0.5, word list trial 2: 0.68; word list trial 3: -0.03; word list
delayed recall: -0.09; word lizt recognition: 0.79; figure drawing: 0.7
figure drawing recall: -=1.27; trail making test B: -0.78. The patient
alzo showed a completely unremarkable performance on CLOX1/2
tests (15/15 points each). Neglect was ruled out by formally estab-
lished tests such as the Line Bisection Test (deviation from true cen-
ter of lines: 0.5 = 1.1 mm) and Balloons Test (tetal B Score of 20 and
Laterality B Index of 100%).

O Day 2 after symptom onset, HW!'s spatial navigation perfor-
mance was severely impaired compared to that of an age-matched
control cohort: he hada higher error rate on bothegocentric routes (pa-
tient: 100%, healthy controls: 5.0 £ 10.5%:; t[%) = -28.500, p < 0.001)
and allocentric routes (patient: 25%, healthy controls: 1.4 +£4.5%;
%) = -15.5300, p < 0.001), stayed longer at crossroads (HY) = 4118,
p = 0U003) and "neglected” half of the spatial environment (Figure 3a).
Recognition of landmarks was impaired and fixations to objects were
nonsystematic in the patient, while healthy controls had a high con-
sistency in retrieval of strategically important landmarks (Figure 3b).
The plat of HW.'s visual fixations in space and the heat map of eye
displacement from straight ahead position showed a pattern that was
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FIGURE 3 Navigational performance and visual exploration in the acute stage of topographical disorientation and during follow-up after
4 months. (3) Navigograms of the patient were constructed by plotting the search path onto the floor map, with x and y indicating position in
space and z accumulated time at place. The spatial position of the five search items (ball, mushroom, flower, train, house) is indicated on the
left. During the acute stage of topographical disorientation the navigogram showed a severely impaired navigational strategy with complete
loss of an internal cognitive map of the spatial environment. In the follow-up examination 4 months later, the navigational performance was
completely normal; the search path indicated an overall allocentric spatial strategy and was comparable to the group of healthy controls.

(b) During guided exploration, the patient (I) and healthy controls (II) showed a similar pattern of object fixations. However, during navigation
in the acute stage of topographical disorientation, the patient was not able to recognize these potential landmarks (lIl), whereas heaithy
controls showed 3 high consistency of retrieval of known objects (V). In follow-up testing, the visual fixation pattern of H.W. normalized (IV)
and got more similar to the strategy of healthy controls. Green circles indicate the most frequently fixated objects with position in space
indicated on a ground map and diameters being relative to the total duration of fixation

Patient acute stage Patient follow-up Healthy controls

B
o~ h—IW -

-no 100 \ \ \
6080

. 40-60
2040 ‘\._____ I P -
Wo-20

FIGURE 4 Visual exploration behavior in the acute stage of topographical disorientation and during follow-up after 4 months and
in healthy controls. Visual exploration behavior during navigation showed that saccadic eye movements during the acute stage of
topographical dizorientation were mainly directed to the lateral position (left panel) and there were more exploratory saccades. During

follow-up, saccadic eye movements were distributed more equally along the horizontal and vertical axes (middle panel). In healthy controls,
saccades were directed mainly toward the ground and straight ahead (right panel)

60



IRVING 7 2L

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

symmetric with respect to the lateral gaze position. This indicates that
there was no visual neglect or asymmetric visual exploration behav-
ior, but instead, that visual awareness was comparable across both
visual hemifields [Supporting information Figure 51). The apparent
azymmetry of navigation path trajectory likely resultad from the lack
of any internal cognitive map of the surrounding emvironment and
the distribution of wisual cuesflandmarks within it. However, given
the restrictions of newropsychalogical testing in the acute stage, the
passibility of basic spatial working memory problems could not defi-
nitely be excluded. The patient chose the wrong turn at the beginning
of the paradigm and from then just strayed up and down one hallway,
unaware that there was another hallway parallel which he could ex-
plare. During navigation, he used more search saccades (%) = 3.613,
b= 0.0035) and tended to make more fixations to possible landmarks
(69} = 2.0835, p=0.067). His gaze behavior was predominantly ori-
ented within the horizontal plane (Figure 4, leftl After an intense
work-up of possible bleeding etiologies, the patient was discharged
and followed up four months later.

At that time, he reported no more problems with spatial ari-
entation in his daily life. Therefore, HW. performed the same
real space navigation task like during the acute stage without amy
errors (egocentric rowtes 6% = 1.500, p=0168 and allocentric
rowtes (9] = 1000, p = 0.343), used even more short-cuts than age-
matched controls (patient: 100%, healthy controls: 4000 £ 46.07%;
b9 =-3.417, p=0.008) and incorporated all possible paths into
hiz navigational trajectory, thus highly indicative for the presence
of an internal cognitive map of the spatial environment similar to
healthy controks (Figure 3a). Landmark location and retrieval wers
simnilar to healthy contrals (Figure 3bl. Gaze behavior had alzo nor-
malized, showing a more equal distribution of the vertical and hor-
izontal planes (Figure4, rightl. The numbers of search saccades
(E[%) = 0.813, p = 0.437) and search fixations [(%) = 1.179, p = 0.26%)
were comparable to that of age-matched controls.

Combining behavioral measurements of navigational and neu-
ropsychological performance, we here present evidence that a
small, but strategic right-zided hippocampal/parahippocampal
lesion cam cause acute topographical disorientation as a single
symptom and can lead to severe deficits of both allo- and ego-
centric navigation strategies. This is remarkable as multiple brain
areas form a distributed cerebral network for spatial navigation
in humans [Ekstrom etal., 2014; Epstein & Vass, 2013; Gran,
Wunderlich, Spitzer, Tomczak, & Riepe, 2000). This case under-
lines the integral function of the right hippocampus and parahippo-
campus within this network (Aguirre, Detre, Alsop, & 0¥ Esposito,
19%4; Byrne, Becker, & Burgess, 2007; Hartley, Maguire, Spiers,
& Burgess, 2003; Morgan, Macevoy, Aguirre, & Epstein, 2011L;
Suthana, Ekstrom, Moshirvaziri, Knowlton, & Bookheimer, 2009).
Therefore, hippocampal dysfunction in patient HW. was indicated
by & nearly complete loss of hiz internal cognitive map for space
during the acute stage of symptoms (Hartley et al., 2003; Howard
etal, 2014} An increase in search saccades together with a pro-
nounced deficit in the recognition and incorporation of landmarks
were associated with parahippocampal dysfunction (Aguirre et al.,
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1994; Epstein & Kanwisher, 1998). The pathological changes in
gaze behavior and spatial navigation abilities in our patient rezem-
bled the pattern of other hippocampal navigation dizorders such
as MCl-patients (unpublished data). Functional compensation of
topographical dizorientation in HMW. was rapid and complete, as
reported in similar previous cases (Gil-Méciga et al, 2002; Rivest,
Svoboda, McCarthy, & Moscovitch, 2018). The complete recov-
ery of an allocentric navigation strategy despite a residual hippo-
campal lesion in follow-up MRI illustrates the great plasticity of
the human navigation network (Byrne et al, 2007; Ekstrom et al.,
2014} In the follow-up asseszment, the patient utilized an allocen-
tric strategy with successful use of short-cuts. Although it can-
not be completely excluded that previous knowledge about the
room representation alleviated the paradigm the second time, the
most likely explanation may be a recruitment of extrahippocampal
network structures as has been described earlier for hippocam-
pal lesions (Kolarik, Baer, Shahlaie, Yonelinaz, & Ekstrom, 2018;
Maguire, Mannery, & Spiers, 2006).

In conclusion, acute topographical disorientation should be
recognized in clinical practice as a distinct and focal symptom
indicating right-zided lesions of the hippocampal formation. The
exceptional aspects of this caze are the differentiation between
egocentric and allocentric navigation strategies, the altered visual
explaration behavior without any other signs for (hemilneglect or
amy asymmetric visual exploration in general. Importantly, isolated
and severe topographical dizorientation due to a very strategic le-
siom as inour case can recover rapidly and completely without any
sequelae. It can only be speculated how plasticity supported the
recovery of topographical orientation—either through a functional
substitution by the intact left hippocampus, or & fundamental re-
arganization within the broader human spatial navigation network
including extrahippocampal hubs such as the retrozplenial and
posterior parietal cortes.
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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 [*F]-

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.

63



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

Comparisons within the healthy cohort revealed that allocentric navigation strategies in real-
space 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 gender-
independent; 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, [*®F]-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
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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 [*®F]-FDG-PET
imaging to discern the brain regions active during real-space navigation (Schoberl et al.,

2018).

By combining navigation performance, measurements of visual exploration and simultaneous
measurements of cerebral glucose metabolism by [*®F]-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; Schoberl 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 route-

learning (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 age-
related 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; Lacz6 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 (Laczé 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 (Jager 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 (Schoberl et al., 2018).

TGA is also characterised by focal lesions to the CAL 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 CAL neurons is
likely due to a functional disconnection of the hippocampus, or residual microstructural
damage (Dohring et al., 2017; Schoberl 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 (Schoberl 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 (Jager et al., 2009).

In contrast, we discovered prolonged deficits of allocentric navigation (Schoberl 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 (Schoberl 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; Hufner 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

etal., 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

etal., 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 (Schéberl 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 & Buchel, 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, Schdoberl 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

(Schaoberl 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 (Schoberl 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.

74



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

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 MCIl and AD.
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