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the tight links between visual information processing and spatial cognition and they provided unique insights into the repercussions of visual ageing on navigational behaviour. This work also emphasised the importance of developing infrastructures tailored to older adults' visuospatial preferences, with a view to maintaining their autonomy.
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RÉSUMÉ EN FRANÇAIS

Le vieillissement sain s'accompagne d'une diminution des capacités de navigation spatiale avec pour conséquence une perte de mobilité et d'autonomie. La majorité des études attribue cette atteinte uniquement au déclin de processus cognitifs, tels que la mémoire ou les fonctions exécutives, sans considérer les déficits perceptifs liés à l'âge. Or, la façon dont nous percevons l'information visuelle constitue une étape clé pour appréhender et agir sur notre environnement.

Ce travail de thèse visait à comprendre, via des mesures comportementales et de neuroimagerie, l'impact du vieillissement du système de traitement de l'information visuelle sur les capacités de navigation spatiale. Le premier volet s'est attaché à évaluer les conséquences du vieillissement sur l'utilisation d'indices visuels pour l'orientation et la navigation spatiale. Dans une expérience en imagerie par résonance magnétique fonctionnelle (IRMf), nous avons montré une diminution des performances de navigation chez les participants âgés. Cette dernière était associée à une réduction de l'activité de régions parahippocampiques impliquées dans le traitement de l'information visuelle fine. L'occipital place area (OPA) était davantage sollicitée par les participants âgés que par les jeunes pour se réorienter. Cette région de la voie visuelle dorsale impliquée dans l'encodage de scènes a aussi pour particularité de traiter préférentiellement les informations du champ visuel inférieur. Les résultats de cette première partie nous ont ainsi permis d'émettre l'hypothèse que l'augmentation d'activité de l'OPA pourrait être associée à un biais, apparaissant avec l'âge, pour la portion inférieure du champ visuel. Le second volet de ce travail avait pour but de tester si le rôle de la position verticale d'un objet constituait une propriété essentielle pour la cognition spatiale des personnes âgées. Dans une expérience sur ordinateur impliquant une tâche de mémorisation d'objets, nous avons identifié un déficit spécifique de mémoire spatiale dans le champ visuel supérieur des personnes âgées. Forts de ce résultat, nous avons montré qu'un tel déclin n'était pas dû à des changements liés à l'âge de l'aire des champs visuels ou de l'intégrité des couches rétiniennes. Le troisième volet s'est intéressé aux corrélats neuraux du traitement de la position verticale d'objets dans le contexte de tâches de navigation plus écologiques. Nous avons d'abord créé une expérience de navigation sur ordinateur avec enregistrements oculomoteur et électroencéphalographique afin de déterminer si la recherche visuelle libre était associée à des biais verticaux. L'expérience a démontré un biais systématique chez les participants âgés pour l'information visuelle située dans la portion inférieure de l'écran ainsi qu'une modulation des bandes de fréquences theta et beta en fonction de la position de l'information. Ces résultats ont montré que l'attention n'était pas distribuée de manière homogène lors de la navigation au cours du vieillissement. Enfin, dans une dernière expérience d'orientation spatiale en IRMf, nous avons viii établi que l'OPA codait la position verticale d'objets utile à la navigation chez les participants jeunes et âgés. Nous avons aussi observé que l'activation de l'OPA était indépendante de son biais pour la partie basse du champ visuel, et qu'elle était plus prononcée chez les participants âgés. L'ensemble de ces travaux a permis de mettre en lumière les liens étroits qui existent entre traitement de l'information visuelle et cognition spatiale. Ce travail de thèse a contribué à une meilleure compréhension des répercussions du vieillissement visuel sur les comportements liés à l'orientation dans l'espace. Il a permis également de souligner l'importance d'une planification d'aménagement des infrastructures mieux adaptée aux caractéristiques visuo-spatiales des personnes âgées, dans une perspective de maintien de l'autonomie.
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PREFACE

The overarching aim of this PhD thesis was to gain a deeper understanding of the impact of visual information processing on spatial memory and navigation abilities in young and older adulthood.

The presented projects take a comprehensive approach, examining this question from both behavioural and neuroimaging perspectives. A significant emphasis was placed on investigating the activity of scene-selective regions, for which both univariate and multivariate (i.e., representational similarity analysis) analysis methods were used.

Chapter 2 was dedicated to elucidating the behavioural and neural signatures of landmark and geometry use for spatial navigation among young and healthy older adults. It strove to highlight the essential role of visual information processing for spatial navigation in healthy ageing, while also providing initial insights into the activity patterns of scene-selective regions during an active navigation paradigm. The primary objective of Article 1 was to verify whether landmark vs. geometry processing rely upon distinct brain structures, as suggested by the classic framework positing two causally dissociable hippocampal and striatal systems. Furthermore, it sought to test whether objects and features are rightfully considered to be interchangeable forms of landmarks.

Article 2 aimed at addressing the lack of knowledge regarding landmark-based navigation in healthy ageing, with a particular focus on the modulation of neural activity within scene-selective regions. Complementing these investigations, the exploratory Article S1 set out to introduce the cerebellum as a region of interest when studying age-related spatial navigation deficits. Articles 1, 2 and S1 were grounded on the same MRI experiment, during which the whole-brain activity of young and older participants was recorded whilst they engaged in a two-choice spatial navigation task.

Chapter 3 sought to provide a better understanding of a how specific object property, namely its vertical position, might impact spatial memory in both young and older adults. Notably, visual ageing is characterised by non-uniform visual field loss and heterogeneous perceptual performance within the upper and lower visual fields. Only a few studies delved into this topic, and they hinted at a more pronounced age-related decline in the upper visual field. Therefore, this chapter aimed at investigating whether these vertical asymmetries could have implications for higher-level cognitive processes involved in navigation, such as spatial memory. To address this question, Article 3 explored the plausible influence of the vertical position of visual information on mnemonic processes across young and older age groups. In a desktop-based source monitoring xi paradigm, the position of stimuli was manipulated along the vertical dimension and eye tracking was used to ensure that young and older participants maintained their fixation on a central cross.

A Complementary study served to characterise the loss of upper and lower visual field extent and the atrophy of retinal layers in the inferior and superior quadrants of older adults.

Chapter 4 built upon the foundation laid in the previous chapter by analysing whether the vertical position of landmarks in a virtual environment conditions activity in scene-selective regions during spatial navigation. It also aimed to discern age-related differences in neural signatures within the scene-selective systems. The focus on scene-selective regions can be explained by two crucial properties they possess: they carry strong retinotopic biases for the upper or lower visual fields and they are associated with navigationally-relevant functions. Moreover, the OPA, with its documented lower visual field retinotopic bias, offered an ideal platform to explore the functional implications of such a bias in healthy ageing during spatial navigation. Article 4 used a desktopbased spatial navigation paradigm that tasked young and older participants to reorient in a virtual city using objects positioned at different vertical locations. Participants' gaze behaviour was recorded, and fMRI-informed source reconstructed EEG was employed to study the activity of scene-selective regions with high temporal and spatial precision. Article 5 presented another spatial navigation paradigm to participants. The latter modulated two aspects of landmarks: their absolute vertical position in space and their relevance for spatial navigation. Young and older participants performed the task while undergoing MRI to unearth the links between the position of navigationally-relevant visual information and activity within scene-selective regions.

Chapter 5 aimed to bring together all findings from preceding chapters and to analyse the overall implications of the research conducted. By integrating the key insights from each project, the general discussion strived to precisely explore the contribution of visual ageing to spatial memory and navigation abilities. It provided future research avenues related to the object properties that facilitate navigation, visual field asymmetries in older age, scene-selective regions throughout adulthood, and pathological ageing. Lastly, this chapter served to highlight the strengths and limitations of this work as well as important methodological considerations that are detailed in Article S2. Retrieving our spatial bearings upon exiting a tube station, adapting our trajectory when faced with obstacles or walking to meet a friend in an unfamiliar neighbourhood constitute essential daily activities that rely on spatial navigation abilities. In its broadest sense, spatial navigation refers to the capacity to plan a path towards a goal and subsequently execute this plan to attain the goal location. It can be understood as being reliant upon two distinct yet interdependent systems: locomotion and wayfinding [START_REF] Montello | Navigation[END_REF]. Locomotion refers to the act of travelling through the immediately visible environment, it encompasses various forms of movement such as walking, running or crawling. This breadth of navigational behaviours can be accomplished without explicit reliance on spatial knowledge [START_REF] Mallot | Spatial cognition: Behavioral competences, neural mechanisms, and evolutionary scaling[END_REF]. The second component of spatial navigation, wayfinding, consists of a set of cognitive abilities and mental strategies that orchestrate goaldirected actions to a desired destination [START_REF] Golledge | Wayfinding behavior: Cognitive mapping and other spatial processes[END_REF][START_REF] Farr | Wayfinding: A simple concept, a complex process[END_REF]. Wayfinding may also be undirected, as exemplified in exploratory behaviour, but it remains an inherently intentional process [START_REF] Allen | Spatial abilities, cognitive maps, and wayfinding[END_REF]. These abilities comprise an array of executive and mnemonic functions such as planning, decision-making, working memory and long-term memory [START_REF] Montello | Navigation[END_REF]. Among these cognitive functions, it is crucial to recognise the centrality of memory in guiding actions for spatial navigation. Indeed, alterations to specific mnemonic processes such as spatial memory can directly dampen navigation performance [START_REF] Claessen | Classification of navigation impairment: A systematic review of neuropsychological case studies[END_REF]. Accordingly, patients with hippocampal brain lesions that cause episodic memory impairments experience topographical disorientation and distressing alterations to their quality of life [START_REF] Aguirre | Topographical disorientation: A synthesis and taxonomy[END_REF]. A decline in navigational abilities is not exclusive to pathological conditions but is also evident in the context of normal ageing trajectories. These changes reduce older adults' autonomy and mobility, resulting in an increased risk of progression of age-related disorders such as Alzheimer's Disease [START_REF] Stephen | Physical Activity and Alzheimer's Disease: A Systematic Review[END_REF]. This thesis focused specifically on the wayfinding aspect of spatial navigation as the experiments conducted involved young and healthy older participants who were either seated in front of a desktop or in a supine position in a magnetic resonance imaging (MRI) machine. As such, the terms spatial navigation and wayfinding are used interchangeably throughout the manuscript.

1.1.2

The cognitive mechanisms subtending spatial knowledge

Navigational performance is contingent upon a myriad of variables that collectively contribute to the formation of spatial knowledge. Early investigations established the existence of three levels of spatial knowledge [START_REF] Siegel | The development of spatial representations of large-scale environments[END_REF]. The first level pertains to straightforward knowledge about a specific landmark or a goal location (i.e., landmark knowledge), the second involves knowledge about a trajectory within the environment (i.e., route knowledge), and the third requires more intricate knowledge concerning the spatial relationships between multiple reference points in the environment (i.e., survey knowledge). Although these domains of spatial knowledge were initially thought to be hierarchically organised, subsequent work led to a shift in perspective, suggesting that landmark, route, and survey knowledge should instead be conceptualised as individual traits [START_REF] Ishikawa | Spatial knowledge acquisition from direct experience in the environment: Individual differences in the development of metric knowledge and the integration of separately learned places[END_REF]. Further studies brought attention to the presence of a fourth type of knowledge coined graph knowledge [START_REF] Chrastil | Neural evidence supports a novel framework for spatial navigation[END_REF]. This intermediate form of knowledge sits between route and survey knowledge, enabling location nodes to be interconnected in the absence of precise metric information. In addition to the route vs. survey distinction, the spatial navigation literature also understands the mechanisms behind spatial knowledge through the framework of egocentric vs. allocentric representations [START_REF] Klatzky | Allocentric and Egocentric Spatial Representations: Definitions, Distinctions, and Interconnections[END_REF][START_REF] Ekstrom | Human spatial navigation: representations across dimensions and scales[END_REF]Fig. 1.1). Egocentric representations of space rely on the observer's own position, and they

support simple yet poorly flexible forms of navigation. Remembering a sequence of turns from home to the University is an example of egocentric representation. Allocentric representations, in contrast, disregard the observer and involve the encoding of multiple landmarks to construct a mental map of the environment. They constitute a complex reference frame that offers increased stability and flexibility for navigating towards the target location. Knowing that the University is south of the river and at the crossroads between the museum and the library is an example of allocentric representation. Akin to route and survey knowledge, allocentric and egocentric perspectives are postulated to combine and operate in parallel [START_REF] Burgess | Spatial memory: how egocentric and allocentric combine[END_REF]. It is critical to emphasise that an ongoing debate surrounds the extent of overlap between these two reference frames, with some researchers advocating that distributed networks, rather than localised brain areas, support such representations [START_REF] Ekstrom | Interacting networks of brain regions underlie human spatial navigation: A review and novel synthesis of the literature[END_REF][START_REF] Wang | Spatial updating and common misinterpretations of spatial reference frames[END_REF]. Of note, response learning and place learning are terminologies that are also used in the literature, and they often denote egocentric and allocentric navigation, respectively (e.g., [START_REF] Arleo | Multimodal sensory integration and concurrent navigation strategies for spatial cognition in real and artificial organisms[END_REF][START_REF] Tansan | Spatial Navigation in Childhood and Aging[END_REF]. The concepts of route vs. survey knowledge and egocentric vs. allocentric representations largely overlap, although there are some subtle differences. For example, route information can be acquired from a specific perspective and subsequently extrapolated to the opposite perspective via an allocentric viewpoint-independent representation. This phenomenon can be observed in route retracing tasks where survey knowledge of the environment isn't required [START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF][START_REF] Van Der Ham | Navigation Ability[END_REF].

Theoretical models of wayfinding

In light of the diversity and task-dependency of cognitive resources that are necessary for efficient spatial navigation, researchers in the field focused on developing a precise taxonomy of the mechanisms subtending spatial navigation [START_REF] Wiener | Taxonomy of human wayfinding tasks: A knowledgebased approach[END_REF][START_REF] Wolbers | What determines our navigational abilities?[END_REF][START_REF] Claessen | Classification of navigation impairment: A systematic review of neuropsychological case studies[END_REF]. Wiener and colleagues (2009) categorised wayfinding into tasks that are contingent upon the navigator's route or survey knowledge of the target location. They identified the existence of two main behaviours: search and target approximation. Search tasks implicate no knowledge of the destination, but they may benefit from survey knowledge of the environment. Target approximation tasks, on the other hand, can draw upon either route or survey knowledge depending on whether the observer has a memory trace of the trajectory leading to the goal. The latter taxonomy, which classifies wayfinding based on its constituent tasks, proposes a perspective distinct from that presented in another frequently referenced review of spatial navigation mechanisms [START_REF] Wolbers | What determines our navigational abilities?[END_REF]. This complementary categorisation scheme aims at delineating the diverse internal representations that emerge from sensory experiences. It views spatial navigation as an intricate interplay between three stages: the perception of sensory cues, the computational processes involved, and the spatial representations used to guide behaviour. The interest of this work lies in the formulation of the numerous combinations of perceptual and cognitive abilities available to support adequate spatial navigation. Furthermore, this framework acknowledges the critical concepts of egocentric and allocentric representations. According to [START_REF] Wolbers | What determines our navigational abilities?[END_REF], the use of egocentric or allocentric reference frames to map distances and directions is a highly individual endeavor. More recently, a functional approach to the study of spatial navigation was developed as a supplementary standpoint to the existing "processes" approach [START_REF] Claessen | Classification of navigation impairment: A systematic review of neuropsychological case studies[END_REF]. Through a comprehensive review of theoretical, empirical and clinical literature, with an emphasis on case studies of navigation-related complaints, the authors defined three functionally dissociable domains of spatial navigation: landmarks, locations, and paths. Landmarks refer to the ability to identify spatially meaningful objects in the environment. Locations pertain to the encoding of locations in space, which the authors underline may be accomplished from egocentric or allocentric perspectives. Paths reflect the capacity of elaborating a trajectory to a target destination and may rely predominantly on route or survey knowledge. These complementary taxonomies offer valuable insights into the profound complexity of spatial navigation and the multiple theoretical frameworks through which this fundamental cognitive process can be examined.

The implication of medial temporal areas in spatial navigation

The previous description of the cognitive mechanisms underlying spatial navigation abilities lays a robust foundation to examine their neural underpinnings. Early rodent studies found the hippocampus to be at the heart of navigation-related computations (O' Keefe and Dostrovsky, 1971; O'Keefe and [START_REF] O'keefe | The hippocampus as a cognitive map[END_REF]. Place cells within the hippocampus contribute to the formation of spatial maps by increasing their firing rates upon reaching their preferred location (O' Keefe, 1976;[START_REF] O'keefe | Hippocampal place units in the freely moving rat: Why they fire where they fire[END_REF]. This foundational work along with the widespread adoption of structural and functional magnetic resonance imaging (fMRI) motivated a multitude of investigations aiming to interrogate navigation-related neural codes in the human brain.

Subsequent research in humans corroborated that the hippocampus and associated structures of the medial temporal lobe constitute central nodes of the spatial navigation network [START_REF] Spiers | Neural systems supporting navigation[END_REF]. The ability to navigate using an allocentric reference frame is largely ascribed to the hippocampus [START_REF] Chersi | The Cognitive Architecture of Spatial Navigation: Hippocampal and Striatal Contributions[END_REF]. For example, London taxi drivers have larger posterior hippocampi after 4 years of training, when they have acquired a detailed mental map of the city, compared to pre-training [START_REF] Woollett | Acquiring "the knowledge" of London's layout drives structural brain changes[END_REF]. Further evidence comes from fMRI studies coupled to virtual reality (VR). The development of VR unlocked a wealth of research opportunities, with the majority of experiments now leveraging this tool to gain a deeper comprehension of spatial navigation (Box 1). These studies revealed that activity in the hippocampus subserves the formation of viewpoint-independent spatial maps and supports the successful use of novel trajectories and shortcuts [START_REF] Hartley | The Well-Worn Route and the Path Less Traveled: Distinct Neural Bases of Route Following and Wayfinding in Humans[END_REF][START_REF] Iaria | Cognitive strategies dependent on the hippocampus and caudate nucleus in human navigation: variability and change with practice[END_REF][START_REF] Suthana | Human hippocampal CA1 involvement during allocentric encoding of spatial information[END_REF][START_REF] Marchette | Cognitive Mappers to Creatures of Habit: Differential Engagement of Place and Response Learning Mechanisms Predicts Human Navigational Behavior[END_REF]. It is key to stress that the hippocampal formation encodes increasingly more local spatial properties (i.e., the relationship between directions or distances) along its antero-posterior axis [START_REF] Nadel | Spatial cognition and the hippocampus: The anteriorposterior axis[END_REF][START_REF] Poppenk | Long-axis specialization of the human hippocampus[END_REF].

The entorhinal cortex works in tandem with the hippocampus to create a detailed, metric map of the environment. Analogous to grid cells in the rodent entorhinal cortex [START_REF] Hafting | Microstructure of a spatial map in the entorhinal cortex[END_REF], the human entorhinal cortex also demonstrates grid-like representations with space being mapped along the vertices of a hexagonal grid. Notably, grid-like codes are observed during active and imagined navigation via intracranial electroencephalography (EEG) [START_REF] Jacobs | Direct recordings of grid-like neuronal activity in human spatial navigation[END_REF][START_REF] Nadasdy | Context-dependent spatially periodic activity in the human entorhinal cortex[END_REF] and fMRI studies [START_REF] Doeller | Evidence for grid cells in a human memory network[END_REF][START_REF] Horner | Grid-like processing of imagined navigation[END_REF]. The parahippocampal and perirhinal cortices are additional structures of the medial temporal lobe that exhibit functionally dissociable roles from the hippocampus. The parahippocampal cortex is responsive to the spatial configuration of objects and to changes in the immediate visual scene [START_REF] Epstein | Parahippocampal and retrosplenial contributions to human spatial navigation[END_REF][START_REF] Howard | Double Dissociation between Hippocampal and Parahippocampal Responses to Object-Background Context and Scene Novelty[END_REF][START_REF] Bohbot | Role of the parahippocampal cortex in memory for the configuration but not the identity of objects: Converging evidence from patients with selective thermal lesions and fMRI[END_REF]. Contrary to the long-standing belief that the perirhinal cortex solely processes isolated objects (for a review, see [START_REF] Graham | Going beyond LTM in the MTL: A synthesis of neuropsychological and neuroimaging findings on the role of the medial temporal lobe in memory and perception[END_REF], mounting evidence supports its implication in spatial tasks [START_REF] Fiorilli | Reconciling the object and spatial processing views of the perirhinal cortex through task-relevant unitization[END_REF] such as the detection of novel scenes [START_REF] Berron | Age-related functional changes in domain-specific medial temporal lobe pathways[END_REF][START_REF] Ross | Hippocampal engagement during recall depends on memory content[END_REF].

dynamically reconfiguring the path towards a new subgoal [START_REF] Spiers | Solving the detour problem in navigation: a model of prefrontal and hippocampal interactions[END_REF][START_REF] Balaguer | Neural Mechanisms of Hierarchical Planning in a Virtual Subway Network[END_REF][START_REF] Brown | Prospective representation of navigational goals in the human hippocampus[END_REF][START_REF] Javadi | Hippocampal and prefrontal processing of network topology to simulate the future[END_REF]. Furthermore, engagement of the retrosplenial cortex is consistently reported during navigation tasks (Cona and Scarpazza, 2019) and its functions are numerous and complex [START_REF] Vann | What does the retrosplenial cortex do?[END_REF][START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF].

Theoretical models postulate that the retrosplenial cortex may serve as a mediator between the hippocampus and posterior parietal cortex, thereby facilitating the translation of representations across different spatial reference frames during navigation [START_REF] Burgess | A temporoparietal and prefrontal network for retrieving the spatial context of lifelike events[END_REF][START_REF] Byrne | Remembering the past and imagining the future: A neural model of spatial memory and imagery[END_REF]. Recent investigations provided tentative evidence, revealing that the retrosplenial cortex processes both local [START_REF] Auger | Efficacy of navigation may be influenced by retrosplenial cortex-mediated learning of landmark stability[END_REF] and global information [START_REF] Shine | The human retrosplenial cortex and thalamus code head direction in a global reference frame[END_REF] and that it establishes associations between the current first-person view of a scene and traces stored in memory [START_REF] Robertson | Neural Representations Integrate the Current Field of View with the Remembered 360° Panorama in Scene-Selective Cortex[END_REF]. Finally, an underappreciated region of the human brain that plays a role in wayfinding is the cerebellum. Two meta-analyses highlighted its involvement in the non-spatial aspects of navigation tasks (Cona and Scarpazza, 2019;[START_REF] Li | Human spatial navigation: Neural representations of spatial scales and reference frames obtained from an ALE metaanalysis[END_REF]. Emerging evidence suggests that the cerebellum may collaborate with the hippocampus and frontal regions to facilitate the integration of specific reference frames during spatial navigation [START_REF] Iglói | Interaction between hippocampus and cerebellum crus i in sequence-based but not place-based navigation[END_REF][START_REF] Hauser | Cerebellar-hippocampal processing in passive perception of visuospatial change: An ego-and allocentric axis?[END_REF]. Overall, the recruitment of such an extensive network of brain regions is coherent with the multiplicity and complexity of cognitive mechanisms that subtend spatial navigation (Fig. 1.1). It is noteworthy that the involvement of these cortical and subcortical regions varies depending on the nature of the navigational task and on the sensory information available within the environment.

THE RELEVANCE OF VISUAL INFORMATION FOR HUMAN SPATIAL NAVIGATION

External cues for wayfinding

Broadly, there are two types of cues that an observer may employ to navigate: idiothetic and allothetic cues. Idiothetic cues refer to internally-generated signals of self-motion that allow the dynamic updating of position and heading direction. Proprioceptive cues, vestibular feedback and motor efference commands are idiothetic cues that support path integration [START_REF] Mcnaughton | Path integration and the neural basis of the "cognitive map[END_REF]. Path integration pertains to the navigational ability of acquiring a sense of location without reliance on external information [START_REF] Gallistel | Representations in animal cognition: An introduction[END_REF][START_REF] Etienne | Path integration in mammals[END_REF]. Note that optic flow is a visually-computed self-motion signal that can also contribute to path integration [START_REF] Kearns | Path Integration from Optic Flow and Body Senses in a Homing Task[END_REF][START_REF] Wiener | Path complexity does not impair visual path integration[END_REF]. In contrast, allothetic cues correspond to information derived from any sensory modality that is external to the observer [START_REF] Burgess | Spatial cognition and the brain[END_REF]. Despite being able to use olfactory or auditory signals to guide navigational behaviour under specific circumstances [START_REF] Battaglia | Bayesian integration of visual and auditory signals for spatial localization[END_REF][START_REF] Bao | Grid-like Neural Representations Support Olfactory Navigation of a Two-Dimensional Odor Space[END_REF][START_REF] Wu | Humans navigate with stereo olfaction[END_REF][START_REF] Pare | Spatial navigation with horizontally spatialized sounds in early and late blind individuals[END_REF][START_REF] Norman | The Occipital Place Area Is Recruited for Echo-Acoustically Guided Navigation in Blind Human Echolocators[END_REF], humans predominantly rely on the visual system [START_REF] Foo | Do Humans Integrate Routes Into a Cognitive Map? Map-Versus Landmark-Based Navigation of Novel Shortcuts[END_REF][START_REF] Ekstrom | Why vision is important to how we navigate[END_REF].

Illustrating the pivotal role of vision for navigation, substantial evidence supports the tight links between gaze behaviour and spatial navigation performance. For example, individuals tend to direct their gaze towards defining features of environments as well as the path they plan to traverse [START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF]. Furthermore, they devote greater visual attention to salient landmarks, which subsequently serve as crucial reference points for successful navigational behaviour [START_REF] Hamid | Gaze patterns in navigation: Encoding information in large-scale environments[END_REF][START_REF] De Condappa | Human place and response learning: navigation strategy selection, pupil size and gaze behavior[END_REF][START_REF] Wenczel | Gaze behavior during incidental and intentional navigation in an outdoor environment[END_REF]. More recent work shed light on the substantial influence of visual space on gridlike codes in humans. Grid-like representations in the entorhinal cortex appear to encode the direction of eye movements and to be disrupted by the introduction of barriers in the environment [START_REF] Julian | Human entorhinal cortex represents visual space using a boundary-anchored grid[END_REF][START_REF] Nau | Hexadirectional coding of visual space in human entorhinal cortex[END_REF]He and Brown, 2019). Overall, representations of space in humans are intricately tied to the visual world, underscoring the role that visual cues play in facilitating successful wayfinding.

The surrounding environment consists of a plethora of useful visual cues for orientation, with landmarks and space-defining geometric attributes being two of the most commonly employed stimuli. The lack of universally agreed-upon definitions for landmark and geometric cues in the literature led to varying interpretations of research findings and renders the interpretation of results controversial. For example, the term landmark is employed to refer to a wide array of local elements including buildings, objects, colour, and texture [START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF][START_REF] Wolbers | Dissociable retrosplenial and hippocampal contributions to successful formation of survey representations[END_REF][START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF][START_REF] Marchette | Outside looking in: Landmark generalization in the human navigational system[END_REF][START_REF] Lowe | Neural representation of geometry and surface properties in object and scene perception[END_REF][START_REF] West | Landmark-dependent Navigation Strategy Declines across the Human Life-Span: Evidence from Over 37,000 Participants[END_REF]. An outstanding question pertains to how the diverse cues falling under the umbrella term of landmark might distinctly modulate navigational behaviour and cerebral activity. Similarly, the concept of geometry is a topic of debate. Some researchers propose that it is solely related to the geometric information contained within the 3D layout of a space, while others advocate for a broader definition that encompasses the geometric relationships between external objects [START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF][START_REF] Learmonth | Why size counts: Children's spatial reorientation in large and small enclosures: Paper[END_REF][START_REF] Lourenco | Location representation in enclosed spaces: What types of information afford young children an advantage?[END_REF]Lee and Spelke, 2010a;[START_REF] Sutton | Geometry three ways: An fMRI investigation of geometric information processing during reorientation[END_REF]. For the sake of clarity, both terms are defined as follows in the present thesis. Landmarks are salient objects that are independent of the environmental layout; a tree, a building or an advertising panel are examples of landmarks [START_REF] Stankiewicz | Acquisition of Structural Versus Object Landmark Knowledge[END_REF]. Geometric cues encompass all the elements that are intrinsic to and continuous with the external limits of a space; these include shape of boundaries, wall lengths or angle sizes.

A striking aspect of wayfinding behaviour is its strong dependence on the information provided by local environmental geometry [START_REF] Sheynikhovich | Is There a Geometric Module for Spatial Orientation? Insights From a Rodent Navigation Model[END_REF]. Early studies conducted on rodents shed light on the privileged processing of stable geometric information as opposed to landmarks for reorientation [START_REF] Cheng | A purely geometric module in the rat's spatial representation[END_REF][START_REF] Margules | Heading in the rat: Determination by environmental shape[END_REF]. When rats searched for a hidden reward in a rectangular chamber, they consistently searched in the correct location and its equivalent geometric location in the diagonally opposite corner. A similar conclusion regarding the essential role of geometric information for orientation was reported in children (Hermer andSpelke, 1994, 1996) and adult humans [START_REF] Hermer-Vazquez | Sources of Flexibility in Human Cognition: Dual-Task Studies of Space and Language[END_REF]. These results led to the widespread "geometric module" hypothesis which suggests that encoding of geometry is incidental and unaffected by the presence of landmarks. Consolidated behavioural evidence cast doubt upon this theory and many alternative suggestions were since advanced (Lee and Spelke, 2010a;[START_REF] Cheng | 25 years of research on the use of geometry in spatial reorientation: A current theoretical perspective[END_REF]. The associative theory model stipulates that redundant visual cues, such as a landmark and informative geometry at the same reward location, are learned competitively and may give rise phenomena such as overshadowing, blocking or potentiation [START_REF] Miller | Learning About Environmental Geometry: An Associative Model[END_REF]. The adaptive combination theory suggests that multiple landmark and geometric cues are weighted according to salience at encoding, subjective uncertainty about the retrieved memory and validity of the visual cue with regards to prior expectations [START_REF] Cheng | Bayesian Integration of Spatial Information[END_REF]. Very limited neuroimaging research strove to elucidate the interplay between these two types of visual cues during learning. One intriguing theory postulates the existence of a hippocampal-dependent system for the representation of geometry and a striataldependent system for the representation of landmarks (Doeller and Burgess, 2008;[START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF]. In contrast, a subsequent study discovered that orienting with a landmark in the form of a coloured wall is linked with activity in the medial temporal lobe [START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF]. As such, no clear theory based on neural evidence can be derived from these results. Finally, it is important to stress that there exist high levels of interindividual variability in the weights assigned to each type of visual cue, that may be predominantly driven by sex and developmental differences [START_REF] Bullens | The role of landmarks and boundaries in the development of spatial memory[END_REF][START_REF] Lourenco | Early sex differences weighting geometric cues[END_REF][START_REF] Siemens | Sex differences and the effect of instruction on reorientation abilities by humans[END_REF].

Landmarks and geometry therefore seem to work in tandem and their respective roles might vary depending on task demands and individual variability.

What makes a visual cue relevant for navigation?

To navigate in space efficiently, it is essential to filter out irrelevant information and to locate helpful cues. It is interesting to ponder on the properties that increase the probability of visual cues becoming relevant for spatial navigation. Regarding geometry, studies in young children revealed that they preferentially use characteristics linked to three-dimensional boundaries, whether it be tall walls or slightly protruding edges [START_REF] Lee | Young children reorient by computing layout geometry, not by matching images of the environment[END_REF]. Geometric information that isn't enclosed in the boundaries is disregarded [START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF]Lee and Spelke, 2010b). It therefore seems that humans' preferred type of geometric information is surface layout.

Within surface layouts, the observer can extract differences in wall lengths, distances between opposite boundaries and slope gradient of the floor [START_REF] Nardi | Reorienting with terrain slope and landmarks[END_REF][START_REF] Yousif | Are all geometric cues created equal? Children's use of distance and length for reorientation[END_REF]. The question becomes more intricate when seeking to understand what makes an object navigationally-relevant, as objects are characterised by a multitude of properties. [START_REF] Sorrows | The nature of landmarks for real and electronic spaces[END_REF] proposed a highly influential theory in which they summarise the nature of landmarks into visual prominence, semantic salience and structural significance. Since then, a broad consensus emerged on the existence of three main classes of object properties: their visual features, their stability or permanence, and their position with respect to navigationally-relevant points within the environment [START_REF] Burnett | Supporting the navigation task: characteristics of "good" landmarks[END_REF][START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF].

Regarding visual features, it is acknowledged that perceptual salience including larger sizes [START_REF] Mullally | A new role for the parahippocampal cortex in representing space[END_REF][START_REF] Kattenbeck | Empirically measuring salience of objects for use in pedestrian navigation[END_REF][START_REF] Von Stülpnagel | Configurational salience of landmarks: an analysis of sketch maps using Space Syntax[END_REF], saturated colours [START_REF] Miller | Selecting landmarks in novel environments[END_REF][START_REF] Davis | Cue color and familiarity in place learning for older adults[END_REF][START_REF] Ishikawa | Landmark Selection in the Environment: Relationships with Object Characteristics and Sense of Direction[END_REF] and the uniqueness of the object [START_REF] Appleyard | Why buildings are known: A Predictive Tool for Architects and Planners[END_REF][START_REF] Evans | Cognitive maps and urban form[END_REF] facilitate navigational behaviour. In order to bear navigational relevance, an object also needs to be perceived as having a stable position. Indeed, the presence of stable objects in an environment can significantly improve wayfinding behaviour [START_REF] Burgess | Orientational manoeuvres in the dark: Dissociating allocentric and egocentric influences on spatial memory[END_REF]. Moreover, objects subjectively assessed to be more portable are less likely to be used for navigational purposes [START_REF] Mullally | A new role for the parahippocampal cortex in representing space[END_REF].

The third class of object properties, the position of objects within the environment, is a topic that garners much attention. Numerous studies emphasised that stimuli located at or near intersections are more effective at becoming landmarks [START_REF] Blades | Developmental differences in the ability to give route directions from a map[END_REF][START_REF] Aginsky | Two strategies for learning a route in a driving simulator[END_REF][START_REF] Denis | Spatial Discourse and Navigation: An Analysis of Route Directions in the City of Venice[END_REF][START_REF] Allen | Principles and Practices for Communicating Route Knowledge[END_REF][START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Schinazi | Neural correlates of real-world route learning[END_REF]. [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF] found that objects situated at T-shaped intersections are recognised faster than those at L-shaped intersections during a post-navigation recognition task. This finding can be taken as evidence that decision points are beneficial to wayfinding, as they act as mnemonic markers. Wayfinding is further aided if the choice point is associated with the act of turning rather than walking straight ahead [START_REF] Meilinger | From isovists via mental representations to behaviour: First steps toward closing the causal chain[END_REF][START_REF] Meilinger | When in doubt follow your nose-a wayfinding strategy[END_REF]. Importantly, the position of objects is not only crucial with respect to navigationally-relevant information but also with respect to the navigator's own location. Past research revealed a clear dichotomy between proximal landmarks, situated in close proximity to the observer, and distal landmarks located at a significant distance from the observer [START_REF] Steck | The role of global and local landmarks in virtual environment navigation[END_REF][START_REF] Chan | From objects to landmarks: The function of visual location information in spatial navigation[END_REF]. In a recent study, participants were tasked with evaluating the saliency of landmarks from the online game Sea Hero Quest. Findings revealed that proximal landmarks are perceived as more salient than distal landmarks [START_REF] Yesiltepe | A Study on Visual and Structural Characteristics of Landmarks and Experts' and Non-experts' Evaluations[END_REF]. A wealth of evidence suggests that relying on distal cues for orientation may facilitate allocentric map-based learning, whereas proximal cues may be more advantageous for egocentric route-based learning [START_REF] Hurlebaus | Route Learning Strategies in a Virtual Cluttered Environment[END_REF][START_REF] Mueller | Sex differences in a virtual water maze: An eye tracking and pupillometry study[END_REF][START_REF] Livingstone-Lee | Simple gaze analysis and special design of a virtual Morris water maze provides a new method for differentiating egocentric and allocentric navigational strategy choice[END_REF][START_REF] Ruddle | The effect of landmark and body-based sensory information on route knowledge[END_REF]. [START_REF] Jabbari | Testing landmark-specific effects on route navigation in an ecologically valid setting: a simulated driving study[END_REF] demonstrated that learning a route using distal landmarks, but not proximal landmarks, fosters successful orientation in subsequent trials when the landmarks are removed. The authors argued that the absence of proximal cues enables the formation of flexible allocentric representations. It is worth noting that in the literature cited above, the terms proximal and distal are used interchangeably with the terms local and global, respectively. Interestingly, the distance of a cue with respect to the observer is intricately linked to its absolute position within the visual field [START_REF] Schwarzlose | The distribution of category and location information across object-selective regions in human visual cortex[END_REF][START_REF] Amit | Do object-category selective regions in the ventral visual stream represent perceived distance information?[END_REF]. Proximal landmarks are often situated within the lower visual field while distal landmarks tend to be found in the upper visual field. It remains to be elucidated whether absolute position within the visual field still exerts influence on spatial navigation performance when disentangling its effect from cue depth (proximal vs. distal).

1.2.3

The processing of visual information in early and high-

level visual cortex

The central role of vision for human spatial navigation warrants a thorough understanding of the intricacies of the visual system. The retina receives an image of the visual cue that is then directed to the primary visual cortex (V1) (Fig. 1.2) via the lateral geniculate nucleus, or alternatively via the pulvinar [START_REF] Berman | Exploring the pulvinar path to visual cortex[END_REF]. Neurons from the magnocellular and parvocellular layers of the lateral geniculate nucleus convey information to distinct cortical layers in V1, albeit with substantial overlap between the two parallel pathways [START_REF] Gilbert | The Constructive Nature of Visual Processing[END_REF]. These afferent fibres form a representation of the contralateral visual field in V1. In addition, the posterior visual cortex exhibits precise mapping of the fovea along the calcarine sulcus, with the more anterior parts of the visual cortex responsible for mapping the periphery. The upper and lower visual hemifields are also represented distinctly in V1 wherein the regions above and below the calcarine sulcus are dedicated to processing the lower and upper visual fields respectively [START_REF] Horton | The Representation of the Visual Field in Human Striate Cortex: A Revision of the Classic Holmes Map[END_REF]Fig. 1.2). Comparable organisation principles are discerned in neighbouring regions of the early visual cortex (e.g., V2, V3; [START_REF] Wandell | Visual field maps in human cortex[END_REF]. Retinotopy is the term used to denote this preservation of the spatial arrangement of the retinal image within the cortical visual system [START_REF] Purves | The Retinotopic Representation of the Visual Field[END_REF].

From early visual areas, there are two major pathways from which information is transmitted to the rest of the cortex: the ventral and dorsal visual streams [START_REF] Ungerleider | Two Cortical Visual Systems[END_REF][START_REF] Mishkin | Object vision and spatial vision: two cortical pathways[END_REF][START_REF] Felleman | Distributed hierarchical processing in the primate cerebral cortex[END_REF]. The ventral pathway moves along the temporal lobe and is associated with object recognition [START_REF] Logothetis | Visual Object Recognition[END_REF]. In contrast, the dorsal pathway extends into the parietal lobe and is thought to be specialised in processing object position and motion [START_REF] Colby | Space and attention in parietal cortex[END_REF]. Nevertheless, a growing body of evidence strongly supports the existence of tight links between the two visual streams, pointing to shared functionalities and interdependencies between them [START_REF] Konen | Two hierarchically organized neural systems for object information in human visual cortex[END_REF][START_REF] Freud | What" Is Happening in the Dorsal Visual Pathway[END_REF][START_REF] Hong | Explicit information for category-orthogonal object properties increases along the ventral stream[END_REF][START_REF] Budisavljevic | Cross-talk connections underlying dorsal and ventral stream integration during hand actions[END_REF][START_REF] Jitsuishi | White matter dissection and structural connectivity of the human vertical occipital fasciculus to link vision-associated brain cortex[END_REF]. [START_REF] Grill-Spector | The neural basis of object perception[END_REF][START_REF] Hasson | Large-scale mirror-symmetry organization of human occipito-temporal object areas[END_REF] were subsequently found to share similar scene selectivity.

The MPA was originally labeled retrosplenial cortex (RSC), but later work showed that it is in fact spatially segregated from the retrosplenial cortex proper [START_REF] Nasr | Scene-selective cortical regions in human and nonhuman primates[END_REF][START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF][START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF]. In this thesis, both RSC and MPA are used to refer to the same scene-selective region within the medial parietal cortex. The first two articles in Chapter 3 employ RSC since the use of MPA was not as widespread at the time of writing. The two articles in Chapter 5 adopt the term MPA.

Accumulating evidence supports the notion that the brain's retinotopic organisation extends beyond the early visual system into the scene-selective cortex [START_REF] Groen | Visuospatial coding as ubiquitous scaffolding for human cognition[END_REF]. Although higherlevel visual areas generally display greater tolerance to stimulus position compared to V1, in line with the increase in receptive field sizes, studies conducted in macaques revealed that neuronal responses in these regions still retain some degree of spatial sensitivity [START_REF] Hong | Explicit information for category-orthogonal object properties increases along the ventral stream[END_REF][START_REF] Apurva Ratan Murty | Multiplicative mixing of object identity and image attributes in single inferior temporal neurons[END_REF]. Consistent with findings in the object-selective macaque cortex, investigations carried out using fMRI uncovered that activity in category-selective higher-level visual areas is robustly influenced by spatial position within the visual field [START_REF] Schwarzlose | The distribution of category and location information across object-selective regions in human visual cortex[END_REF][START_REF] Kravitz | High-level visual object representations are constrained by position[END_REF][START_REF] Carlson | Spatial coding and invariance in object-selective cortex[END_REF]. Within the human sceneselective cortex, there exist three levels of retinotopy: horizontal hemifield (contralateral vs.

ipsilateral), eccentricity (foveal vs. peripheral), and vertical hemifield (upper vs. lower) [START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF]. Population receptive field (pRF) modelling demonstrated stronger activations in response to stimuli presented in the contralateral visual field in scene-selective regions [START_REF] Macevoy | Position Selectivity in Scene-and Object-Responsive Occipitotemporal Regions[END_REF][START_REF] Golomb | Higher level visual cortex represents retinotopic, not spatiotopic, object location[END_REF][START_REF] Uyar | Retinotopic information interacts with category selectivity in human ventral cortex[END_REF]. Providing causal evidence for a contralateral bias, TMS applied to the OPA induced fixations away from the contralateral visual field [START_REF] Malcolm | Transcranial Magnetic Stimulation to the Occipital Place Area Biases Gaze During Scene Viewing[END_REF]. With regards to the eccentricity dimension, studies consistently show a general preference of scene-selective regions for peripheral stimuli over foveal stimuli [START_REF] Levy | Center-periphery organization of human object areas[END_REF][START_REF] Hasson | Eccentricity bias as an organizing principle for human high-order object areas[END_REF][START_REF] Malach | The topography of high-order human object areas[END_REF][START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF].

This inclination for peripheral information is corroborated by several lines of evidence. Functional connectivity is strongest between the scene-selective cortex and V1 voxels that carry peripheral biases [START_REF] Baldassano | Pinpointing the peripheral bias in neural sceneprocessing networks during natural viewing[END_REF]. Additionally, there is a progressive increase of pRF sizes along the visual hierarchy with larger pRFs in higher-level visual areas [START_REF] Kay | Attention reduces spatial uncertainty in human ventral temporal cortex[END_REF][START_REF] Wandell | Computational neuroimaging and population receptive fields[END_REF][START_REF] Grill-Spector | The Functional Neuroanatomy of Human Face Perception[END_REF]. The third category of retinotopic organisation relates to elevation in the vertical dimension. Recent work unveiled that the OPA and PPA exhibit preferences for information presented in the lower and upper visual fields, respectively [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF]. In contrast, the MPA does not display a significant elevation bias [START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF]. Such distinct retinotopic biases underscore the specialised roles of the OPA, PPA and MPA in spatial information processing.

1.2.4

Scene-selective regions in visual processing and spatial navigation

1.2.4.1
The parahippocampal place area

The most notable function of the PPA pertains to its role in scene categorisation (Fig. 1.3). The PPA demonstrates remarkable cross-decoding abilities between interior and exterior views of the same landmark, that improve linearly with the observer's familiarity with the landmark [START_REF] Marchette | Outside looking in: Landmark generalization in the human navigational system[END_REF]. Similarly, representations in the PPA are insensitive to mirror-reversed versions of scenes [START_REF] Dilks | Mirror-image sensitivity and invariance in object and scene processing pathways[END_REF] and are tolerant to views of the same scene from close up or far away perspectives [START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF]. To support such high-level endeavours, the PPA encodes low-level visual attributes, isolated objects, as well as characteristics of the spatial layout [START_REF] Malcolm | Making Sense of Real-World Scenes[END_REF]. These factors serve as essential cues to apprehend the spatial arrangement of scenes. First, the PPA demonstrates the capacity to encode summary statistics.

Indeed, it processes critical low-level features such as spatial frequency content [START_REF] Kauffmann | Spatial frequency processing in scene-selective cortical regions[END_REF][START_REF] Watson | Patterns of neural response in scene-selective regions of the human brain are affected by low-level manipulations of spatial frequency[END_REF], contour junctions [START_REF] Choo | Contour junctions underlie neural representations of scene categories in high-level human visual cortex: Contour junctions underlie neural representations of scenes[END_REF], surface textures [START_REF] Cant | Object ensemble processing in human anterior-medial ventral visual cortex[END_REF][START_REF] Park | Conjoint representation of texture ensemble and location in the parahippocampal place area[END_REF], and rectilinear shapes [START_REF] Nasr | Thinking outside the box: Rectilinear shapes selectively activate scene-selective cortex[END_REF].

Second, the PPA modulates its patterns of activity in response to the unique objects contained within a scene (MacEvoy and [START_REF] Macevoy | Decoding the Representation of Multiple Simultaneous Objects in Human Occipitotemporal Cortex[END_REF][START_REF] Harel | Deconstructing Visual Scenes in Cortex: Gradients of Object and Spatial Layout Information[END_REF]. Interestingly, the PPA is sensitive to objects that evoke a specific scene category [START_REF] Bonner | Object representations in the human brain reflect the cooccurrence statistics of vision and language[END_REF], particularly when these are large and non-portable as they better represent scenes than smaller stimuli [START_REF] Mullally | A new role for the parahippocampal cortex in representing space[END_REF][START_REF] Konkle | A Real-World Size Organization of Object Responses in Occipitotemporal Cortex[END_REF][START_REF] Troiani | Multiple object properties drive scene-selective regions[END_REF]. This inclination of the PPA towards large immovable stimuli aligns with its established upper visual field bias [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF]. Third, this scene-selective region is also implicated in processing the three-dimensional layout of a space. The PPA exhibits sensitivity to scene geometry, including the relative lengths and angles of walls [START_REF] Dillon | Places in the brain: Bridging layout and object geometry in scene-selective cortex[END_REF], and to spatial boundaries [START_REF] Kravitz | Real-world scene representations in high-level visual cortex: It's the spaces more than the places[END_REF][START_REF] Park | Disentangling scene content from spatial boundary: Complementary roles for the parahippocampal place area and lateral occipital complex in representing real-world scenes[END_REF][START_REF] Harel | Deconstructing Visual Scenes in Cortex: Gradients of Object and Spatial Layout Information[END_REF][START_REF] Ferrara | Neural representation of scene boundaries[END_REF]. Amidst the swath of studies converging on the importance of the PPA for scene categorisation, doubt was cast regarding its actual involvement in spatial navigation abilities [START_REF] Dilks | Three cortical scene systems and their development[END_REF]. In a compelling recent investigation, [START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF] showed that the PPA displays markedly higher activity levels during a categorisation task than during visually-guided navigation, eliciting levels of activity akin to those observed in a baseline task. Furthermore, the PPA is insensitive to first-person motion information [START_REF] Pitcher | A functional dissociation of face-, body-and sceneselective brain areas based on their response to moving and static stimuli[END_REF]. It is critical to stress that an unresolved paradox arises from the PPA's presumed absence of navigational function and its documented capacity to detect useful landmarks in an environment [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Janzen | A neural wayfinding mechanism adjusts for ambiguous landmark information[END_REF][START_REF] Schinazi | Neural correlates of real-world route learning[END_REF][START_REF] Sun | The parahippocampal place area and hippocampus encode the spatial significance of landmark objects[END_REF].

The medial place area

The MPA assumes a pivotal role in relating the immediate visual scene to more complex representations of the global environment, which could facilitate the translation between egocentric and allocentric reference frames during navigation [START_REF] Byrne | Remembering the past and imagining the future: A neural model of spatial memory and imagery[END_REF][START_REF] Epstein | Parahippocampal and retrosplenial contributions to human spatial navigation[END_REF][START_REF] Vann | What does the retrosplenial cortex do?[END_REF][START_REF] Dilks | Three cortical scene systems and their development[END_REF]Fig. 1.3).

Research indeed found that the MPA encodes indispensable egocentric information such as sense and distance from the observer [START_REF] Dilks | Mirror-image sensitivity and invariance in object and scene processing pathways[END_REF][START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF]. This critical information is believed to be continually integrated with self-motion cues enabling the MPA to constantly update a map-like representation of the broader environment [START_REF] Wolbers | Dissociable retrosplenial and hippocampal contributions to successful formation of survey representations[END_REF][START_REF] Iaria | Retrosplenial and hippocampal brain regions in human navigation: Complementary functional contributions to the formation and use of cognitive maps[END_REF][START_REF] Sherrill | Hippocampus and retrosplenial cortex combine path integration signals for successful navigation[END_REF]. Additionally, the MPA demonstrates heightened sensitivity to landmark location rather than landmark category (Persichetti and Dilks, 2019) and the ability to precisely locate the most stable landmarks [START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF][START_REF] Troiani | Multiple object properties drive scene-selective regions[END_REF][START_REF] Auger | A central role for the retrosplenial cortex in de novo environmental learning[END_REF]. The MPA may then establish the observer's position and orientation relative to the identified fixed elements within the environment [START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF]. Suzuki and colleagues (2021) recently provided further evidence supporting the MPA's engagement during map-based navigation. Their findings revealed that this scene-selective region exhibits higher activity levels during active deliberate navigation in complex mazes as opposed to simple mazes. Remarkably, the MPA is also strongly modulated by the familiarity of scenes [START_REF] Epstein | Where Am I Now? Distinct Roles for Parahippocampal and Retrosplenial Cortices in Place Recognition[END_REF][START_REF] Epstein | Where Am I Now? Distinct Roles for Parahippocampal and Retrosplenial Cortices in Place Recognition[END_REF][START_REF] Patai | Hippocampal and Retrosplenial Goal Distance Coding after Long-term Consolidation of a Real-World Environment[END_REF] hinting at its tight relationship with spatial memory. A wealth of research emphasised that the MPA bridges the immediate visual scene with the broader representation of the environment stored in memory [START_REF] Vass | Abstract representations of location and facing direction in the human brain[END_REF][START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF][START_REF] Marchette | Outside looking in: Landmark generalization in the human navigational system[END_REF][START_REF] Vass | Common neural representations for visually guided reorientation and spatial imagery[END_REF]. The entire visual field is necessary for effective map-based spatial navigation which may explain why the MPA doesn't exhibit a vertical retinotopic bias [START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF]. Finally, it is noteworthy that the MPA shares certain properties with the PPA, particularly its sensitivity to the spatial layout of scenes [START_REF] Park | Disentangling scene content from spatial boundary: Complementary roles for the parahippocampal place area and lateral occipital complex in representing real-world scenes[END_REF][START_REF] Harel | Deconstructing Visual Scenes in Cortex: Gradients of Object and Spatial Layout Information[END_REF][START_REF] Park | Parametric Coding of the Size and Clutter of Natural Scenes in the Human Brain[END_REF]. These similarities underscore the complementary contributions of both regions to spatial perception and navigation.

1.2.4.3

The occipital place area

The OPA has not been as thoroughly studied as its counterparts, but it is the subject of very recent research efforts [START_REF] Dilks | Three cortical scene systems and their development[END_REF][START_REF] Jones | The occipital place area represents visual information about walking, not crawling[END_REF][START_REF] Norman | The Occipital Place Area Is Recruited for Echo-Acoustically Guided Navigation in Blind Human Echolocators[END_REF]. Akin to the PPA, the OPA exhibits sensitivity to the summary statistics of a scene, and more specifically to contour junctions [START_REF] Choo | Contour junctions underlie neural representations of scene categories in high-level human visual cortex: Contour junctions underlie neural representations of scenes[END_REF]. Responsiveness to the spatial layout of scenes appears to be a defining property of the scene-selective cortex as it was unveiled in both fMRI and TMS studies of the OPA [START_REF] Dilks | Mirror-image sensitivity and invariance in object and scene processing pathways[END_REF][START_REF] Dilks | The occipital place area is causally and selectively involved in scene perception[END_REF][START_REF] Kravitz | Real-world scene representations in high-level visual cortex: It's the spaces more than the places[END_REF]. The OPA sets itself apart from the PPA and MPA through its specific involvement in visually-guided navigation [START_REF] Dilks | Three cortical scene systems and their development[END_REF]Fig. 1.3). Indeed, the OPA exhibits a distinct preference for visual navigation tasks over categorisation and baseline tasks, as evidenced by higher activity levels during navigation [START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF].

Furthermore, the OPA is highly sensitive to various types of information crucial for immediate visually-guided navigation. It responds to sensory inputs related to spatial sense and egocentric distance [START_REF] Dilks | Mirror-image sensitivity and invariance in object and scene processing pathways[END_REF][START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF] as well as to first-person egocentric motion cues [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Pitcher | A functional dissociation of face-, body-and sceneselective brain areas based on their response to moving and static stimuli[END_REF]. Further insights were recently gained on the latter property, suggesting that the OPA processes first-person visual information from a walking perspective rather than a crawling perspective [START_REF] Jones | The occipital place area represents visual information about walking, not crawling[END_REF]. This observation alludes to a potential late development of this region [START_REF] Kamps | Late Development of Navigationally Relevant Motion Processing in the Occipital Place Area[END_REF]. The OPA also displays a unique specificity to stimuli that constrain potential movement through the environment, including boundaries, isolated obstacles, and navigational affordances [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Dillon | Places in the brain: Bridging layout and object geometry in scene-selective cortex[END_REF][START_REF] Henriksson | Rapid Invariant Encoding of Scene Layout in Human OPA[END_REF][START_REF] Park | Coding of navigational distance and functional constraint of boundaries in the human scene-selective cortex[END_REF][START_REF] Cheng | Concavity as a diagnostic feature of visual scenes[END_REF]. Notably, a TMS study presented compelling causal evidence that disruption of activity in the OPA impairs navigation when representations are anchored to surrounding boundaries [START_REF] Julian | The Occipital Place Area Is Causally Involved in Representing Environmental Boundaries during Navigation[END_REF]. The role of the OPA in parsing cues from the ground plane is coherent with its observed lower visual field bias [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF]. Consistent with its specific implication in visually-guided navigation, the OPA seems ill-suited to use map-like representations of the environment. Unlike the MPA, it lacks strong memory effects [START_REF] Steel | A network linking scene perception and spatial memory systems in posterior cerebral cortex[END_REF] and it modulates its activity based on the observer's location or heading direction relative to fixed landmarks [START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF]Persichetti and Dilks, 2019).

SPATIAL NAVIGATION IN HEALTHY AGEING

Healthy older adults exhibit navigation impairments

Steady changes to the way humans use and navigate the surrounding environment are apparent throughout the lifespan. Healthy ageing is associated with a noticeable decline in spatial navigation abilities (for reviews see [START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: Insights from imaging and behavioral studies[END_REF]Lester et al., 2017;van der Ham and Claessen, 2020). First insights into the challenges of wayfinding in older adults come from their self-perceived difficulties in wayfinding tasks. Indeed, older individuals commonly selfreport decreases in mobility and walking time [START_REF] Burns | Navigation and the mobility of older drivers[END_REF][START_REF] King | Older male and female drivers in car-dependent settings: How much do they use other modes, and do they compensate for reduced driving to maintain mobility?[END_REF]. To mitigate spatial anxiety [START_REF] Phillips | Older people and outdoor environments: Pedestrian anxieties and barriers in the use of familiar and unfamiliar spaces[END_REF], older adults tend to avoid unfamiliar locations [START_REF] Burns | Navigation and the mobility of older drivers[END_REF] and to prioritise less complex journeys [START_REF] Su | Transport for older people: Characteristics and solutions[END_REF]. Some researchers put forward the hypothesis that seniors limit their travel behaviour to minimise the likelihood of getting lost [START_REF] Ohta | Spatial Orientation in the Elderly: The Current Status of Understanding[END_REF][START_REF] Muffato | Orientation Experiences and Navigation Aid Use: A Self-Report Lifespan Study on the Role of Age and Visuospatial Factors[END_REF]. Among the most extensively reported age-related changes in both real-life and virtual spatial navigation tasks is the preservation of egocentric abilities and the declining use of allocentric navigation strategies (for a review see [START_REF] Colombo | Egocentric and allocentric spatial reference frames in aging: A systematic review[END_REF]. Older individuals display a maintained capacity to navigate using egocentric representations and may, in fact, show a preference for this specific strategy [START_REF] Rodgers | Effects of age on navigation strategy[END_REF][START_REF] Wiener | Maladaptive Bias for Extrahippocampal Navigation Strategies in Aging Humans[END_REF][START_REF] Fricke | Egocentric navigation is age-resistant: First direct behavioral evidence[END_REF]. In a virtual version of the Morris Water Maze that allows the parsing of navigational strategies, Rodgers and colleagues (2012) revealed that older participants overwhelmingly adopt egocentric strategies. In accordance, a considerable body of literature supports the notion of a general decline in the capacity to form allocentric representations of space with advancing age [START_REF] Newman | Spatial memory and aging: Performance on a human analog of the Morris water maze[END_REF][START_REF] Moffat | Effects of age on virtual environment place navigation and allocentric cognitive mapping[END_REF][START_REF] Moffat | Extrahippocampal contributions to age differences in human spatial navigation[END_REF][START_REF] Iaria | Age differences in the formation and use of cognitive maps[END_REF][START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Gazova | Spatial navigation in young versus older adults[END_REF][START_REF] Zhang | Age-related impairment of navigation and strategy in virtual star maze[END_REF]. For example, Iaria and colleagues ( 2009) conducted a study in a city-like virtual environment comprising six landmarks and found that older participants require significantly more time than their younger counterparts to construct a cognitive map. Moreover, they are less efficient in leveraging this allocentric representation to locate specific landmarks within the environment. This deficit was proposed to arise from an impaired ability to translate the acquired knowledge about the surroundings from a first-person perspective into a more complex map-like representation [START_REF] Yamamoto | Differential effects of aging on spatial learning through exploratory navigation and map reading[END_REF]. Older adults face notable challenges in effectively switching between egocentric and allocentric reference frames [START_REF] Harris | Aging specifically impairs switching to an allocentric navigational strategy[END_REF].

Moreover, older adults tend to persist in using familiar learned routes to reach a target destination, even when instructed to take more direct shortcuts [START_REF] Harris | How age-related strategy switching deficits affect wayfinding in complex environments[END_REF].

In addition to impairments related to the use of allocentric representations, older individuals display prominent deficits in route planning. When navigating through novel environments, older adults frequently select less efficient paths and they encounter difficulties in planning optimal trajectories to their destinations [START_REF] Sjölinder | Age differences and the acquisition of spatial knowledge in a three-dimensional environment: Evaluating the use of an overview map as a navigation aid[END_REF][START_REF] Salthouse | Efficiency of route selection as a function of adult age[END_REF]. Landmark knowledge is a dimension of spatial navigation that is also susceptible to age-related impairments.

Older participants show lower recall rates of specific landmark locations on a map and struggle with remembering the sequence of landmarks along a route [START_REF] Wilkniss | Age-related differences in an ecologically based study of route learning[END_REF][START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF]. Numerous studies documented a decline in the binding of local elements within the environment to heading direction with advancing age [START_REF] Liu | Age and gender differences in various topographical orientation strategies[END_REF][START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF][START_REF] Wiener | Maladaptive Bias for Extrahippocampal Navigation Strategies in Aging Humans[END_REF][START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF]. [START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF] found that older adults perform worse than young adults in a task that requires locating a goal from different views of a landmark. Although evidence is inconclusive [START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF], ageing is sometimes associated with a reduced ability to identify navigationally-relevant spatial information [START_REF] Lipman | Age and exposure differences in acquisition of route information[END_REF]. Particularly noteworthy is the tendency of older individuals to overlook distal cues despite their significance in the formation of cognitive maps [START_REF] Moffat | Effects of age on virtual environment place navigation and allocentric cognitive mapping[END_REF][START_REF] Driscoll | Virtual navigation in humans: The impact of age, sex, and hormones on place learning[END_REF][START_REF] Lövdén | Spatial navigation training protects the hippocampus against age-related changes during early and late adulthood[END_REF][START_REF] Gazova | Spatial navigation in young versus older adults[END_REF][START_REF] Schuck | Aging and KIBRA/WWC1 genotype affect spatial memory processes in a virtual navigation task[END_REF]. Notably, age-related alterations to landmark knowledge for navigation may be partially attenuated in familiar settings [START_REF] Rosenbaum | Remote spatial memory in aging: All is not lost[END_REF][START_REF] Campbell | The influence of age and sex on memory for a familiar environment[END_REF]. Although beyond the primary focus of this thesis, it is crucial to acknowledge that healthy older adults see subtle modifications in their path integration skills. This decline is attributable to age-related deficits in optic flow, vestibular processing and proprioceptive sensibility, which can impede gait and overall mobility [START_REF] Agrawal | Disorders of balance and vestibular function in US adults: Data from the National Health and Nutrition Examination Survey, 2001-2004[END_REF][START_REF] Goble | Proprioceptive sensibility in the elderly: Degeneration, functional consequences and plastic-adaptive processes[END_REF][START_REF] Lich | Self-motion perception in the elderly[END_REF].

Studies reported a significant age-related deterioration of navigation performance in tasks that rely solely on vestibular function [START_REF] Allen | Aging and path integration skill: Kinesthetic and vestibular contributions to wayfinding[END_REF] or on optic flow (Harris and Wolbers, 2012). In natural settings that encompass both allothetic and idiothetic cues, older adults could display suboptimal weighting of information resulting in navigational deficits (Bates and Wolbers, 2014;[START_REF] Lalonde-Parsi | Perception of self-motion and regulation of walking speed in young-old adults[END_REF].

Current cognitive theories on the source of age-related navigational decline

Age-related deficits in spatial navigation spurred the formulation of multiple theories which often point to changes in mnemonic processes, executive function and attention allocation as potential contributors [START_REF] Colombo | Egocentric and allocentric spatial reference frames in aging: A systematic review[END_REF]Lester et al., 2017). The majority of experiments examine navigational deficits through the lens of declining memory performance. First, working memory deficits may account for the challenges faced by older adults in learning a succession of turns (O'Malley, Innes and [START_REF] O'malley | How do we get there? Effects of cognitive aging on route memory[END_REF] or in retaining knowledge about the sequence of landmarks [START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF][START_REF] Muffato | Evidence for age-related deficits in object-location binding during place recognition[END_REF].

Studies indeed revealed that older individuals' navigational performance is significantly reduced in contexts of increased working memory demands [START_REF] Kirasic | The effects of age and environmental familiarity on adults' spatial problem-solving performance: Evidence of a hometown advantage[END_REF](Kirasic, , 1991)). Inefficient retrieval from long-term memory may also play a key role in age-related navigational decline as evidenced by agerelated difficulties in retrieving a cognitive map for orientation [START_REF] Iaria | Age differences in the formation and use of cognitive maps[END_REF][START_REF] Head | Age effects on wayfinding and route learning skills[END_REF]. This suboptimal retrieval from long-term memory speaks to the heightened reliance on pattern completion in healthy ageing, where partial stimuli trigger recognition of previously learned environments [START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Vieweg | Changes in pattern completion -A key mechanism to explain age-related recognition memory deficits?[END_REF]. In fact, it was recently put forward that advanced age might be associated with the inefficient suppression of past navigational experiences, leading to proactive interference in learning novel environments (Merhav and Wolbers, 2019;[START_REF] Merhav | Spatial updating deficits in human aging are associated with traces of former memory representations[END_REF]. Besides working memory and long-term memory, it is essential to take into consideration the age-related decline in associative memory [START_REF] Naveh-Benjamin | Adult Age Differences in Memory Performance: Tests of an Associative Deficit Hypothesis[END_REF][START_REF] Old | Differential Effects of Age on Item and Associative Measures of Memory: A Meta-Analysis[END_REF]. A compelling theory suggests that associative impairments hinder the capacity to bind landmarks with heading directions, thereby impeding the formation of allocentric representations in older adults [START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF]. Apart from alterations to mnemonic function, a second prominent explanation for agerelated navigation decline relates to cognitive slowing. The processing speed theory of ageing posits that deteriorations in the speed of information processing may have detrimental consequences on various higher-level cognitive functions [START_REF] Salthouse | The processing-speed theory of adult age differences in cognition[END_REF][START_REF] Albinet | Processing speed and executive functions in cognitive aging: How to disentangle their mutual relationship?[END_REF]. In an investigation conducted by Hartmeyer and colleagues (2017), older and young participants reached comparable levels of performance in identifying spatially-relevant information within a virtual environment. However, older adults did so at a considerably slower pace. The third explanation that researchers put forth to account for spatial navigation deficits revolves around the limited resource theory, which stipulates that ageing is accompanied by a depletion of cognitive resources [START_REF] Craik | Aging and cognitive deficits: The role of attentional resources[END_REF]. Studies showed that allocentric-based processing requires important attentional resources [START_REF] Pouliot | Is egocentric space automatically encoded?[END_REF][START_REF] Wilson | Control networks and hemispheric asymmetries in parietal cortex during attentional orienting in different spatial reference frames[END_REF].

This finding hints at the possibility that the reduced reliance on allocentric strategies among older adults could arise from lower cognitive resources. Lövdén and coauthors (2005) conducted a reallife navigation experiment during which older participants were provided with walking support (i.e., holding a handrail). They showed that mitigating sensorimotor demands during naturalistic spatial navigation could improve the acquisition of spatial knowledge in ageing. In the same vein, older adults are inclined to prioritise slower and easier locomotion strategies [START_REF] Caetano | Age-related changes in gait adaptability in response to unpredictable obstacles and stepping targets[END_REF] and to allocate reduced attention to simultaneous distracting cognitive tasks during walking [START_REF] Simieli | Obstacle crossing with dual tasking is a danger for individuals with Alzheimer's disease and for healthy older people[END_REF]. Crucially, recent research reported that less efficient deployment of visual attention cannot account for route learning deficits in seated virtual navigation experiments [START_REF] Hartmeyer | The effects of attentional engagement on route learning performance in a virtual environment: An aging study[END_REF][START_REF] Hilton | Are age-related deficits in route learning related to control of visual attention?[END_REF]. To summarise, a multiplicity of functional deficits, including deficient mnemonic processes, reduced processing speed and lower cognitive load in ageing likely interact to contribute to age-related navigational decrements (Lester et al., 2017).

1.3.3

Healthy ageing and the classic spatial navigation network

1.3.3.1 Structural correlates
The brain undergoes major structural changes with advancing age, including cortical thinning, reduction in brain tissue, decrease in grey matter volume and loss of white matter integrity [START_REF] Burke | Neural plasticity in the ageing brain[END_REF][START_REF] Raz | Differential aging of the brain: Patterns, cognitive correlates and modifiers[END_REF][START_REF] Fjell | Structural brain changes in aging: Courses, causes and cognitive consequences[END_REF]. The ageing process seems to have a notable impact on regions of the spatial navigation network, with studies consistently reporting volume loss in the medial temporal structures, including the hippocampus, entorhinal cortex and parahippocampal cortex [START_REF] Storsve | Differential longitudinal changes in cortical thickness, surface area and volume across the adult life span: Regions of accelerating and decelerating change[END_REF][START_REF] Daugherty | Age differences in hippocampal subfield volumes from childhood to late adulthood[END_REF]. An age-related shrinkage of the hippocampus specifically is extensively documented in the literature [START_REF] Raz | Aging, sexual dimorphism, and hemispheric asymmetry of the cerebral cortex: Replicability of regional differences in volume[END_REF][START_REF] Raz | Regional brain changes in aging healthy adults: General trends, individual differences and modifiers[END_REF][START_REF] Du | Age effects on atrophy rates of entorhinal cortex and hippocampus[END_REF][START_REF] Fjell | Brain changes in older adults at very low risk for Alzheimer's disease[END_REF][START_REF] Nobis | Hippocampal volume across age: Nomograms derived from over 19,700 people in UK Biobank[END_REF], although contradicting evidence has also been put forward [START_REF] Grieve | Preservation of limbic and paralimbic structures in aging[END_REF][START_REF] Sullivan | Preservation of hippocampal volume throughout adulthood in healthy men and women[END_REF].

Longitudinal studies advocate for a non-linear relationship between age and the hippocampus, revealing that the overall rate of hippocampal shrinkage accelerates with age [START_REF] Walhovd | Effects of age on volumes of cortex, white matter and subcortical structures[END_REF][START_REF] Driscoll | Longitudinal pattern of regional brain volume change differentiates normal aging from MCI[END_REF][START_REF] Fjell | One-year brain atrophy evident in healthy aging[END_REF]. Besides the hippocampus, large volumetric changes in older age are noticeable in the dorsal striatum (Raz et al., 2003;[START_REF] Betts | High-resolution characterisation of the aging brain using simultaneous quantitative susceptibility mapping (QSM) and R2* measurements at 7 T[END_REF][START_REF] Daugherty | A virtual water maze revisited: Two-year changes in navigation performance and their neural correlates in healthy adults[END_REF] as well as in the cerebellar hemispheres, cerebellar vermis (Raz et al., 2003;[START_REF] Betts | High-resolution characterisation of the aging brain using simultaneous quantitative susceptibility mapping (QSM) and R2* measurements at 7 T[END_REF][START_REF] Daugherty | A virtual water maze revisited: Two-year changes in navigation performance and their neural correlates in healthy adults[END_REF] and the prefrontal cortex [START_REF] Resnick | Longitudinal magnetic resonance imaging studies of older adults: A shrinking brain[END_REF][START_REF] Tisserand | A Voxel-based Morphometric Study to Determine Individual Differences in Gray Matter Density Associated with Age and Cognitive Change Over Time[END_REF][START_REF] Chee | Cognitive function and brain structure correlations in healthy elderly East Asians[END_REF]. Importantly, a substantial amount of work focused on gaining a better comprehension of age-related navigation impairments in light of such cerebral structural modifications (for a recent review see Li and King, 2019). A prevailing consensus suggests that age-related navigational deficits, and more specifically allocentric-related impairments, correlate with reduced hippocampal volume [START_REF] Driscoll | The Aging Hippocampus: Cognitive, Biochemical and Structural Findings[END_REF][START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Konishi | Spatial navigational strategies correlate with gray matter in the hippocampus of healthy older adults tested in a virtual maze[END_REF][START_REF] Guderian | Hippocampal Volume Reduction in Humans Predicts Impaired Allocentric Spatial Memory in Virtual-Reality Navigation[END_REF][START_REF] Konishi | Hippocampus-dependent spatial learning is associated with higher global cognition among healthy older adults[END_REF][START_REF] Sodoma | Hippocampal acidity and volume are differentially associated with spatial navigation in older adults[END_REF]. Grey matter volume in the right hippocampus holds predictive value regarding the ability of older participants to construct a mental representation of spatial relationships between various landmarks [START_REF] Konishi | Spatial navigational strategies correlate with gray matter in the hippocampus of healthy older adults tested in a virtual maze[END_REF][START_REF] Konishi | Hippocampus-dependent spatial learning is associated with higher global cognition among healthy older adults[END_REF]. Lending further support to the role of hippocampal structural integrity in allocentric learning, Lövdén and colleagues (2012) uncovered such an association. For instance, [START_REF] Moffat | Extrahippocampal contributions to age differences in human spatial navigation[END_REF] reported that the linear relationship between hippocampal volume and performance on a virtual navigation task is apparent in young participants only. Notwithstanding the attention that the grey matter volume of the hippocampus has garnered, a recent review argued that its connectivity patterns with extrahippocampal regions may be more relevant to understanding spatial knowledge across the lifespan [START_REF] Weisberg | Hippocampal volume and navigational ability: The map(ping) is not to scale[END_REF]. Indeed, extra-hippocampal brain structures are also implicated in the age-related spatial navigation decline. The structural integrity of the dorsal striatum in ageing could be primarily related to the capacity to perform egocentric spatial tasks. Smaller volumes of the caudate nucleus and putamen are linked to route learning deficits and longer search paths in older adults [START_REF] Moffat | Effects of age on virtual environment place navigation and allocentric cognitive mapping[END_REF][START_REF] Moffat | Extrahippocampal contributions to age differences in human spatial navigation[END_REF][START_REF] Head | Age effects on wayfinding and route learning skills[END_REF][START_REF] Daugherty | A virtual water maze revisited: Two-year changes in navigation performance and their neural correlates in healthy adults[END_REF]. Finally, research on the prefrontal cortex, although scarce, unveiled that the right medial orbitofrontal cortex of older participants correlates with the time they take to reach a target destination [START_REF] Korthauer | Correlates of virtual navigation performance in older adults[END_REF].

Functional correlates

The functional underpinnings of age-related navigational deficits have been less explored than their structural counterparts (Li and King, 2019). Reduced neural activity in the hippocampus, parahippocampal cortex, retrosplenial cortex and supramarginal cortex of older adults during navigation are nonetheless fairly consistent findings throughout the literature [START_REF] Park | Working Memory for Complex Scenes: Age Differences in Frontal and Hippocampal Activations[END_REF][START_REF] Meulenbroek | Age differences in neural correlates of route encoding and route recognition[END_REF][START_REF] Gutchess | Aging and the neural correlates of successful picture encoding: Frontal activations compensate for decreased medial-temporal activity[END_REF][START_REF] Moffat | Age differences in the neural systems supporting human allocentric spatial navigation[END_REF][START_REF] Antonova | Age-related neural activity during allocentric spatial memory[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF]. The latter studies point to the role of hippocampal activity for the construction of allocentric representations of space. Antonova and colleagues (2009) observed that older participants did not exhibit increases in hippocampal and parahippocampal activity when recalling the location of objects compared to young participants. On the other hand, older participants display heightened striatal function during virtual navigation tasks [START_REF] Konishi | Spatial navigational strategies correlate with gray matter in the hippocampus of healthy older adults tested in a virtual maze[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF]. Considering that striatal activity is deemed to mediate the use of egocentric strategies [START_REF] Hartley | The Well-Worn Route and the Path Less Traveled: Distinct Neural Bases of Route Following and Wayfinding in Humans[END_REF][START_REF] Iaria | Cognitive strategies dependent on the hippocampus and caudate nucleus in human navigation: variability and change with practice[END_REF][START_REF] Bohbot | Gray matter differences correlate with spontaneous strategies in a human virtual navigation task[END_REF], the dissociation between hippocampal and striatal systems in healthy ageing could contribute to the observed egocentric bias in older adults (Zhong and Moffat, 2018). In a somewhat contradictory manner to previous findings, Schuck and co-authors (2015) observed that hippocampal activity in high-performing older adults correlates with learning target positions relative to local elements. The authors stipulated that landmark-based learning shifts from being reliant upon striatal-dependent processes in young age [START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF] to hippocampal-dependent processes in older age.

Although this surprising result needs to be replicated, it underscores the significance of considering how visual information is processed to gain a comprehensive understanding of spatial navigation in older age. Increases in prefrontal activity often co-occur alongside the medial temporal reductions of activity in older age [START_REF] Park | Working Memory for Complex Scenes: Age Differences in Frontal and Hippocampal Activations[END_REF][START_REF] Gutchess | Aging and the neural correlates of successful picture encoding: Frontal activations compensate for decreased medial-temporal activity[END_REF][START_REF] Moffat | Age differences in the neural systems supporting human allocentric spatial navigation[END_REF]. Older adults with good memory performance display the greatest bilateral prefrontal activations [START_REF] Gutchess | Aging and the neural correlates of successful picture encoding: Frontal activations compensate for decreased medial-temporal activity[END_REF], as predicted by the hemispheric asymmetry reduction in older adults (HAROLD) effect [START_REF] Cabeza | Hemispheric asymmetry reduction in older adults: The HAROLD model[END_REF]. A compelling theory posits that to compensate for age-related hippocampal decline, information processing progressively moves towards extrahippocampal regions, including the prefrontal cortex [START_REF] Reuter-Lorenz | Neurocognitive aging and the compensation hypothesis[END_REF].

Finally, recent work found that impaired grid-like representations within the entorhinal cortex of older participants may hinder path integration behaviour [START_REF] Stangl | Compromised grid-cell-like representations in old age as a key mechanism to explain age-related navigational deficits[END_REF]. This emerging of line of research raises interesting questions about the involvement of more complex coding mechanisms in age-related spatial navigation deficits. With advancing age, the visual system undergoes prominent changes that give rise to substantial alterations to the way the older population perceives their surrounding space (for reviews see [START_REF] Owsley | Vision and Aging[END_REF][START_REF] Mckendrick | Spatial vision in older adults: perceptual changes and neural bases[END_REF]. The visual domains that have received the greatest attention in the context of healthy ageing are visual acuity, which pertains to the ability to detect high-contrast stimuli, and contrast sensitivity, which refers to the capacity to identify luminance differences between an object and its background. Age-related declines in both visual acuity [START_REF] Frisén | How good is normal visual acuity? -A study of letter acuity thresholds as a function of age[END_REF][START_REF] Pitts | Visual acuity as a function of age[END_REF][START_REF] Owsley | Contrast sensitivity throughout adulthood[END_REF][START_REF] Elliot | Visual acuity changes throughout adulthood in normal, healthy eyes: Seeing beyond 6/6[END_REF][START_REF] Sjöstrand | The decline in visual acuity in elderly people with healthy eyes or eyes with early age-related maculopathy in two Scandinavian population samples[END_REF] and contrast sensitivity, particularly for middle and high spatial frequencies are widely documented [START_REF] Derefeldt | Age Variations In Normal Human Contrast Sensitivity[END_REF][START_REF] Kline | Age, the eye, and the visual channels: Contrast sensitivity and response speed[END_REF][START_REF] Owsley | Contrast sensitivity throughout adulthood[END_REF][START_REF] Tulunay-Keesey | Threshold and suprathreshold spatiotemporal response throughout adulthood[END_REF][START_REF] Elliott | The reliability of the Pelli-Robson contrast sensitivity chart[END_REF][START_REF] Schefrin | Senescent changes in scotopic contrast sensitivity[END_REF]. Notwithstanding, older adults experience a myriad of other visual deficits including changes in motion perception [START_REF] Ball | Improving visual perception in older observers[END_REF][START_REF] Gilmore | Motion perception and aging[END_REF][START_REF] Snowden | Motion perception in the ageing visual system: Minimum motion, motion coherence, and speed discrimination thresholds[END_REF][START_REF] Bennett | The effects of aging on motion detection and direction identification[END_REF], impaired ability to discriminate global contour shapes and 3D shapes [START_REF] Norman | Aging and the perception of depth and 3-D shape from motion parallax[END_REF][START_REF] Mckendrick | The effect of normal aging on closed contour shape discrimination[END_REF], slower visual processing speed and deployment of attention [START_REF] Sekuler | Effects of aging on the useful field of view[END_REF][START_REF] Vance | The accelerate study: The longitudinal effect of speed of processing training on cognitive performance of older adults[END_REF][START_REF] Lunsman | What Predicts Changes in Useful Field of View Test Performance?[END_REF][START_REF] Ebaid | Visual information processing in young and older adults[END_REF], reduced responsiveness to peripheral signals [START_REF] Ball | Clinical visual perimetry underestimates peripheral field problems in older adults[END_REF][START_REF] Anstey | Chronological Age and Age-Related Cognitive Deficits Are Associated With an Increase in Multiple Types of Driving Errors in Late Life[END_REF] as well as decreased visual field extent [START_REF] Drance | Studies on the effects of age on the central and peripheral isopters of the visual field in normal subjects[END_REF][START_REF] Haas | Influence of age on the visual fields of normal subjects[END_REF][START_REF] Jaffe | Age-Related Changes of the Normal Visual Field[END_REF][START_REF] Spry | Senescent changes of the normal visual field: An age-old problem[END_REF].

Interestingly, these deficits do not appear to be uniform across the upper and lower visual fields.

For example, Haas and colleagues (1986) noted that the age-related visual field loss is more pronounced in the upper portion. Moreover, contrast sensitivity function seems to be preserved in the lower visual field but not in the upper visual field [START_REF] Silva | Development and aging of visual hemifield asymmetries in contrast sensitivity[END_REF]. Advancing age is also accompanied by extensive modifications to oculomotor behaviour. Healthy ageing is characterised by reduced temporal and spatial precision of saccades. Saccades are swift eye movements that allow the fixation of specific targets [START_REF] Irving | Horizontal saccade dynamics across the human life span[END_REF][START_REF] Peltsch | Age-related trends in saccade characteristics among the elderly[END_REF][START_REF] Dowiasch | Effects of aging on eye movements in the real world[END_REF].

Older individuals also tend to struggle with inhibiting unwanted saccades [START_REF] Abel | Effects of age on latency and error generation in internally mediated saccades[END_REF][START_REF] Peltsch | Age-related trends in saccade characteristics among the elderly[END_REF] and demonstrate a higher frequency of compensatory saccades to counter smooth pursuit defects [START_REF] Moschner | Age-related changes in visual tracking[END_REF][START_REF] Pelak | Ocular motility of aging and dementia[END_REF]. Additionally, there is a noticeable shift in the angle of gaze in older age, with a more significant decline in the angle of upward gaze compared to that of horizontal or downward gaze [START_REF] Lee | Differences in eye movement range based on age and gaze direction[END_REF]. The latter finding along with the previously cited results showing more pronounced visual deficits in the upper visual field raise questions regarding the importance of vertical visual asymmetries in healthy ageing.

Age-related visual deficits have detrimental consequences on older adults' daily life activities.

Reduced contrast sensitivity is associated with worse driving performance [START_REF] Rubin | Visual impairment and disability in older adults[END_REF][START_REF] Green | Associations between visual, hearing, and dual sensory impairments and history of motor vehicle collision involvement of older drivers[END_REF][START_REF] Owsley | Association of Photopic and Mesopic Contrast Sensitivity in older drivers with risk of motor vehicle collision using naturalistic driving data[END_REF], impaired distance estimation ability [START_REF] Rubin | Visual impairment and disability in older adults[END_REF] and difficulties in discriminating highway signage [START_REF] Evans | Contrast sensitivity predicts age-related differences in highwaysign discriminability[END_REF].

Furthermore, the slowing down of visual processing is linked to an increased likelihood of motor vehicle accidents [START_REF] Owsley | Visual processing impairment and risk of motor vehicle crash among older adults[END_REF][START_REF] Rubin | A prospective, population-based study of the role of visual impairment in motor vehicle crashes among older drivers: The SEE study[END_REF][START_REF] Cross | Visual and medical risk factors for motor vehicle collision involvement among older drivers[END_REF], reduced mobility [START_REF] Wahl | Psychosocial consequences of age-related visual impairment: Comparison with mobility-impaired older adults and long-term outcome[END_REF][START_REF] Owsley | Association between visual attention and mobility in older adults[END_REF], and an elevated risk of falls [START_REF] Huisingh | Frequent falling and motor vehicle collision involvement of older drivers[END_REF]. In addition to its impact on everyday function, visual ageing could explain, at least in part, age-related cognitive decline (for reviews see [START_REF] Roberts | Perception and cognition in the ageing brain: A brief review of the short-and long-term links between perceptual and cognitive decline[END_REF][START_REF] Nagarajan | Vision impairment and cognitive decline among older adults: A systematic review[END_REF]. Interactions between the state of visual perception and cognitive task performance in older adults are reported by numerous cross-sectional experiments [START_REF] Lindenberger | Sensory functioning and intelligence in old age: A strong connection[END_REF][START_REF] Baltes | Emergence of a powerful connection between sensory and cognitive functions across the adult life span: A new window to the study of cognitive aging?[END_REF][START_REF] Tay | Sensory and cognitive association in older persons: Findings from an older Australian population[END_REF] as well as longitudinal studies (M. Y. Lin et al., 2004;[START_REF] Zheng | Longitudinal associations between visual impairment and cognitive functioning the salisbury eye evaluation study[END_REF][START_REF] Swenor | Vision Impairment and Cognitive Outcomes in Older Adults: The Health ABC Study[END_REF][START_REF] Lim | Association between Visual Impairment and Decline in Cognitive Function in a Multiethnic Asian Population[END_REF][START_REF] Zhou | Do Sensory Impairments Portend Cognitive Decline in Older Chinese Adults? Longitudinal Evidence from a Nationally Representative Survey, 2011-2018[END_REF]. Age-related modifications to contrast sensitivity have profound cognitive ramifications [START_REF] Glass | Visual Function and Cognitive Aging: Differential Role of Contrast Sensitivity in Verbal Versus Spatial Tasks[END_REF]. Studies that compared young and older adults unveiled that simple manipulations of contrast can hinder older adults' visual search performance [START_REF] Laudate | Bingo! externally supported performance intervention for deficient visual search in normal aging, Parkinson's disease, and Alzheimer's disease[END_REF][START_REF] Toner | Vision-fair neuropsychological assessment in normal aging, Parkinson's disease and alzheimer's disease[END_REF]. Remarkably, these deficits are rescued by adjusting the stimulus strength to match participants' optimal contrast threshold [START_REF] Toner | Vision-fair neuropsychological assessment in normal aging, Parkinson's disease and alzheimer's disease[END_REF]. Low contrast conditions also elicit slower responses and lower accuracy across multiple cognitive domains including associative memory, executive function and verbal and spatial skills (Cronin- [START_REF] Cronin-Golomb | Enhanced stimulus strength improves visual cognition in aging and Alzheimer's disease[END_REF][START_REF] Chen | Association of vision loss with cognition in older adults[END_REF][START_REF] Varadaraj | Association of Vision Impairment with Cognitive Decline across Multiple Domains in Older Adults[END_REF]. Regarding spatial function, worse visual acuity in ageing is correlated with a 5-year decline in visuospatial organization and memory [START_REF] Dearborn | Poorer Visual Acuity Is Associated with Declines in Cognitive Performance Across Multiple Cognitive Domains: The Maine-Syracuse Longitudinal Study[END_REF]. The above findings fit nicely with the Information Degradation Hypothesis of ageing [START_REF] Monge | Linking cognitive and visual perceptual decline in healthy aging: The information degradation hypothesis[END_REF], which stipulates that impoverished perceptual input can dampen cognitive resources, and potentially modulate task performance and brain function. Taken together, this vast breadth of work poses some intriguing questions about spatial memory and navigation abilities in ageing. Given that visual ageing modifies everyday activities and cognitive performance, it becomes pertinent to investigate visual ageing as a potential contributor to age-related navigational decline.

Visual ageing in the context of spatial memory and navigation

First, it is important to highlight that a prominent review in the field explicitly emphasised that the perception of external stimuli for navigation is unimpaired in older adults, effectively ruling out any possibility of an interaction between sensory deficits and navigational impairments (Lester et al., 2017). Their statement was based on several findings in older individuals documenting preserved estimation of egocentric distances, comparable performance to young adults in evaluating between-stimuli distances [START_REF] Bian | Aging and the perception of egocentric distance[END_REF][START_REF] Norman | The visual perception of exocentric distance in outdoor settings[END_REF], as well as intact perception of surface slant [START_REF] Norman | Aging and the perception of slant from optical texture, motion parallax, and binocular disparity[END_REF]. While distance judgements are undeniably critical for efficient navigation [START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF], it is evident that they do not provide a comprehensive account of perceptual tasks. Successful navigation is contingent upon intricate perceptual computations to interpret available visual cues in a spatially meaningful way. In this context, the documented changes to visual processing in healthy ageing could constrain the use of visual information for wayfinding purposes and accumulating evidence is already hinting at this possibility.

Age-related changes in gaze dynamics are known to modulate older adults' interpretation of scenes.

For example, in a study where older participants were presented with static spatial scenes from a driver's perspective, they were found to focus on smaller regions and to be less exploratory than young participants [START_REF] Maltz | Eye movements of younger and older drivers[END_REF]. A systematic review of studies delving into oculomotor behaviour during locomotion in ageing revealed that older adults tend to prioritise the lower and central areas of the visual scene [START_REF] Uiga | Acquiring visual information for locomotion by older adults: A systematic review[END_REF]. In the same vein, an ecological spatial navigation experiment observed a propensity among older participants to direct their gaze towards ground-related information whilst locomoting [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. The latter results resonate with earlier studies reporting a more pronounced age-related visual field loss in the upper visual field [START_REF] Haas | Influence of age on the visual fields of normal subjects[END_REF][START_REF] Spry | Senescent changes of the normal visual field: An age-old problem[END_REF] as it could drive greater reliance on the lower visual field. The use of information from both the upper and lower visual fields may be essential for wayfinding ability because, as previously discussed, each hemifield is associated with distinct types of visual cues (i.e., distal vs. proximal). A promising recent line of research is shedding light on the possible contribution of changes to visual cue preferences in age-related spatial navigation deficits. It was indeed uncovered that healthy older participants show a greater reliance toward geometric cues and that this visual cue preference may serve as a predictor for the navigational strategy employed [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. Additional support was provided by a study demonstrating that older participants are able to orient in a virtual environment using an allocentric-based strategy if geometric information is made available [START_REF] Bécu | Landmark-based spatial navigation across the human lifespan[END_REF]. Such findings justify the necessity of a reevaluation of the theory that age-related allocentric deficits stem from limited cognitive resources in ageing [START_REF] Hill | When landmarks are not enough[END_REF]. It may be the case that certain types of cues are more challenging to process in the context of visual ageing, thereby hindering older individuals from forming allocentric representations of the surrounding environment.

Neural support for the visual ageing hypothesis

Neural evidence lends support to the validity of this paradigm, which emphasises the importance of recognising visual ageing as a significant factor in age-related spatial navigation deficits. First, it is crucial to acknowledge that neural changes at the level of the eye may underlie certain functional and cognitive modifications that become apparent with ageing [START_REF] Scialfa | The role of sensory factors in cognitive aging research[END_REF][START_REF] Schieber | Human Factors and Aging : Identifying and Compensating for Age-related Deficits in Sensory and Cognitive Function[END_REF]. These ocular alterations include hardening and opacification of the crystalline lens, reduced pupil size and a decline in the number of photoreceptors and retinal ganglion cells [START_REF] Salvi | Ageing changes in the eye[END_REF]. The use of optical coherence tomography (OCT) as a noninvasive tool to gain insights into cognitive and cerebral functioning has drawn interest in the context of both healthy and pathological ageing [START_REF] London | The retina as a window to the brain -From eye research to CNS disorders[END_REF]. In support of this, a comprehensive systematic review comprising 60 studies shed light on the relevance of retinal nerve fibre layer thickness as a predictor of cognitive performance in older adults [START_REF] Jeevakumar | Association between retinal markers and cognition in older adults: A systematic review[END_REF]. Despite the literature being relatively scarce, some studies postulate that age-related changes in the brain could impact visual processing in older adults, consequently influencing navigational function. Numerous fMRI investigations reported decreased amplitude and spread of the hemodynamic response in the visual cortex of older participants during visual perceptual tasks [START_REF] Ross | Age-related reduction in functional MRI response to photic stimulation[END_REF][START_REF] Buckner | Functional brain imaging of young, nondemented, and demented older adults[END_REF][START_REF] Huettel | The Effects of Aging upon the Hemodynamic Response Measured by Functional MRI[END_REF][START_REF] Crossland | The effect of age and fixation instability on retinotopic mapping of primary visual cortex[END_REF]. Healthy ageing is also characterised by differences in surface area and pRF size of the early visual areas, particularly within regions that receive projections of the foveal visual space (Brewer andBarton, 2012, 2014;[START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF]. Strikingly, these age-related modifications in the early visual cortex appear to have repercussions on high-level cognitive abilities. [START_REF] Brewer | Visual cortex in aging and Alzheimer's disease: Changes in visual field maps and population receptive fields[END_REF] proposed that the decrease in the surface area of hV4 along with the larger pRF sizes in V2 and hV4 could be related to impairments in the tuning of spatial attention. An age-related deficit in high spatial frequency scene categorisation may be associated with reduced activity in the early visual areas [START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF]. Contributions from EEG research also enrich this discourse [START_REF] Daffner | The impact of visual acuity on age-related differences in neural markers of early visual processing[END_REF][START_REF] Porto | One of the most well-established age-related changes in neural activity disappears after controlling for visual acuity[END_REF]. A study found that agerelated differences in an event-related potential associated with decision-making are no longer significant after controlling for visual acuity [START_REF] Porto | One of the most well-established age-related changes in neural activity disappears after controlling for visual acuity[END_REF]. This finding underscores the possibility that certain properties of the visual signal might affect the neural signatures of cognition in older adults. A compelling line of work examined dedifferentiation in ageing (for reviews see [START_REF] Park | Aging reduces neural specialization in ventral visual cortex[END_REF]Koen and Rugg, 2019), the process through which specific cerebral regions become less specific and distinct from others with advancing age. Dedifferentiation in the early visual cortex has downstream effects on mnemonic processes such as pattern matching [START_REF] Deng | Age-related dedifferentiation and hyperdifferentiation of perceptual and mnemonic representations[END_REF]. As a result, the quality of perceptual representations at encoding might influence later memory reinstatement in older age. Similarly, Koch and colleagues (2020) [START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF]. Furthermore, the neural specificity and distinctiveness of the PPA and MPA decline with age and might predict individual source and spatial memory abilities [START_REF] Koch | Effects of aging on encoding of walking direction in the human brain[END_REF][START_REF] Srokova | Neural differentiation is moderated by age in scene-selective, but not face-selective, cortical regions[END_REF]. Remarkably, functional connectivity between the OPA and PPA is increased in healthy ageing [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF]. The OPA and posterior PPA are considered key components of the scene-selective visual network, which processes visual properties of the immediate visible scene [START_REF] Baldassano | Pinpointing the peripheral bias in neural sceneprocessing networks during natural viewing[END_REF]. Thus, the enhanced connectivity of the network suggests significant age-related modifications to visual processing in regions linked to spatial navigation. Taken together, these results provide a solid foundation for studies to test the hypothesis that visual ageing is intertwined with the neural mechanisms subtending age-related spatial cognitive decline.

AIMS AND HYPOTHESES OF THE PRESENT WORK

In this doctoral thesis, the first approach to gaining a finer comprehension of the ties between visual ageing and spatial navigation consisted in examining the neural bases of cue-based navigation throughout adulthood. As alluded to in the introduction, the focus was predominantly on hippocampo-striatal coactivations and scene-selective regions. The third aim of this doctoral thesis synthesised the insights gained from the two preceding chapters and investigated the repercussions of the vertical position of objects for spatial navigation and for underlying neural patterns. Chapter 4 focused on a single interrogation: How does the vertical position of landmarks modulate neural activity within scene-selective regions during spatial navigation in young and healthy older participants? It was broadly anticipated that scene-selective regions would respond to the position of objects in accordance with their underlying retinotopic biases. Specifically, it was speculated that the OPA might show a preference for objects located in the lower portion of the scene, a preference that would be more pronounced in older participants.

To answer this question, complementary neuroimaging approaches were adopted. The first experiment used a desktop-based spatial navigation paradigm coupled with EEG and eye tracking (Box 2). The task assessed participants' ability to reorient themselves with objects positioned at various vertical positions in the virtual environment (i.e., on balconies or sidewalks). It required participants to construct a mental map of a square-like four-intersection environment. To retrieve electrical activity from participants' OPA, PPA and MPA, a structural MRI-and fMRI-informed source reconstruction algorithm was used. Eye tracking measurements served to establish whether attentional dynamics tracked the position of navigationally-relevant objects within the environment. The second experiment made use of a modified version of the same spatial navigation paradigm, coupled with fMRI. The task included a unique intersection with fewer objects to encode, and thus didn't depend on the formation of allocentric representations.

Representational similarity analysis (Box 3) was conducted to test the similarity of neural patterns between environments that comprised navigationally-relevant and irrelevant objects at differing vertical positions. Neural similarity patterns were also contrasted against theoretical models to examine potential biases within each scene-selective region.

PRESENTATION OF THE SILVERSIGHT COHORT STUDY

The young and older participants involved in the aforementioned experiments were recruited from the French SilverSight cohort study [START_REF] Lagrené | Healthy and pathological visual aging in a French follow-up cohort study[END_REF] 
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Introduction

The ability to navigate in space is fundamental to most daily activities, whether it be choosing the shortest route to work or meeting a friend in a familiar neighbourhood. Despite its apparent simplicity, spatial navigation is a highly complex cognitive process that requires the integration of multimodal sensory information, the creation and maintenance of spatial representations in memory, and the manipulation of these representations to guide navigational behaviour effectively [START_REF] Wolbers | What determines our navigational abilities?[END_REF]. The adequate use of visual spatial cues constitutes an essential aspect of this process in many species, including humans [START_REF] Hermer | Modularity and development: The case of spatial reorientation[END_REF][START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF][START_REF] Ekstrom | Why vision is important to how we navigate[END_REF]. Early studies pointed to landmarks and geometry as distinct types of visual spatial cues used for self-orientation and navigation [START_REF] Cheng | A purely geometric module in the rat's spatial representation[END_REF][START_REF] Gallistel | Representations in animal cognition: An introduction[END_REF]. In the literature, the term landmark has been used to designate both discrete elements such as objects and buildings and embedded featural information such as colour and texture [START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF][START_REF] Wolbers | Dissociable retrosplenial and hippocampal contributions to successful formation of survey representations[END_REF][START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF][START_REF] Epstein | Neural systems for landmark-based wayfinding in humans[END_REF][START_REF] Marchette | Outside looking in: Landmark generalization in the human navigational system[END_REF][START_REF] Lowe | Neural representation of geometry and surface properties in object and scene perception[END_REF]. The term geometry has been used

to refer to the information provided by layouts such as relative lengths, distances, and angles between surfaces. While some argue that such information can only be derived from threedimensional (3D) extended surfaces, others warrant a more comprehensive definition of geometry that includes the implicit relationships between objects [START_REF] Cheng | A purely geometric module in the rat's spatial representation[END_REF][START_REF] Gouteux | Children's use of geometry and landmarks to reorient in an open space[END_REF][START_REF] Learmonth | Why size counts: Children's spatial reorientation in large and small enclosures: Paper[END_REF][START_REF] Lourenco | Location representation in enclosed spaces: What types of information afford young children an advantage?[END_REF]Lee and Spelke, 2010a;[START_REF] Sutton | Geometry three ways: An fMRI investigation of geometric information processing during reorientation[END_REF].

The presence of visual spatial cues in an environment enables long-term spatial knowledge by facilitating the formation of cognitive maps [START_REF] Epstein | Neural systems for landmark-based wayfinding in humans[END_REF]. Landmarks' size, stability and proximity to the goal are among the key factors that determine their validity as anchor points and their use for navigation [START_REF] Stankiewicz | Acquisition of Structural Versus Object Landmark Knowledge[END_REF][START_REF] Auger | A central role for the retrosplenial cortex in de novo environmental learning[END_REF][START_REF] Auger | Dissociating landmark stability from orienting value using functional magnetic resonance imaging[END_REF]. Geometry constitutes a highly stable and indispensable information as it sets the environment boundaries, thus delineating the navigability of a space [START_REF] Sheynikhovich | Is There a Geometric Module for Spatial Orientation? Insights From a Rodent Navigation Model[END_REF][START_REF] Keinath | Environmental Geometry Aligns the Hippocampal Map during Spatial Reorientation[END_REF][START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. Given the intricacy of spatial navigation abilities in humans, it is perhaps not surprising that an extended neural network encompassing occipital, parietal, temporal and frontal regions is recruited [START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Qiu | Representation of human spatial navigation responding to input spatial information and output navigational strategies: An ALE meta-analysis[END_REF]. Decades of lesion studies and fMRI research have established the hippocampus and associated structures of the medial temporal lobe, such as the entorhinal, perirhinal, and parahippocampal cortices, as central nodes of this network [START_REF] Spiers | Neural systems supporting navigation[END_REF][START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF]. Few experiments exploring the neural underpinnings of human spatial navigation have manipulated the presence of landmark and geometric cues in the environment. In an influential fMRI study by Doeller et al. in which participants had to learn locations relative to a salient object or to a circular enclosure, a striatal-dependent system for the representation of landmarks and a hippocampal-dependent system for the representation of geometry were uncovered [START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF]. This dual-system hypothesis forms the current widespread framework about the neural structures underlying landmark versus geometry spatial coding. However, a limitation of this study lies in the complexity of the paradigm used. In their task both types of visual spatial cues were concomitantly present. Furthermore, reorienting with geometry consisted in integrating positional information between self, the goal, and a distal cue.

In a subsequent study, [START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF] conducted a fMRI experiment in which participants performed a navigation task within two separate virtual environments that each contained a single orienting cue [START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF]. The authors showed that reorientation based on a featural landmark (coloured wall) elicited several activations within the medial temporal lobe whereas reorientation based on geometry (room shape) recruited the prefrontal and inferior temporal cortices. We argue however that the two environments did not allow for a clear dissociation of the neural circuits subtending the use of each cue subtype. Indeed, room size and cue reliance were not made equivalent in the landmark and geometry conditions. While reorienting with the coloured wall was unambiguous, reorienting with geometry in the rectangular room was associated with a correct corner and an incorrect rotationally equivalent corner [START_REF] Sutton | Geometry three ways: An fMRI investigation of geometric information processing during reorientation[END_REF][START_REF] Sutton | The hippocampus is not a geometric module: processing environment geometry during reorientation[END_REF][START_REF] Forloines | Neurofunctional correlates of geometry and feature use in a virtual environment[END_REF]. Moreover, it is worth noting that while Sutton and colleagues defined landmarks as featural information (coloured wall), Doeller et al. defined landmarks as discrete objects independent of the boundaries (vase) (Doeller and Burgess, 2008;[START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Bullens | The role of landmarks and boundaries in the development of spatial memory[END_REF]. The concept of landmark thus seems to vary greatly across studies and deserves clarification.

The inconsistent results mentioned before could originate from the paradigms used [START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF], in which the visual complexity and the ambiguity of the cues (i.e., landmark and geometry provide equivalent spatial information)

hindered the possibility to isolate neural circuits for the use of distinct visual spatial cues [START_REF] Lew | Looking Beyond the Boundaries: Time to Put Landmarks Back on the Cognitive Map?[END_REF]). An alternative nonexclusive explanation lies in the diversity of interpretations regarding the notion of landmark in the literature. The present fMRI study aimed at identifying the specific neural correlates that underlie the processing of objects, features and geometry using an unbiased reorientation navigation task in a virtual maze environment (Fig. 2.1.1). Specifically, we explored two main questions. First, we tested the validity of the classic framework stating two causally dissociable systems in the hippocampus and striatum. Second, we posited that object-based and feature-based navigation would not be equivalent forms of landmark-based navigation in terms of behavioural and neural markers. We used the term object to refer to discrete landmarks that are independent of the environment's boundaries and feature to refer to salient information embedded within the boundaries. The virtual environment consisted of a sparse and neutral layout, and the task design allowed for the three different types of visual spatial cues to be clearly separated. We conducted a whole-brain analysis to determine how cerebral regions would be similarly or differentially involved in object, geometry-, and feature-based navigation. Building on the work by Doeller et al. (2008), univariate and multivariate region-of-interest (ROI) analyses were then performed to elucidate the respective roles of the hippocampus and striatum in cue-based navigation. [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF] and computerised versions of the 3D mental rotation test (Vandenberg and Kuse, 1978), the perspective-taking test (Kozhevnikov and Hegarty, 2001) and the Corsi block-tapping task (Corsi, 1973). Notably, the object and control conditions were also analysed and included as control data in a study on healthy ageing (Ramanoël et al., 2020).

Materials and Methods

All subjects provided written informed consent and the study was approved by the Ethical Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, CPP No: 16122).

Experimental design

We defined objects as salient cues that are independent of the environment's layout, geometry as the elements that are intrinsic to the external limits of a space (i.e., wall lengths and angle sizes)

and features as salient information that is embedded within the environment's layout (i.e., colour).

Worthy of note, the nature of geometric information can be separated into global geometry defined by relative wall lengths, and local geometry defined by angle dimensions [START_REF] Hupbach | Reorientation in a rhombic environment: No evidence for an encapsulated geometric module[END_REF][START_REF] Reichert | Use of local and global geometry from object arrays by adult humans[END_REF]. As this is a topic of ongoing debate, we chose not to make the distinction.

Participants performed a reorientation task in a virtual environment using an MRI-compatible ergonomic two-grip response device (NordicNeuroLab, Bergen, Norway Y-maze that consisted of three corridors radiating out from a centre and delimited by homogenous wooden-like walls (Fig. 2.1.1a-c). Forward speed of movement was set at 3 virtual metres (vm)/second (s) and turning speed at 40°/s. Subjects completed three distinct reorientation conditions (object, geometry and feature) and one control condition. In the object condition (OBJ), all arms were 18 vm long and equiangular, and three light gray objects were placed in the centre of the maze (Fig. 2.1.1a). In the geometry condition (GEO), the arms were approximately 18 vm long, separated by two 140° angles and one 80° angle and there were no objects in the centre of the maze (Fig. 2.1.1b). In the feature condition (FEAT), the arms were 18 vm long and equiangular, and there were three differently coloured walls in the centre of the maze (Fig. 2.1.1c).

In the control condition (CTRL), the arms were 18 vm long and equiangular and the maze did not contain any salient visual spatial cues. The object, geometry, and feature conditions comprised an encoding phase and a retrieval phase. The encoding phase took place once, at the beginning of a condition, and it lasted 2 min and 45 s. During this phase, participants started from the centre of the maze. They had to locate the position of a goal hidden at the end of one of the three arms (gifts and balloons). When they arrived at the correct location, the gifts and balloons appeared and remained visible. Subjects could then use the remaining time to learn and remember the position of the goal with respect to the visual spatial cues available at the intersection. Within a limit of 2 min 45 s, the encoding phase was therefore entirely self-paced. A 15-s pause separated the encoding phase from the retrieval phase. The retrieval phase of the navigation conditions comprised a total of eight trials. In each trial of the retrieval phase, participants started from the end of an arm that did not contain the goal and they had to retrieve the hidden goal. The starting positions across trials were pseudorandomised between subjects. Once they reached the correct goal location, the gifts and balloons appeared for 2 s. Before the start of the next trial, a fixation screen was presented for 2 or 3 repetition times (TRs; 2.68 or 5.36 s). The timings of the intertrial interval were pseudo-randomly allocated. The maximum allocated time to finish the eight trials of a retrieval phase was 5 min. All participants finished within this time frame, and they were presented with a fixation screen until the remaining time had elapsed. The presentation order of the object, geometry, and feature conditions in each trial was counterbalanced between subjects.

The control condition was always performed after the three cue-based reorientation conditions, and it consisted of a four-trial retrieval phase only. Subjects started from the end of an arm chosen randomly and moved to the centre of the environment from where the goal was readily visible.

They then navigated toward it. The control condition was designed to account for confounding The general linear model (GLM) was used for block design for statistical analysis of fMRI data [START_REF] Friston | Statistical parametric maps in functional imaging: a general linear approach[END_REF]. Eight trials of the retrieval phase in the object condition, eight trials of the retrieval phase in the geometry condition, eight trials of the retrieval phase in the feature condition, four trials of the control condition, and fixation times were modelled as regressors, constructed as box-car functions and convolved with the SPM hemodynamic response function (HRF). The encoding phases were not taken into account as the time required to find the goal for the first time differed greatly between participants (Fig. S2 uncorrected with a minimum cluster extent of k = 10 voxels. We also conducted a conjunction analysis to map the brain regions that were similarly activated in all three cue-based conditions.

Conjunction was performed using the intersection of supra-threshold voxels for the three separate one-sample t-tests using a minimal extended threshold set at 10 voxels. Using a similar approach, we then performed a conjunction analysis for each pair of visual spatial cue type.

The hippocampus and striatum (caudate and putamen nuclei) were defined from the AAL probabilistic brain atlas [START_REF] Tzourio-Mazoyer | Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain[END_REF]. Mean fMRI parameter estimates for the contrasts [OBJ > CTRL], [GEO > CTRL], and [FEAT > CTRL] were extracted from the hippocampus and the striatum using the REX MATLAB-based toolkit. A two-way ANOVA was then performed to study the main effects and interactions of ROI (hippocampus and striatum)

and condition (object, geometry, and feature) on fMRI parameter activity. To control for a putative learning effect during the retrieval phase, mean parameter estimates in the hippocampus and striatum were also extracted across trial numbers in the object condition using the following contrasts:

[OBJ t1 > CTRL t1], [OBJ t2 > CTRL t2], [OBJ t3 > CTRL t3], [OBJ t4 > CTRL t4],
[OBJ t5 > CTRL t4], [OBJ t6 > CTRL t4], [OBJ t7 > CTRL t4], and [OBJ t8 > CTRL t4]. The same analyses were conducted for the geometry and feature conditions. Finally, based on several reports suggesting functional differences along the antero-posterior axis of the hippocampus [START_REF] Zeidman | Anterior hippocampus: the anatomy of perception, imagination and episodic memory[END_REF][START_REF] Dalton | Differences in functional connectivity along the anterior-posterior axis of human hippocampal subfields[END_REF], we conducted complementary analyses on the anterior hippocampus (aHC) and posterior hippocampus (pHC) delineated from the Human Brainnetome Atlas [START_REF] Fan | The Human Brainnetome Atlas: A New Brain Atlas Based on Connectional Architecture[END_REF].

We used representational similarity analysis to further characterise the roles of the hippocampus and striatum in discriminating between the three types of spatial cues. We first re-estimated the aforementioned GLM (see Section 2.4.2) on unsmoothed data. The fMR signal was extracted from the two pre-defined ROIs and averaged across trials of each unique condition. For each subject, we then constructed representational similarity matrices (RSMs) by calculating pairwise Pearson correlations between each multivoxel pattern of activity from the object, geometry, and feature conditions. We thus obtained symmetric 3 × 3 matrices for the hippocampus and striatum with off-diagonal values specifying the neural similarity between each pair of conditions. One-sample permutation tests were performed on the average RSMs to test whether the pairwise correlation coefficients were significantly different from zero. To explore the differences in pattern similarity between the hippocampus and the striatum we conducted a linear mixed-effects model. The lower triangular correlation coefficients of each RSM were Fisher-z transformed and included as the dependent variable in the model with ROI, condition pair and their interaction as fixed effects and a random intercept for participants. In order to further test the existence of two dissociable systems in the HC and striatum for the processing of geometry and objects, respectively, two theoretical RSMs were constructed. The object and geometry RSMs were created as binary RSMs based on whether one type of spatial cue would be preferentially processed in a ROI (1 was assigned to highly similar pairs of conditions and 0 to highly dissimilar pairs of conditions). Separate linear mixed-effects models were performed to compare the lower triangular correlation coefficients of the theoretical and neural RSMs. For each theoretical RSM, the neural similarity values were included as the dependent variable with the spatial cue similarities included as fixed effects and participants as random intercepts. All the above-mentioned analyses were conducted using the nltools and netneurotools packages and custom code in Python except for the linear mixed-effects models which were performed using the lme4 package in R.

Results

Behavioural results

Success rate (i.e., the number of times a participant chose the correct corridor across trials) was equivalent in the three cue-based conditions (Fig. 2.1.2a,b). We reported significant differences in navigation time (i.e., time to reach the goal averaged across trials) between conditions (F(2, 24) = 5.55, p = 0.023, ηp 2 = 0.32, 95% CI [0.02, 0.52]). Tukey post hoc tests revealed that young adults took significantly longer to find the goal in the geometry condition than in the object condition (p = 0.031). There were no significant differences in navigation time by trial number across conditions (F = 1.87, p = 0.073) lending support to the idea that participants displayed optimal performance from the first trial (Fig. 2.1.2c). Moreover, trial number was not correlated with navigation time in any of the object (r = .024 [-0.80, 0.85], p = 0.98), geometry (r = -.71

[-1.00, 0.14], p = 0.058), and feature (r = -.19 [-0.82, 0.74], p = 0.66) conditions. We can nonetheless note that navigation time seemed to decrease across trials of the geometry condition.

Finally, we found that performance on the perspective-taking task had a significant effect on navigation time independent of the cue-based condition (0.07 ± 0.02, t = 3.17, p = 0.002).

partial ηp 2 = 0.19, 95% CI [0.02, 0.35]). Post hoc tests revealed that the hippocampus was more activated than the striatum in the object condition (0.40 ± 0.13 vs. -0.09 ± 0.11, p = 0.016, Hedge's g = 0.48, 95% CI [0.06, 0.91]) and that there was decreased striatal activity in the object condition compared with the geometry condition (-0.09 ± 0.11 vs. 0.46 ± 0.22, p = 0.005, Hedge's g = -0.54, 95% CI [-0.97, -0.12]). We observed the hippocampus to be implicated in all cue conditions when compared with the control condition, in varying degrees, and the striatum to be engaged solely during the geometry condition. In order to identify putative learning effects, we examined fMRI parameter activity in individual trials for the contrasts [OBJ > CTRL],

[GEO > CTRL], and [FEAT > CTRL]. There were no significant differences in hippocampal and striatal activity between trials for object, feature, or geometry conditions (Fig. 2.1.5c). We also conducted Spearman rank correlations between hippocampal and striatal activity and navigation time in each condition. Finally, we examined anterior and posterior hippocampal activity. These complementary analyses revealed that there were no significant differences in fMRI parameter activity across conditions between the anterior and posterior hippocampi (Fig. S2. 1.3).

To complement the above univariate findings, we conducted representational similarity analyses aimed at investigating the similarity of multivoxel activations in the hippocampus and striatum between the object, geometry, and feature conditions. We found that the pairwise similarities between conditions were not significantly different from zero in the hippocampus and striatum (Fig. 2.1.5b). We then performed a linear mixed-effects model to test the influence of ROI, condition pair and their interaction (ROI × condition pair) on neural similarities. No significant effects were found. Separate linear mixed-effects model analyses for the hippocampus and striatum further revealed that neural similarity patterns were not significantly explained by neither the object (hippocampus: t = -1.49, p = 0.14; striatum: t = -0.84, p = 0.21) nor the geometry theoretical models (hippocampus: t = -1.44, p = 0.26; striatum: t = -0.31, p = 0.41).

Discussion

Despite extensive knowledge surrounding the importance of visual information for spatial navigation, few studies have sought to elucidate how distinct types of visual spatial cues modulate behaviour and brain activity. In this study, we examined the neural activity associated with object-, geometry-, and feature-based spatial navigation in an unbiased, two-choice behavioural paradigm using univariate and multivariate fMRI analyses. Success rate was equivalent across the three conditions. However, we found that participants took longer to reach the goal in the geometry condition than in the object condition.

A shared cerebral network for visual spatial cue processing

The whole-brain analyses revealed extended neural activations that were common to all conditions and that have been repeatedly implicated in spatial orientation paradigms [START_REF] Chrastil | Neural evidence supports a novel framework for spatial navigation[END_REF][START_REF] Spiers | Neural systems supporting navigation[END_REF][START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF]Cona and Scarpazza, 2019;[START_REF] Qiu | Representation of human spatial navigation responding to input spatial information and output navigational strategies: An ALE meta-analysis[END_REF].

Unsurprisingly, multiple areas associated with visuospatial processing in the temporal and occipital lobes were activated. For example, the three conditions yielded activity in the fusiform gyrus, which may be reflecting the accurate recognition of novel information [START_REF] Ewbank | fMR-adaptation reveals a distributed representation of inanimate objects and places in human visual cortex[END_REF] and exemplifies the overarching importance of visual processing during fMRI virtual navigation tasks [START_REF] Taube | Is Navigation in Virtual Reality with fMRI Really Navigation?[END_REF]. We also noticed that the cerebellum was consistently activated, offering additional insight into its relevance for navigation [START_REF] Rochefort | The cerebellum: A new key structure in the navigation system[END_REF][START_REF] Rondi-Reig | How the cerebellum may monitor sensory information for spatial representation[END_REF][START_REF] Iglói | Interaction between hippocampus and cerebellum crus i in sequence-based but not place-based navigation[END_REF].

While the above whole-brain results give us an idea of broad network similarities, the conjunction analysis revealed a more specific overlap of the right anterior cingulate cortex (ACC) and the right inferior temporal cortex across conditions. The common engagement of the ACC can be interpreted in light of its function as an internal monitor [START_REF] Carter | Anterior cingulate cortex, error detection, and the online monitoring of performance[END_REF][START_REF] Walton | Functional specialization within medial frontal cortex of the anterior cingulate for evaluating effort-related decisions[END_REF][START_REF] Wang | Responses of human anterior cingulate cortex microdomains to error detection, conflict monitoring, stimulus-response mapping, familiarity, and orienting[END_REF]. Indeed, the primate ACC is positioned at the crossroads between medial temporal structures and premotor regions allowing for the integration of affective and contextual memory information with goal-directed action [START_REF] Ito | Performance monitoring by the anterior cingulate cortex during saccade countermanding[END_REF][START_REF] Botvinick | Conflict monitoring and anterior cingulate cortex: An update[END_REF][START_REF] Hayden | Neurons in anterior cingulate cortex multiplex information about reward and action[END_REF]. In our experiment, reorientation required participants to notice their change of position within the maze and re-evaluate their trajectory accordingly. Lending credence to our result, Javadi et al. (2019) similarly found peak ACC activation when subjects understood that they had deviated from the optimal path and that they needed to backtrack [START_REF] Javadi | Backtracking during navigation is correlated with enhanced anterior cingulate activity and suppression of alpha oscillations and the "defaultmode" network[END_REF]. The inferior temporal cortex is a central part of the ventral visual stream and it is critical for high-level visual processing such as perceptual detection and identification of faces, objects and scenes [START_REF] Landis | Loss of Topographic Familiarity: An Environmental Agnosia[END_REF][START_REF] Aguirre | An area within human ventral cortex sensitive to "building" stimuli: Evidence and implications[END_REF][START_REF] Epstein | The parahippocampal place area: Recognition, navigation, or encoding?[END_REF][START_REF] Litman | Category-specificity in the human medial temporal lobe cortex[END_REF][START_REF] Kanwisher | Functional specificity in the human brain: A window into the functional architecture of the mind[END_REF][START_REF] Kravitz | The ventral visual pathway: An expanded neural framework for the processing of object quality[END_REF][START_REF] Grill-Spector | The functional architecture of the ventral temporal cortex and its role in categorization[END_REF]. Together, these findings strengthen the argument for similarities between distinct forms of visual spatial cue processing for navigation.

The specificity of processing geometric spatial cues

Although participants displayed optimal performance in all three conditions in terms of success rate, our results emphasise a behavioural specificity for the processing of geometric cues compared with object and featural cues. Indeed, participants took longer to reach the goal in the geometry condition compared with the object condition and appeared to need more trials to reach optimal performance. Several important points can be made. First, one can appreciate that the concept of geometry is less accessible in declarative memory than the concept of landmarks. In other words, it may have been easier for participants to be consciously aware of which visual spatial cues they were relying on in the object and feature conditions than in the geometry condition.

Second, geometric information including angles between arms, lengths of corridors, and overall shape of the central area was available in the maze for participants to exploit. We speculate that this information was less noticeable and salient than both objects and features. The increased perceived difficulty of the geometry condition may provide an explanation for the differences in navigation time and learning curves.

The above behavioural results hint at the differential processing of geometric cues specifically and are corroborated by our fMRI whole-brain analyses. Indeed, our results highlight regional specificities for landmark-and geometry-based navigation. First, the whole-brain analyses revealed left hippocampal activity in the object and feature conditions only. It is important to emphasise that these results do not indicate an absence of hippocampal activity from the geometry condition, but rather that it is not significant compared with that in the other two conditions. Sutton et al.

(2010) similarly reported increased hippocampal engagement in the presence of a distinctive featural cue embedded within environmental boundaries. We hypothesise that the saliency of object and featural cues enabled participants to better integrate local visual information with the broader spatial context into a unified hippocampal-dependent representation. In addition, the left lateralised activity reported is consistent with a previous study showing a specific role for the left hippocampus in spatial memory for object location [START_REF] Miller | Lateralized hippocampal oscillations underlie distinct aspects of human spatial memory and navigation[END_REF]. Second, directly contrasting the geometry condition with the object and feature conditions revealed striking disparities. In accordance with previous studies, geometry-based navigation yielded greater activity in a vast neural network comprising the frontal cortex, parietal cortex, and striatum [START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF][START_REF] Sutton | Geometry three ways: An fMRI investigation of geometric information processing during reorientation[END_REF][START_REF] Forloines | Neurofunctional correlates of geometry and feature use in a virtual environment[END_REF]. Both frontal and striatal regions are involved in the evaluation and selection of adequate behaviour, and prefrontal inputs to the striatum could facilitate context-dependent and flexible navigational responses [START_REF] Haber | Reward-related cortical inputs define a large striatal region in primates that interface with associative cortical connections, providing a substrate for incentive-based learning[END_REF][START_REF] Brown | Cooperative interactions between hippocampal and striatal systems support flexible navigation[END_REF][START_REF] Goodroe | The Complex Nature of Hippocampal-Striatal Interactions in Spatial Navigation[END_REF]. The specific demand on frontal and striatal function for geometry processing may thus indicate more intricate decision-making processes attributable to the reduced saliency of geometric cues. Taken together, the above findings converge toward the idea that geometric cues in our paradigm are processed in a different manner to object and featural cues.

Rethinking the concept of landmark in human spatial navigation

In fMRI studies, landmarks have been conceptualised as discrete objects [START_REF] Iaria | Cognitive strategies dependent on the hippocampus and caudate nucleus in human navigation: variability and change with practice[END_REF][START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Janzen | Memory consolidation of landmarks in good navigators[END_REF], abstract shapes [START_REF] Baumann | Dissociable neural circuits for encoding and retrieval of object locations during active navigation in humans[END_REF][START_REF] Wegman | Encoding and retrieval of landmark-related spatial cues during navigation: An fMRI study[END_REF], buildings [START_REF] Wolbers | Dissociable retrosplenial and hippocampal contributions to successful formation of survey representations[END_REF], and embedded visual information [START_REF] Sutton | Spinning in the scanner: Neural correlates of virtual reorientation[END_REF]. As previously emphasised by [START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF], a pressing question remains as to how objects and features are considered by the brain and whether the field is correct in assuming their indistinguishability [START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF]. Even though directly comparing the two conditions did not yield any significant activations, intriguing differences were noted when contrasting the two cue-based conditions individually to the control condition. First, object-based and feature-based navigation recruited distinct areas of the prefrontal cortex: the orbitofrontal gyrus and the superior frontal gyrus, respectively. While the orbitofrontal cortex is implicated in short-term memory for objects and is thought to mediate top-down visual recognition in association with temporal visual areas [START_REF] Rolls | The functions of the orbitofrontal cortex[END_REF][START_REF] Bar | Top-down facilitation of visual recognition[END_REF], the superior frontal gyrus is more concerned with spatial working memory processing [START_REF] Boisgueheneuc | Functions of the left superior frontal gyrus in humans: A lesion study[END_REF]. The continuity of salient visual information with the environmental layout may thus activate regions oriented toward spatial processing rather than object processing. Second, we reported a more widespread pattern of activity comprising temporal and occipital regions during object-based navigation than during feature-based navigation. One can speculate that the integration of objects for spatial navigation requires fine-grained visual processing that is unnecessary to the use of salient coloured walls (i.e., features). Along those same lines, we showed activation of the anterior temporal pole when contrasting the object condition with the control condition. This result fits with the gradient nature of the medial temporal cortex with the most anterior part being concerned with the processing of objects and the most posterior part with that of scenes [START_REF] Kravitz | The ventral visual pathway: An expanded neural framework for the processing of object quality[END_REF].

It is worth noting that activation of the postcentral gyrus was observed during the feature condition and not the object condition. Rarely reported in spatial navigation studies, this structure has once been proposed to play a specific role in the processing of spatial layout and local environment cues from a self-centred perspective [START_REF] Shelton | Neural Correlates of Encoding Space from Route and Survey Perspectives[END_REF]. Further accentuating the dichotomy between objects and features, representational similarity analyses revealed no significant correlations between the neural patterns subtending the two conditions in the hippocampus and striatum. Thus, despite objects and features bearing equivalent permanence and spatial utility, higher cognitive structures of the brain appear to treat them differently. What is typically considered to be a landmark may influence the underlying patterns of neural activity. Indeed, one could argue that objects and coloured walls convey very different types of information in the realworld with the former being less stable and more frequently interacted with than the latter. Finally, the distinct occipital activations also underline the possibility that visual properties such as angular size or colour contributed to the observed neural differences between objects and features. These results have important implications. We revealed that while objects and features can be used equally well to orient in space, object-based navigation is subtended by a more widespread pattern of temporal and occipital activations. One could thus speculate that featural information demands fewer cognitive resources for efficient spatial navigation. Future research should test whether favouring featural instead of object cues in architectural designs could facilitate spatial orientation in complex indoor spaces.

Synergistic coactivation in the hippocampus and striatum

In light of the classic theory stating the existence of a hippocampal-dependent system for the representation of geometry and a striatal-dependent system for the representation of landmarks (Doeller and Burgess, 2008;[START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF], we conducted univariate and multivariate ROI analyses in the hippocampus and striatum. Interesting patterns emerged that we cautiously discuss below with a view to encourage further research. We observed equivalent ROI hippocampal activity in all three cue-based conditions and more striatal activity in the geometry condition. Moreover, representational similarity analyses revealed that the patterns of activity in the hippocampus and striatum were not specifically associated with the processing of either objects or geometry. We emphasise that this finding should be interpreted with caution as the absence of effect could be linked in part to methodological characteristics including voxel size and large ROIs.

Notwithstanding, our results thus fail to support Doeller and colleagues' conclusions that two causally dissociable systems (hippocampus-based and striatum-based) are associated with geometric and landmark cue processing, respectively. Multiple factors could account for such discrepant findings. First, in the virtual environment designed by Doeller et al. both proximal and distal landmarks were available whereas our environment only contained proximal landmarks.

Several reports have highlighted the behavioural and neural differences linked to processing proximal or distal visual information when navigating [START_REF] Knierim | Framing spatial cognition: Neural representations of proximal and distal frames of reference and their roles in navigation[END_REF][START_REF] Hébert | Are distal and proximal visual cues equally important during spatial learning in mice? A pilot study of overshadowing in the spatial domain[END_REF]. Second, we used highly divergent definitions of geometric information. In their experiment geometry was a circular boundary that could not be used in itself to orient while geometry in our experiment consisted of angles and wall lengths and could be used to orient. The openness of the environmental space also constitutes a plausible candidate to explain our results. Multiple studies have shown that barriers modify spatial navigation performance and fragment the representation of space [START_REF] Wang | Human Navigation in Nested Environments[END_REF][START_REF] Han | One spatial map or many? Spatial coding of connected environments[END_REF][START_REF] Li | Wayfinding Behaviors in Complex Buildings: The Impact of Environmental Legibility and Familiarity[END_REF][START_REF] Meilinger | Qualitative differences in memory for vista and environmental spaces are caused by opaque borders, not movement or successive presentation[END_REF][START_REF] He | Manipulating the visibility of barriers to improve spatial navigation efficiency and cognitive mapping[END_REF]. Doeller et al.'s environment consisted of a large open field whereas our virtual maze was a closed space delimited by corridors.

Finally, we advocate that these contradictory findings can be best understood by discarding the view that the human hippocampus and striatum are largely juxtaposed systems during spatial cue encoding for spatial navigation. There is long-standing knowledge from rodent studies that the hippocampus mediates the formation of cognitive map-like representations while the striatum is specifically involved with stimulus-outcome associations [START_REF] White | Multiple parallel memory systems in the brain of the rat[END_REF][START_REF] Squire | Memory systems of the brain: A brief history and current perspective[END_REF]). Yet, converging evidence from the animal and human literature supports intricate cooperation and competition between these two memory systems [START_REF] Packard | Factors that influence the relative use of multiple memory systems[END_REF][START_REF] Gahnstrom | Striatal and hippocampal contributions to flexible navigation in rats and humans[END_REF][START_REF] Rinaldi | Flexible use of allocentric and egocentric spatial memories activates differential neural networks in mice[END_REF][START_REF] Van De Ven | Hippocampal-striatal functional connectivity supports processing of temporal expectations from associative memory[END_REF]. Critically, [START_REF] Packard | Factors that influence the relative use of multiple memory systems[END_REF] posited that the heterogeneity of the visual environment, defined by the presence of multiple visual cues, could modulate this competition by favouring one type of strategy over another, ultimately diminishing competitive interference. In our experiment, the homogeneity of the geometry condition may have enhanced stimulus-outcome learning by preventing some competition from the hippocampus, which could account for the presence of striatal activity. The latter may also provide an explanation for the longer navigation time observed during geometrybased navigation. On the other hand, the heterogeneity of the environments in the object and feature conditions may have ceased most competitive interference from the striatum.

Conclusion

Taken together, our results suggest that despite some shared activations in the inferior temporal and anterior cingulate gyri, each instance of cue-based navigation displays its specific neural signature and is subtended by complex hippocampo-striatal coactivations. Gaining a deeper understanding of the relationship between the hippocampus and the striatum during spatial navigation could provide a more definitive answer regarding their involvement in landmark versus geometry processing (Doeller and Burgess, 2008;[START_REF] Doeller | Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF]. Moreover, the divergence between object and feature spatial coding stresses the importance of considering vision and spatial navigation as tightly interwoven systems and the need to reevaluate the concept of landmark in the field of human spatial navigation (Meister andBuffalo, 2016, 2018;[START_REF] Nau | Hexadirectional coding of visual space in human entorhinal cortex[END_REF].

Multiple questions still remain regarding the complex interaction between the visual environment and the neural processing of visual spatial cues. Cognitive properties such as permanence and spatial utility were equivalent across conditions hinting at the possible contribution of lower-level processes [START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF]. While the influence of visual properties on brain activity in sensory and navigationally-relevant regions such as the hippocampus is being thoroughly investigated in the context of natural scene perception [START_REF] Aly | Detecting Changes in Scenes: The Hippocampus Is Critical for Strength-Based Perception[END_REF][START_REF] Groen | From image statistics to scene gist: Evoked neural activity reveals transition from low-level natural image structure to scene category[END_REF][START_REF] Kauffmann | Spatial frequency processing in scene-selective cortical regions[END_REF][START_REF] Ghodrati | Low-level contrast statistics of natural images can modulate the frequency of event-related potentials (ERP) in humans[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF][START_REF] Dima | Spatial frequency supports the emergence of categorical representations in visual cortex during natural scene perception[END_REF][START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF][START_REF] Seijdel | Low-level image statistics in natural scenes influence perceptual decision-making[END_REF], it has seldom been explored during active spatial navigation. Spatial frequency content, contrast amplitude, angular size, and position in the visual field may constitute interesting research avenues. Recent studies have revealed that age-related impairments in navigational abilities could be partially explained by the decline of information processing in early visual regions [START_REF] Koch | Effects of aging on encoding of walking direction in the human brain[END_REF]Ramanoël et al., 2020).

Therefore, specific modulations of these basic visual properties could stabilise or even improve navigation performance. To test such hypotheses, eye-tracking methods coupled to neuroimaging constitute promising tools to test whether oculomotor behaviour changes as a function of visual spatial cue quality and type and can predict navigational behaviour [START_REF] Nau | Hexadirectional coding of visual space in human entorhinal cortex[END_REF][START_REF] Nau | Behavior-dependent directional tuning in the human visual-navigation network[END_REF].

DIFFERENTIAL BRAIN ACTIVITY IN REGIONS LINKED TO VISUOSPATIAL PROCESSING DURING LANDMARK-BASED NAVIGATION IN YOUNG AND HEALTHY OLDER ADULTS
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Abstract

Older adults have difficulties in navigating unfamiliar environments and updating their wayfinding behaviour when faced with blocked routes. This decline in navigational capabilities has traditionally been ascribed to memory impairments and dysexecutive function, whereas the impact of visual ageing has often been overlooked. The ability to perceive visuospatial information such as salient landmarks is essential to navigating efficiently. To date, the functional and neurobiological factors underpinning landmark processing in ageing remain insufficiently characterised. To address this issue, fMRI was used to investigate the brain activity associated with landmark-based navigation in young and healthy older participants. The performances of 25 young adults (μ = 25.4 years, σ = 2.7; seven females) and 17 older adults (μ = 73.0 years, σ = 3.9; 10 females) were assessed in a virtual-navigation task in which they had to orient using salient landmarks. The underlying whole-brain patterns of activity as well as the functional roles of specific cerebral regions involved in landmark processing, namely the parahippocampal place area (PPA), the occipital place area (OPA), and the retrosplenial cortex (RSC), were analysed. Older adults' navigational abilities were overall diminished compared to young adults. Also, the two age groups relied on distinct navigational strategies to solve the task. Better performances during landmark-based navigation were associated with increased neural activity in an extended neural network comprising several cortical and cerebellar regions. Direct comparisons between age groups revealed that young participants had greater anterior temporal activity. Also, only young adults showed significant activity in occipital areas corresponding to the cortical projection of the central visual field during landmark-based navigation. The region-of-interest analysis revealed an increased OPA activation in older adult participants during the landmark condition. There were no significant between-group differences in PPA and RSC activations. These preliminary results hint at the possibility that ageing diminishes fine-grained information processing in occipital and temporal regions, thus hindering the capacity to use landmarks adequately for navigation. Keeping sight of its exploratory nature, this work helps towards a better comprehension of the neural dynamics subtending landmark-based navigation and it provides new insights on the impact of age-related visuospatial processing differences on navigation capabilities.

Introduction

The 21st century is characterised by an unprecedented increase in the number of older adults within the worldwide population. There were 703 million people aged 65 years or over in 2019 and this number is projected to more than double by 2050 (United Nations, 2019). In parallel, we can expect a significant rise in the prevalence of neurodegenerative diseases such as Alzheimer's and Parkinson's diseases in the older population. To identify appropriate biomarkers of age-related sensori-cognitive alterations, it is critical to gain a better understanding of brain changes in healthy ageing. In this context, spatial navigation as a complex behaviour encompassing perceptual and cognitive processes provides an ideal framework for the study of normal and pathological ageing [START_REF] Gazova | Spatial navigation-a unique window into physiological and pathological aging[END_REF][START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF][START_REF] Allison | Spatial Navigation in Preclinical Alzheimer's Disease[END_REF][START_REF] Laczó | Exploring the contribution of spatial navigation to cognitive functioning in older adults[END_REF][START_REF] Coughlan | Spatial navigation deficits -Overlooked cognitive marker for preclinical Alzheimer disease?[END_REF][START_REF] Laczó | Spatial navigation, aging and Alzheimer's disease[END_REF]).

An extensive body of literature has highlighted a robust age-related decline in navigation ability in various species including rodents as well as non-human and human primates [START_REF] Foster | Characterizing cognitive aging of spatial and contextual memory in animal models[END_REF]Lester et al., 2017). Healthy older adults exhibit impairments in their capacity to navigate efficiently, reorient or update their wayfinding behaviour when faced with obstacles [START_REF] Iaria | Age differences in the formation and use of cognitive maps[END_REF]Moffat, 2009;[START_REF] Harris | Aging specifically impairs switching to an allocentric navigational strategy[END_REF][START_REF] Daugherty | A virtual water maze revisited: Two-year changes in navigation performance and their neural correlates in healthy adults[END_REF][START_REF] Merhav | Spatial updating deficits in human aging are associated with traces of former memory representations[END_REF]. In real-world settings, they are impaired at rapidly acquiring information about their surroundings and are thus slower and more error-prone than young adults when navigating (Kirasic, 1991;[START_REF] Wilkniss | Age-related differences in an ecologically based study of route learning[END_REF]. In VR paradigms older adults also choose inefficient routes, underestimate distances, and make frequent turning errors [START_REF] Adamo | Age differences in virtual environment and real world path integration[END_REF].

Cross-sectional studies in VR have shed light on an age-related shift in the use of navigation strategies: older adults favour response over place-based strategies [START_REF] Bohbot | Virtual navigation strategies from childhood to senescence: Evidence for changes across the life span[END_REF][START_REF] Rodgers | Effects of age on navigation strategy[END_REF]. A place-based strategy involves the formation of mental map-like representations of the absolute position of the goal concerning spatial cues in the environment. A response-based strategy refers to the process whereby an association between a specific stimulus and the goal location is formed. The choice of a navigation strategy critically depends on the visual information present in the environment [START_REF] Foo | Do Humans Integrate Routes Into a Cognitive Map? Map-Versus Landmark-Based Navigation of Novel Shortcuts[END_REF][START_REF] Ratliff | Reorienting when cues conflict: Evidence for an adaptivecombination view[END_REF]. Indeed, successful navigation requires the perception and the integration of relevant visual-spatial cues such as buildings or monuments, and the binding of these salient elements to directional information [START_REF] Ekstrom | Why vision is important to how we navigate[END_REF][START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF].

Visual-spatial cues can be salient objects used as navigational landmarks or characteristics about the geometric shape of space (Lester et al., 2017;[START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. Landmarks can be conceptualised as discrete objects that are independent of the environment's layout, such as a tree or a monument [START_REF] Epstein | Neural systems for landmark-based wayfinding in humans[END_REF]. Landmarks' size, stability, and proximity to the goal are among the key factors that influence their use for navigation [START_REF] Stankiewicz | Acquisition of Structural Versus Object Landmark Knowledge[END_REF][START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF][START_REF] Auger | Dissociating landmark stability from orienting value using functional magnetic resonance imaging[END_REF]. Geometric cues encompass all the elements that are intrinsic to and continuous with the external limits of space. These elements include the overall layout, boundaries of the environment, wall lengths, and angle dimensions [START_REF] Cheng | Is there a geometric module for spatial orientation? Squaring theory and evidence[END_REF][START_REF] Tommasi | From natural geometry to spatial cognition[END_REF][START_REF] Giocomo | Environmental boundaries as a mechanism for correcting and anchoring spatial maps[END_REF]. Several studies in virtual environments have emphasised the idea that old age hinders the ability to use landmark information for navigation [START_REF] Picucci | Age and sex differences in a virtual version of the reorientation task[END_REF][START_REF] Harris | Aging specifically impairs switching to an allocentric navigational strategy[END_REF][START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF][START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF][START_REF] Hartmeyer | The effects of attentional engagement on route learning performance in a virtual environment: An aging study[END_REF][START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. More recently, [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF] extended these findings by unveiling an age-related preference for geometric cues during real-world navigation, when both types of spatial cues were informative.

Despite the extensive body of literature characterising the neural underpinnings of human spatial navigation (for recent reviews see [START_REF] Chersi | The Cognitive Architecture of Spatial Navigation: Hippocampal and Striatal Contributions[END_REF][START_REF] Spiers | Neural systems supporting navigation[END_REF][START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Herweg | Spatial Representations in the Human Brain[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF], few experiments have explored this question in the context of healthy ageing. To date, only 15 neuroimaging studies have focused on spatial processing in normal ageing and the majority of these have used structural analyses (Li and King, 2019). These studies, both cross-sectional and longitudinal, have highlighted an age-related decline in place-based navigation associated with structural changes to the hippocampus mainly [START_REF] Lövdén | Spatial navigation training protects the hippocampus against age-related changes during early and late adulthood[END_REF][START_REF] Daugherty | Age differences in hippocampal subfield volumes from childhood to late adulthood[END_REF][START_REF] Korthauer | Correlates of virtual navigation performance in older adults[END_REF][START_REF] Daugherty | A virtual water maze revisited: Two-year changes in navigation performance and their neural correlates in healthy adults[END_REF]. Age-related changes in other structures of the medial temporal lobe such as the entorhinal cortex, as well as changes in the prefrontal cortices and cerebellum have also been reported (for recent reviews see Lester et al., 2017;Li and King, 2019). Only one cross-sectional fMRI study has investigated the link between the use of visual-spatial cues and the navigational skills of young and older adults [START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF]. The authors combined computational modelling and fMRI during a virtual-navigation task to examine how participants learned object locations relative to a circular enclosure or a salient landmark. Young participants used a hippocampal-dependent system for the representation of geometry (circular arena) and a striataldependent system for the representation of a landmark (traffic cone). On the other hand, older participants relied on hippocampal structures for landmark-based navigation and were insensitive to geometric information provided by the environmental boundaries. This absence of reliance on geometric information is surprising considering the behavioural findings mentioned above, and it could be related to the small field of view inside the scanner [START_REF] Sturz | Does constraining field of view prevent extraction of geometric cues for humans during virtual-environment reorientation?[END_REF].

Several other brain regions, known to be altered in healthy ageing (Lester et al., 2017;Zhong and Moffat, 2018), have also been identified as crucial for visuospatial processing during navigation [START_REF] Epstein | Neural systems for landmark-based wayfinding in humans[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF]. Recently, there has been growing interest in unearthing the roles of the PPA, OPA, and the RSC. These regions are all involved in the processing of visual scenes such as landscapes or urban environments. In particular, they have been speculated to integrate incoming visual inputs with higher-level cognitive processes (for reviews see [START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF]. The PPA is sensitive to navigationally-relevant cues [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Epstein | Parahippocampal and retrosplenial contributions to human spatial navigation[END_REF] and it may be implicated in the recognition of spatial contexts [START_REF] Marchette | Outside looking in: Landmark generalization in the human navigational system[END_REF]. The OPA has been associated with the processing of local elements in scenes [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF] as well as with the representation of environmental boundaries [START_REF] Julian | The Occipital Place Area Is Causally Involved in Representing Environmental Boundaries during Navigation[END_REF]. The RSC is suggested to play a role in anchoring heading information to local visual cues (see [START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF] for a recent review of RSC functions). The exploration of the neural activity of these scene-selective regions in the context of ageing has just begun. Nevertheless, some evidence exists about functional changes in the PPA and RSC of older adults that have been linked to impaired processing of visual scenes and difficulties in switching between navigation strategies, respectively [START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF]Zhong and Moffat, 2018). The impact of ageing on the OPA has not been fully characterised yet, but recent findings have hinted at its preserved connectivity with other navigational brain structures in healthy ageing [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF].

Thus, although several behavioural studies have provided evidence for differential use of landmarks across the lifespan, there is a lack of knowledge on the functional and neurobiological factors responsible for the deterioration of landmark information processing in older age. To address this caveat, the present study used fMRI to investigate to what extent healthy ageing influences behaviour and neural activity associated with landmark-based navigation. A second objective consisted in deciphering the role played by scene-selective regions (namely, PPA, OPA, RSC) in age-related landmark-based navigation deficits as these areas appear to be critical for the integration of relevant visual information for navigation.

Materials and Methods

Participants

Overall, 25 young adults (18 males, seven females) and 21 older adults (eight males, 13 females) completed the experiment, but four older adults were excluded: two (females) for a lack of task understanding and two (one male, one female) for in-scanner motion (movements >5 mm across trials). Thus, 25 young adults (18 males, seven females; 25.4 ± 2.7 years) and 17 older adults (seven males, 10 females; 73.0 ± 3.9 years) were included in the analyses. The participants were part of the French cohort study SilverSight (~350 subjects) established in 2015 at the Vision Institute, Quinze-Vingts National Ophthalmology Hospital, Paris [START_REF] Lagrené | Healthy and pathological visual aging in a French follow-up cohort study[END_REF]. The battery of clinical and functional examinations used to enrol participants comprised an ophthalmological and functional visual screening, a neuropsychological evaluation, an oculomotor screening, an audio-vestibular assessment as well as a static/dynamic balance examination. The neuropsychological evaluation included the MMSE [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF] and computerised versions of the 3D mental rotation test (Vandenberg and Kuse, 1978), perspectivetaking test (Kozhevnikov and Hegarty, 2001), and forward and backward spans of the Corsi blocktapping task (Corsi, 1973). Enrolled older participants had a score of 241 or higher on the MMSE.

All subjects were right-handed, they had a normal or corrected-to-normal vision, and they had no history of neurological or psychiatric disorders. Centration measurements and acuity were evaluated at least 2 weeks before the experimental session to order MRI-compatible glasses for participants requiring visual correction (manufactured by Essilor International). Participants gave their written informed consent to participate in the study. All screening and experimental procedures were compliant with the tenets of the Declaration of Helsinki, and they were approved by the Ethical Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, CPP N°: 16122).

Virtual navigation task and experimental protocol

The virtual navigation task was displayed on an MRI-compatible liquid crystal display monitor (NordicNeuroLab, Bergen, Norway) positioned at the head of the scanner bore. Participants viewed the screen [size: 69.84 cm (H) × 39.26 cm (V); pixels: 1,920 × 1,080] at a distance of 115 cm via a mirror fixed above the head-coil. The visible part of the screen subtended approximately 34 × 20° of visual angle. The virtual environment was programmed with the Unity3D game engine (Unity Technologies SF; San Francisco, CA, USA2) and it allowed participants to navigate actively Before scanning, all participants familiarised themselves with the response device in an unrelated virtual space both outside and inside the scanner. They were required to navigate within a square open-field environment and to walk over a wooden board that appeared at different locations. The scanning session during the navigation task was divided into three runs: an encoding phase and a retrieval phase for the landmark condition and a control condition. At the beginning of the encoding phase, participants were positioned at the centre of the maze randomly facing one of the three arms. They were instructed to find a goal (gifts) hidden at the end of one corridor and to remember its location using the visual information available in the centre of the environment (i.e., the three 3D light gray-coloured objects; Fig. 2.2.1). The goal appeared when the subject arrived at the correct location. The encoding phase lasted 3 min to ensure that participants could explore all corridors. Then, the retrieval phase began, and it consisted of seven trials. In each trial, participants were placed at the end of a non-rewarded corridor with their back against the wall.

The starting positions were pseudo-randomised across both trials and subjects. Participants were asked to navigate to the previously encoded goal location. Upon arrival at the end of the correct arm, the gifts appeared to indicate successful completion of the trial, and a fixation cross on a gray screen was presented for an inter-trial interval of 3-8 s. Finally, the control condition began, and it included four trials. At the beginning of each control trial, subjects started at the end of an arm and moved to the centre of the maze. The target was readily visible from the centre and participants were instructed to navigate towards it. The control condition was designed to account for potential confounding factors such as motor and simple perceptual aspects of the task. A short debriefing phase concluded the experimental session. Participants were probed on the strategy they used to orient in the landmark condition. They were asked to report how they solved the task: (i) using one object; (ii) using at least two objects; (iii) randomly; and (iv) another strategy. Participants were deemed to be using a place-based strategy when their decision was based on two landmarks or more and to be using a response-based strategy when their decision was based on a single visualspatial cue [START_REF] Iaria | Cognitive strategies dependent on the hippocampus and caudate nucleus in human navigation: variability and change with practice[END_REF][START_REF] Iglói | Lateralized human hippocampal activity predicts navigation based on sequence or place memory[END_REF][START_REF] Chrastil | Neural evidence supports a novel framework for spatial navigation[END_REF][START_REF] Gazova | Spatial navigation in young versus older adults[END_REF][START_REF] Packard | Factors that influence the relative use of multiple memory systems[END_REF][START_REF] Colombo | Egocentric and allocentric spatial reference frames in aging: A systematic review[END_REF][START_REF] Laczó | Exploring the contribution of spatial navigation to cognitive functioning in older adults[END_REF]. No participants answered that they oriented randomly or that they used a different strategy.

Following the spatial navigation task, a block fMRI paradigm similar to that used by [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF] was used to locate the scene-selective regions: the PPA, the OPA, and the RSC.

Participants were presented with blocks of 900 × 900-pixel grayscale photographs (18 × 18° of visual angle) representing scenes, faces, everyday objects, and scrambled objects. The functional run lasted 4 min 40 s and it was composed of 14 20-s task blocks (four blocks of scenes, two blocks of faces, two blocks of objects, two blocks of scrambled objects, and four blocks of fixation). Each stimulus was presented for 400 ms followed by a 600 ms inter-stimulus interval.

Participants performed a "one-back" repetition detection task.

During all phases of the virtual-navigation task, the trial durations (to calculate the average navigation time, i.e., the mean time to reach the goal), the grip responses (i.e., the number of times each button of the MRI-compatible two-grip response device was pressed), and the error rate (i.e., the number of times a participant chose the wrong corridor across the seven trials) were recorded.

These behavioural measures were used to quantify the spatial navigation performance of subjects, which was compared across age group and sex. The normality of the behavioural data was assessed graphically with quantile-quantile plots and numerically with the Shapiro-Wilk test. Descriptive characteristics and behavioural measures were compared using independent samples t-test for normally distributed continuous data, Mann-Whitney U tests for non-normally distributed continuous data, and chi-square test of independence for categorical data. To investigate the potential influence of strategy use on navigation performance, simple logistic regressions were conducted in both age groups. Also, the links between sex and strategy use were examined with Fisher's exact test. Finally, associations between neuropsychological test scores and behavioural performance were computed using simple linear regression analyses with a statistical threshold set at p < 0.005 after adjusting for multiple comparisons [p = 0.05/(5 × 2)].

Acquisition and statistical analyses of MRI data

Data were collected using a 3 Tesla Siemens MAGNETOM Skyra whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) equipped with a 64-channel head coil at the Quinze-Vingts National Ophthalmology Hospital in Paris, France. T2*-weighted echo-planar imaging (EPI) sequences, optimised to minimise signal dropout in the medial temporal region [START_REF] Weiskopf | Optimal EPI parameters for reduction of susceptibility-induced BOLD sensitivity losses: A whole-brain analysis at 3 T and 1.5 T[END_REF], were acquired for functional imaging during the navigation task (voxel size FMRI data analysis was performed using a combination of SPM12 release 7487 (Wellcome Department of Imaging Neuroscience, London, UK) and ArtRepair toolbox [START_REF] Mazaika | Methods and Software for fMRI Analysis of Clinical Subjects[END_REF] implemented in MATLAB 2015 (Mathworks Inc., Natick, MA, USA). The first five functional volumes of the encoding, retrieval, and control runs were discarded to allow for equilibration effects. A slice-timing correction was applied, and functional images were realigned to the mean functional image using a rigid body transformation. Artifacts related to the motion were then examined with ArtRepair. Volumes displaying elevated global intensity fluctuation (>1.3%) and movement exceeding 0.5 mm/TR were repaired using interpolation from adjacent scans. The T1weighted anatomical volume was then realigned to match the mean functional image of each participant and normalised to the MNI space using a 4th-degree B-Spline interpolation. The anatomical normalisation parameters were subsequently used for the normalisation of functional volumes. Each functional scan was smoothed with an 8 mm FWHM (Full Width at Half Maximum) Gaussian kernel. The preprocessed images were visually inspected to ensure that there were no realignment or normalisation issues.

Statistical analysis was performed using the general linear model for block design at the singleparticipant level [START_REF] Friston | Statistical parametric maps in functional imaging: A general linear approach[END_REF]. The seven trials of the retrieval phase in the landmark condition, the four trials of the control condition, and fixation times were modelled as regressors, constructed as box-car functions, and convolved with the SPM hemodynamic response function (HRF). The encoding phase was not included in the analysis as the time taken to find the goal for the first time differed greatly both within and between age groups. Time to reach the goal by trial, grip responses during navigation, and movement parameters derived from the realignment correction (three translations and three rotations) were entered in the design matrix as regressors of no-interest. The time series for each voxel was high-pass-filtered (1/128 Hz cut-off) to remove low-frequency noise and signal drift. Individual contrasts were submitted to multiple regression and a two-samples t-test. The main contrast of interest for all analyses was [Landmark > Control].

Sex and total brain volume (gray and white matter) were included as covariates in the regression and the total brain volume was included as a covariate in the two-samples t-test (see "Behavioural

Results" section). Areas of activation were tested for significance using a statistical threshold of p < 0.001 uncorrected at voxel-level, with a minimum cluster extent of k = 10 voxels [START_REF] Iglói | Lateralized human hippocampal activity predicts navigation based on sequence or place memory[END_REF][START_REF] Iglói | Interaction between hippocampus and cerebellum crus i in sequence-based but not place-based navigation[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF][START_REF] Javadi | Hippocampal and prefrontal processing of network topology to simulate the future[END_REF]. Of note, a control analysis that excluded all error trials was performed to identify the potential impact of errors on variability in brain activity.

No significant change to the fMRI results was observed after removing error trials.

Data from the localiser experiment were analysed using SPM12. For each participant, the first four functional localiser volumes were discarded, and the remaining images were realigned, coregistered to the T1-weighted anatomical image, normalised to the MNI space, and smoothed using an 8 mm FWHM Gaussian kernel. The slice-timing correction was not applied, following recommendations from the Human Connectome Project functional preprocessing pipeline for multi-slice sequences [START_REF] Glasser | The minimal preprocessing pipelines for the Human Connectome Project[END_REF] 

Results

Behavioural results

The navigation performances across age groups are presented in Figure 2 

Discussion

In the present exploratory fMRI study, age-related differences in landmark-based navigation were investigated using a simple Y-maze paradigm. The task was designed to limit the influence of mnemonic and motor components to a maximum to gain a preliminary understanding of the neural bases subtending visual-spatial cue reliance in young and healthy older adults.

Behaviour

Well-established findings were corroborated by our results, showing that older adults had lower scores than their younger counterparts on visuospatial cognitive neuropsychological measures, including the perspective-taking, 3D mental rotation, and Corsi block-tapping tasks [START_REF] Ohta | Spatial perspective-taking ability in young and elderly adults[END_REF][START_REF] Clancy Dollinger | Mental Rotation Performance: Age, Sex, and Visual Field Differences[END_REF][START_REF] Iachini | Age differences in mental scanning of locomotor maps[END_REF][START_REF] Techentin | Spatial abilities and aging: A meta-analysis[END_REF]. Moreover, visuospatial memory and perspective-taking ability were associated with measures of navigational behaviour. These tests are indeed known to be good predictors of general navigation skills and their decline with age may account in part for older adults' deficient navigation performance [START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF]. Notably, perspective-taking, mental rotation, and visuospatial memory are important abilities for spatial learning and the dynamic manipulation of sensory information during navigation [START_REF] Allen | Predicting environmental learning from spatial abilities: An indirect route[END_REF][START_REF] Kozhevnikov | Perspective-taking vs. mental rotation transformations and how they predict spatial navigation performance[END_REF][START_REF] Pazzaglia | Tracing a Route and Finding a Shortcut: The Working Memory, Motivational, and Personality Factors Involved[END_REF][START_REF] Muffato | Path Learning From Navigation in Aging: The Role of Cognitive Functioning and Wayfinding Inclinations[END_REF]. Consistent with past literature, older subjects' navigation performances were significantly poorer than young subjects', with a bias for response-based strategies in older adults [START_REF] Moffat | Effects of age on virtual environment place navigation and allocentric cognitive mapping[END_REF][START_REF] Bohbot | Virtual navigation strategies from childhood to senescence: Evidence for changes across the life span[END_REF]Harris and Wolbers, 2012;[START_REF] Rodgers | Effects of age on navigation strategy[END_REF][START_REF] Gazova | Spatial navigation in young versus older adults[END_REF][START_REF] Wiener | Maladaptive Bias for Extrahippocampal Navigation Strategies in Aging Humans[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF][START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF][START_REF] Kimura | Older Adults Show Less Flexible Spatial Cue Use When Navigating in a Virtual Reality Environment Compared With Younger Adults[END_REF]Merhav and Wolbers, 2019;[START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. Indeed, in our study, 52% of younger adults and 83% of older adults preferred a response-based strategy. Our findings are strikingly similar to those from Rodgers et al. (2012) who found that 46% of younger adults and 82% of older adults favoured a response-based strategy in a sample of 86 participants. Our results are also in line with those reported by [START_REF] Bohbot | Virtual navigation strategies from childhood to senescence: Evidence for changes across the life span[END_REF] on a large sample of young (n = 175) and older (n = 125) participants. This navigation strategy preference was associated with older age. However, the possibility that the differential proportion of women in the two age groups (young: 28% vs. old: 59%) partly accounted for the increased use of response-based strategies in older adults cannot be excluded [START_REF] Perrochon | The influence of age in women in visuo-spatial memory in reaching and navigation tasks with and without landmarks[END_REF].

Notwithstanding these age-related differences, it is important to mention that older participants achieved a high level of performance on the task and made few errors. It can be argued that this result stemmed from the simplicity of the virtual environment that contained a unique junction and three proximal landmarks [START_REF] Moffat | Effects of age on virtual environment place navigation and allocentric cognitive mapping[END_REF][START_REF] Caffò | Spatial reorientation decline in aging: the combination of geometry and landmarks Spatial reorientation decline in aging: the combination of geometry and landmarks[END_REF]. Moreover, both placeand response-based strategies could be used to complete the task.

Whole-brain results

Following previous neuroimaging studies looking at the neural bases of spatial navigation, landmark-based navigation recruited an extended network of brain regions [START_REF] Kühn | Segregating cognitive functions within hippocampal formation: A quantitative meta-analysis on spatial navigation and episodic memory[END_REF][START_REF] Spiers | Neural systems supporting navigation[END_REF][START_REF] Coughlan | Spatial navigation deficits -Overlooked cognitive marker for preclinical Alzheimer disease?[END_REF]Cona and Scarpazza, 2019). The multiple regression analyses showed that this network spanned posterior structures linked to visuospatial processing. Activation of the left superior occipital gyrus was reported which corresponds to visual area V3A and which is involved in optic flow tracking for visual path integration [START_REF] Sherrill | Functional connections between optic flow areas and navigationally responsive brain regions during goal-directed navigation[END_REF][START_REF] Zajac | Self-reported navigation ability is associated with optic flow-sensitive regions' functional connectivity patterns during visual path integration[END_REF]. Also, our landmark-based navigation paradigm elicited activity in the ventral temporal cortex. The latter is known to process high-level visual information such as object quality [START_REF] Kravitz | The ventral visual pathway: An expanded neural framework for the processing of object quality[END_REF]. The recruited network also encompassed the posterior section of the hippocampus and the parahippocampal gyrus, brain areas that play a central role in spatial navigation and that are particularly active during immediate retrieval phases of navigation paradigms [START_REF] Kühn | Segregating cognitive functions within hippocampal formation: A quantitative meta-analysis on spatial navigation and episodic memory[END_REF]Cona and Scarpazza, 2019). Furthermore, significant activity was found in the angular gyrus, a region of the posterior parietal cortex known to encode landmarks in the environment concerning the self [START_REF] Ciaramelli | Mental Space Travel: Damage to Posterior Parietal Cortex Prevents Egocentric Navigation and Reexperiencing of Remote Spatial Memories[END_REF][START_REF] Auger | Dissociating landmark stability from orienting value using functional magnetic resonance imaging[END_REF]. Our task prompted activation of the prefrontal cortex which is thought to contribute to spatial working memory during active navigation [START_REF] Wolbers | What determines our navigational abilities?[END_REF][START_REF] Ito | Prefrontal-hippocampal interactions for spatial navigation[END_REF]. It thus appears that accurate landmark-based navigation required the integration of objects within a firstperson framework and the maintenance of such representations in working memory [START_REF] Sack | Parietal cortex and spatial cognition[END_REF][START_REF] Seghier | The Angular Gyrus[END_REF][START_REF] Miniaci | Missing the egocentric spatial reference: A blank on the map[END_REF]. Finally, lobule VI and the vermis of the right cerebellum were found to be activated. This finding is in accordance with the cerebellum's postulated role in cognitive aspects of spatial navigation [START_REF] Rochefort | The cerebellum: A new key structure in the navigation system[END_REF].

We must nonetheless acknowledge the eventuality that cerebellar activity reflected sensory-motor processing such as the degree of motor learning or eye and finger movements [START_REF] Bo | Symbolic representations in motor sequence learning[END_REF][START_REF] Iglói | Interaction between hippocampus and cerebellum crus i in sequence-based but not place-based navigation[END_REF].

Of interest, whole-brain analyses for the contrast [Landmark > Control] revealed that young adults recruited the cortical projections of the central visual field in posterior occipital regions (MNI coordinates left: x = -30, y = -97, z = -7 and right: x = 30, y = -88, z = -10). The latter brain area is dedicated to fine-grained visual perception such as object recognition [START_REF] Wandell | Visual field maps in human cortex[END_REF][START_REF] Kauffmann | The neural bases of spatial frequency processing during scene perception[END_REF]. Additionally, group comparisons revealed that young subjects had more activity in the anterior section of the inferior temporal gyrus than older subjects. As mentioned previously, the anterior temporal cortex is critical for perceptual recognition and visual object processing [START_REF] Litman | Category-specificity in the human medial temporal lobe cortex[END_REF]. Our findings resonate with recent evidence highlighting deficient fine-grained processing of sensory information in older adults and emphasise the importance of acute object discrimination for landmark-based navigation and episodic memory [START_REF] Burke | Shared Functions of Perirhinal and Parahippocampal Cortices: Implications for Cognitive Aging[END_REF][START_REF] Greene | A Specificity Principle of Memory: Evidence From Aging and Associative Memory[END_REF]. Taken together, the above results suggest that brain regions involved in the representation of fine-grained information may be disrupted in older age. Further research is warranted to determine whether the age-related decline in orientation skills could stem from the less efficient processing of visual-spatial cues.

Worthy of note, the differential patterns of neural activity observed in the young and older participant groups may be partially due to age-related cognitive and motor differences. Although the duration of the familiarisation phase was tailored to each subject's needs and we controlled for response device use, the potential influence of older adults' lesser familiarity with new technologies and declining executive functions cannot be omitted. For example, the lack of activity elicited by the contrast [Landmark > Control] in older subjects could reflect the deficient integration of new instructions when switching between tasks [START_REF] Hirsch | Age-related differences in task switching and task preparation: Exploring the role of task-set competition[END_REF]. Additionally, the longer time necessary to reach the visible goal in the control condition along with the greater frontal activations elicited by the contrast [Control > Fixation] in older participants suggests a possible contribution of age-related executive impairment. These results hint at the possibility that the control condition was cognitively more demanding for older participants than for young participants.

A higher level of recruitment of superior parietal regions was detected in older adults compared to young participants from the contrast [Landmark > Fixation]. The aforementioned association between angular gyrus activity and first-person navigation may provide a plausible explanation for the response strategy bias in the older adult group. This is consistent with the observed age-related reduction in temporal activity. Indeed, changes in strategy preference with advancing age have been extensively documented and they are thought to be mediated by a shift from the hippocampal regions towards other cerebral structures such as the parietal cortex [START_REF] Rodgers | Effects of age on navigation strategy[END_REF][START_REF] Wiener | Maladaptive Bias for Extrahippocampal Navigation Strategies in Aging Humans[END_REF]. Within this framework of interpretation, older adults' increased cerebellar activity could also reflect a change in strategy preference as recent evidence has implicated the cerebellum in the mediation of response-based strategies [START_REF] Iglói | Interaction between hippocampus and cerebellum crus i in sequence-based but not place-based navigation[END_REF]. Older participants further displayed enhanced activation of frontal cortices. Various authors have stressed the impact of age-related modifications in the prefrontal cortex on hippocampal and striatal dynamics, which could contribute to impaired strategy implementation and switching (Lester et al., 2017;[START_REF] Goodroe | The Complex Nature of Hippocampal-Striatal Interactions in Spatial Navigation[END_REF]Zhong and Moffat, 2018). In contrast to previous studies that reported striatal activity during response-based navigation, our results did not show increased striatal activity in the older adult group [START_REF] Konishi | Spatial navigational strategies correlate with gray matter in the hippocampus of healthy older adults tested in a virtual maze[END_REF][START_REF] Schuck | Human aging alters the neural computation and representation of space[END_REF].

Such a difference may be explained by the high proportion of young adults using response-based strategies in our task.

Scene-selective regions results

Given the predominant role of visual perception in human spatial navigation [START_REF] Ekstrom | Why vision is important to how we navigate[END_REF][START_REF] Nau | Hexadirectional coding of visual space in human entorhinal cortex[END_REF], there has been a heightened interest in the PPA, RSC, and OPA and their respective contributions to landmark processing [START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF][START_REF] Julian | The Neurocognitive Basis of Spatial Reorientation[END_REF]. It is key to specify that there were no age-related differences in the activity of sceneselective regions when looking at the contrast [Landmark > Control]. However, a seemingly augmented activation of the OPA in older adults along with age-related differences during the control condition led us to conduct further exploratory analyses with the fMRI contrasts [Landmark > Fixation] and [Control > Fixation]. Interestingly, the OPA was more activated than the PPA and RSC in both landmark and control conditions across age groups. This finding fits well with the OPA's postulated implication in coding navigational affordances and visible paths in the environment [START_REF] Bonner | Coding of navigational affordances in the human visual system[END_REF][START_REF] Patai | Human Navigation: Occipital Place Area Detects Potential Paths in a Scene[END_REF]. Our results pointed to greater OPA activity in older participants compared with younger participants, which is in line with recent work showing higher functional connectivity around the OPA in older adults [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF]. It is essential to note that the OPA activation in our study cannot be attributed to landmarkbased navigation per se as it was uncovered by comparing neural activity during the landmark condition and fixation. The OPA is known to be sensitive to self-perceived distance and motion [START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF] and the extraction of navigational affordances of the local visual scene from a first-person perspective [START_REF] Bonner | Coding of navigational affordances in the human visual system[END_REF]. Critically, these self-centred navigation skills are relatively well preserved in healthy ageing (Moffat, 2009). In line with the overactivation of the parietal cortex in older adults, one could conceive that the increased OPA activation in the older adult group reflects a compensatory mechanism to offset the reduced activity in the temporal cortex, thus mitigating age-related place learning deficits. As a side note, considering that the OPA has been causally linked to the processing of environmental boundaries [START_REF] Julian | The Occipital Place Area Is Causally Involved in Representing Environmental Boundaries during Navigation[END_REF], our result offers a potential explanation for older adults' preferential reliance on geometric information in an ecological cue conflict paradigm [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. Such possibilities remain highly speculative and further studies are necessary to test these hypotheses specifically. Surprisingly, no differences were found in the activity of the RSC across age groups.

Previous work has demonstrated an age-related decline in RSC activation during spatial navigation tasks [START_REF] Meulenbroek | Age differences in neural correlates of route encoding and route recognition[END_REF][START_REF] Moffat | Age differences in the neural systems supporting human allocentric spatial navigation[END_REF][START_REF] Antonova | Age-related neural activity during allocentric spatial memory[END_REF]. The RSC is known to mediate several cognitive functions pertaining to spatial navigation [START_REF] Vann | What does the retrosplenial cortex do?[END_REF][START_REF] Mitchell | Retrosplenial cortex and its role in spatial cognition[END_REF] including translation between reference frames and recollection of visual landmarks [START_REF] Auger | A central role for the retrosplenial cortex in de novo environmental learning[END_REF]. The discrepancy between our results and those from the literature could be explained by the relative simplicity of our task.

In contrast to previous research conducted with young adults, our paradigm strived to restrict mnemonic processing and comprised only three stable, salient and simple landmarks located at a single intersection [START_REF] Wolbers | Dissociable retrosplenial and hippocampal contributions to successful formation of survey representations[END_REF][START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF][START_REF] Auger | Dissociating landmark stability from orienting value using functional magnetic resonance imaging[END_REF]. Another probable explanation lies in the idea that functional and structural changes to the RSC could be more pronounced in pathological ageing than in normal ageing [START_REF] Fjell | What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the cerebral cortex and the hippocampus[END_REF][START_REF] Dillen | Aberrant functional connectivity differentiates retrosplenial cortex from posterior cingulate cortex in prodromal Alzheimer's disease[END_REF]. Finally, weak recruitment of the PPA was observed during landmark-based navigation, with no significant difference across age groups. Previous studies have found the PPA to be involved in the encoding of the navigational relevance of objects for orientation [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF] and in landmark recognition [START_REF] Epstein | Neural systems for landmark-based wayfinding in humans[END_REF]. As previously noted, our virtual environment comprised a small number of simple and nonambiguous objects, the lack of activity in the PPA is thus unsurprising. Also, two recent studies de-emphasised PPA's contribution to active navigation and highlighted its specificity for place recognition (Persichetti andDilks, 2018, 2019b). Research exploring the neural activity within scene-selective regions in the context of ageing is still in its infancy. Future studies are needed to better characterise age-related changes in brain areas implicated in processing both the visual and cognitive properties of spatial cues.

Limitations and perspectives

The current study has limitations. First and foremost, there is a possibility that the age-related differences in behaviour and neural activity during the control condition may have biased the secondary regression analyses. The latter are of exploratory nature and are to be taken with great caution. Second, although the spatial memory component of the landmark condition was limited to a maximum, the idea that the observed neural activations reflect differences in spatial memory processing or task difficulty between the landmark and control conditions cannot be omitted.

Furthermore, the age-related differences observed in the control condition emphasise the plausible impact of more general cognitive deficits such as executive dysfunction on landmark-based navigation. Further work specifically designed to disambiguate the role of age-related differences in visuospatial function and other cognitive dimensions should be conducted. These results also highlight the importance of the task chosen as the control condition in virtual spatial navigation paradigms to be relevant to the population(s) of interest. Critically, our findings put forward the question of whether control tasks are still appropriate in studies comparing complex behaviour between young and older adults. Such a topic of research demands closer attention. Third, only the retrieval phase was used for the analyses, as the encoding phase proved to be too 

Conclusion

To conclude, the present study sheds light on the possibility that navigational deficits in old age are linked to functional differences in brain areas involved in visual processing and to impaired representations of landmarks in temporal regions. older individuals, a scene-selective region with a retinotopic bias for the lower visual field. As landmarks were small objects positioned on the ground, it is conceivable that this specific landmark position facilitated wayfinding behaviour and was reflected by a heightened involvement of the OPA in older adults. Human visual perception is known to depend on the position of stimuli in space lending further credence to vertical location as a particularly significant visual property.

Indeed, visual function in humans varies substantially across the upper and lower visual fields. This phenomenon is well-documented in perceptual tasks, but work is lacking regarding its pervasiveness across higher cognitive abilities (see 3.1.2 for details). In accordance, the initial step of Chapter 3 was to assess vertical asymmetries in a more straightforward cognitive function than the multifaceted process that is spatial navigation. Object memory emerged as the perfect candidate for its facility to test and its imbrication with navigational processes. Broadly, Chapter 3 strove to characterise the impact of the vertical position of objects on object recognition and spatial memory throughout adulthood.

This project aimed to examine (i) whether the position of objects within the vertical hemifields conditioned mnemonic performance and whether the effect varied between young and healthy older adults (Article 3), (ii) whether potential performance asymmetries correlated with visual field area as measured with kinetic perimetry (Article 3), and (iii) whether the extent of upper and lower visual fields were reflected in the thickness of retinal layers (Complementary study). For this purpose, a desktop-based source monitoring task was implemented. This class of paradigms probes both item and spatial memory and is thus well-suited to disentangling their respective contributions. Data were analysed using MPT modelling. An eye tracker was added to ensure that participants maintained central fixation. In this tightly controlled experiment, central fixation was a requisite to ascertain that the presented stimuli fell exactly within participants' upper or lower visual fields. The extent of visual fields and the thickness of retinal layers were measured using kinetic perimetry and OCT, respectively.
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Abstract

Memory for objects and their location is a cornerstone of adequate cognitive functioning across the lifespan. Considering that human visual perception depends on the position of stimuli within the visual field, we posit that the position of objects in the environment may be a determinant aspect of mnemonic performance. In this study, a population of 25 young and 20 older adults completed a source-monitoring task with objects presented in the upper or lower visual field. Using standard Pr and MPT analyses, we revealed that although familiarity-based item memory remained intact in older age, spatial memory was impaired for objects presented in the upper visual field. Spatial memory in ageing is conditioned by the vertical position of information.

These findings raise questions about the view that age-related spatial mnemonic deficits are attributable to associative dysfunctions and suggest that they could also originate from the altered encoding of object attributes.

Introduction

To guide their behaviour in everyday life, humans must understand, attend to, and interact with the visual information in the surrounding environment. In that respect, memory for objects (i.e., item memory) and their location (i.e., spatial memory) is key to preserving cognitive performance across the lifespan. Indeed, impaired item and spatial mnemonic capacities negatively affect autonomy and quality of life in healthy ageing. Previous work has reported these deficits to be rooted in alterations of high-order associative functions such as contextual binding and executive function [START_REF] Klencklen | What do we know about aging and spatial cognition? Reviews and perspectives[END_REF][START_REF] Cheke | What-where-when memory and encoding strategies in healthy aging[END_REF][START_REF] Segen | Age-related differences in visual encoding and response strategies contribute to spatial memory deficits[END_REF]. We propose the view that mnemonic deficits in older age could also emerge from the deficient encoding of specific object features. Indeed, item and spatial memory are complex skills that require visual processing of objects' various colours, textures, sizes, and positions in space.

Modified sensory function in older age may thus also contribute to the decline in memory for objects and their spatial context [START_REF] Monge | Linking cognitive and visual perceptual decline in healthy aging: The information degradation hypothesis[END_REF][START_REF] Nagarajan | Vision impairment and cognitive decline among older adults: A systematic review[END_REF]. We set forth the idea that location in space may be a particularly relevant object attribute considering that human visual perception depends strongly on the position of stimuli in the visual field (Rezaul [START_REF] Karim | The what and why of perceptual asymmetries in the visual domain[END_REF]. Fine visual performance decreases sharply when moving away from the centre of vision towards the periphery. It can also be modulated by isoeccentric locations around the visual field. One example of this effect is the horizontal-vertical anisotropy: At fixed eccentricities, visual performance is better along the horizontal than the vertical meridian. A second notable example is the vertical meridian asymmetry (VMA), which reveals that visual ability differs between the upper and lower visual fields [START_REF] Corbett | Visual performance fields: Frames of reference[END_REF][START_REF] Abrams | Isoeccentric locations are not equivalent: The extent of the vertical meridian asymmetry[END_REF]. These asymmetries exist across a vast array of stimuli orientations, sizes, and luminance levels [START_REF] Carrasco | Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size[END_REF], and they appear resilient to endogenous, exogenous, and presaccadic attention [START_REF] Roberts | Perception and cognition in the ageing brain: A brief review of the short-and long-term links between perceptual and cognitive decline[END_REF][START_REF] Purokayastha | Voluntary attention improves performance similarly around the visual field[END_REF][START_REF] Hanning | Presaccadic attention enhances contrast sensitivity, but not at the upper vertical meridian[END_REF]. Visual acuity and contrast sensitivity [START_REF] Skrandies | The Upper and Lower Visual Field of Man: Electrophysiological and Functional Differences[END_REF][START_REF] Carrasco | Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size[END_REF], temporal resolution [START_REF] Christman | The Relation Between Left-Right and Upper-Lower Visual Field Asymmetries[END_REF], spatial attention [START_REF] Rezec | Attentional weighting: A possible account of visual field asymmetries in visual search?[END_REF], hue discrimination [START_REF] Levine | The relative capabilities of the upper and lower visual hemifields[END_REF], and motion processing [START_REF] Regan | Visual field defects for vergence eye movements and for stereomotion perception[END_REF][START_REF] Raymond | Directional anisotropy of motion sensitivity across the visual field[END_REF][START_REF] Edwards | Motion distorts perceived depth[END_REF][START_REF] Lakha | Lower visual field advantage for motion segmentation during high competition for selection[END_REF] are better performed in the lower visual field. A bias for the upper visual field is evident in experimental paradigms in which visual search [START_REF] Previc | Target-tilt and vertical-hemifield asymmetries in free-scan search for 3-D targets[END_REF][START_REF] Pflugshaupt | Linking physiology with behaviour: Functional specialisation of the visual field is reflected in gaze patterns during visual search[END_REF], change detection [START_REF] Rutkowski | Normal readers have an upper visual field advantage in change detection[END_REF], target identification [START_REF] Goldstein | A comparison of upper vs. lower and right vs. left visual fields using lexical decision[END_REF][START_REF] Feng | Upper visual field advantage in localizing a target among distractors[END_REF][START_REF] Carlei | Face processing is enhanced in the left and upper visual hemi-fields[END_REF], or categorical judgements [START_REF] Niebauer | Upper and lower visual field differences in categorical and coordinate judgments[END_REF] are implicated. Although it is clear that the inhomogeneities around the visual field are pervasive across a variety of perceptual tasks, whether they extend to cognitive function and, more specifically, to item and spatial memory remains poorly understood. A few studies showed that the HVA and VMA could influence visual short-term memory [START_REF] Genzano | Upper/lower visual field asymmetry on a spatial relocation memory task[END_REF][START_REF] Montaser-Kouhsari | Perceptual asymmetries are preserved in short-term memory tasks[END_REF]. However, these studies used non-naturalistic stimuli in the form of gratings or blocks, and they only tested very short-term memory. More evidence is needed to test the possibility that spatial location could condition the precision with which the memory trace is encoded or retrieved.

Importantly, these vertical performance asymmetries evolve across the lifespan. A burgeoning field of research is examining how upper-lower visual field asymmetries emerge during childhood. A recent study compared the VMA for contrast sensitivity between children and young adults (Carrasco et al., 2022a). The authors showed that the VMA is a malleable property of the visual system that settles in beyond childhood. Another recent study concluded that perceptual asymmetries in infants reflect adaptations to typical spatial locations in the surrounding environment [START_REF] Tsurumi | Development of upper visual field bias for faces in infants[END_REF]. Regarding ageing, data on upper-lower asymmetries are scarce and remain largely inconclusive. Although some research has reported that the VMA persists in late adulthood [START_REF] Cherry | Age-related differences in three-dimensional spatial memory[END_REF][START_REF] Erel | Preserved left and upper visual field advantages in older adults' orienting of attention[END_REF], other psychophysical and visual search studies have revealed that vertical performance asymmetries are modified in older age [START_REF] Silva | Development and aging of visual hemifield asymmetries in contrast sensitivity[END_REF][START_REF] Brennan | Lifespan changes in attention revisited: Everyday visual search[END_REF][START_REF] Feng | Differential age-related changes in localizing a target among distractors across an extended visual field[END_REF].

Here, we sought to determine whether changes in visual encoding in one vertical hemifield could modulate the mnemonic performance of young and older adults. The aim of the present study was threefold. First, it strove to characterise the influence of the vertical position of information on item and spatial memory; second, it attempted to compare such visual preferences between young and healthy older adult populations; third, it verified whether the visual field area of participants' upper and lower visual fields could explain performance differences. To address these questions, we used a source-monitoring task that assessed item and spatial memory separately, and we performed kinetic perimetry to quantify the extent of individual visual fields. We computed the probabilities of remembering objects and their spatial location as a function of upper or lower visual field presentation positions using standard Pr analysis and MPT modelling. The two types of analyses are complementary as the first is commonly used in the literature and easily interpretable and the second, although more complex, has the advantage of making explicit the assumptions about the relationship between item and spatial memory. Based on the few existing studies, we hypothesised that the vertical position of information would play a role in older adults' mnemonic abilities.

Materials and Methods

Participants

We recruited a sample of 52 participants (26 young and 26 older adults) from the SilverSight cohort [START_REF] Lagrené | Healthy and pathological visual aging in a French follow-up cohort study[END_REF] to participate in the experiment. The cohort study consists of healthy adults without any history of psychiatric or neurological disorders who have undergone an exhaustive battery of clinical (ophthalmological, auditory, vestibular) and neuropsychological tests.

All participants showed normal performance on the Mini-Mental State Examination [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF], the perspective-taking test (Kozhevnikov and Hegarty, 2001), the Corsi block-tapping task (Corsi, 1973), and the 3D mental rotation test (Vandenberg and Kuse, 1978) (Table S3.1.1). Moreover, they had normal or corrected-to-normal eyesight. All participants were French speakers, and self-reported sex was obtained exclusively in French. The self-report asked for their "sexe", which refers to both biological sex and societal gender roles. Information on "genre", which in French refers specifically to societal gender roles, was not obtained. Of the total 52 participants, we excluded one young adult due to a neurological disease diagnosis subsequent to their participation and six older adults based on poor eye-tracking performance (see the Eye-tracking section for more details). Consequently, the analyses included a group of 25 young adults (mean age: 29.1 ± 4.2 years old; 14 female participants and 11 male participants) and 20 older adults (mean age: 75.5 ± 3.7 years old; 12 female participants and 8 male participants).

Participants received a 30€ gift voucher as compensation. The Ethical Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, CPP N: 16122) approved the experimental procedures, and all participants provided written informed consent.

Apparatus and setting

We used PsychoPy v2020. Participants sat 57 cm from the monitor with their heads positioned on the chinrest of a headmounted monocular eye-tracker (EyeLink 1000 Tower Mount, SR Research Ltd., Canada). We collected responses with a mini numeric keypad (KKmoon) positioned flat on a table in front of the participants. Young and older participants with visual corrections removed their glasses to perform the task because multifocal glasses could have biased performance in the upper or lower visual fields. Finally, the experiment took place in a quiet, dim-lit room at the participants' preferred time of day.

Stimuli

Stimuli consisted of 327 photographs of objects selected from the datasets of the mnemonic similarity task [START_REF] Stark | Mnemonic Similarity Task: A Tool for Assessing Hippocampal Integrity[END_REF]) (available at https://github.com/celstark/MST) and from the Massive Memory unique object image set [START_REF] Brady | Visual long-term memory has a massive storage capacity for object details[END_REF]) (available at http://konklab.fas.harvard.edu/#). For this experiment, we removed images of animals or people;

of objects strongly associated with the ground, the ceiling, or the sky (e.g., plane, chandelier); and of uncommon objects (e.g., chisel, perimeter). We resized the selected images to a 400 x 400-pixel resolution and converted them to greyscale. Then, we normalised the images to obtain a mean luminance of equal to 128 on a grey-level scale ranging from 0 to 255. The objects subtended approximately 4° of visual angle in height. Figure 3.1.1 presents example images of objects.

Procedure and task design

The experimental session began with a nine-point eye-tracking calibration. The eye-tracker sampled the position of the dominant eye at 1000 Hz throughout the entire session. We repeated the calibration halfway through the experiment. A 1.5-minute practice run and eight experimental blocks each lasting approximately 4 minutes, structured the experimental session. Participants repeated the practice run until they understood the instructions and felt comfortable with the keypad. After completing four blocks, participants had a 5-minute break during which they could remove their heads from the chinrest. The session ended with a questionnaire about participants' strategies and subjective judgement of task difficulty. We adapted the design of the paradigm from the classic source-monitoring paradigm that assesses both item recognition and source memory [START_REF] Yonelinas | The Contribution of Recollection and Familiarity to Recognition and Source-Memory Judgments: A Formal Dual-Process Model and an Analysis of Receiver Operating Characteristics[END_REF]. Each block comprised an encoding phase and a test phase (Fig. Only two-thirds of the encoded objects were presented during the test phase in order to limit task position of objects across participants. One-half of the participants saw object 1 in the upper part of the screen, and the other half saw object 1 in the lower part of the screen.

Visual testing

Trained orthoptists performed all visual testing. We assessed all participants' visual acuity and contrast sensitivity using the LogMAR scale and the Pelli-Robson score, respectively. We also performed kinetic perimetry on the Octopus 900 (Haag-Streit, Switzerland). We obtained participants' visual fields from both eyes using stimulus sizes of V1e, III1e, II1e, and I1e at 4

degrees per second for isopter charting. We adjusted participants' responses to stimuli presentation for reaction times. We then used custom MATLAB code to process the visual field data for each participant's left and right eyes. The latter extracted upper and lower visual areas along the horizontal meridian for the isopters corresponding to stimulus sizes of V1e, III1e, and II1e. We subsequently computed the vertical meridian asymmetry index as the difference in area between the lower and upper visual fields, divided by the mean of the two areas, and multiplied by 100:

VMA = (lower visual field area -upper visual field area) mean(lower visual field area, upper visual field area) × 100

Indices close to 0 indicate no asymmetry between the areas of the two hemifields. In contrast, higher indices reveal asymmetry with a larger area in the lower visual field than in the upper visual field. We excluded two older adults from the visual field analyses because their kinetic perimetry data were extracted in a wrong format. The comparison between their data and those from other participants was thus impossible.

Data analysis

We processed the behavioural and eye tracking data using custom Python code (Python 4.1103(R Core Team, 2020;RStudio Team, 2021). We disclose that there was no preregistration of the analysis plan for this research. To classify gaze data into fixations, we chose the velocity-based algorithm implemented in the saccades R library (von der Malsburg, 2019). Before analysis, we removed all fixations that lasted under 100 ms. We then used the 2/4 method and corresponding Fujii classification to assess fixation stability and identify participants who failed to maintain central fixation throughout the encoding phases [START_REF] Fujii | Patient selection for macular translocation surgery using the scanning laser ophthalmoscope[END_REF][START_REF] Schönbach | Metrics and Acquisition Modes for Fixation Stability as a Visual Function Biomarker[END_REF]. The latter method considers participants to have unstable fixation if less than 75% of their fixation points are inside a 4° circle. As previously mentioned, we consequently excluded six older adults.

To assess participants' item and source memory, the literature uses a discrimination index or Pr, which is a measure of accuracy developed by [START_REF] Snodgrass | Pragmatics of Measuring Recognition Memory: Applications to Dementia and Amnesia[END_REF] [START_REF] Snodgrass | Pragmatics of Measuring Recognition Memory: Applications to Dementia and Amnesia[END_REF] for such paradigms. For item memory, the Pr was calculated by subtracting the proportion of false alarms to the proportion of hits. For spatial memory, the Pr was calculated by subtracting the number of incorrect spatial judgements to the number of correct spatial judgements and dividing by 160 (= the total number of source trials that there should be if a participant scored perfectly on the item memory task) in order to account for the interindividual variability in the number of source trials. If a participant frequently answered that an item was new, they would have far less source trials than a participant who frequently answered that an item was old. Reaction times were recorded for both item and spatial memory. They corresponded to the elapsed time with the presentation of the object and the button press. Two linear mixed models were used to evaluate the influence of age group and initial object position on item Pr and source Pr. The random-effects structure was chosen to best fit the experimental design while remaining parsimonious [START_REF] Bates | Parsimonious Mixed Models[END_REF]. The two models thus contained participants as random intercepts. The reliability of each fixed effect was tested using the Akaike information criterion (AIC) goodness-of-fit statistic, comparing one model which included the effect of interest and another which didn't. Using this procedure, age group and object position were kept as fixed effects after determining that the inclusion of sex and block sequence did not improve model fits.

The normality of residuals of the two linear mixed models were carefully inspected using residual plots. Reaction time is positively skewed by nature. Following recent recommendations on how best to model such data [START_REF] Lo | To transform or not to transform: using generalized linear mixed models to analyse reaction time data[END_REF], we conducted two gamma generalised linear mixed models with a log link function to analyse reaction times for the item memory and spatial memory tasks. In both models, the random-effects structure included participant and block as random intercepts along with the random effect of trial in each age group. The fixed effects were age group, object position, and block number. Sex was removed because it did not improve model fit.

We performed MPT modelling to distinguish item and spatial memory between objects presented in the upper part of the screen and objects presented in the lower part of the screen. By analysing response frequencies, MPT models provide probability estimates of latent cognitive processes implicated in a specific paradigm [START_REF] Riefer | Multinomial Modeling and the Measurement of Cognitive Processes[END_REF][START_REF] Erdfelder | Multinomial processing tree models: A review of the literature[END_REF]. Indeed, MPT models rely on extensive theoretical work, making them ideally suited to disentangle the meaningful psychological phenomenon implicated in the task at hand. In the source-monitoring paradigm, spatial memory indices are often biased by item recognition and guessing prevalence.

Therefore, MPT measurements are particularly useful because they precisely isolate spatial memory [START_REF] Batchelder | Multinomial processing models of source monitoring[END_REF][START_REF] Bröder | Measuring source memory[END_REF]. The item-source model in which spatial memory is considered to be dependent upon item recognition has been the model of choice in most studies using MPT modelling for source-monitoring tasks. However, researchers recently put into question the theoretical assumptions behind this unidimensional account of memory (Cooper, Greve and Henson, 2017a). The dual-process source-item model presents itself as an interesting alternative by suggesting that both spatial and item memory can be supported by a recollection mechanism, whereas item memory can also be subtended by familiarity alone when recollection fails [START_REF] Yonelinas | The Contribution of Recollection and Familiarity to Recognition and Source-Memory Judgments: A Formal Dual-Process Model and an Analysis of Receiver Operating Characteristics[END_REF][START_REF] Yonelinas | Recollection and familiarity: Examining controversial assumptions and new directions[END_REF]. Taking the latter into account, we chose to apply the source-item model to the present paradigm. According to the source-item model, Iup

and Idown depict the phenomenon of familiarity that can occur when recollection fails for objects presented in the upper or lower visual fields. In contrast, Sup and Sdown reflect the process of recollection in which both the object and its position are remembered simultaneously for objects that were presented in the upper or lower visual fields. The parameter o corresponds to the probability of guessing that the object was presented (i.e., answering that the item was old), and the parameter g estimates the probability of guessing that the item was presented in the upper part of the screen, given that item recognition has failed.

We fit the behavioural data to the MPT model for each age group separately with the TreeBUGS package in R [START_REF] Heck | TreeBUGS: An R package for hierarchical multinomialprocessing-tree modeling[END_REF]. This R package allows hierarchical models to be fit using Just Another Gibbs Sampler (JAGS) to estimate posterior distributions. Specifically, we used latent-trait hierarchical models because they take into account both interindividual variability and parameter correlation within participants [START_REF] Klauer | Hierarchical multinomial processing tree models: A latent-trait approach[END_REF]. We kept the weakly informative default priors provided by the TreeBugs package and included sex as a covariate in the MPT models.

The models estimate the latent-trait parameters using Markov chain Monte-Carlo simulations in JAGS. The algorithm performed 50,000 iterations with a burn-in period of 10,000 samples and thinning factor of 10. R < 1.05, which indicated that a parameter had reached good convergence.

We relied on posterior predictive p-values pT1 and pT2 to evaluate the goodness-of-fit of the final models [START_REF] Klauer | Hierarchical multinomial processing tree models: A latent-trait approach[END_REF]. The pT1 and pT2 variables measure model fits in terms of means and covariance, respectively. Predictive p-values > 0.05 indicate that the model accounts well for the data. We also inspected the Watanabe-Akaike information criterion because it quantifies relative model fits by subtracting a correction for the number of parameters included. To test for differences in parameters between young and older participants, we subtracted the posterior distributions of each parameter of the older group from the young group. We obtained posterior distributions of the age differences from which we extracted the mean and 95% credibility interval.

An alternative approach to evaluating group differences consists in summing trial frequencies across young and older participants and fitting the aggregate data in a single extended MPT model.

We conducted this analysis in order to further evaluate how the difference between Idown and Iup as well as between Sdown and Sup changed across age groups (Supplementary methods; Fig. S3.1.1). 0.12]). In other words, there was no statistically significant evidence of an unequal distribution of missed trials across up, down, and new objects.

Using a gamma generalised linear mixed model, we found a significant main effect of age (χ 2 (1) = 24.32, p < 0.001, h 2 = 0.079, 95% CI = [0.068, 0.092]) on reaction times during the item memory task (Fig. 3.1.5a). This result reveals that older adults were slower (M = 1.28s, SD = 0.46s) to respond than young adults (M = 1.01s, SD = 0.44s). We also observed a main effect of object position (χ 2 (1) = 5.69, p = 0.017, h 2 = 0.00044, 95% CI = [0.00030, 0.0014]): all participants were slightly slower in reacting to objects that had appeared in their upper visual field (M = 1.14s, SD = 0.47s) than in their lower visual field (M = 1.12s, SD = 0.47s). Finally, we showed that the block number had an impact on reaction times (χ 2 (7) = 343.77, p < 0.001, h 2 = 0.030, 95% CI = [0.022, 0.040]), suggesting that both young and older participants improved their performance throughout the experiment (Fig. S3. 1.3).

For the MPT analysis, we studied the two parameters related to item memory Idown and Iup (i.e., the probability of remembering an object presented in the lower and upper parts of the screen, respectively). We found no credible evidence that Idown nor Iup differed between age groups (∆Idown = 0.156, 95% Bayesian confidence interval (BCI) [-0.001, 0.306]; ∆Iup = 0.052, 95% BCI [-0.099, 0.209]; Fig. 3.1.3b). Indeed, the parameters did not differ between young and older participants because their 95% BCI included 0. Therefore, there is no statistical evidence that the probability of having a sense of familiarity with an object, regardless of its position in space, differs between young and older adults. One may nonetheless note that the 95% BCI for Idown fails to overlap 0 by a narrow margin. We found that older adults' probability of guessing that an item was presented during the encoding phase was significantly lower than young adults' (∆o = -0.064, 95% BCI [-0.120, -0.020]; Fig. S3. 1.2). In other words, in the event that neither the object nor its position in space is remembered, young adults will answer that the item is old to a greater extent than will older adults.

The vertical position of objects conditions spatial memory in healthy ageing

For the standard Pr analysis, we conducted a second linear mixed model analysis to investigate the effects of age group and item position on source Pr. Here, the fit of the model was improved by adding the interaction between age group and object position (with interaction: AIC = -39.08, Article 3

123 without interaction: AIC = -35.79). The interaction was retained in subsequent analyses. We found a significant main effect of age group on source Pr (F(1, 43) = 16.78, p < 0.001, hp 2 = 0.28, 95% CI [0.08, 0.47]). On average, source Pr was higher in young adults (M = 0.60, SD = 0.04) than in older adults (M = 0.33, SD = 0.04), highlighting better spatial memory performance in young adults compared with older adults (Fig. 3.1.3c). We also found the interaction between age group and object position to be significant (F(1, 43) = 5.37, p = 0.025, hp 2 = 0.11, 95% CI [0.00, 0.30]).

Older participants showed poorer performance (p = 0.017) when prompted on the position of items that were presented in the upper visual field (M = 0.33, SD = 0.18) compared with objects that were presented in the lower visual field (M = 0.47, SD = 0.20).

Notably, we verified that the latter result could not be attributable to the expected position of objects in space. Three independent raters assigned a pre-experimental source expectation to each item included in the experiment (i.e., upper or lower expectation) and we kept the most frequent value. We conducted a linear mixed model to examine the effects of position and age on the percentage of correct source answers adjusting for the pre-experimental source expectation of each object. We included participants as random intercepts. We found no evidence for a significant influence of the pre-exposure (F(1, 1164) = 1.20, p = 0.27, hp 2 = 0.0010, 95% CI [0.00, 0.008]), whereas the main effects of age (F(1, 45) = 14.14, p < 0.001, hp 2 = 0.24, 95% CI [0.06, 0.43]) and position of item (F(1, 1164) = 10.08, p = 0.0015, hp 2 = 0.0086, 95% CI [0.001, 0.02]) on spatial memory remained significant (Fig. S3. 1.4). Second, we also tested whether source decisions for false alarms were biased for the lower visual field. Indeed, a bias in source location response for items that were never seen could imply that the objects were not well balanced in terms of preexperimental source expectation. We computed the VMA for false alarms and conducted a linear regression to study the influence of age group on the VMA for false alarms (Fig. S3. 1.5). We found no statistically significant VMA difference between young and older adults (R 2 = 0.021, F(1,42) = 1.92, p = 0.17, hp 2 = 0.04, 95% CI [0.00, 0.21]) suggesting that there is little evidence for a difference in the proportions of upper and lower false alarms across age groups. Moreover, the VMA was not significantly different from 0 as indicated by one-sided sign tests in young (M = 0.028, SD = 1.42, p = 0.41) and older participants (M = 0.55, SD = 1.01, p = 0.06). There is thus no statistical evidence for a bias in the choice of source location for false alarms.

Studying reaction times during the spatial memory task, we found a significant main effect of age on reaction times (χ 2 (1) = 21.83, p < 0.001, h 2 = 0.075, 95% CI = [0.062, 0.089]; Fig. 3.1.5b), meaning that older adults were slower (M = 1.26s, SD = 1.16s) to respond than young adults (M

Discussion

The aim of this study was to test the hypothesis that the visual encoding of object attributes plays an essential role in maintaining spatial cognition across the lifespan. More specifically, we examined whether the vertical position of visual information affects item and spatial memory, and whether it does so differentially in young and healthy older adults. The findings revealed a general lower field advantage for item recognition and an age-related decline in spatial memory for objects presented in the upper visual field only. The latter result was not found to be explained by participants' visual field area asymmetries, suggesting that this specific spatial memory deficit may originate from higher visual regions.

Familiarity-based item memory is preserved in healthy ageing

While we observed that spatial memory was consistently impaired in older adults, the results pertaining to item memory did not converge across analysis methods. It is well documented that healthy ageing is accompanied by extensive changes in object-location binding that are usually more pronounced than changes in simple item recognition [START_REF] Chalfonte | Feature memory and binding in young and older adults[END_REF][START_REF] Naveh-Benjamin | Adult Age Differences in Memory Performance: Tests of an Associative Deficit Hypothesis[END_REF][START_REF] Schiavetto | Neural correlates of memory for object identity and object location: Effects of aging[END_REF][START_REF] Bastin | The effects of aging on the recognition of different types of associations[END_REF][START_REF] Toner | Visual object pattern separation deficits in nondemented older adults[END_REF]. The prominent associative memory theory claims that age-related deficits in episodic memory emanate primarily from inadequate associations between items and contextual information [START_REF] Naveh-Benjamin | Adult Age Differences in Memory Performance: Tests of an Associative Deficit Hypothesis[END_REF][START_REF] Naveh-Benjamin | Adult Age Differences in Episodic Memory: Further Support for an Associative-Deficit Hypothesis[END_REF][START_REF] Old | Differential Effects of Age on Item and Associative Measures of Memory: A Meta-Analysis[END_REF][START_REF] Bender | Associative Deficit in Recognition Memory in a Lifespan Sample of Healthy Adults[END_REF]. A long line of research asserts that episodic recollection is impaired whereas familiarity and gist processing are aspects of item memory that remain intact in older age [START_REF] Mcintyre | Age differences in memory for item and source information[END_REF][START_REF] Naveh-Benjamin | Adult Age Differences in Memory Performance: Tests of an Associative Deficit Hypothesis[END_REF][START_REF] Koen | Recollection, not familiarity, decreases in healthy ageing: Converging evidence from four estimation methods[END_REF]. The source-item model of memory used to explain the present data defines item memory as the probability of remembering an item given that spatial position has not been recalled. One can argue that such a process is more akin to familiarity (i.e., a global measure of memory strength) than to a precise recollection of the object. The Item Pr measure of accuracy from the standard analyses, on the other hand, could reflect a recollection mechanism that involves a more detailed retrieval of past information. Indeed, previous research has highlighted the impossibility for item and spatial memory to be precisely disentangled using traditional statistical methods [START_REF] Batchelder | Multinomial processing models of source monitoring[END_REF]. Our study, therefore, confirms that the general memory of an object is preserved and that its detailed recollection is impacted in healthy ageing.

Spatial memory is impacted in the upper visual field of older adults

An effect of the objects' vertical position on item memory was found across all participants.

Object recognition and reaction times were improved for items presented in the lower portion of the screen. In the literature, object processing tasks including letter identification, target localisation, word discrimination, and face sex-categorisation, have been conferred an upper visual field advantage [START_REF] Goldstein | A comparison of upper vs. lower and right vs. left visual fields using lexical decision[END_REF][START_REF] Hagenbeek | Left-right and upper-lower visual field asymmetries for face matching, letter naming, and lexical decision[END_REF][START_REF] Feng | Upper visual field advantage in localizing a target among distractors[END_REF]Quek and Finkbeiner, 2014a). One possibility is that visual experience with specific stimuli shapes the formation of vertical visual field biases. For example, researchers are evoking the possibility that faces are better encoded in the upper visual field because they are situated on the upper portion of a body (Quek and Finkbeiner, 2014b;[START_REF] Tsurumi | Development of upper visual field bias for faces in infants[END_REF]. That everyday objects are more frequently encountered in the lower visual field may explain why the encoding of items in our task was facilitated in the lower portion of the screen for all participants. Regarding spatial memory, our study provides nuance to the widespread view that older adults are impaired at recalling spatial contextual information. We revealed that older adults have worse spatial memory than young adults but only for objects presented in the upper visual field. In other words, spatial memory may be preserved in ageing for visual information situated in the lower field. Of note, while the expectation of the position of objects in space may contribute in part to the lower visual field advantage for item recognition, we demonstrated that the spatial memory deficit in older adults was most likely attributable to an altogether different mechanism. Two previous studies reported an age-related loss of function in the upper visual field for rapid stimuli detection [START_REF] Brennan | Lifespan changes in attention revisited: Everyday visual search[END_REF][START_REF] Feng | Differential age-related changes in localizing a target among distractors across an extended visual field[END_REF]. We extended their work to high-level cognitive functions and showed that in older age, the mnemonic trace of an object is dependent upon its vertical position in space.

Importantly, the position of information interacted with age for spatial memory performance but not for item recognition. Such a result strongly implies that the observed upper visual field deficit in spatial memory does not arise from a biased distribution of covert attentional processes, or the same deficit would have emerged in young adults. In agreement with this conclusion, accumulating evidence postulates that performance asymmetries across the vertical visual fields are not a product of attentional differences [START_REF] Corbett | Visual performance fields: Frames of reference[END_REF][START_REF] Quek | The upper-hemifield advantage for masked face processing: Not just an attentional bias[END_REF][START_REF] Purokayastha | Voluntary attention improves performance similarly around the visual field[END_REF]. Moreover, the fact that object location influences item recognition equivalently in young and older adults speaks to the spatial nature of the upper field decline in ageing. Age-related differences in object processing in the upper visual field appeared only when the spatial properties of objects were solicited. Along the same lines, a study concluded that upperlower performance asymmetries were primarily related to the visuospatial features of a stimulus [START_REF] Genzano | Upper/lower visual field asymmetry on a spatial relocation memory task[END_REF].

3.1.5.3

The biological bases of vertical asymmetries in mnemonic performance

The underpinning biological bases for the reported lower visual field benefit in item recognition and the upper visual field spatial memory deficit in older adults are unknown. They could be located anywhere along the visual pathway, from the retina to higher neural structures. A recent computational model highlighted that the VMA for contrast sensitivity was only weakly attributable to retinal factors including optics and cone sampling [START_REF] Kupers | Modeling visual performance differences "around" the visual field: A computational observer approach[END_REF]. Furthermore, we excluded the possibility that low-level perceptual differences hindered the ability of older adults to create a detailed mnemonic trace of the object and its position. Indeed, we showed that neither visual acuity, contrast sensitivity, nor the VMA for visual field areas was associated with the probability of remembering the position of an object that was presented in the upper visual field in older participants. The VMA for visual field areas reflects the sensitivity threshold to dots of various sizes and light intensities but it doesn't provide information relative to how that signal is processed. Notably, cortical inhomogeneities in V1 have been shown to covary with spatial frequency and contrast sensitivity behavioural asymmetries across the vertical visual field [START_REF] Barbot | Asymmetries in visual acuity around the visual field[END_REF][START_REF] Himmelberg | Linking individual differences in human primary visual cortex to contrast sensitivity around the visual field[END_REF]. It is therefore likely that top-down influences from higher visual regions play a role in the general lower field preference for item recognition and in the age-related spatial memory decline specific to the upper visual field. Visual information is propagated from early visual areas through the ventral and dorsal streams that bear distinct proportions of upper and lower visual field afferents [START_REF] Danckert | Superior performance for visually guided pointing in the lower visual field[END_REF]. The ventral stream benefits from a larger upper visual field representation and it may be involved in far-space object identification. In contrast, the dorsal stream relies more strongly on lower visual field inputs and could play a role in near-space visuomotor processing [START_REF] Previc | Functional specialization in the lower and upper visual fields in humans: Its ecological origins and neurophysiological implications[END_REF]. The slight lower field benefit for item memory in young and older adults is in line with fMRI studies reporting that the lateral occipital visual area, an object-selective region, has stronger BOLD (blood-oxygen-level dependent) responses to objects in the lower than in the upper visual field [START_REF] Niemeier | A contralateral preference in the lateral occipital area: Sensory and attentional mechanisms[END_REF][START_REF] Sayres | Relating retinotopic and object-selective responses in human lateral occipital cortex[END_REF][START_REF] Strother | Equal degrees of object selectivity for upper and lower visual field stimuli[END_REF].

Importantly, regions upward of the ventral stream are closely associated with pattern separation, an essential ability to reduce the overlap between similar object locations [START_REF] Yassa | Pattern separation in the hippocampus[END_REF].

Therefore, one possibility for the upper visual field deficit in spatial memory is an age-related neural loss specific to regions upward of the ventral stream. This study lends credence to the idea that the visual field biases contained in higher visual regions could have specific behavioural correlates in older adult populations.

Limitations

This study has limitations pertaining to the choice of stimuli and to the task design. We presented items that were devoid of any context on a blank screen. The present experiment should be replicated using natural scenes with objects that carry realistic contextual information.

Furthermore, the items chosen are everyday objects that are more often encountered in the lower visual field. Even though we found no statistical evidence for a pre-experimental source expectation bias, it would be pertinent for future research to include more objects that are associated with the upper visual field. Regarding task design, we highlight that the results should be confirmed with less cognitively demanding mnemonic tasks. Indeed, the paradigm required participants to encode thirty items and their position before being tested. Finally, our results apply only to non-fixated objects, and we stress that an important next step in the field is to investigate whether free-viewing conditions can rescue older adults' spatial memory deficit in the upper visual field.

Conclusion

Our main finding that the vertical position of objects determines spatial memory performance in healthy ageing strongly conveys the importance of object feature encoding in the context of cognitive decline across the lifespan. The risk of falling, the stooped posture, and the careful avoidance of obstacles on the ground are only a few examples of physical and perceptual modifications in ageing that could reshape older adults' use of visual space. Our findings also have far-reaching implications for complex cognitive skills that require adequate memory of the location of objects, such as spatial navigation or driving. These abilities require the processing and spatial encoding of visual information that is most often found in the upper visual field: large immovable objects, road signs, monuments, or buildings. In such contexts, we argue that older adults could benefit from using cues situated in the lower portion of their visual field or from actively training their upper visual field. Moreover, to maintain older adults' autonomy and mobility, age-friendly environmental adaptations should be made in line with the vertical visual field preferences hereby documented. Finally, future research efforts should be committed to uncovering the neurobiological factors that link age-related visual, behavioural, and cognitive impairments.

aggregate numbers if sample sizes are unequal [START_REF] Cooper | Assumptions behind scoring source versus item memory: Effects of age, hippocampal lesions and mild memory problems[END_REF]. Moreover, participant heterogeneity is here not considered. We thus stress that the results are to be taken with caution.

Supplementary note

The baseline MPT model fit the data well (G 2 (1) = 1.59, p = 0.21). The DG 2 difference test revealed that the order-constrained model for item memory fit the data significantly worse than the baseline model (DG 2 (1) = 10.94, p = 0.00094). Regarding spatial memory, the DG 2 difference test also revealed that the restricted model fit the data significantly worse than the baseline model (DG 2 (1) = 6.07, p = 0.014). These results imply that the differences between Idown and Iup and between Sdown and Sup are not equivalent between young and healthy older populations. According to these order-constrained models, object position and age interact to influence both item memory and spatial memory.

ASSOCIATIONS BETWEEN THE INTEGRITY OF RETINAL LAYERS AND THE AGE-RELATED UPPER VISUAL FIELD DECLINE

The following section is a complement to Article 3 and has not been published.

Introduction

To further explore a potential retinal basis of the upper visual field decline in healthy ageing, the thickness of retinal layers in the superior and inferior quadrants were examined. The retina comprises ten layers consisting of six different cell types. Arranged from the outermost to the innermost part of the globe, these layers include the retinal pigmentary epithelium (RPE), the photoreceptors (cones and rods), the external limiting membrane, the outer nuclear layer the outer plexiform layer, the inner nuclear layer, the inner plexiform layer (IPL), the ganglion cell layer (GCL), the nerve fibre layer (NFL), and the inner limiting membrane. Among these, the NFL, GCL and IPL compose the neuroretina. The IPL encompasses the synapses between the axons of bipolar and amacrine cells and the ganglion cell dendrites in the GCL. The ganglion cells are extended by axons that converge at the papilla to form the optic nerve. These axons interweave with extensions originating from glial cells, forming the NFL. Notably, the RPE also plays a pivotal role in vision because of its metabolic activity in the retinoid cycle and its close interaction with photoreceptors [START_REF] Salesse | Physiologie du signal visuel rétinien : de la phototransduction jusqu'au cycle visuel[END_REF]. The assessment of age-related retinal changes can be conducted with precision using non-invasive imaging techniques, such as optical coherence tomography (OCT). This technology uses laser interferometry to capture detailed axial images of retinal components. OCT imaging enables quadrant-wise analysis of the retina, facilitating the quantification of volume and thickness in the superior, inferior, nasal, and temporal regions based on foveal eccentricity [START_REF] Podoleanu | Optical coherence tomography[END_REF]. The retinal quadrants are responsible for processing distinct portions of the visual field; however, establishing direct structure-function connections between quantitative measurements of retinal quadrants and visual field sensitivity is a subject of ongoing discussion [START_REF] Ajtony | Relationship between visual field sensitivity and retinal nerve fiber layer thickness as measured by optical coherence tomography[END_REF][START_REF] Ferreras | Mapping standard automated perimetry to the peripapillary retinal nerve fiber layer in glaucoma[END_REF][START_REF] Lleó-Pérez | Relationship between visual field sensitivity and retinal nerve fiber layer thickness measured by scanning laser polarimetry and optical coherence tomography in normal, ocular hypertensive and glaucomatous eyes[END_REF][START_REF] Raza | Retinal ganglion cell layer thickness and local visual field sensitivity in glaucoma[END_REF].

Conclusion

This supplementary analysis revealed a lack of discernible indication for a retinal basis to the vertical asymmetries observed in healthy ageing. Indeed, the proportion of superior to inferior retinal thickness, which respectively correspond to the lower and upper portions of the visual field, remained unchanged in older age. This finding reinforces the possibility of a cortical origin for the age-related vertical asymmetries reported in Article 3.

CHAPTER SUMMARY

Chapter 3 centred its focus on a single object property: the vertical position within the visual field. It was confirmed in Article 3 that while familiarity-based item memory seems preserved, spatial memory is impacted in older age. The nuance of this observation lied in the finding that spatial memory performance in ageing is contingent upon the position of the object. Age-related disparities in spatial memory were uncovered only for objects presented in the upper visual field.

Notably, this result could not be explained by the observed reduction in the area of the upper visual field in older individuals. Complementary investigations also indicated that the age-related upper visual field decline was unlikely attributable to the degeneration of the ganglion cell layer as thickness decreases of the superior and inferior quadrants were equivalent between young and older adults. The Complementary Study served as the foundation for a broader research effort that strives to establish connections between age-related modifications within the eye and higherlevel cerebral alterations. For example, ongoing work that was not presented in this doctoral thesis aims at elucidating the links between the integrity of retinal layers and the atrophy of hippocampal subfields in healthy ageing. The central takeaway from this chapter pertains to the recognition of vertical position as a critical object property influencing spatial memory, particularly in the context of healthy ageing. Given that the position of stimuli within the visual field was found to impact cognitive abilities under fixed viewing conditions, the logical next step was to translate the current experiment to a more dynamic and ecologically valid paradigm. This endeavour was addressed in Chapter 4.

ENCODING THE VERTICAL POSITION OF LANDMARKS FOR NAVIGATION WITHIN SCENE-SELECTIVE REGIONS

The previous chapter focused on a single object property, vertical position within the visual field, during an object memory task. This project unveiled a spatial memory impairment in older participants, that was specific to stimuli presented in the upper visual field. Although it was observed that the age-related decline in the area of the upper visual field was more pronounced than that in the lower visual field, no significant correlation was established with memory performance. This work therefore strengthened the idea that vertical position represents a key object attribute for spatial memory, particularly in the context of healthy ageing. It also provided the requisite empirical groundwork to extend a tightly controlled memory paradigm to the more dynamic and naturalistic task that is spatial navigation. Research has indeed indicated that decreased precision of spatial memories contributes to the observed variance in navigation performance among the older population [START_REF] Ekstrom | Spatial navigation and memory: A review of the similarities and differences relevant to brain models and age[END_REF]. Consequently, it is conceivable that landmarks initially presented in the upper visual field during spatial navigation may modify older individuals' behaviour. Notably, the experiment detailed in Article 3 imposed fixed viewing conditions; however, for spatial navigation paradigms to be ecologically valid, they must allow free viewing. It thus became highly pertinent to delineate whether the vertical asymmetries identified under constrained viewing conditions held true for more realistic behaviours. In this context, gaze movements continually alter the location of the upper and lower visual fields. In the upcoming chapter, the term "visual field" was used in a broader sense to refer to upper and lower portions of a scene. Chapter 4 aimed at examining the ties between the vertical position of landmarks and spatial navigation at the neural level. Specific attention was directed towards the activity of sceneselective regions in young and older participants, given the documented vertical retinotopic biases contained within the OPA and PPA (see Section 1.2.4).

Article 4 aimed to elucidate: (i) the modulations of EEG activity in response to varying object positions within scene-selective regions and (ii) the adaptation of gaze patterns to the configuration of landmarks in young and healthy older participants. To this end, a spatial navigation paradigm was designed, and it was coupled with EEG recordings and eye tracking. Participants were tasked with reorienting themselves in a virtual environment that manipulated the vertical position of relevant information. EEG signals were examined within scene-selective regions using a fMRIinformed source reconstruction algorithm and eye movements were grouped into areas of interest using gaussian mixture modelling. Article 5 examined (i) whether the vertical position of navigationally-relevant objects was reflected in the neural patterns of scene-selective regions, and

(ii) whether the coding properties of scene-selective regions were shared across young and older age groups. This project employed fMRI coupled with a modified version of the previous spatial navigation paradigm to ensure that young and older participants reached comparable levels of performance. In addition, the task was designed to compare environments with different configurations of navigationally-relevant and irrelevant objects. The fMRI data were analysed using ROI-based and searchlight-based multivariate pattern similarity analyses along with more traditional univariate analyses.

AGE-RELATED DISPARITIES IN OSCILLATORY DYNAMICS WITHIN SCENE-SELECTIVE REGIONS DURING SPATIAL NAVIGATION

The following section will soon be submitted as: 

Age-Related

Introduction

Visual input is essential to forming accurate spatial representations that support successful wayfinding behaviour in humans [START_REF] Ekstrom | Why vision is important to how we navigate[END_REF]. In natural settings, objects often hold sufficient visuo-spatial information to serve as anchors for positional or directional knowledge thereby guiding future actions [START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF]. One question that has sparked much debate in the field pertains to the properties which allow certain objects, among the abundance of incoming visual information, to attain navigational relevance [START_REF] Chan | From objects to landmarks: The function of visual location information in spatial navigation[END_REF]. Intrinsic visual features that make objects useful for spatial navigation include size, colour, and distinctiveness [START_REF] Stankiewicz | Acquisition of Structural Versus Object Landmark Knowledge[END_REF][START_REF] Miller | Selecting landmarks in novel environments[END_REF][START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF][START_REF] Auger | Dissociating landmark stability from orienting value using functional magnetic resonance imaging[END_REF]. Notwithstanding the contribution of these characteristics, non-physical properties such as location also play a decisive role in using a specific object as a spatial reference. A wealth of research has demonstrated that the position of objects in an environment conditions spatial behaviour. For example, the most recognisable and useful stimuli for navigation are those located at decision points [START_REF] Janzen | Memory for object location and route direction in virtual large-scale space[END_REF] or in close proximity to the goal [START_REF] Waller | Landmarks as beacons and associative cues: Their role in route learning[END_REF].

Additionally, spatial representations differ according to the distance of objects with respect to the navigator. While proximal cues may be easier to rely upon as they engage action-based memories of learned trajectories, distal information enables the formation of precise cognitive maps [START_REF] Hartley | The Well-Worn Route and the Path Less Traveled: Distinct Neural Bases of Route Following and Wayfinding in Humans[END_REF][START_REF] Foo | Do Humans Integrate Routes Into a Cognitive Map? Map-Versus Landmark-Based Navigation of Novel Shortcuts[END_REF][START_REF] Hurlebaus | Route Learning Strategies in a Virtual Cluttered Environment[END_REF][START_REF] Jabbari | Vestibular cues improve landmark-based route navigation: A simulated driving study[END_REF].

The undifferentiated processing of objects with respect to their location across the horizontal meridian nonetheless remains an unquestioned assumption in the literature [START_REF] Hafed | Sharper, Stronger, Faster Upper Visual Field Representation in Primate Superior Colliculus[END_REF]. We argue that position within the upper and lower visual fields represents an underappreciated cornerstone of visual information usage for spatial navigation. First, upper-lower inhomogeneities are pervasive across a wide array of perceptual and cognitive tasks. On the one hand, the lower visual field allows for better visual acuity, contrast sensitivity, spatial attention, and motion processing of stimuli [START_REF] Regan | Visual field defects for vergence eye movements and for stereomotion perception[END_REF][START_REF] Skrandies | The Upper and Lower Visual Field of Man: Electrophysiological and Functional Differences[END_REF][START_REF] Carrasco | Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size[END_REF][START_REF] Rezec | Attentional weighting: A possible account of visual field asymmetries in visual search?[END_REF][START_REF] Lakha | Lower visual field advantage for motion segmentation during high competition for selection[END_REF][START_REF] Levine | The relative capabilities of the upper and lower visual hemifields[END_REF]. The upper visual field, on the other hand, favours abilities such as visual search, change detection and categorical processing [START_REF] Niebauer | Upper and lower visual field differences in categorical and coordinate judgments[END_REF][START_REF] Previc | Target-tilt and vertical-hemifield asymmetries in free-scan search for 3-D targets[END_REF][START_REF] Rutkowski | Normal readers have an upper visual field advantage in change detection[END_REF][START_REF] Pflugshaupt | Linking physiology with behaviour: Functional specialisation of the visual field is reflected in gaze patterns during visual search[END_REF]. Second, the environment imposes differing constraints with respect to the type of information available for navigational purposes across the horizontal meridian. Monuments, immovable objects and wayfinding signage are typical components of the upper visual field whereas moving stimuli, obstacles, and spatial layout information appear predominantly in the lower visual field [START_REF] Greene | Statistics of high-level scene context[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF]. In natural settings, one can therefore expect these vertical asymmetries to modulate both gaze dynamics and orienting of attention [START_REF] Jóhannesson | Asymmetries of the visual system and their influence on visual performance and oculomotor dynamics[END_REF]. The above arguments provide solid grounds to factor in vertical position to the extensive literature on how object properties tie in with spatial behaviour.

Wayfinding skills in the elderly are increasingly considered in light of the visual impairments that accompany healthy ageing. Visuospatial processing declines in older age and modifies the way in which older adults sample the outside world and encode navigationally-relevant visual information [START_REF] Dowiasch | Effects of aging on eye movements in the real world[END_REF][START_REF] Zhong | Age-Related Differences in Associative Learning of Landmarks and Heading Directions in a Virtual Navigation Task[END_REF][START_REF] Kimura | Older Adults Show Less Flexible Spatial Cue Use When Navigating in a Virtual Reality Environment Compared With Younger Adults[END_REF]Ramanoël et al., 2020). For example, a recent study found that healthy older adults' orientation capabilities are rescued when geometry, instead of salient objects, is available to guide behaviour [START_REF] Bécu | Landmark-based spatial navigation across the human lifespan[END_REF]. Interestingly, accumulating evidence is pointing towards a possible influence of verticality on visuospatial function in healthy older adults. Vertical anisotropies in visual search appear to undergo significant changes throughout adulthood, shifting progressively to a lower visual field dominance [START_REF] Brennan | Lifespan changes in attention revisited: Everyday visual search[END_REF][START_REF] Feng | Differential age-related changes in localizing a target among distractors across an extended visual field[END_REF]. Moreover, older adults have been found to gaze preferentially at the ground when reorienting in ecological laboratory settings [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF] and to show impaired spatial memory specifically for upper visual field objects [START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. Such reshaping of the use of visual space in healthy ageing could have drastic consequences on the navigational relevance of objects located in the upper half of scenes.

At the neural level, the processing of scene layout and visual information contained within an environment has mainly been ascribed to the ventromedial posterior network of scene-selective regions. The OPA, PPA and MPA endorse distinct functions in this three-scene cortical system [START_REF] Dilks | Three cortical scene systems and their development[END_REF]. The OPA underpins the processing of obstacles, available paths and egocentric motion thereby facilitating immediate visually guided navigation [START_REF] Ferrara | Neural representation of scene boundaries[END_REF][START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Bonner | Coding of navigational affordances in the human visual system[END_REF]. The PPA, by exploiting spatial layout as well as objects and their respective associations, is mostly responsible for the rapid categorisation of a scene [START_REF] Harel | The Temporal Dynamics of Scene Processing : A Multifaceted EEG Investigation[END_REF][START_REF] Bilalić | Parsing rooms: the role of the PPA and RSC in perceiving object relations and spatial layout[END_REF]. Finally, neural activity in the MPA (or retrosplenial cortex; see [START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF] enables the bridging of local and global reference frames to support more complex map-based navigation [START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF][START_REF] Auger | A central role for the retrosplenial cortex in de novo environmental learning[END_REF]Persichetti and Dilks, 2019). The established roles of scene-selective regions in scene viewing and spatial cognition have been posited to interact with underlying retinotopic codes [START_REF] Uyar | Retinotopic information interacts with category selectivity in human ventral cortex[END_REF][START_REF] Steel | A retinotopic code structures the interaction between perception and memory systems[END_REF]. Indeed, the OPA, PPA and MPA inherit some of the retinotopic organisation from early visual cortex and they exhibit preferences for designated areas of the visual field. The OPA and PPA display striking vertical biases for the lower visual field and upper visual field, respectively, while the MPA harbours a more general contralateral bias [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF][START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF]. The above findings make the OPA and PPA ideal candidates to support the encoding of the vertical position of objects during navigation. Research examining scene-selective regions in healthy ageing is scarce but new evidence is pointing at a preserved connectivity and an increased activity of the OPA [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF](Ramanoël et al., , 2020)). This result stands in contrast with the age-related alterations reported in the PPA and MPA [START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF]Zhong and Moffat, 2018). No study has yet investigated whether such unequal ageing of the cortical scene systems could alter the processing of information within the upper and lower visual fields of older adults in the context of navigation.

In the present study, we first test the hypothesis that the vertical position of objects modulates spatial navigation performance and does so differentially in young and older adult populations.

Second, we sought to establish whether scene-selective regions in both age groups exhibit preferences for specific object positions, in line with their retinotopic biases. Most findings relating to the properties of scene-selective regions stem from experiments relying on the brief presentation of static scene images [START_REF] Epstein | Scene Perception in the Human Brain[END_REF], thus hindering the possibility to study top-down influences on their activity. We deemed it important that our paradigm allowed for unrestricted visual exploration and for scene processing in a navigational context. In this regard, we designed a desktop-based virtual navigation task coupled to an eye tracker that explored the behavioural and oculomotor patterns during orientation with cues of varying vertical location.

To record cerebral activity pertaining to scene-selective regions, we used source-localised EEG.

Recent EEG works successfully extracted the timing at which scene-selective regions became sensitive to scene features underlining the added value of this technique in elucidating the underlying temporal dynamics [START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF][START_REF] Kaiser | Cortical sensitivity to natural scene structure[END_REF][START_REF] Harel | Early Electrophysiological Markers of Navigational Affordances in Scenes[END_REF]. To optimise the signal recovered from the OPA, PPA and MPA in participants, we opted for a ROI using an individualised source reconstruction model informed with fMRI [START_REF] Cottereau | How to use fMRI functional localizers to improve EEG/MEG source estimation[END_REF].

Materials and Methods

Participants

A total of 24 young and 23 older adults from the French SilverSight cohort took part in the experiment [START_REF] Lagrené | Healthy and pathological visual aging in a French follow-up cohort study[END_REF]. All subjects met the cohort inclusion criteria: normal cognitive performance on a battery of neuropsychological tests including the Mini-Mental State Examination [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF], the 3D mental rotation test (Vandenberg and Kuse, 1978) and the perspective-taking task (Kozhevnikov and Hegarty, 2001), no history of sensory, neurological, or psychiatric disorder, and normal or corrected-to-normal eyesight. We excluded 3 young participants and 1 older participant because their fMRI data were of poor quality and thus not usable for the EEG source reconstruction analysis. One other older participant was removed from analyses as he struggled to stay awake during the spatial navigation task. The final analysable group comprised 21 young, 7 females and 14 males (29.0 ± 4.27 years-old), and 21 older adults, 11 females and 10 males (75.8 ± 3.79 years-old). Of note, 1 young adult had eye tracking data of poor quality and 3 young adults were missing data for the 3D mental rotation task; they were thus removed from these specific analyses. Each participant provided their written informed consent, and the study was approved by the Ethics Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, CPP N: 16122).

Virtual environment

We designed the virtual town with Unity3D v2019.2 (Unity Technologies, Inc. San Francisco, California, USA) for the purpose of this experiment. The virtual environment consisted of a series of four intersections arranged in a square-like layout (Fig. 4.1.1c). Streets lined with identical buildings connected the four-way intersections, rendering them indistinguishable from one another. Every intersection comprised four corner balconies and four corner sidewalks, with an object placed at each of these eight positions. Notably, all balcony items and all sidewalk items in any given intersection were strictly identical in order to limit the perceptual and mnemonic load.

Therefore, a unique set of two items unambiguously characterised an intersection (Fig. 4.1.1a).

Participants' visibility was restricted to the front four objects of an intersection with the addition of gray fog (Fig. 4.1.1a). The specific configuration of objects in the virtual environment defined three separate conditions (UP, DOWN and MIX). The UP, DOWN, and MIX conditions differed by the position of navigationally-relevant objects at intersections: on balconies only, on sidewalks only or on both (Fig. 4.1.2a). Across intersections of an UP environment, the balcony items were different from each other while the sidewalk items were identical. Across intersections of a DOWN environment, the balcony items were identical while the sidewalk items were different.

Finally, across intersections of a MIX environment, both balcony and sidewalk objects differed.

We selected objects included in the virtual environments from 3D Warehouse, a website for premade 3D models (http://3dwarehouse.sketchup.com/), and from the Unity Asset Store.

Congruency with the virtual town was the main criterion for object selection. To reduce saliency differences between items, we normalised their height to 1 vm and homogenised their colour and texture. Specifically, we took special care in attenuating vibrant colours and textures. Before launching the experiment, 5 examiners rated objects according to their recognisability. We discarded and replaced items judged to be poorly recognisable. We created 9 instances of the virtual environment (3 per condition) with this set of objects. We did not reuse items across different instances, and we presented the same 9 instances to each participant.

Virtual navigation task

Participants performed a reorientation paradigm in the previously described virtual town.

Their overall task consisted in learning the location of a goal in order to retrieve it from different starting positions throughout the environment. The goal changed position across the various instances of the environment but was always situated in the continuity of one of the four streets making up the square-like layout. A single goal position and six possible starting zones characterised an environment. Six different trajectories could therefore lead to the goal: two that passed through one intersection, two that passed through two intersections, and two that passed through three intersections (Fig. 

Procedure

While we placed the conductive gel, subjects read the paper instructions and watched a demonstration of the paradigm. The demonstration video showed the entire course of a condition, with the encoding and test phases. During the simulated test phase, correct and wrong decisions were made in order for participants to assimilate the two types of feedback. Notably, the virtual environment used for the demonstration was strictly identical to the one used for the actual task except for the objects at intersections which were replaced by coloured cubes. We also presented participants with a map of the global layout of the environment to facilitate learning, particularly in older adults [START_REF] Allison | Route repetition and route reversal: Effects of age and encoding method[END_REF]. Following the EEG preparation and paradigm familiarisation phase, the experimental session began with a 5-or 9-point grid eye tracking calibration depending on the subject's fixation stability. The gaze patterns of the dominant eye were sampled at 500 Hz throughout the experiment. Subjects performed a total of 9 different conditions as the experiment comprised 3 blocks, each divided into UP, DOWN, and MIX conditions. A block always ended with the MIX condition but could start with an UP or a DOWN condition. Such a configuration mitigated the possibility that subjects starting with the MIX condition would apply the same strategy to perform the UP and DOWN conditions. We counterbalanced the presentation order of the UP and DOWN conditions across blocks and subjects to avoid a potential bias linked to the starting condition. Note that eye tracking calibration was repeated at the beginning of each block, before launching the navigational task, to limit the amount of drift and allow participants to remove their head from the chin rest. Once the three conditions within a block ended, subjects performed a recognition task. The latter acted as an evaluation of the level of item encoding. Participants saw six objects that they had encountered in the previous virtual environments, two from each condition, and six new objects (i.e., distractors).

We presented one item at a time on a black screen, and we randomised their order of presentation.

Subjects responded with the keypad whether they believed to have seen the object in one of the three previous environments or not. A pause followed the recognition paradigm, and we adapted its duration to each participant's individual needs. The experimental session ended with a questionnaire probing subjects' strategy use and object selection during the reorientation task.

Apparatus and setting

The virtual navigation task was displayed on a 23-inch Dell monitor with a 1600 x 900-pixel resolution, subtending 49° in width and 30° of visual angle in height. Subjects' head was positioned SR Research Ltd., Canada). The centre of the screen was adjusted to be at participant eye-level.

Answers were recorded via a numeric keypad (KKmoon) placed on the table in front of participants and adjusted individually for optimal visibility. Subjects wearing progressive lenses removed them for the duration of the task as they could have biased the use of visual information within the upper and lower visual fields. The experimental session took place in a dark room devoid of light, except from that coming from the monitor. The EEG recording system comprised 127 active wet electrodes mounted on an elastic cap with an equidistant arrangement (waveguard original -ANT Neuro, Hengelo, The Netherlands). An electrode located closest to the standard Cz position (10-20 international system) provided the reference for all other electrodes and an additional one on the left earlobe served as electrical ground reference. After placing the cap on the participant's head, we performed a head scan to collect the position of individual electrodes using a depth perception camera (RealSense D435 -Intel, Santa Clara, CA, USA) in combination with the RecFusion software (v2.3.0, ImFusion GmbH, München, Germany). We placed visual markers on the location of 3 fiducial landmarks of the skull (nasion and helix/tragus intersection of left and right ears) for later coregistration of the scan with MRI data. Prior to recording for the experimental session, we lowered the impedance of the electrodes with the scalp below 20kΩ. We acquired raw EEG data with eego mylab software (v1.9.1, ANT Neuro) at a 1kHz sampling rate, continuously within each block. To simultaneously record all streams of data (eye tracking, EEG and protocol events), we used the Lab Streaming Layer protocol [START_REF] Kothe | Lab Streaming Layer (LSL)[END_REF] and the LabRecorder software (v1.13.0) to collect them into a single XDF file per block.

Data analysis

Behaviour

Data were extracted from the XDF files of each participant using the pyxdf library in Python 3.8. Analyses were conducted using R version 4.0.3 in RStudio version 2022.12.0+353 (R Core Team, 2020; RStudio Team, 2022). To assess participants' navigational performance, we computed the number of errors per intersection during the navigational task. This number could vary from 0 to 2, 2 being the total number of wrong directions at a single intersection. To ensure that young and older participants were performing above chance-level, we used one-sample Wilcoxon signed rank tests. We also reported the number of errors made during the recognition task. Using the answers from the post-experiment questionnaire, we grouped participants into two categories:

those who used a mental map to orient (from the beginning or at some point during the experiment) and those who never did. As an exploratory analysis, we also classified participants according to the reported number of objects they relied upon for orientation at each intersection:

individuals who selected a subset of objects vs. those who relied on all 4 objects. We used one linear mixed model to evaluate the influence of age group, sex, condition, and strategy on performance and a second to test the impact of trajectory type (repeated vs. new) on behaviour.

We chose the random and fixed effects structures based on the AIC goodness-of-fit statistic. We carefully inspected the normality of residuals from these models. We also verified using linear regression whether neuropsychological performance as assessed by the Corsi block-tapping, 3D

mental rotation, and perspective-taking tasks were associated with performance on the virtual navigation task.

Eye tracking

We conducted all analyses on gaze patterns from the encoding and test phases separately. One young participant had eye tracking data of poor quality and was therefore excluded from the following analyses. We focused solely on the static observation periods at all intersections. The observation period during the test phase depended on the time it took for participants to choose the correct direction. In order to reduce interindividual variability, we restricted our analysis to the first 4 seconds upon arrival at the intersection even when participants took longer to make their decision. We chose a 4-second window in line with the observation phase of the encoding phase.

We did not analyse the eye movements during the dynamic parts of videos. The detection algorithm supplied by SR Research classified eye movements into fixations, saccades, and blinks (EyeLink 1000 User Manual, 2005Manual, -2009)). We further processed the data by removing fixations that were shorter than 80 ms or that fell outside the computer screen. We used Gaussian Mixture Modelling (GMM) to cluster fixation data into specific areas of interest (AOIs) for young and older adults separately. We fitted a GMM with n = 5 components to the encoding and test fixation data, as they had the lowest Bayesian Information Criterion (BIC) value. We subsequently labelled each fixation according to the AOI it belonged to, and we visualised the results. For both encoding and test data, we found an AOI at each of the four object positions and an AOI in the centre of the screen (Fig. 4.1.1b).

Before examining fixation statistics associated with the AOIs, we discarded fixations that fell too far from the centre of their attributed AOI. In other words, we removed fixations with coordinates situated outside the ellipse forming the 99th percentile of the Mahalanobis distance (computed for each AOI with the parameters found by GMM). We merged the left and right AOIs into "upper"

and "lower" AOIs as we did not have any hypotheses pertaining to left-right asymmetries. We measured three metrics at each intersection: (1) the proportion of time spent looking at each AOI (i.e., the sum of all fixation durations), ( 2) the first fixated AOI per intersection, and (3) the VMA related to total dwell time using the following formula:

The VMA computes the difference in dwell time between the lower and upper AOIs, it can thus decipher a possible vertical gaze bias. Indices that are close to 0 indicate no asymmetry in dwell time between the upper and lower AOIs. Indices that are below zero reflect an asymmetry in dwell time with more time spent looking at the upper AOI than at the lower AOI. Indices above zero, on the other hand, highlight that more time was spent looking at the lower AOI than at the upper AOI. We ran linear mixed models to assess the impact of age group, sex, and condition on the three eye movement parameters. The latter were summary variables per block and per condition for each participant. We included participant and block as random intercepts in all models, and we compared fixed effect structures, starting with the most complex, using the AIC.

EEG: source reconstruction modelling

We processed and analysed the EEG data using Matlab R2019a (Mathworks Inc., Natick, MA, USA) and standalone toolboxes. We relied on a fMRI informed source reconstruction model tailored to each participant [START_REF] Cottereau | How to use fMRI functional localizers to improve EEG/MEG source estimation[END_REF]. Participants completed fMRI experiments as part of the SilverSight cohort study, we therefore had MRI anatomical scans and relevant fMRI localiser data at our disposal to build such a model. MRI data was collected using a (v.7.1.1, Fischl, 2004) using the recon-all command. The latter estimates the interface between gray and white matter and parcellates the brain according to anatomical atlases. We carefully inspected the automatically generated gray and white matter surfaces and we applied manual corrections where necessary. Second, we computed the inner skull, outer skull and outer skin surfaces required for the three-compartment boundary element method (BEM) using the BET tool from the FSL library [START_REF] Smith | Fast robust automated brain extraction[END_REF][START_REF] Jenkinson | BET2: MR-based estimation of brain, skull and scalp surfaces[END_REF]. We selected this tool to improve the automatic estimation with the T2-weighted image. We further checked the automatically generated surfaces and we applied manual corrections when required.

In parallel, we analysed the localiser task using the SPM12 toolbox implemented in Matlab R2019a

(release 7771, Wellcome Department of Imaging Neuroscience, London, UK). We realigned the functional images and co-registered them to the T1-weighted image. We then computed forward and inverse deformation fields from the individual T1 image to the MNI-152 space. Finally, we normalised all images using the forward deformation field, we resampled the functional images to 3 x 3 x 3 mm voxel size (4th degree B-spline interpolation), and we smoothed them using an 8 mm FWHM Gaussian kernel. We fit the localiser data to a single participant general linear model for block design. The model included five categories of interest (scenes, faces, objects, scrambled objects, rest) as regressors, convolved with the SPM canonical HRF. We also added the 6 movement parameters as regressors of no interest in the model and we high-pass filtered each voxel's time-series (1/128 Hz cut-off). For each participant, we delineated the PPA, OPA, and MPA using the contrast [Scenes > (Faces + Objects)]. We identified significant supra-threshold voxels on individual t-maps that were closest to the reference coordinates for the scene-selective regions (Ramanoël et al., 2020) using false discovery rate correction for multiple comparisons (p < 0.05) at peak-level.

We selected the best 2D images of the head scan in the RecFusion software to improve the visibility of the electrodes on the 3D model. We subsequently imported the model in the get_chanlocs plugin (v3.00) of EEGLAB (v2021.0, [START_REF] Delorme | EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis[END_REF] to manually point the positions of the 3 fiducials and of each electrode. We then retrieved the 3D position of the electrodes in a coordinate system defined by the fiducials. We built the forward model matrix using MNE-Python tools (v0. 23, Gramfort, 2013). We first defined the midgray surface halfway between white matter and gray matter surfaces. We used a tessellation of this midgray surface with 10242 regularly spaced vertices (hemisphere-wise) as the basis for our source space. Each of these vertices held a current dipole oriented orthogonally to the cortical surface in order to diminish the number of parameters to be estimated in the inverse procedure [START_REF] Hämäläinen | Magnetoencephalography theory, instrumentation, and applications to noninvasive studies of the working human brain[END_REF][START_REF] Cottereau | How to use fMRI functional localizers to improve EEG/MEG source estimation[END_REF]. We individually tessellated inner skull, outer skull and outer skin surfaces into 5120 faces meshes defining the boundaries between the cerebrospinal fluid and the skull, the skull and the scalp and the scalp and the air, respectively. We assigned a standard 0.33 S/m conductivity to brain/cerebrospinal fluid and scalp compartments. The skull thickens and densifies across the lifespan, which modifies its electrical properties. Taking the latter into consideration we chose to assign age-dependent conductivity measures for the skull. We estimated skull conductivity at 0.02145 S/m for young participants (1:15 ratio around 30 years old) and at 0.0099 S/m for older participants (1:33 ratio around 75 years old) [START_REF] Michel | EEG Source Imaging: A Practical Review of the Analysis Steps[END_REF]. We coregistered the electrode positions to the MRI head surface using MNE-python coregister function which finds the rigid body transformation that minimises the distance between fiducials coordinates in both reference frames. Once in the common reference frame, we projected the electrodes onto the outer skin surface. Ultimately, we combined the source space, the electrical boundaries and the electrode locations to characterise the electric field propagation from the cortical sources to the scalp sensors. This step allowed for the computation of the so-called gain matrix.

We solved the inverse problem using the L2-regularised minimum-norm estimation (MNE) [START_REF] Hämäläinen | Magnetoencephalography theory, instrumentation, and applications to noninvasive studies of the working human brain[END_REF] with the FieldTrip-lite plugin (v20210601, [START_REF] Oostenveld | FieldTrip: Open Source Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiological Data[END_REF] for EEGLAB. Prior to inversion we normalised the contribution of each dipole in the gain matrix to compensate for the bias of the MNE method towards superficial sources (Lin et al., 2004; equation 7, parameter gamma = 0.95). As suggested by Cottereau, Ales and Norcia, 2015, we imposed local correlation constraints in the source covariance matrix within each ROI to bias the inverse procedure towards coherent activity within these areas. We then proceeded as described in Cottereau, Ales and Norcia, 2015. We chose the regularisation parameter individually for each participant using a generalised cross-validation approach [START_REF] Reeves | Optimal space-varying regularization in iterative image restoration[END_REF] implemented in the regtools toolbox for Matlab [START_REF] Hansen | Regularization Tools version 4.0 for Matlab 7.3[END_REF].

EEG: processing

For the individual-level EEG analysis, we used a validated pipeline architecture [START_REF] Delaux | Mobile brain/body imaging of landmark-based navigation with high-density EEG[END_REF]. We first aggregated all block files from a single participant and processed the data in a continuous fashion. We down sampled the data to 250 Hz and applied a 1.75Hz high-pass filter to suppress slow drifts in EEG data zero-phase Hamming windowed finite impulse response filter with 1.5 Hz cut-off frequency and 0.5 Hz transition bandwidth, following recommendation by [START_REF] Klug | Identifying key factors for improving ICA-based decomposition of EEG data in mobile and stationary experiments[END_REF]. We removed spectral peaks at 50 Hz, corresponding to power line frequency (implemented by the cleanLineNoise function from the PREP pipeline (v0. 55.4, Bigdely-Shamlo et al., 2015). We identified noisy channels with automated rejection functions, setting parameters values according to the default recommendations. We then reconstructed the removed channels by spherical interpolation of neighbouring channels, and we applied rereferencing to the common average. In a subsequent time-domain cleaning, we detected and removed artifactual periods with the APP pipeline [START_REF] Da Cruz | An automatic pre-processing pipeline for EEG analysis (APP) based on robust statistics[END_REF].

On the cleaned dataset, we performed an independent component analysis (ICA) using an adaptive mixture independent component analysis algorithm (AMICA plugin, v1.5.1, Palmer et al., 2008).

The ICA was preceded by a principal component analysis reduction to the remaining rank of the dataset taking into account the number of channels interpolated. For each independent component (IC), we computed an equivalent current dipole model with the DIPFIT plugin for EEGLAB (v3.7, Oostenveld and Oostendorp, 2002). We used the ICLabel algorithm (version 1.3, Pion-Tonachini, Kreutz-Delgado and Makeig, 2019) with the "default" option to give an automatic class prediction for each IC. Guided by this automatic prediction, we proceeded to a visual check of candidate IC properties (outputted by pop_prop_extended function of EEGLAB) and kept those that contained sufficient evidence for brain-related features. Finally, we back projected the selected ICs in the channel (i.e., electrode) space. On the cleaned-with-ICA full dataset (i.e., data from all trials, regardless of whether they were labelled as artefactual periods earlier), we ran a final artifact check with the APP pipeline. We used this analysis to automatically flag any epoch containing at least one data point classified as an artifact by both runs of the APP pipeline. These data points contain transient artifacts that were sufficiently strong to be detected prior to ICA but that were not satisfyingly dealt with after removal of non-brain ICs. Before epoching the dataset, we applied a bandpass filter between 1.25Hz and 42Hz (zero-phase Hamming windowed finite impulse response filters: high-pass filter with 1 Hz cut-off frequency and 0.5 Hz transition bandwidth and low-pass filter with 47.25 Hz cut-off frequency and 10.5 Hz transition bandwidth).

We then epoched the dataset into [-2,+4] second fixed time windows centred around the event of arriving at an intersection. We considered all intersections excluding start positions. We discarded epochs that were previously flagged as well as those that did not contain any fixations.

For the following analyses, we used functions from the FieldTrip-lite plugin (v20210601, [START_REF] Oostenveld | FieldTrip: Open Source Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiological Data[END_REF] for EEGLAB. At the epoch level, we first computed event-related spectral perturbations (ERSPs) for each channel (with a 25 Hz sampling rate in the temporal domain and with a linear scale between 2 and 40 Hz for the spectral domain) using the ft_freqanalysis function.

The latter was based on a frequency-wise combination of Morlet wavelets of varying cycle widths ('superlet' method: [START_REF] Moca | Time-frequency super-resolution with superlets[END_REF]. We discarded data from electrodes for which the position was not determined with sufficient confidence on the 3D model. Then we proceeded to solving the inverse problem with the complex Fourier coefficients as inputs using the ft_sourceanalysis function and the MNE method. To summarise activity from the OPA, PPA and MPA, we averaged power estimations over all dipoles included in the ROI and combined its contribution from both hemispheres. Finally, at the epoch level, we divided the activity by its arithmetic mean over the course of the epoch.

EEG: group-level analysis

The group-level analysis focused on 4 main variables of interest: (1) age group, (2) condition,

(3) the interaction between age and condition and ( 4) ROI. Since we used a mixed-effects modelling approach on the epoch-based description of the data: there was no within-subject averaging. We performed separate analyses for the encoding and the test phases of the experiment.

We used the period during which participants are transported along the street before the arrival at the intersection (i.e., prestimulus period) as a baseline for cortical activity during scene observation.

We defined the baseline activity independently for each variable of interest, frequency and subject and we computed it as the grand average of the prestimulus period from all epochs. We removed baseline activity from each epoch data using a gain (i.e., divisive) model. We then randomly drew samples from the prestimulus period to build surrogate baseline epochs and statistically compare real epochs with baseline-level activity.

We used log-transformed data for statistical analysis as ERSP sample distribution has a better accordance with Gaussian distribution in that space [START_REF] Grandchamp | Single-Trial Normalization for Event-Related Spectral Decomposition Reduces Sensitivity to Noisy Trials[END_REF]. To investigate the specificity of ERSPs to the variables of interest within each ROI (age, condition, and their interaction), we performed a statistical analysis using a non-parametric unpaired permutation test based on the maximum cluster-level statistic [START_REF] Maris | Nonparametric statistical testing of EEG-and MEG-data[END_REF]) with 1,000 permutations. We used linear mixed-effects modelling to evaluate the statistical significance at the "pixel" level (spectral power at a given time-frequency pair) for a given permutation. In the encoding model, we considered participants and instances of the virtual environment as random intercepts and age, condition, sex, block, VMA and the interaction between age and condition as fixed effects. In the test model, we kept the same random effects structure and we included trial type (repeated vs. new), number of errors and their respective interaction with age as additional fixed effects.

We fit a model for each pixel, and we evaluated the contribution of the variable of interest to the model by computing its associated F-statistic. For variables with more than 2 levels, we also extracted pairwise F-statistics. We selected pixels with an F-value above the 95th quantile of the cumulative F-distribution and we clustered them by neighbourhood. The cluster-level F-value was the cumulated F-value from all pixels included in the cluster. We then formed the distribution of observed maximum clustered F-values across permutations to compute the Monte Carlo p-value for the original repartition. We performed a paired permutation test to assess the statistical significance of ERSP activity for each level of the variables of interest with respect to its corresponding surrogate baseline. Here, we considered participants as random intercepts and original vs. surrogate epochs as a fixed effect. We set the initial significance level to p < 0.05, and

Bonferroni-corrected for variables with more than 2 levels.

In a follow-up analysis, we sought to investigate the time-resolved spectral activity across ROIs and age groups for all frequency bands: delta/theta (2-8 Hz), alpha (8)(9)(10)(11)(12), beta (12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26)(27)(28)(29)(30) and gamma (30)(31)(32)[START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF](34)[START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF][START_REF] Mahmood | Age differences in visual path integration[END_REF][START_REF] Malcolm | The aging brain shows less flexible reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging (MoBI) study[END_REF][START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF](39)[START_REF] Mustile | Mobile EEG reveals functionally dissociable dynamic processes supporting real-world ambulatory obstacle avoidance: Evidence for early proactive control[END_REF]. We averaged the ERSPs over the spectral dimension at the epoch level, yielding a time-course of mean spectral activity for each frequency band, ROI and age group. To study the influence of ROI in each age group on this signal, we performed a non-parametric paired permutation test based on the maximum cluster-level statistic [START_REF] Maris | Nonparametric statistical testing of EEG-and MEG-data[END_REF]) with 1,000 permutations. To evaluate the statistical significance at the sample level for a given permutation (mean spectral power at a given time), we used linear mixed-effects modelling for each age group independently. We considered participants and instances of the virtual environment as random intercepts and ROI, condition, sex, block, VMA, trial type, number of errors and the interaction between ROI and condition as fixed effects.

We fit a model for each sample, we estimated the F-statistic for ROI, and we extracted pairwise F-statistics. We selected the samples with an F-value above the 95th quantile of the cumulative Fdistribution and clustered them by neighbourhood. The cluster-level F-value was the cumulated F-value of all samples included in the cluster. Using the distribution of observed maximum clustered F-values across permutations, we found the Monte Carlo p-value for the original repartition. We set the significance level to p < 0.00104, Bonferroni-corrected for 24 (2 models x 4 frequency bands x 3 pairwise comparisons) two-sided comparisons.

Results

To elucidate the role of the vertical position of information for spatial navigation, we asked 42 participants (21 young and 21 older adults) to perform a desktop-based virtual navigation task as we tracked their gaze patterns and EEG signals. Participants' task was to learn the position of a goal in a square-like environment using the objects situated on the balconies and sidewalks at each intersection (Fig. 1). During the encoding phase, they watched videos of three trajectories to the goal. During the test phase, they viewed footage of multiple routes in the same environment and pressed a key upon arriving at each intersection to indicate the direction to the goal. We varied the position of navigationally-relevant information across three different conditions. In the UP condition, only objects situated on balconies could be used to orient, while in the DOWN condition, only objects situated on sidewalks could be used. In the MIX condition, on the other hand, both balcony and sidewalk items were relevant for navigation. The experiment comprised 3 blocks, each divided into UP, DOWN, and MIX conditions and concluded with an object recognition task. To test our hypotheses, we compared young and older subjects' behavioural performance, eye movement parameters and EEG activity across the three conditions of encoding and test phases of the navigational task. We used gaussian mixture modelling on participants' fixation data to precisely delineate the upper and lower AOIs and to conduct statistics on these regions (Fig. 4.1.1b). We investigated dynamic cortical correlates of scene observation in the three ROIs (OPA, PPA, MPA) using ERSP analysis on source-reconstructed EEG data. We looked for significant patterns in the ERSPs and their variations across age groups and conditions within each ROI. Guided by the main contrasts of the latter results, we conducted follow-up analyses to delineate ROI differences per age group within specific frequency bands. 

Test phase

We then focused our analysis on participants' gaze patterns across all pre-decision intervals of the test phase. The latter correspond to the periods between arrival at the intersection and pressing a key to indicate the correct direction of travel. They were restricted to a maximum of 4 seconds even if participants took longer to make a decision. We ran separate linear mixed models to test the influence of age, condition, and sex on the proportion of time spent looking at the upper, lower, and central AOIs. We found no evidence to support a main effect of age (F (1,[START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF] = 0.072, p = 0.79, ηp 2 = 0.0019, 95 % CI = [0.00, 0.10]) on the proportion of upper dwell time.

There were, however, statistically significant influences of sex (F (1,[START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF] -32.34, -2.42], r = 0.17) and in older participants (V(183) = 11029, p < 0.001, median = 24.76, 95% CI [11.65, 37.40] , r = 0.27).

We ran additional linear mixed models to study the proportion of first fixations across all intersections of the test phase situated in the lower, upper, or central AOIs. We reported no statistical evidence for main effects of age (F(1, 39) = 1.09, p = 0. 

EEG activity in scene-selective regions differs across age groups and conditions

To enable the most accurate spatial allocation of EEG activity, we relied on a fMRI informed source reconstruction model tailored to each participant (Cottereau, Ales andNorcia, 2012, 2015).

Individual data included MRI anatomical scans for head and brain structure, a fMRI localiser task for scene-selective regions (Ramanoël et al., 2020) and a 3D model of electrode positions coregistered with the anatomical MRI data. We solved the inverse problem using the L2-regularised minimum-norm estimation (MNE) model [START_REF] Hämäläinen | Magnetoencephalography theory, instrumentation, and applications to noninvasive studies of the working human brain[END_REF]. We conducted an ERSP analysis time-locked to the event of arriving at an intersection (t = 0 ms) and grouped by principal frequency bands (delta: <4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, beta: 12-30 Hz, gamma: >30 Hz).

We averaged the source-reconstructed power spectrum from both hemispheres to summarise bilateral ROI activity, as we did not have any hypothesis on lateralised effects. We reported average

ERSPs baselined with the activity preceding the arrival at the level of an intersection. This baseline corresponds to participants passively navigating through a street that is devoid of any relevant spatial information. We computed ERSP statistical differences with permutation tests based on the maximum cluster-level statistic [START_REF] Maris | Nonparametric statistical testing of EEG-and MEG-data[END_REF]) using 1,000 permutations. We set the initial significance level to p < 0.05, and Bonferroni-corrected for variables with more than 2 levels.

Encoding trials

The investigated ERSP activity during the encoding trials relates to the perception of the intersection and the objects contained within it. We allowed participants a fixed 4-second static observation period at each intersection to give them enough time to scan the whole scene and encode the spatial relationships between intersections (see Fig. 4.1.1d). We found ERSP activity during the encoding trials to be highly similar to that associated with the test trials, particularly with regards to the patterns of average activity and age-related differences. Worthy of note, there are half as many trials in the encoding phase as in the test phase, which increases statistical power in the latter. We therefore chose to only present results relative to test trials.

Test trials: ERSP activity in the ROIs

The investigated ERSP activity during test trials relates to the observation phase at the intersection prior to the navigational decision. Therefore, this static observation and decision period depended on the time it took for participants to choose the correct direction. To be consistent with the fixed observation time during the encoding trials, we inspected the first 4 seconds of cortical activity following arrival at the intersection. First, we found a sustained synchronisation in the delta/theta frequency band (2-8 Hz) across all ROIs in both age groups, starting 250 ms before event onset and sustained over the 4-second window (Figs. 4.1.4a, 4.1.5a, 4.1.6a). It was more pronounced during the first second of observation, particularly in the older adult group. Indeed, we reported a significant increase in synchronisation in the theta band between +100 ms and +750 ms after arrival at the intersection in the OPA (Fig. 4.1.4c) and MPA of older participants (Fig. 4.1.6c).

In all ROIs, we also observed significant differences in the lower frequency band between the conditions irrespective of the age group. In the OPA only, the theta synchronisation started earlier, 500 ms prior to arriving at the intersection, in the UP condition than in the DOWN condition (Fig. 4.1.4d). We also found a significant decrease of delta/theta synchronisation upon reaching the intersection in the UP condition with respect to DOWN and MIX conditions in all ROIs (Figs. 4.1.4d, 4.1.5d, 4.1.6d). This effect lasted until +750ms in the PPA and MPA but stopped at around +250 ms in the OPA. When analysing differences between the conditions within each age group, we revealed a significantly lower synchronisation in the UP condition than in the DOWN condition between -100 ms and +250 ms in the OPA (Fig. 4.1.4e) and MPA of young participants (Fig. 4.1.6e). Finally, we noted a significantly stronger synchronisation in the MIX condition than in the UP condition up until +750 ms in the MPA of older adults only (Fig. 4.1.6e).

between age groups, irrespective of conditions. We indicate the direction of the difference above each graph (e.g., for the graph entitled "OLDER-YOUNG", we subtracted the average signal for the young adults from the average signal for the older adults, such that a positive difference means more power in the older group than in the young group and a negative difference means less power in the older group than in the young group). We only display statistically significant differences (p < 0.05). d. Differences between conditions, irrespective of age groups. We only display statistically significant differences (p < 0.0083, Bonferroni-corrected for 3 two-sided comparisons). e. Differences between conditions within each age group. We only display statistically significant differences (p < 0.0041, Bonferroni-corrected for 6 two-sided comparisons).

Commonly to both age groups and all ROIs (Figs. 4.1.4a, 4.1.5a, 4.1.6a), we found a strong desynchronisation spanning the beta band between -500 ms and +500 ms around the event of arriving at the intersection. Notably, after +200 ms this desynchronisation was significantly more pronounced in older adults than in young adults for all ROIs (Figs. 4.1.4c, 4.1.5c, 4.1.6c). While the beta desynchronisation continued after +500 ms in the older group, we observed an inversion leading to a strong power synchronisation in the young group (Figs. 4.1.4a, 4.1.5a, 4.1.6a). This age-related divergence between activity patterns remained consistent until the end of the 4-second window (Figs. 4.1.4c, 4.1.5c, 4.1.6c). In the three ROIs of young participants, and particularly in the OPA, a significant low gamma band (30)(31)(32)[START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF](34)[START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF][START_REF] Mahmood | Age differences in visual path integration[END_REF][START_REF] Malcolm | The aging brain shows less flexible reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging (MoBI) study[END_REF][START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF](39)[START_REF] Mustile | Mobile EEG reveals functionally dissociable dynamic processes supporting real-world ambulatory obstacle avoidance: Evidence for early proactive control[END_REF] synchronisation accompanied the age-specific beta band synchronisation (Figs. 4.1.4a, 4.1.5a, 4.1.6a). This activity remained significantly more synchronised in young adults than in older adults between +500 ms and +2500 ms (Figs. 4.1.4c, 4.1.5c, 4.1.6c).

Differences between conditions were more specific to the ROI in this range of frequencies than in lower frequencies. In the OPA (Fig. 4.1.4d) and MPA (Fig. 4.1.6d), we found a significantly greater desynchronisation in the low beta band (12)(13)(14)(15)(16)(17)(18)(19)(20) for the UP condition than for the DOWN condition around the synchronising event. Breaking down the analysis within age groups, we reported that this significant difference was mostly attributable to young participants (Figs. 4.1.4e, 4.1.6e). In the OPA just before +500 ms, we also noted a significantly greater beta band desynchronisation in the DOWN and MIX conditions compared to the UP condition (Fig. 4.1.4d).

In the MPA between +500 ms and +1000 ms, there was a significantly more pronounced beta band desynchronisation in the MIX condition than in the UP and DOWN conditions (Fig. 4.1.6d).

Finally, we found a more sustained beta band desynchronisation in the MIX condition than in the DOWN condition between +500 ms and +1000 ms, in the OPA, PPA and MPA of older participants (Figs. 4.1.4e, 4.1.5e, 4.1.6e).

Test trials: Mean ERSP per frequency band across ROIs

In a follow-up analysis of activity during the test phase, we sought to compare time-resolved spectral activity between ROIs. We grouped the ERSP activity by frequency band: delta/theta (2)(3)(4)(5)(6)(7)(8), alpha (8)(9)(10)(11)(12), beta (12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26)(27)(28)(29)(30), and low gamma (30)(31)(32)[START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF](34)[START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF][START_REF] Mahmood | Age differences in visual path integration[END_REF][START_REF] Malcolm | The aging brain shows less flexible reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging (MoBI) study[END_REF][START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF](39)[START_REF] Mustile | Mobile EEG reveals functionally dissociable dynamic processes supporting real-world ambulatory obstacle avoidance: Evidence for early proactive control[END_REF]. Within each frequency band we averaged the ERSPs over the spectral dimension, yielding a time-course of mean spectral activity for each ROI across conditions. Using an independent model for each age group, we then performed pairwise statistical analysis with paired permutation tests based on the maximum cluster-level statistic using 1,000 permutations. We set the significance level to p < 0.00104, Bonferroni-corrected for 24 two-sided comparisons. We displayed results pertaining to the alpha band in Fig. S4.1.1 due the absence of significant activity observed in this frequency range in the previous analysis.

In the lowest frequencies, we observed a strong increase in power synchronisation around the time of arrival at the intersection across all ROIs and in both age groups (Fig. 4.1.7a,b). In the OPA and MPA only, we found the peak of synchronisation to be significantly higher and sharper in young participants compared to older participants (Figs. 4.1.4c, 4.1.6c). In the young group, we reported the delta/theta burst of activity to be earlier and more transient in the OPA than in other

ROIs. The synchronisation in this region fell significantly below that found in the PPA and MPA during the first 1.5 seconds of observation (Fig. 4.1.7a). In the older group, the peak width and latency was similar across ROIs, but the amplitude of the power synchronisation was significantly higher in the MPA than in the OPA and PPA. Moreover, we found that in older participants there was a sustained delta/theta synchronisation until the end of the observation window that was significantly more important in the PPA and MPA than in the OPA (Fig. 4.1.7b).

used linear mixed-effects modelling. We examined pairwise differences between ROIs for each age group (6 comparisons). Significant differences reflect clusters with a Monte Carlo p-value below 0.00104 (Bonferroni-corrected for 24 two-sided comparisons) a. ERSP activity averaged over the delta/theta band (2)(3)(4)(5)(6)(7)(8) in the young group. b. ERSP activity averaged over the delta/theta band in the older group. c. ERSP activity averaged over the beta band (12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26)(27)(28)(29)(30) in the young group. d. ERSP activity averaged over the beta band in the older group. e. ERSP activity averaged over the low gamma band (30)(31)(32)[START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF](34)[START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF][START_REF] Mahmood | Age differences in visual path integration[END_REF][START_REF] Malcolm | The aging brain shows less flexible reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging (MoBI) study[END_REF][START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF](39)[START_REF] Mustile | Mobile EEG reveals functionally dissociable dynamic processes supporting real-world ambulatory obstacle avoidance: Evidence for early proactive control[END_REF] in the young group. f. ERSP activity averaged over the low gamma band in the older group.

In the beta band, we observed a strong desynchronisation starting 1s prior to the arrival at the intersection and peaking at around +250 ms in both age groups (Fig. 4.1.7c,d). The peak of desynchronisation was slightly delayed but deeper in older adults than in young adults across all ROIs (Figs. 4.1.4c, 4.1.5c, 4.1.6c). However, this early beta desynchronisation was less pronounced in the PPA than in the OPA and MPA in both age groups (Fig. 4.1.7c,d). After +750 ms, in older participants the beta desynchronisation slowly went back to baseline, particularly in the OPA and MPA (Fig. 4.1.7d). In young participants, we noted an inversion around +500 ms, leading to a strong beta synchronisation in all ROIs. Although the activity pattern after +500 ms was more similar between the OPA and the MPA, we reported significant differences between all pairs of ROIs until the end of the observation window. Overall, the beta synchronisation was strongest in the OPA and weakest in the PPA, with an intermediate activity in the MPA (Fig. 4.1.7c).

In the low gamma band, we previously reported a significant synchronisation shortly after the arrival at the intersection that was specific to the OPA and MPA of young participants (Figs. 4.1.4a, 4.1.5a, 4.1.6a). The low gamma band activity was significantly more synchronised in the OPA than in the MPA and PPA for the whole course of the observation period in young participants. Gamma synchronisation in the MPA was significantly stronger than in the PPA during the [+500; +2500 ms] period (Fig. 4.1.7e). We revealed a similar trend in the older participant group, albeit on a smaller scale (Fig. 4.1.7f). Gamma synchronisation was strongest in the OPA and weakest in the PPA, with the MPA in between (Fig. 4.1.7e,f).

Discussion

This work brings together an unprecedented set of tools to shed light on how the vertical position of objects ties in with navigational behaviour in young adulthood and healthy ageing. We found that young adults' equivalent performance across conditions echoed with an adaptation of their gaze patterns to the position of relevant cues in the environment. On the contrary, older adults displayed impaired navigational behaviour in all conditions and a systematic oculomotor bias for objects in the lower AOI. Source-reconstructed EEG activity revealed extensive agerelated differences in the OPA, PPA and MPA. Moreover, we found that the scene-selective regions of young and older adults displayed theta and beta band specificities for environments that contained relevant cues only in the upper AOI.

Healthy ageing is associated with a downward bias in gaze dynamics

We first revealed similar behavioural performance in young participants across conditions.

We argue that young adults' navigational behaviour is malleable to variations in the vertical location of relevant objects. This finding is coherent with recorded gaze metrics. Indeed, the distribution of first fixated AOIs highlighted that young adults divided their initial fixations equivalently between lower, central and upper portions of the screen throughout the encoding phase. Along the same lines, young participants spent less time looking at the upper AOI in the DOWN condition than in the other two conditions during the test trials, conveying the idea that their gaze patterns adapted to the condition. These results are in accordance with research showing that the cognitive demands of the task at hand drive the oculomotor patterns in young adulthood [START_REF] Jovancevic-Misic | Adaptive gaze control in natural environments[END_REF][START_REF] De Condappa | Human place and response learning: navigation strategy selection, pupil size and gaze behavior[END_REF][START_REF] Grzeschik | The contribution of visual attention and declining verbal memory abilities to age-related route learning deficits[END_REF]. For example, young adults spend more time gazing at landmarks located at decision points than at non-relevant objects [START_REF] Hamid | Gaze patterns in navigation: Encoding information in large-scale environments[END_REF]. In line with numerous accounts of navigational deficits in healthy ageing, we found that older adults made significantly more errors on the task than their younger counterparts (Moffat, 2009;[START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: Insights from imaging and behavioral studies[END_REF]Lester et al., 2017). We reported that strategy correlated with behaviour and that few older participants used a map-based strategy to get their bearings in the square-shaped virtual environment. They also displayed better wayfinding skills on repeated routes than on new ones suggesting a sequence-based route learning strategy. A large body of literature has indeed established that difficulties in creating and using cognitive maps for orientation are characteristic of healthy ageing [START_REF] Moffat | Age differences in the neural systems supporting human allocentric spatial navigation[END_REF][START_REF] Wiener | Route repetition and route retracing: Effects of cognitive aging[END_REF][START_REF] Allison | Route repetition and route reversal: Effects of age and encoding method[END_REF][START_REF] Wiener | A novel virtual-reality-based route-learning test suite: Assessing the effects of cognitive aging on navigation[END_REF], particularly in environments devoid of geometric information [START_REF] Bécu | Landmark-based spatial navigation across the human lifespan[END_REF]. The unsuccessful map use in ageing may have not been the only contributing factor to such navigational impairments. Indeed, older individuals reported using all 4 objects at intersections, confirming previous research that directing gaze patterns towards the informative part of a scene is frequently impacted in ageing [START_REF] Grzeschik | The contribution of visual attention and declining verbal memory abilities to age-related route learning deficits[END_REF][START_REF] Hilton | Are age-related deficits in route learning related to control of visual attention?[END_REF]. We hypothesise that older participants experienced visual working memory overload as navigationally-irrelevant objects competed with relevant ones [START_REF] Gazzaley | Age-related top-down suppression deficit in the early stages of cortical visual memory processing[END_REF][START_REF] Schmitz | Failing to ignore: Paradoxical neural effects of perceptual load on early attentional selection in normal aging[END_REF]. Such behavioural deficits resonate with the observed stereotyped oculomotor behaviour. Older participants' first fixations preferentially targeted the central AOI during the UP condition, neglecting the upper AOI. Moreover, the VMA index revealed that older adults spent more time looking at the lower half of the screen regardless of the condition. In contrast to young participants who modulated their attentional focus according to vertical position of relevant cues in the test phase, older participants displayed a systematic downward gaze bias.

Past studies revealed that older people tend to focus on lower portions of a visual scene during locomotion [START_REF] Uiga | Acquiring visual information for locomotion by older adults: A systematic review[END_REF][START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF]. In real-life settings, fixations directed towards the lower field could aid in anticipating stepping patterns, planning trajectories and encoding the geometric layout of the space. Moreover, recent work shed light on an age-related spatial memory deficit that was specific to the upper visual field [START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. We speculate that the observed vertical shift, apparent both in natural and desktop-based conditions, could represent a default state aimed at minimising task error in ageing.

4.1.5.2

A specific neural pattern in the OPA, PPA and MPA during the UP condition

The EEG signatures around the time of arrival at the intersection were equivalent in both age groups. We found strong beta desynchronisation along with the transient theta synchronisation in all ROIs, in line with a previous study that had participants recalling spatial relationships between objects [START_REF] Rondina | Age-related changes to oscillatory dynamics during maintenance and retrieval in a relational memory task[END_REF]. We thus argue that this pattern of cortical activity reflects visual processing of a scene and the objects contained within it. According to the status quo theory, beta band desynchronisation in sensory areas is a sign of disruption of the internal state by a strong exogenous stimulation [START_REF] Engel | Beta-band oscillations -signalling the status quo?[END_REF]. Moreover, multiple reports demonstrate that transient parietal and medial temporal theta synchronisation accompany the processing of landmarks in paradigms assessing spatial cognition [START_REF] Kober | Sex differences in human EEG theta oscillations during spatial navigation in virtual reality[END_REF][START_REF] White | Brain Oscillatory Activity during Spatial Navigation: Theta and Gamma Activity Link Medial Temporal and Parietal Regions[END_REF].

Across both age groups, we also observed that the pattern of theta synchronisation and beta desynchronisation was different in the UP condition than in the DOWN and MIX conditions.

This result hints at a specificity of the UP condition; the absence of navigationally-relevant objects in the lower half of a scene seems to impact the activity of scene-selective regions. With regards to the fact that all 3 conditions contained an equal quantity of visual information, we emphasise that the vertical position of information useful for navigation modulates cortical signals in sceneselective systems. The vertical retinotopic preferences of the OPA and PPA cannot explain the latter finding as all three ROIs exhibited similar EEG signatures during the UP condition [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF]. Nonetheless, early stages of visual processing are tuned to the typical vertical position of objects within the visual field [START_REF] Kaiser | Typical retinotopic locations impact the time course of object coding[END_REF]. For example, the upper visual field provides orienting information from distal and large immovable objects whereas the lower visual field frequently contains smaller objects and obstacles [START_REF] Greene | Statistics of high-level scene context[END_REF][START_REF] Hafed | Sharper, Stronger, Faster Upper Visual Field Representation in Primate Superior Colliculus[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF][START_REF] Saleem | Two stream hypothesis of visual processing for navigation in mouse[END_REF]. In our paradigm, we removed distal information by introducing fog which forced participants during the UP condition to orient using proximal objects on balconies. It is therefore conceivable that such condition-associated differences emerged from the atypical scene grammar of intersections in the UP condition. We highlight that this pattern was consistent between age groups, in accordance with a recent report providing evidence for a robust object-scene congruency effect in the OPA and PPA across the lifespan [START_REF] Rémy | Age effects on the neural processing of object-context associations in briefly flashed natural scenes[END_REF]. Further research should seek to elucidate the mechanisms that confer the UP condition its specificity.

Age-related differences in oscillatory dynamics reflect discrepancies in attentional processing

Despite these initial similarities, after +500 ms, we reported striking disparities in cortical activity patterns between young and older participants across conditions. The young group displayed a sudden and sustained beta/gamma synchronisation which was absent in the older group. This activity has been associated with tasks that require an effort to maintain the current cognitive state [START_REF] Deiber | Distinction between Perceptual and Attentional Processing in Working Memory Tasks: A Study of Phase-locked and Induced Oscillatory Brain Dynamics[END_REF][START_REF] Engel | Beta-band oscillations -signalling the status quo?[END_REF]. A previous study has also shown that beta band synchronisation over the occipital cortex is a marker of visual attentional processes and that healthy older adults demonstrate a specific reduction of this oscillatory pattern [START_REF] Gola | EEG beta band activity is related to attention and attentional deficits in the visual performance of elderly subjects[END_REF]. Similarly, there is converging evidence that gamma oscillations in parieto-occipital regions promote sharper visuospatial attention [START_REF] Jensen | Human gamma-frequency oscillations associated with attention and memory[END_REF]. We interpret this agespecific beta/gamma synchronisation as a sign of top-down modulation, possibly highlighting the reactivation of pre-existing visual representations [START_REF] Osipova | Theta and Gamma Oscillations Predict Encoding and Retrieval of Declarative Memory[END_REF]. In our opinion, the absence of such a component in the activity of scene-selective regions in older adults might relate to their inability to compare incoming visual information with internal spatial representations. In the older group, instead of the sudden beta synchronisation, we found the initial beta desynchronisation and delta/theta synchronisation to persist until the end of the time window.

The intensity of cognitive processing positively correlates with delta power [START_REF] Harmony | The functional significance of delta oscillations in cognitive processing[END_REF][START_REF] Güntekin | Review of evoked and event-related delta responses in the human brain[END_REF]. In addition, evidence points towards the amplitude of theta synchronisation in temporal regions being associated with impaired, more effortful, spatial encoding [START_REF] Fellner | Spatial Mnemonic Encoding: Theta Power Decreases and Medial Temporal Lobe BOLD Increases Co-Occur during the Usage of the Method of Loci[END_REF][START_REF] Rondina | Age-related changes to oscillatory dynamics during maintenance and retrieval in a relational memory task[END_REF]. We speculate that the EEG signals in the older group compared with the young group demonstrate prolonged and stronger bottom-up processing evoked by the arrival at the intersection. The sustained synchronised theta power and desynchronised beta power observed in older participants resonate with a recent study putting forward the possibility that this activity underpins the recollection of superfluous contextual details [START_REF] Strunk | Age-related changes in neural oscillations supporting context memory retrieval[END_REF]. In further support of this hypothesis, we noted the greatest beta desynchronisation in the condition characterised by the higher number of relevant objects for navigation in the older group (i.e., the MIX condition). Healthy ageing correlates with an increased reliance on non-pertinent information, a process known as hyper-binding [START_REF] Kim | Aging and a benefit of distractibility[END_REF][START_REF] Campbell | Hyper-Binding[END_REF]. Hyper-binding originates from a failure of the inhibition mechanisms that regulate attention. Taken together, these results shed light on agerelated modifications of attentional mechanisms that may have impeded efficient visual processing and ultimately hindered the formation of adequate spatial representations in older participants.

Three distinct scene-selective systems

The present study aligns with extensive research highlighting functional dissociations between the OPA, PPA and MPA [START_REF] Epstein | Scene Perception in the Human Brain[END_REF][START_REF] Dilks | Three cortical scene systems and their development[END_REF]. We did not find any evidence for age-related modulations of lower frequencies in the PPA. The PPA processes scene content and layout as the natural statistics of a scene explain a large proportion of its variance [START_REF] Bonner | Object representations in the human brain reflect the cooccurrence statistics of vision and language[END_REF][START_REF] Chaisilprungraung | Scene" from inside: The representation of Observer's space in high-level visual cortex[END_REF][START_REF] Dwivedi | Unraveling Representations in Scene-selective Brain Regions Using Scene-Parsing Deep Neural Networks[END_REF][START_REF] Aminoff | Scene-selective brain regions respond to embedded objects of a scene[END_REF]. The comparable delta/theta synchronisation in the PPA across age groups lends credence to the idea that older adults can adequately extract visual information that is devoid of navigational purpose. In the OPA and MPA, however, we noted a stronger delta/theta synchronisation in older adults compared to young adults. The OPA is a major node in the network facilitating immediate visually guided navigation [START_REF] Dilks | Three cortical scene systems and their development[END_REF]. The conclusions from previous fMRI studies converge to suggest that OPA activity increases with age in response to spatial navigation difficulties [START_REF] Lithfous | Reduced parahippocampal theta activity during spatial navigation in low, but not in high elderly performers[END_REF]Ramanoël et al., 2020). In a more complex cognitive task requiring the formation of a mental map, older adults demonstrated an elevated recruitment of the OPA and MPA in tandem [START_REF] Diersch | Increased Hippocampal Excitability and Altered Learning Dynamics Mediate Cognitive Mapping Deficits in Human Aging[END_REF]. Although we lack converging evidence across brain regions, the BOLD response and theta power have been positively correlated during human navigation in the parahippocampal cortex [START_REF] Ekstrom | Correlation Between BOLD fMRI and Theta-Band Local Field Potentials in the Human Hippocampal Area[END_REF]. In this light, we speculate that the increased theta synchronisation in the OPA and MPA of older adults fits with the fMRI literature and confirms a compensatory role for the OPA during spatial navigation in healthy ageing. In the younger group, we also noticed that the peak of theta synchronisation was earlier and more transient in the OPA than in the other ROIs. This finding is consistent with the claim that the OPA can rapidly extract local scene information in order to guide deliberate gaze exploration during prolonged scene viewing [START_REF] Malcolm | Transcranial Magnetic Stimulation to the Occipital Place Area Biases Gaze During Scene Viewing[END_REF][START_REF] Suzuki | Two scene navigation systems dissociated by deliberate versus automatic processing[END_REF]. Our study thus emphasises the distinct roles of the PPA and OPA and it provides further confirmation of the OPA's function in automatic scene parsing for immediate navigational purposes [START_REF] Harel | Early Electrophysiological Markers of Navigational Affordances in Scenes[END_REF]. Further distinguishing the 3 sceneselective regions, we reported the late-stage synchronisation of higher frequencies in young adults to be ROI-specific. Indeed, the OPA and PPA exhibited the most and least synchronised activity respectively, while the MPA found itself in the middle. We argue that this continuum of synchrony may correlate with the amount of connectivity with other brain areas at intersections, as gamma band oscillations structure communication between regions [START_REF] Lachaux | The many faces of the gamma band response to complex visual stimuli[END_REF][START_REF] Fries | Rhythms for Cognition: Communication through Coherence[END_REF]. In a recent study, researchers observed that the retrosplenial cortex, but not the parahippocampal region, cooperated actively with the hippocampus and prefrontal cortex during map-based navigation [START_REF] Qi | Task-related connectivity of decision points during spatial navigation in a schematic map[END_REF]. Despite a paucity of research delving into the connectivity of the OPA, its role in identifying immediately navigable paths is essential to inform navigational decisions (Bonner andEpstein, 2017, 2018;[START_REF] Patai | Human Navigation: Occipital Place Area Detects Potential Paths in a Scene[END_REF]. It thus seems reasonable to speculate that the OPA communicates with an extended cerebral network [START_REF] Baldassano | Pinpointing the peripheral bias in neural sceneprocessing networks during natural viewing[END_REF][START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF]. We stress that shedding light on how neural oscillations in the scene-selective systems mediate the use of spatial representations for wayfinding is a critical next step in the field [START_REF] Kunz | Mesoscopic Neural Representations in Spatial Navigation[END_REF].

Limitations and perspectives

From a methodological standpoint, we must highlight that although the source reconstruction model provides a fine-tuned localisation of scene-selective regions, spatial precision is incomparable to that of an fMRI study. This is particularly true for deep cortical regions as increasing depth correlates with a decrease in synchronisation of the highest frequency band. It is conceivable that the lesser synchronisation reported in high frequencies for the PPA may stem from its location in deep structures of the brain. We note that this drawback does not affect low frequency bands. A second methodological consideration pertains to the choice of baseline for the EEG analysis. The baseline corresponded to a period devoid of task-relevant visual information, when participants moved passively along the street. We thus compare the intersection observation period to a phase that called for optic flow processing. The latter may have confounded reported differences between ROIs as the OPA represents self-motion information to a greater extent than the MPA and PPA [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Sulpizio | A common neural substrate for processing scenes and egomotion-compatible visual motion[END_REF]. Optic flow emanates primarily from the lower visual field which may have primed the processing of objects on sidewalks [START_REF] Saleem | Two stream hypothesis of visual processing for navigation in mouse[END_REF]. Furthermore, young adults were quicker than older adults to make the correct navigational decision in the test phase, such that they resumed to passive navigation within the 4second window more often. We acknowledge that age-related differences in EEG activity may have been influenced in part by this behavioural disparity. A final limitation to this study relates to task design. Indeed, we believe that the difficulty of the paradigm prevented behavioural differences between conditions from emerging in older participants. Interestingly, top performers in the older group made fewer navigational errors in the DOWN and MIX conditions than in the UP condition. We put forward the hypothesis that, with an easier wayfinding task, the vertical shift in gaze behaviour would have translated into a greater difficulty to orient in the UP condition in ageing. Future studies could design an immersive task that would increase the availability of multisensory cues and as a consequence facilitate performance in older adults [START_REF] Adamo | Age differences in virtual environment and real world path integration[END_REF].

Finally, a virtual reality or real-world protocol in combination with mobile EEG would confer greater ecological validity while preserving access to the neural correlates of spatial cognition [START_REF] Delaux | Mobile brain/body imaging of landmark-based navigation with high-density EEG[END_REF][START_REF] Djebbara | The brain dynamics of architectural affordances during transition[END_REF][START_REF] Do | Human brain dynamics in active spatial navigation[END_REF][START_REF] Liang | Common and Distinct Roles of Frontal Midline Theta and Occipital Alpha Oscillations in Coding Temporal Intervals and Spatial Distances[END_REF].

Conclusion

The present study reached two main conclusions. First, it revealed age-related disparities in beta/gamma band synchronisation within scene-selective regions concurring with a deficient regulation of attentional mechanisms during navigation in ageing. Second, it highlighted the need to consider vertical position as an essential object property for spatial navigation throughout adulthood. Older adults exhibited a systematic bias for downward fixations. We stress that vertical biases in eye movements in healthy ageing may have detrimental consequences on wayfinding abilities as relevant cues are not uniformly distributed across the visual field. A gaze bias for the lower portion of a scene may prevent the formation of adequate spatial representations by hindering the capacity of older adults to anchor their position to larger immovable landmarks.

Finally, in both age groups, orienting with objects situated in the upper portion of the screen modified neural activity in scene-selective regions. We argue that the OPA, PPA, and MPA have a significant role to play in parsing information across vertical hemifields. Further research is required to confirm this coding property across imaging modalities and to elucidate its behavioural correlates across the lifespan.

Abstract

Position within the environment influences the navigational relevance of objects. However, the possibility that vertical position represents a central object property has yet to be explored.

Considering that the upper and lower visual fields afford distinct types of visual cues and that scene-selective regions exhibit retinotopic biases, it is of interest to elucidate whether the vertical location of visual information modulates neural activity in these high-level visual areas. The OPA, PPA and MPA demonstrate biases for the contralateral lower visual field, contralateral upper visual field, and contralateral hemifield, respectively. Interesting insights could also be gained from studying older adulthood as recent work points towards an age-related preference for the lower visual field. In the present study, young and older participants learned the position of a goal in a virtual environment that manipulated two variables: the vertical position of navigationally-relevant objects and the presence of non-relevant objects. Results revealed that all three scene-selective regions parsed the vertical position of useful objects independently of their subtending retinotopic biases. It therefore appears that representations in the higher-level visual system combined information about vertical position and navigational value for wayfinding purposes. This property was maintained in healthy ageing emphasising the enduring significance of visual processing along the vertical dimension for spatial navigation abilities across the lifespan.

Introduction

Successful wayfinding in humans is dependent upon intricate processing to perceive and interpret available visual stimuli in a spatially meaningful way. Indeed, visual cues such as objects can act as anchoring points to enable the encoding of spatial relations and the formation of unified mental representations of the environment [START_REF] Epstein | The cognitive map in humans: spatial navigation and beyond[END_REF]. Among the multitude of properties that influence the navigational relevance of visual information, location in space has garnered much attention [START_REF] Chan | From objects to landmarks: The function of visual location information in spatial navigation[END_REF]. Behavioural and neuroimaging studies have shown that objects at positions that require a decision to be made, such as intersections, are of considerable importance for adequate navigation performance [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Janzen | Memory for object location and route direction in virtual large-scale space[END_REF]. Proximity of objects to a boundary or to a target location also tend to facilitate the use of visual information for wayfinding purposes [START_REF] Waller | Landmarks as beacons and associative cues: Their role in route learning[END_REF][START_REF] Buckley | The effects of spatial stability and cue type on spatial learning: Implications for theories of parallel memory systems[END_REF][START_REF] Grzeschik | From repeating routes to planning novel routes: the impact of landmarks and ageing on route integration and cognitive mapping[END_REF]. In addition, while landmarks situated in near-distance (i.e., proximal space)

to the observer allow for immediate visually guided navigation, those in far-distance (i.e., distal space) enable map-like orientation [START_REF] Padilla | Sex differences in virtual navigation influenced by scale and navigation experience[END_REF][START_REF] Jabbari | Vestibular cues improve landmark-based route navigation: A simulated driving study[END_REF][START_REF] Jabbari | Testing landmark-specific effects on route navigation in an ecologically valid setting: a simulated driving study[END_REF]. Despite a wealth of research emphasising the pertinence of object location for navigation, one critical aspect that remains uncharted is position within the vertical space.

The vertical position of information for spatial navigation is worthy of interest for three reasons.

First, visual information is not processed homogeneously across the visual field. The human upper and lower visual fields exhibit striking functional disparities as the former allows for enhanced visual search and object identification [START_REF] Previc | Target-tilt and vertical-hemifield asymmetries in free-scan search for 3-D targets[END_REF][START_REF] Pflugshaupt | Linking physiology with behaviour: Functional specialisation of the visual field is reflected in gaze patterns during visual search[END_REF][START_REF] Feng | Upper visual field advantage in localizing a target among distractors[END_REF] and the latter favours acute visual acuity, contrast sensitivity and hue discrimination [START_REF] Skrandies | The Upper and Lower Visual Field of Man: Electrophysiological and Functional Differences[END_REF][START_REF] Carrasco | Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size[END_REF][START_REF] Levine | The relative capabilities of the upper and lower visual hemifields[END_REF]. These vertical asymmetries have ramifications on cognitive abilities that are essential to spatial navigation. For example, performance on item relocation and memory tasks is improved when stimuli are presented in the lower visual field [START_REF] Genzano | Upper/lower visual field asymmetry on a spatial relocation memory task[END_REF][START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. Second, visual cues within the upper and lower visual fields naturally carry distinct functions for wayfinding. The upper visual field is primarily associated with stable and immovable objects such as monuments or large advertising signs. The latter make up the building blocks for the creation of mental maps. The lower visual field encloses small moving objects and navigational affordance information, the processing of which is indispensable to avoid obstacles and to guide immediate movements [START_REF] Greene | Statistics of high-level scene context[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF][START_REF] Bonner | Computational mechanisms underlying cortical responses to the affordance properties of visual scenes[END_REF]. Third, recent work uncovered that visual field maps are ubiquitous throughout the brain [START_REF] Knapen | Topographic connectivity reveals task-dependent retinotopic processing throughout the human brain[END_REF][START_REF] Groen | Visuospatial coding as ubiquitous scaffolding for human cognition[END_REF][START_REF] Steel | A retinotopic code structures the interaction between perception and memory systems[END_REF]. They were first identified in early visual areas with V1 exhibiting an inverted contralateral visual field representation and ventral and dorsal V2 and V3 areas comprising representations of the upper or lower contralateral visual field respectively [START_REF] Wandell | Visual field maps in human cortex[END_REF][START_REF] Wang | Probabilistic maps of visual topography in human cortex[END_REF][START_REF] Benson | Bayesian analysis of retinotopic maps[END_REF]. Such visual field maps extend from the early visual cortex to key regions of the human spatial navigation network including the occipital place area (OPA), parahippocampal place area (PPA), medial place area (MPA) and hippocampus [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF][START_REF] Silson | Representation of Contralateral Visual Space in the Human Hippocampus[END_REF][START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF]. The OPA, PPA and MPA are ventromedial posterior regions that shape the human scene-selective network.

All three regions are broadly involved in scene perception, spatial navigation and the processing of visual cues, but they each harbour specific functions. The OPA is situated on the dorsal stream, and it processes visual information that serves immediate navigational purposes such as obstacles, affordances, boundaries and egocentric distance [START_REF] Julian | The Occipital Place Area Is Causally Involved in Representing Environmental Boundaries during Navigation[END_REF][START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF][START_REF] Henriksson | Rapid Invariant Encoding of Scene Layout in Human OPA[END_REF][START_REF] Park | Coding of navigational distance and functional constraint of boundaries in the human scene-selective cortex[END_REF].

Moreover, the OPA displays a contralateral lower retinotopic bias [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF]. The PPA is located on the ventral stream, it is selectively engaged during scene categorisation and represents the summary statistics of scene content [START_REF] Troiani | Multiple object properties drive scene-selective regions[END_REF][START_REF] Park | Conjoint representation of texture ensemble and location in the parahippocampal place area[END_REF][START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF][START_REF] Bonner | Object representations in the human brain reflect the cooccurrence statistics of vision and language[END_REF]. In contrast to the OPA, the PPA exhibits a retinotopic bias for information in the upper visual field [START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF]. Finally, the MPA (or RSC, see [START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF] within the medial parietal cortex subserves the formation of mapbased representations by encoding information such as facing direction and permanent landmark location [START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF][START_REF] Auger | A central role for the retrosplenial cortex in de novo environmental learning[END_REF][START_REF] Suzuki | Two scene navigation systems dissociated by deliberate versus automatic processing[END_REF]. Akin to the hippocampus, the MPA boasts a more general contralateral bias without any documented vertical preference [START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF][START_REF] Silson | Representation of Contralateral Visual Space in the Human Hippocampus[END_REF]. A missing piece of the puzzle pertains to understanding whether the roles of the underlying retinotopic preferences in the OPA, PPA and MPA interact with scene processing and task demands for spatial navigation. Indeed, if retinotopic biases have direct behavioural correlates, they should not only encode task-relevant information but also task-irrelevant information. Therefore, we wondered whether spatial representations of the environment could factor in information about the vertical position of visual cues within the visual field, and whether the coding of vertical position is contingent upon navigational relevance.

The above interrogations are of particular interest in older adulthood. New results are emerging to suggest that healthy ageing is associated with an increased reliance on information located in the lower visual field. Target detection, visual search and spatial memory are better performed when stimuli are presented in the lower visual field than in the upper visual field of older adults [START_REF] Brennan | Lifespan changes in attention revisited: Everyday visual search[END_REF][START_REF] Feng | Differential age-related changes in localizing a target among distractors across an extended visual field[END_REF][START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. Moreover, older individuals show a systematic downward gaze bias during navigation in real and virtual spaces [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF][START_REF] Koren | Older adults and stroke survivors are steadier when gazing down[END_REF]. Interestingly, recent neuroimaging evidence hints at the notion that age-related differences in spatial navigation could stem partly from disparities in the perceptual computations associated with landmark processing (Zhong and Moffat, 2018;Ramanoël et al., 2020;[START_REF] Grzeschik | From repeating routes to planning novel routes: the impact of landmarks and ageing on route integration and cognitive mapping[END_REF]. For example, a fMRI study found that older participants recruited the OPA to a greater extent than younger participants during a landmark-based navigation task (Ramanoël et al., 2020).

These results stress the intriguing possibility that OPA activity in ageing might reflect the agerelated preference for processing downward information, regardless of navigational relevance, in line with its underlying lower visual field bias.

The present study aimed at determining whether the OPA, PPA and MPA encoded information related to the vertical position of visual cues and whether this coding cared for navigational relevance. Specifically, we tested whether the vertical position of navigationally-relevant objects moderated the patterns of activity within scene-selective regions as a function of their retinotopic biases. We hypothesised that the OPA would show a preference for environments comprising cues in the lower visual field, regardless of their usefulness for navigation. We speculated that this effect in the OPA would be more pronounced in older adults than in young adults due to the downward processing bias that appears with age [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF][START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. Moreover, we hypothesised that the PPA would exhibit a preference for environments encompassing cues in the upper visual field, irrespective of their usefulness for navigation. We anticipated that the MPA would not demonstrate any vertical preference. Accordingly, we designed a fMRI-based reorientation task that modulated the vertical position and task relevance of objects in a singleintersection virtual environment. We analysed data using ROI-based univariate and multivariate pattern similarity analyses.

Materials and Methods

Participants

We enrolled 25 young and 26 older adults from the SilverSight cohort [START_REF] Lagrené | Healthy and pathological visual aging in a French follow-up cohort study[END_REF] to partake in the current experiment. Participants in this cohort undergo a battery of neuropsychological, ophthalmological, auditory, and vestibular tests to ascertain that they are within the normal age-matched ranges for cognitive and sensory function. Moreover, they need to have normal or corrected-to-normal eyesight. A questionnaire requires individuals to indicate their sex assigned at birth and to confirm no history of neurological or psychiatric disorders. As part of the neuropsychological evaluation, participants complete the MMSE [START_REF] Folstein | Mini-mental state". A practical method for grading the cognitive state of patients for the clinician[END_REF], the 3D mental rotation test (Vandenberg and Kuse, 1978), and the perspectivetaking task (Kozhevnikov and Hegarty, 2001). From the overall sample of 51 participants, we excluded 6 older adults due to poor task understanding and 1 young adult due to somnolence during the fMRI experiment. We therefore analysed data from a group of 24 young participants (M = 28.08, SD = 4.03) comprising 13 women and 11 men, and 20 older participants (M = 73.95, SD = 5.12) comprising 10 women and 10 men. Enrolled individuals received monetary compensation in the form of a 30€ gift voucher. The Ethics Committee "CPP Ile de France V"

reviewed and approved all experimental procedures (ID_RCB 2015-A01094-45, CPP N: 16122), and participants gave their written informed consent.

Virtual navigation task

We designed the virtual environment with Unity3D v2019.2 (Unity Technologies, Inc. San Francisco, California, USA). It depicted a four-way intersection from which started four streets lined with identical buildings and sidewalks, making them strictly indistinguishable from each other. The first floor of each building comprised a balcony. At the level of the intersection, the sidewalks and balconies formed 8 right angles in total onto which objects could be positioned. We defined four conditions according to two factors: the number of objects and the vertical position of navigationally-relevant objects. In Half conditions, the intersection contained a half set of objects located either on sidewalks (Half -DOWN) or on balconies (Half -UP). In Full conditions, the intersection contained a full set of objects with relevant objects located on sidewalks (Full -DOWN) or on balconies (Full -UP) and the 4 non-informative identical objects on balconies or sidewalks, respectively (Fig. 4.2.1). We used objects extracted from the Unity Asset Store based on their coherence with the virtual environment. We normalised the height of each item to 1 vm and attenuated salient colours and textures. Prior to participant recruitment, 5 independent examiners assessed the recognisability of objects. We replaced objects judged to be poorly discernible by a majority of the raters. We created 32 unique versions of the intersection, 8 per condition, each with a new set of objects. We created an additional 32 instances that flipped the position of objects from sidewalks to balconies and from balconies to sidewalks. We conducted this procedure in order for participants to see each object in both vertical positions thereby attenuating possible variability linked to specific objects. In total, there were 64 unique instances of the environment.

Each trial was characterised by a unique version of the intersection, and it consisted of 4 distinct phases. First, participants fixated a central white cross on a grey background for 2000 ms. Second, they performed the encoding phase of the navigation task. The latter projected participants into a first-person perspective and required them to observe a trajectory within the virtual environment.

They started at the level of the intersection where they stayed for 3000 ms to allow sufficient time for item encoding. Then, the trajectory resumed and made a left or right turn into the street. The trajectory stopped upon reaching the goal (i.e., a flower bouquet), 10 vm into the street. Third, we included an active baseline task lasting approximately 8000 ms that asked participants to count the number of times a central black dot turned red. This task served as the baseline level of brain activity for comparison with activity during the navigation task. Finally, they performed the test phase of the navigation task. They were re-projected into a first-person perspective of the environment, facing the intersection either from the same learned direction or from the opposite direction. They had 3400 ms to decide whether the goal was situated in the street to their right or to their left by pressing a key. We did not provide participants with any feedback. Upon trial completion, a new trial started with the fixation screen followed by navigation in a different intersection. During the encoding and test phases of the navigation task, we set participants' forward speed to 5 vm per second and rotation speed to 67° per second.

Functional localiser task

To precisely locate participants' scene-selective regions, they underwent a functional localiser task, equivalent to that employed by previous studies [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF](Ramanoël et al., , 2020)). It consisted of a block fMRI paradigm. We presented 900 x 900-pixel grayscale images subtending 18 x 18° of visual angle to participants for 400 ms. There was a 600-ms interval separating the presentation of each stimulus. We divided the experiment into 14 blocks lasting 20 s each. There were 4 blocks with photographs of objects, 4 blocks with scenes, 4 blocks with faces, 4 blocks scrambled objects and 4 blocks with a simple fixation cross. The order of blocks was pseudorandomised, but it remained the same between participants. We asked participants to fixate the centre of the screen throughout the task and to press a button on the response device when they perceived two consecutive photographs to be identical.

Procedure and apparatus

The experimental session began with a familiarisation session outside of the MRI. The practice comprised 16 trials with objects not included in the main task. Participants repeated the practice until they reached a score of 70%. Upon completion, participants underwent a single MRI session.

The latter comprised 8 runs of the navigation task with structural brain images taken halfway through and it ended with the functional localiser task. A single run consisted of 4 trials per condition (i.e., 16 trials in total) displayed pseudorandomly with the rule that no consecutive trials could be from the same condition. In total, participants engaged in 128 trials corresponding to two possible starting positions within each of the 64 environment instances. We presented the original and flipped versions of the intersection as well as the two starting positions from the same environment in a single run. We ensured that half of the trials tested participants from the opposite point of view as that learned during the encoding phase. One run had an approximate duration of 6.2 mins. We counterbalanced the order of runs between participants using a balanced latin square design. Following the experimental session, we sent a Google Form questionnaire for participants to complete at home. It probed their use of objects present at the intersection and of the strategy they deployed to encode the goal position.

We displayed the navigation and functional localiser tasks on a MRI-compatible liquid crystal display monitor (NordicNeuroLab, Bergen, Norway) that was positioned at the rear of the magnet bore. We presented stimuli from the navigation and functional localiser tasks and collected all responses in Nordic Aktiva v1. 

Behavioural analysis

We conducted the behavioural analyses using R version 4.0.3 in RStudio version 2022.12.0+353 (R Core Team, 2020; RStudio Team, 2022). We used the glmmTMB package implemented in R to fit the generalised linear mixed models. The latter package uses maximum likelihood estimation and the Laplace approximation for random effects. We first studied the number of correct answers given by participants during the test phases to assess their navigational performance. We conducted a binomial generalised linear mixed model and performed model selection using the AIC goodness-of-fit statistic to identify the best fixed-effects and randomeffects structure. The final model included condition, run number and age group as fixed effects along with participant and trial number as random intercepts. In accordance with guidelines pertaining to the modelling of reaction time data [START_REF] Lo | To transform or not to transform: using generalized linear mixed models to analyse reaction time data[END_REF], we performed a gamma generalised linear mixed model with a log link function to study the time it took participants to make a decision during the test phases. We detected and removed outliers from reaction time data using the interquartile range method. We built the model with condition, run number and age group as fixed effects and with participant and trial number as random intercepts. In addition, we used the post-experiment questionnaire to group participants into their preferred object position for orientation: sidewalks, balconies, or no preference. As an exploratory analysis, we performed a chi-squared test to verify whether the proportion of participants in each preference group differed between young and older adults.

FMRI data preprocessing and analysis

We analysed the imaging data using SPM12 (Wellcome Trust Centre for Neuroimaging, London UK, http://www.fil.ion.ucl.ac.uk/spm/) and custom codes in MATLAB R2022a. Before preprocessing, we discarded the first 4 scans from the localiser task to allow magnetisation to reach steady state equilibrium. We also discarded the first 5 and last 5 scans from each run of the virtual navigation task. Of note, we focused the fMRI analyses on the encoding and not the test phase of trials as the former engages navigational processes and it is devoid of motor and decisional components.

ROI definition

We analysed data from the functional localiser experiment in order to extract ROI masks for each participant. We first realigned all images to the first volume of the fMRI time series, and we co-registered the functional images to the high-resolution anatomical T1-weighted scan. We then computed the forward deformation field from the T1 image to the MNI space and used it to normalise the functional volumes. The following step consisted in resampling the images to a 3x3x3 mm voxel size by applying 4th degree B-spline interpolation. Finally, we smoothed the normalised volumes with an 8-mm FWHM Gaussian kernel. The preprocessing pipeline did not include slice timing correction as it is not recommended for multi-slice sequences [START_REF] Glasser | The minimal preprocessing pipelines for the Human Connectome Project[END_REF]. To analyse the preprocessed localiser data, we used GLM for block design with 5 regressors of interest convolved with the SPM canonical hemodynamic response function (HRF; i.e., double gamma function). The 5 regressors corresponded to the 5 stimuli categories: scenes, faces, objects, scrambled objects and fixation. We also included the 6 rotation and translation movement parameters in the design matrix and we high-pass filtered the time-series from each voxel (1/128

Hz cut-off). We extracted the individual t-maps from the fMRI contrast [Scenes > Faces + Objects]. We then identified significant clusters, comprising at least 10 voxels, using family-wise error correction (ɑ = 0.05, t-value > 4.8). We extracted the masks for the left and right OPA, PPA, and MPA as the 40 contiguous voxels with the highest t-values around the peak activation. We then merged the ROIs from both hemispheres to create 80-voxel bilateral ROIs. Finally, we used the inverse deformation field to convert each ROI back into participants' subject space and we resampled them to the voxel size of images from the navigation task (i.e., 3x3x3 mm).

Univariate analyses

In a first analysis, we explored the fMRI data using ROI-based univariate analyses to gain insights into the average activation levels and specific differences between conditions. We first submitted the EPI images to slice-timing correction and within-subject realignment. Specifically, we realigned the functional scans to the first acquired BOLD image from that run to account for head motion. We then co-registered the images to the participant's T1-weighted high-resolution structural image. Finally, we normalised the functional scans to the MNI space, and we applied spatial smoothing with an 8-mm FWHM Gaussian kernel. We implemented a motion scrubbing procedure using the CONN toolbox (Nieto-Castanon and Whitfield-Gabrieli, 2022). We computed the framewise displacement (FD) and we flagged volumes with FD > 0.9 mm, a common threshold in fMRI experiments with older populations [START_REF] Gbadeyan | Predicting response time variability from task and restingstate functional connectivity in the aging brain[END_REF][START_REF] Martin | Age-Dependent Contribution of Domain-General Networks to Semantic Cognition[END_REF]. We set the criterion that runs with less than 60% surviving volumes should be excluded from further analysis. As a consequence, we removed one run from an older participant. We fit the preprocessed data to subject-level GLMs with 18 regressors of interest for each run: (1) onsets and durations of the encoding phases from the 16 trials, (2) onsets and durations of the active baseline tasks from the 16 trials and (3) onsets and durations of the fixation phases from the 16 trials. We included the 3 rotation, and 3 translation movement parameters as confound regressors. We also added a volume-wise regressor that modelled out volumes that were flagged during motion scrubbing. We convolved the GLMs with a double gamma function in order to best describe the shape of the HRF and we high-pass filtered

(1/128 Hz cut-off) the time series from each voxel. In order to elucidate the patterns of activity within the OPA, PPA and MPA in relation to the experimental conditions, we extracted tactivation maps from the individual ROI masks for 6 different contrasts of interest. The main contrasts compared activity from the Half -UP, Half -DOWN, Full -UP, and Full -DOWN conditions to activity from the active baseline task. We also extracted activation differences between the Half -UP and Full -UP conditions and between the Half -DOWN and Full -DOWN conditions themselves. First, we implemented a linear mixed model to examine the effects of age group, ROI and condition on the t-maps associated with the 4 main contrasts. To further investigate the influence of the presence of non-informative objects, we conducted two separate linear mixed models with age group and ROI as fixed effects using the fMRI contrasts [Half -UP and Full -UP] and [Half -DOWN > Full -DOWN]. We included participants as a random intercept in all models.

Multivariate pattern similarity analyses

The main analysis of this study consisted in a multivariate pattern similarity analysis (MPS) using a Least-Squares Separate approach [START_REF] Mumford | Deconvolving BOLD activation in event-related designs for multivoxel pattern classification analyses[END_REF]. The latter enabled us to relate fine-grained patterns of activity across voxels to the cognitive processes subtending the encoding of information for navigation without interference from neighbouring task components. The preprocessing pipeline differed to that implemented for univariate analyses as it only included slicetiming correction, realignment and co-registration steps. We did not apply normalisation or spatial smoothing to the functional images as it is not traditionally performed for single-trial estimations [START_REF] Brown | Prospective representation of navigational goals in the human hippocampus[END_REF][START_REF] Zheng | Partially overlapping spatial environments trigger reinstatement in hippocampus and schema representations in prefrontal cortex[END_REF]. We estimated separate GLMs for each of the 128 trials with the encoding phase as a regressor of interest and all other encoding phases within the same run aggregated into a second regressor. We included the following regressors in the models: (1) encoding phase from the trial of interest, (2) encoding phases from all other trials within the same run, (3) test phase from the trial of interest, (4) fixation from the trial of interest. We also added the run-wise rotation and translation movement parameters as covariates of no interest. In order for the active baseline task to be considered as an implicit baseline, we left it unmodelled. Akin to univariate analyses, we convolved the GLMs with a double gamma canonical HRF. We extracted a t-map for every single estimated trial from the participants' OPA, PPA and MPA masks and we assigned each t-map to its corresponding condition (i.e., Half -UP, Half -DOWN, Full -UP, Full -DOWN). We averaged the t-vectors across conditions, and we cast the mean values into a single matrix per ROI per participant. From these, we constructed RSMs by computing the Pearson correlation between pairs of conditions for each ROI and for each participant. In order to compare multivoxel patterns of neural activation between age groups we computed group-level RSMs by averaging the correlations through forward and backward Fisher z-transforms [START_REF] Alexander | A note on averaging correlations[END_REF].

We therefore obtained 4x4 group-level matrices for the OPA, PPA and MPA that were symmetric around a diagonal of perfect correlations (i.e., = 1).

We sought to investigate whether the neural RSMs reflected the absolute position of information or the position of relevant objects for navigation and if there were underlying preferences for a specific vertical location. To this end, we created 5 orthogonal RSMs that represented the expected similarity between conditions under various theoretical frameworks (Fig. S4.2.1). We constructed the Absolute Position RSM as a binary RSM by assigning 1 to condition pairs that had the same position of visual information at intersections (i.e., Full -UP and Full -DOWN) and 0 to condition pairs that had differing object locations (i.e., Half -UP and Half -DOWN). The Useful Position RSM was also a binary RSM for which we assigned 1 to condition pairs that had useful objects located in the same vertical position (i.e., Half -UP and Full -UP) and 0 to other pairs. We further constructed the Upper Useful Position and Lower Useful Position RSMs which we built upon the same principles as the Useful Position RSM with the additional constraint that they were specific for the upper or lower vertical positions respectively. Finally, we constructed the Saliency RSM in order to eliminate the possibility of imbalanced conditions in terms of object saliency. We calculated the objective saliency of each intersection screenshot using the graph-based visual saliency model implemented in Python (https://github.com/shreelock/gbvs) and we averaged the values across conditions. The final 4x4 Saliency RSM contained the Pearson correlation coefficients of average saliency values between each pair of conditions.

First, we ran a linear mixed model to study the influence of age group, ROI and pairwise comparison (i.e., Does the correlation coefficient between Half -UP and Half -DOWN differ from that between Full -UP and Full -DOWN?) on the neural similarity patterns. We also conducted separate linear mixed effects models for each theoretical RSM to compare the neural RSM data against these prediction models. We fit the models in MATLAB R2022a using effects coding. Considering that the RSMs are symmetrical across the diagonal we only considered the lower triangular matrix in the models. We compared models with different random-effects and fixed-effects structures using the AIC and we started with a complex structure that still remained parsimonious [START_REF] Bates | Parsimonious Mixed Models[END_REF]. This initial structure included Pearson correlation coefficients from the neural RSMs as the dependent variable. It comprised the theoretical RSM of interest, age group, and ROI along with their three-way interaction as fixed effects. We included ROI, pairwise comparisons between conditions and participants nested within age groups as random slopes. In the event of equivalent AIC values, we chose the best model based on the log likelihood. We performed two additional linear mixed models to pinpoint the theoretical RSM that best explained the neural RSM data in young and older adults separately. For this purpose, we computed the Pearson correlation coefficients between the RSM neural data in each ROI and the data from the 5 theoretical RSMs. These coefficients constituted the dependent variable in the models. We added theoretical RSM, ROI and their interaction as fixed effects, and we included participants as a random intercept.

To further characterise the distribution of neural patterns related to the vertical position of visual information, we conducted an exploratory whole-brain searchlight MPS. We built a sphere searchlight (6 mm radius, 33 voxels) centring on each voxel of the subject's grey matter mask and we extracted the corresponding t-values from the spatial navigation task. We discarded spheres that were too close to the field of view boundaries or those that contained less than 20 voxels.

Repeating the same analysis steps as described above, we constructed a RSM per searchlight sphere per participant. For each searchlight, we performed two-tailed permutation testing (ɑ = 0.05) on the voxel-level Fisher z-transformed Spearman rank correlation coefficients between the neural and theoretical RSMs. We thresholded the final group-level whole-brain maps at p < 0.001, smoothed them with a 6-mm FWHM Gaussian kernel and projected them onto a FreeSurfer inflated brain surface using Surf Ice v.6 (https://www.nitrc.org/projects/surfice/). Note that for the searchlight analysis we examined all theoretical RSMs except the Saliency RSM.

Results

In the present study, 44 young and healthy older adults took part in a virtual navigation task while we recorded their neural activity with fMRI (Fig. 4.2.1). Participants observed trajectories in a first-person perspective through one-intersection environments. They needed to remember the position of a goal using objects positioned on the sidewalks and/or balconies of the intersection.

Following an active baseline task, they were tested on their reorientation ability. The environments differed along two dimensions: the number of objects (i.e., 4 or 8) and the vertical position of useful objects for orientation (i.e., sidewalks or balconies). In Half -UP and Half -DOWN conditions, the intersection encompassed 4 objects located on balconies and sidewalks respectively. In Full -UP and Full -DOWN conditions, the intersection comprised 4 objects that were relevant for navigation on balconies and sidewalks respectively, and another 4 on the opposite vertical location that were not informative. We examined participants' performance during the orientation task along with their subtending patterns of activity in the OPA, PPA and MPA. We performed both ROI-based univariate and multivariate pattern similarity analyses to compare the fMRI activity associated with parsing the vertical position of visual information for navigation in young and older adults.

Behavioural results

We first ran a binomial generalised linear mixed model to examine how the proportion of correct responses per trial varied across conditions, age groups and runs. We found evidence for a main effect of age group on orientation accuracy (χ 2 (1) = 4.04, p = 0.045, η 2 = 0.0055; Fig. 4.2.2a).

Although this result indicates that older adults have significantly lower performance than young adults on the task, we need to highlight the very small effect size, in accordance with the relative simplicity of the task (M = 0.91 correct answers per trial, SD = 0.28 vs. M = 0.95, SD = 0.22).

Importantly, there was no evidence for an influence of condition on behavioural performance in both age groups (χ 2 (3) = 2.22, p = 0.53, η 2 = 0.00055), suggesting that participants can orient equally well across environments with varying object positions in the presence or absence of nonrelevant navigational information (Fig. 4.2.2a). We also found a main effect of run number on mean accuracy (χ 2 (7) = 35.49, p < 0.001, η 2 = 0.0064) reflecting a significant performance improvement between the first run and the following runs. We next wanted to test the differences in activity between the Full and Half conditions for the UP and DOWN modalities. This analysis aimed to elucidate whether the absence of visual cues in a specific vertical hemifield influenced activation patterns within the OPA and PPA, in line with their respective retinotopic biases. Adopting a strictly bottom-up approach, we expected that the contrast in scene-selective regions (F(1, 42) = 0.87, p = 0.36, ηp 2 = 0.020, 95% CI [0.00, 0.17]).

Multivariate pattern similarity results

The multivariate pattern similarity analysis strived to compare group-level neural RSMs in the OPA, PPA and MPA with orthogonal theoretical matrices. The main analysis consisted in deciphering whether the multivariate patterns of activation within the OPA, PPA and MPA reflected similarities between conditions sharing similar absolute positions of information or between conditions sharing similar useful positions of information. Furthermore, we also sought to investigate whether the observed patterns in these regions exhibited preferences for a specific vertical position in space. To this end, we conducted linear mixed models with theoretical model, age group and ROI as fixed effects to compare the neural similarity patterns against the 5 prediction RSMs separately (Fig. S4.2.1). We tested 2 theoretical models linked to processing incoming visual input (i.e., Absolute Position and Saliency models) and 3 theoretical models linked to processing task-relevant position (i.e., Useful Position, Upper Useful Position, and Lower Useful Position models). First, we concentrated on testing the group-level RSMs against the theoretical RSMs associated with visual input. We first found that there was little evidence to suggest an effect for the Absolute Position RSM (F(1, 786) = 0.00024, p = 0.99, ηp 2 = 0.00, 95% CI [0.00, 0.00]). However, we revealed a significant influence of the interaction between this theoretical model and age group (F(1, 786) = 9.64, p = 0.0020, ηp 2 = 0.012, 95% CI [0.0016, 0.032]). While the effect size is small, this result underlines the fact that the Absolute Position RSM was differentially associated with the neural RSMs in older and young participants. We then investigated whether the saliency of objects at intersections could contribute to the neural similarity patterns. We found evidence that the Finally, we conducted a searchlight analysis to explore whether this property of coding for the task-relevant position of visual cues extended to other brain areas. We did not find any cerebral region in young or older participants that overlapped with the Absolute Position RSM (Fig. 4.2.5a).

However, we detected that the Useful Position RSM correlated significantly (p < 0.001) with activity in two main clusters of the occipital lobes, located on each side of the calcarine fissure, in both age groups (Fig. 4.2.5b). In young and older participants, we found the peak voxels from the dorsal clusters to be located in the left (young: [x = -6, y = -91, z = 24], t = 8.34; older: [-6, -87, 21], t = 7.23) and right cuneus (young: [6, -84, 23], t = 7.10; older: [12, -89, 25], t = 7.54). The peak voxels from the ventral clusters on the other hand were situated along the calcarine fissure in older adults ([-1, -87, 6], t = 8.58) and deeper in the left ([-10, -79, -9], t = 5.40) and right lingual gyri ([9, -72, -3] , t = 5.40) in young adults. We identified a supplementary cluster of activity in older adults that was absent in younger adults, located higher along the visual dorsal stream in the left precuneus ([-6, -66, 54], t = 3.87). We found the Upper Useful Position RSM to overlap with clusters along the dorsal stream only (Fig. 4.2.5c). We detected the peak voxels from the main clusters to be located in the left (young: [-6, -93, 21], t = 7.15; older: [-6, -90, 25], t = 9.11) and right cuneus (young: [12, -87, 35], t = 8.28; older: [7, -90, 19], t = 10.21) for both age groups. The Upper Useful Position RSM also correlated significantly with a more anterior cluster of the dorsal stream along the parietooccipital fissure in the young group ([0, -81, 42], t = 7.57) and in the left precuneus in the older

Discussion

The present study aimed at delineating the significance of the vertical position of task-relevant visual cues, and its interaction with the retinotopic biases of scene-selective regions during a spatial navigation task. We also examined whether patterns of activation in response to specific vertical locations varied between young and healthy older adults. Specific attention was directed towards the documented preference of older individuals for the lower visual field. We showed that the OPA, and to a lesser extent the PPA and MPA, parsed the vertical position of useful information for navigation in both age groups, irrespective of the underlying retinotopic biases. Despite this common coding framework, there were striking differences between the scene-selective regions within and across age groups, highlighting their distinct functions. This work also shed light on a clear demarcation between the ventral and dorsal visual streams regarding the processing of upper and lower task-relevant visual cues.

4.2.5.1

Objects in the lower part of a scene facilitate spatial navigation performance

While we observed that the number of errors was equivalent across conditions, we found reaction times to be slower in the Full -Up condition than in the Full -DOWN condition across all participants. This finding aligns with the expectation that reaction times are a more sensitive indicator of performance capable of capturing subtle variations in behaviour [START_REF] Hultsch | Variability in reaction time performance of younger and older adults[END_REF][START_REF] Macdonald | Performance variability is related to change in cognition: Evidence from the Victoria longitudinal study[END_REF][START_REF] Shipley | Cognition and all-cause mortality across the entire adult age range: Health and lifestyle survey[END_REF][START_REF] Bielak | Intraindividual Variability in Reaction Time Predicts Cognitive Outcomes 5 Years Later[END_REF].

Enhanced performance in environments with useful cues in the lower portion of the screen resonates with results from a recent study demonstrating better object recognition in the lower visual field under fixed viewing conditions in young and older participants [START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF].

The performance advantage observed for the Full -DOWN condition may be explained by the greater typicality of scenes containing small and proximal objects in the lower part of the visual field [START_REF] Greene | Statistics of high-level scene context[END_REF][START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF]. An outstanding question pertains to the lack of reported behavioural differences between Half -DOWN and Half -UP conditions. One plausible explanation relates to the comparatively lower complexity of Half conditions that only contained task-relevant objects as opposed to Full conditions that comprised both task-relevant and taskirrelevant visual cues. Previous evidence supports the notion that upper-lower asymmetries tend to disappear in simpler tasks that involve highly salient targets [START_REF] Carlei | Face processing is enhanced in the left and upper visual hemi-fields[END_REF]. Overall, it appears that there may be an advantage to using lower visual cues for spatial navigation in visually rich and complex environments.

4.2.5.2

Responsiveness of scene-selective regions to the position of task-relevant information

Expanding upon the behavioural findings, the fMRI results put forward the dual coding of vertical position and task relevance of objects for effective spatial navigation. Indeed, the multivariate pattern similarity analysis revealed that scene-selective regions extract the vertical position of task-relevant information in a navigable space in young and older adults. In other words, they produced similar patterns of activity when navigationally-relevant objects were located in the same position. In contradiction with our initial hypothesis, which posited that sceneselective regions would demonstrate sensitivity to objects at positions in space corresponding to their retinotopic biases, regardless of task relevance. This study nonetheless aligns with two parallel lines of research pertaining to scene-selective regions. The first concerns the critical role of sceneselective regions in processing navigation-related information. For example, it was shown that scenes with comparable structural arrangement of paths evoked similar multivoxel activation patterns in the OPA [START_REF] Bonner | Coding of navigational affordances in the human visual system[END_REF]. The OPA is known to encode a multiplicity of cues that serve immediate navigational purposes such as boundaries or obstacles that limit movements [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Park | Coding of navigational distance and functional constraint of boundaries in the human scene-selective cortex[END_REF] or navigational affordances [START_REF] Dilks | Mirror-image sensitivity and invariance in object and scene processing pathways[END_REF][START_REF] Bonner | Coding of navigational affordances in the human visual system[END_REF]. The role of the PPA is more specific to the categorisation aspects of landmark processing. It is implicated in identifying landmarks that are stable [START_REF] Liang | The role of the parahippocampal cortex in landmark-based distance estimation based on the contextual hypothesis[END_REF] or that define a specific point in space [START_REF] Janzen | Selective neural representation of objects rellevant for navigation[END_REF][START_REF] Mullally | A new role for the parahippocampal cortex in representing space[END_REF][START_REF] Sun | The parahippocampal place area and hippocampus encode the spatial significance of landmark objects[END_REF]. As for the MPA, it encodes distance from the observer [START_REF] Persichetti | Perceived egocentric distance sensitivity and invariance across scene-selective cortex[END_REF] as well as the suitability of information as landmarks [START_REF] Auger | Retrosplenial Cortex Codes for Permanent Landmarks[END_REF][START_REF] Troiani | Multiple object properties drive scene-selective regions[END_REF]. The second line of research relates to a fundamental attribute of the scene-selective network, namely its subtending representation of 2D spatial location. While most studies document that the OPA, PPA and MPA carry representations of the retinotopic position of information [START_REF] Schwarzlose | The distribution of category and location information across object-selective regions in human visual cortex[END_REF][START_REF] Golomb | Higher level visual cortex represents retinotopic, not spatiotopic, object location[END_REF][START_REF] Silson | A Retinotopic Basis for the Division of High-Level Scene Processing between Lateral and Ventral Human Occipitotemporal Cortex[END_REF][START_REF] Silson | Scene-Selectivity and Retinotopy in Medial Parietal Cortex[END_REF], others advocate for robust representations of the perceived position of information [START_REF] Fischer | The emergence of perceived position in the visual system[END_REF]. As the current experiment was conducted under ecological free viewing conditions, we argue that scene-selective regions are indeed capable of encoding the position of information in spatiotopic coordinates. This hypothesis gains further support from our finding that the lower retinotopic bias in the OPA and the upper retinotopic bias in the PPA did not manifest as preferences for either task-relevant or task-irrelevant object positions in the context of navigation. The OPA, PPA and MPA may assign greater significance to the position of stimuli when they hold navigational value, irrespective of the subtending retinotopic biases. Our study acts as a bridge between the two lines of research by revealing the blending of information related to navigation and to position within scene-selective regions. It is of considerable interest to provide a tentative account with regards to where the scene-selective regions get navigational information from. The most probable explanation, initially advanced by [START_REF] Park | Coding of navigational distance and functional constraint of boundaries in the human scene-selective cortex[END_REF], posits that the OPA, PPA and MPA may receive top-down feedback from higher-order associative areas about implicit or explicit task demands.

4.2.5.3

Striking disparities between the OPA, PPA and MPA Despite a shared sensitivity to the useful position of objects within the OPA, PPA and MPA, we uncovered notable differences between these scene-selective regions during spatial navigation.

In fact, mounting evidence argues that these areas constitute 3 dissociable and complementary systems with the OPA being implicated in visually guided navigation, the PPA in scene categorisation and the MPA in map-based navigation [START_REF] Dilks | Three cortical scene systems and their development[END_REF].

Regarding the PPA, our univariate analyses demonstrated a higher level of engagement compared to the OPA and MPA. This finding resonates with the PPA responding selectively to a scene categorisation paradigm while showing no discernible activation during a navigation task [START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF]. Our finding aligns with the PPA's limited role in navigation, as the encoding phase consisted primarily of passive scene observation without actual motion. Moreover, we unveiled that responses to Full conditions were higher than responses to Half conditions in the OPA only. Full conditions were associated with increased cognitive demands to distinguish navigationally-relevant from non-relevant information, agreeing with the OPA's ability to detect the pertinence of information for spatial navigation [START_REF] Kamps | The occipital place area represents first-person perspective motion information through scenes[END_REF][START_REF] Henriksson | Rapid Invariant Encoding of Scene Layout in Human OPA[END_REF][START_REF] Park | Coding of navigational distance and functional constraint of boundaries in the human scene-selective cortex[END_REF][START_REF] Cheng | Concavity as a diagnostic feature of visual scenes[END_REF][START_REF] Dwivedi | Unraveling Representations in Scene-selective Brain Regions Using Scene-Parsing Deep Neural Networks[END_REF]. In accordance, the multivariate pattern similarity analysis revealed that the neural RSM in the OPA among all 3 scene-selective regions exhibited the highest correlations between conditions. The OPA must be tightly implicated in a cognitive mechanism that subtends all 4 conditions. We speculate that this mechanism resides in the binding of specific visual landmarks to a turning direction and a goal position. Collectively, the results from univariate and multivariate analyses provide additional weight to the proposition that the OPA supports immediate navigation [START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF]Ramanoël et al., 2020). The neural RSMs in the PPA and MPA displayed lower correlations between conditions than the OPA, with the MPA showing the lowest correlations among the studied regions. We put forward the hypothesis the lower correlation coefficients in the neural RSM of the PPA may reflect its role in extracting higher-order statistical information such as object and surface properties used for identification [START_REF] Cant | Object ensemble processing in human anterior-medial ventral visual cortex[END_REF][START_REF] Harel | Deconstructing Visual Scenes in Cortex: Gradients of Object and Spatial Layout Information[END_REF][START_REF] Troiani | Multiple object properties drive scene-selective regions[END_REF][START_REF] Lowe | Feature diagnosticity and task context shape activity in human scene-selective cortex[END_REF][START_REF] Lowe | Neural representation of geometry and surface properties in object and scene perception[END_REF][START_REF] Park | Conjoint representation of texture ensemble and location in the parahippocampal place area[END_REF].

Regarding the lowest correlation coefficients observed in the neural RSM of the MPA, we argue it may be linked to its role in supporting navigation beyond the immediately visible scene [START_REF] Sherrill | Hippocampus and retrosplenial cortex combine path integration signals for successful navigation[END_REF][START_REF] Marchette | Anchoring the neural compass: Coding of local spatial reference frames in human medial parietal lobe[END_REF]Persichetti and Dilks, 2019). Recent work underlines that the MPA is associated with deliberate and effortful processing rather than automatic processing [START_REF] Suzuki | Two scene navigation systems dissociated by deliberate versus automatic processing[END_REF]. Therefore, we speculate that the encoding differences between conditions in the MPA might be the result of individual differences in the computationally intensive process of constructing spatial representations of the environment. With regards to the correlations between theoretical and neural RSMs, it is interesting to note that the Upper Useful Position model displayed the greatest resemblance to the neural patterns in the OPA, whereas all regions were equivalently represented by the Lower Useful Position model. Although further studies are required to provide a more robust explanation, we posit that the OPA's specific role in immediate navigation may facilitate the detection of relevant objects throughout the entire visual field, independently of perceptual expectations [START_REF] Dilks | Three cortical scene systems and their development[END_REF]. Conversely, the PPA and MPA may be biased by prior knowledge of regularities in scene statistics, and thus be less responsive to useful objects in the upper field (Kaiser and Cichy, 2018). It could be indeed atypical for a scene to comprise navigationally-relevant information in the form of small proximal objects in the upper visual field [START_REF] Greene | Statistics of high-level scene context[END_REF][START_REF] Groen | Contributions of low-and high-level properties to neural processing of visual scenes in the human brain[END_REF][START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF].

Vertical position of landmarks as a fundamental coding property of the visual system

The present findings emphasise the importance of the vertical dimension as a coding property of the visual system. Not only did we show that the scene-selective areas extract vertical position information from objects that hold navigational relevance but also that the ventral and dorsal streams process navigationally-relevant information depending on its vertical spatial location. The searchlight analysis revealed a strict dichotomy between the ventral and dorsal streams, with the former processing useful objects situated in the lower portion of the screen and the latter processing useful objects in the upper portion of the screen. These results resonate with previous work unveiling similar neural representations in the visual system for parts of scenes that occupy identical locations along the vertical axis [START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF][START_REF] Kaiser | Rapid contextualization of fragmented scene information in the human visual system[END_REF]. We add further compelling empirical support to the hypothesis formulated by Kaiser and Cichy (2021) that the human brain is wired to sort visual inputs according to their upper or lower positions. An interesting question resides in understanding why verticality is an important cue for scene processing and spatial navigation. One possibility is that the summary statistics in the vertical dimension provide more informative cues about a scene compared to those in the horizontal dimension. For example, a recent study established the vertical luminance gradient to be a reliable discriminatory feature of a scene as light falls differently in the upper and lower visual fields [START_REF] Cheng | A stimulus-driven approach reveals vertical luminance gradient as a stimulus feature that drives human cortical scene selectivity: VLG drives human cortical scene selectivity[END_REF]. Another non-exclusive explanation that pertains to the navigational relevance of cues typically found in the vertical hemifields. A previous investigation looking at the sensitivity of scene-selective areas to position-in-depth unraveled a bimodal preference for front and back depths [START_REF] Nag | Category-selective areas in human visual cortex exhibit preferences for stimulus depth[END_REF], agreeing with the bimodal coding of upper and lower useful positions observed in the current study. Here we demonstrate that in the absence of depth differences between the upper and lower navigational cues, the visual system still encodes the two vertical positions separately.

The vertical location of stimuli could therefore constitute a cue in itself. In order to elucidate whether the visual system is most sensitive to depth or to verticality, it would be interesting to design a spatial navigation paradigm that places both cues in direct competition with each other.

The strict division of activation elicited by upper and lower navigational cues in the dorsal and ventral visual streams, respectively, gives rise to compelling interrogations. First, this finding cannot be explained by underlying retinotopic maps as the dorsal stream receives more information from the lower visual field whereas the ventral stream predominantly receives information from the upper visual field [START_REF] Wandell | Visual field maps in human cortex[END_REF]. We observed that processing navigationally-relevant objects located in the upper portion of the screen required a widespread pattern of activation that reached anterior regions of the dorsal stream. The fMRI response accompanying the processing of task relevant objects from the lower portion of the screen was considerably more localised, with peak activity in the lingual gyrus. Such distinct patterns echo with recent literature putting forward the idea that object categorisation recruits the dorsal stream when stimuli are unconventional or challenging [START_REF] Shetht | Two visual pathways in primates based on sampling of space: Exploitation and exploration of visual information[END_REF]. In line with the behavioural results showing longer reaction times during Full -UP conditions, it may the case that the atypicality of a scene requires more intensive neural computations along the dorsal stream. Accordingly, the present study also lends credence to research advocating for the presence of object representations in both the dorsal and ventral streams [START_REF] Konen | Two hierarchically organized neural systems for object information in human visual cortex[END_REF][START_REF] Cichy | Comparison of deep neural networks to spatio-temporal cortical dynamics of human visual object recognition reveals hierarchical correspondence[END_REF][START_REF] Freud | What" Is Happening in the Dorsal Visual Pathway[END_REF]. We show that the two streams can support goaldirected object representations, each with a specific vertical preference. Finally, we wish to stress that our paradigm, much like previous experiments examining near and far distances [START_REF] Amit | Do object-category selective regions in the ventral visual stream represent perceived distance information?[END_REF], was designed such that only two vertical positions could be tested. As such, additional investigations are essential to elucidate whether the vertical position of task-relevant information is encoded in a bimodal fashion or follows a continuous gradient.

Insights into the encoding of vertical position in older adulthood

First, despite uncovering an age-related decline in wayfinding accuracy and reaction times across the various conditions, the magnitude of the impairment was very small. Univariate analyses showed that older adults still displayed higher activation levels in the OPA and PPA during the encoding phase across all 4 conditions compared to young participants. Our results align with those from a previous report that demonstrated comparable performance levels between age groups and an age-related increase in OPA activity during active navigation (Ramanoël et al., 2020).

Accordingly, we also uncovered no evidence for age-related differences in neural similarity patterns suggesting that the specific roles of the OPA, PPA and MPA are maintained in older age. In light of these observations, we hypothesise that the activity of scene-selective regions is subject to modulation by older adults with the objective to attain normal performance levels on a given task.

Moreover, the searchlight analysis revealed that older adults, much like young adults, processed upper and lower navigationally-relevant information separately in the dorsal and ventral visual streams. The patterns of activation showed striking similarities between age groups, with the exception of one cluster identified for the Lower Useful RSM. In response to useful objects in the lower part of the scene, young participants displayed a cluster of activity within the posterior portion of the calcarine fissure. This region is known to be implicated in the processing of highresolution foveal information [START_REF] Kauffmann | The neural bases of spatial frequency processing during scene perception[END_REF][START_REF] Benson | Bayesian analysis of retinotopic maps[END_REF]. In contrast, older participants exhibited a cluster that was shifted anteriorly, aligning more closely with regions associated with representations of higher eccentricities. This pattern of results

echoes with previous research indicating impaired fine-grained processing and hypoactivation of cerebral regions associated with foveal processing in older individuals [START_REF] Brewer | Effects of healthy aging on human primary visual cortex[END_REF][START_REF] Ramanoël | Age-related differences in spatial frequency processing during scene categorization[END_REF].

We argue that the preservation of scene-selective regions throughout adulthood strengthens the case for the importance of segmenting space into upper and lower vertical dimensions in scene processing and spatial navigation [START_REF] Groen | Visuospatial coding as ubiquitous scaffolding for human cognition[END_REF]. We stress that despite mounting evidence for a lower visual field bias in healthy older adults, neural representations across the visual system were equivalent for objects in the upper or lower part of the visual field [START_REF] Brennan | Lifespan changes in attention revisited: Everyday visual search[END_REF][START_REF] Feng | Differential age-related changes in localizing a target among distractors across an extended visual field[END_REF][START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF][START_REF] Durteste | The vertical position of visual information conditions spatial memory performance in healthy aging[END_REF]. Finally, the most noteworthy age-related difference that we reported pertains to the correlation coefficients between neural and theoretical RSMs. Specifically, we found that correlation coefficients were less distinct between the five theoretical models and the neural RSM in older participants than in young participants. This finding aligns with past literature documenting neural dedifferentiation in scene-selective regions in healthy ageing [START_REF] Koen | The relationship between age, neural differentiation, and memory performance[END_REF][START_REF] Srokova | Neural differentiation is moderated by age in scene-selective, but not face-selective, cortical regions[END_REF]. Notwithstanding a relative maintenance of neural representations within the OPA, PPA and MPA of older individuals, it is conceivable that the distinctiveness of patterns of activation is reduced.

Limitations and perspectives

Despite compelling evidence supporting verticality as an essential cue for spatial navigation, we must acknowledge the potential influence of horizontal position on both behaviour and neural patterns throughout adulthood. It would be highly pertinent for future studies to explore the effect that varying positions along the horizontal meridian could have on the activity of scene-selective regions. The results obtained with the searchlight analysis raise an intriguing question: could the ventral and dorsal streams also segregate useful objects according to their position along the horizontal dimension? While we carefully designed the task to mitigate behavioural disparities between young and older adults, it is important to acknowledge that the simplicity of the paradigm may be viewed as a limitation in certain respects. Indeed, a more complex spatial navigation task is warranted to unearth potential behaviour and neural differences linked to the use of visual cues in the upper or lower visual field. Finally, it would have been valuable to include eye tracking measures in this experiment in order to elucidate the relationship between the fine-grained attentional profile of participants and their fMRI patterns of activation. Recent work revealed that older adults show a systematic downward gaze bias in a virtual navigation experiment (Article 4).

Conclusion

In summary, the present study unveils a role for the scene-selective regions, and particularly the OPA, in linking the vertical location of information with task relevance during a spatial navigation task. This property of scene-selective regions to encode vertical position applies solely to task-relevant objects and is independent of subtending retinotopic biases. Moreover, we revealed that the processing of navigationally-relevant objects in the dorsal and ventral visual streams is strictly contingent upon their vertical location in space. Task-relevant objects in the upper part of the visual field are processed dorsally whereas task-relevant objects in the lower part of the visual field are processed ventrally. We further found that the influence of verticality on neural computations in the visual system remains intact in older age. We argue that the position of navigationally-relevant information along the vertical dimension constitutes a fundamental coding property of the visual system throughout adulthood that may facilitate landmark-based spatial navigation. Overall, this study sheds new light on the intricate relationship between vision and spatial navigation and it highlights the importance of considering the position of stimuli for adequate cognitive functioning in real-world environments. 

GENERAL DISCUSSION AND PERSPECTIVES

This chapter of the dissertation serves as a platform to integrate and interpret the findings described in the preceding chapters from a broader perspective than that proposed in the targeted discussions of each experiment. Following a concise summary of the main results, this section proceeds to elaborate on the theoretical and practical implications of the current work, addresses potential limitations, and outlines avenues for future investigations. This thesis advanced our comprehension of the ties between visual ageing and spatial navigation and raised compelling interrogations in four distinct domains: (1) the object characteristics that facilitate spatial navigation throughout adulthood, ( 2) the origin of the age-related upper visual field decline, (3) the functioning of scene-selective regions in young and older individuals, and ( 4) the possible translation of this work to pathological ageing. Chapter 3 uncovered a relationship between the vertical position of stimuli and memory performance in healthy ageing. Article 3 showed that spatial memory is impaired in older age, but only for objects presented in the upper visual field. Importantly, this effect was not found to stem from the reduction in the area of the upper visual field nor from changes in the thickness of retinal layers. Overall, the findings in this chapter collectively suggested that the age-related memory decline in the upper visual field likely originates from higher-level cerebral processes. For instance, the more localised recruitment of brain regions during feature-based navigation could imply that features might be preferable in complex spaces such as malls or train stations. Indeed, they may free up cognitive resources that could be allocated to concurrent tasks [START_REF] Mattay | Neurophysiological correlates of age-related changes in working memory capacity[END_REF].

The studies presented in the previous chapters hinted at the possible importance of three properties of landmarks that have seldom been investigated in the literature. I propose that the following properties -colour, quantity, and absolute vertical position in space -are critical to maintaining wayfinding abilities across the lifespan. Among these, the colour of the landmark is perhaps the most speculative. Article 1 demonstrated that using a simple coloured wall to orient led to a more localised network of activity compared to using a grey object, which elicited widespread temporal and occipital activity. Given that healthy ageing is linked to reduced activations within the temporal lobes, it is conceivable that bold and highly visible colours may be preferred over low-contrasted objects for navigation in older age. This hypothesis aligns with limited evidence highlighting the benefits of bright highly contrasted colours for older adults' wayfinding in built environments [START_REF] Wiener | Ageing-and dementia-friendly design: theory and evidence from cognitive psychology, neuropsychology and environmental psychology can contribute to design guidelines that minimise spatial disorientation[END_REF]. A qualitative study indicated that older adults consider colours to be very relevant for differentiating areas in retirement homes [START_REF] O'malley | How do we get there? Effects of cognitive aging on route memory[END_REF]. Moreover, in a desktop-based virtual environment, older women appeared more dependent on colour than young women. They struggled to learn environments featuring black and white objects but performed well in environments comprising coloured textured landmarks [START_REF] Davis | Cue conditions and wayfinding in older and younger women[END_REF]. In light of the age-related decrements in visual acuity and contrast sensitivity, [START_REF] Davis | Working memory, cues, and wayfinding in older women[END_REF] later speculated that colour might be an indispensable landmark property, providing additional contrast information to older individuals.

The exact colours that may be particularly useful for orientation in ageing remain largely unexplored. One study conducted in a virtual clinic environment showed that a neutral colour scheme, consisting predominantly of beige and yellow tones, elicits worse navigation performance among older participants than warm or cool colour schemes [START_REF] Süzer | The aid of colour on visuospatial navigation of elderly people in a virtual polyclinic environment[END_REF]. The present doctoral work underlined the possibility that augmenting the salience of an object through the addition of colour may improve object visibility and navigational utility. Evidently, our understanding of colour in the context of wayfinding in ageing is limited, warranting further research to elaborate on the roles, and subtending neural signatures, of coloured landmarks in the environment.

The second landmark property that I argue to be critical is the quantity of visual information.

Older adults' performance during navigational tasks exhibited significant variability between Article 4, Article 2, and Article 5. In the first, their performance only slightly exceeded chancelevel, while in the second and third their wayfinding accuracy attained levels comparable to that of young individuals. The EEG findings from Article 4 demonstrated that older participants required stronger and prolonged bottom-up processing at intersections compared to young participants, as evidenced by sustained beta band desynchronisation. This result was interpreted as an indication of age-related difficulties in filtering out visual information in crowded environments. The virtual environments in Articles 2 and 5 comprised significantly fewer landmarks which likely contributed to the improvement in performance. These observations led me to speculate on the role of the quantity of landmarks for spatial navigation in ageing. The importance of spatial layout complexity has long been acknowledged, and it has led to the understanding that increasing the number of route options, corners or intersections negatively impacts spatial navigation [START_REF] Gärling | Spatial Orientation and Wayfinding in The Designed Environment: A Conceptual Analysis and Some Suggestions for Post occupancy Evaluation[END_REF][START_REF] O'neill | Effects of familiarity and plan complexity on wayfinding in simulated buildings[END_REF][START_REF] Abu-Ghazzeh | Movement and wayfinding in the King Saud University built environment: A look at freshman orientation and environmental information[END_REF]. While it seems reasonable to assume that an excessive number of landmarks could also hinder wayfinding behaviour, few studies have directly addressed this question. [START_REF] Ishikawa | Landmark Selection in the Environment: Relationships with Object Characteristics and Sense of Direction[END_REF] revealed that young adults with a good sense of direction tend to use fewer landmarks in a real-world environment, thus concluding that using a large number of landmarks along a path might be a suboptimal navigational strategy.

Moreover, older women more easily encode the location of a goal in virtual environments that feature a low number of salient visual cues [START_REF] Davis | Cue conditions and wayfinding in older and younger women[END_REF]. In the same vein, older adults exhibit enhanced performance in virtual environments that contain few landmarks as opposed to none or too many [START_REF] Davis | Working memory, cues, and wayfinding in older women[END_REF]. The latter study emphasised that due to constrained working memory capacity in healthy ageing, environments with excessive and redundant information represent barriers to effective spatial navigation. In fact, a wealth of evidence underlines the propensity of older adults to be distracted by salient non spatially-relevant visual information [START_REF] Lipman | Age and exposure differences in acquisition of route information[END_REF][START_REF] Mishler | Improving Wayfinding for Older Users with Selective Attention Deficits[END_REF][START_REF] O'malley | Dis)orientation and Design Preferences Within an Unfamiliar Care Environment: A Content Analysis of Older Adults' Qualitative Reports After Route Learning[END_REF].

What is striking from the current state of research is that terms such as "few", "numerous" and "too many" are often used without precise definitions. It seems pertinent to establish the threshold at which an environment becomes overly cluttered with landmarks, impeding optimal navigation for both young and older adults. Insights can be gleaned from the field of research looking into map-assisted navigation. First, it is noteworthy that the ideal number of landmarks to include on a map depends on the task at hand [START_REF] Keil | Effects of visual map complexity on the attentional processing of landmarks[END_REF]. Furthermore, a recent study uncovered a linear correlation between the number of landmarks indicated on a mobile map and route learning, reaching a plateau at 7 landmarks beyond which no further benefit is reported [START_REF] Cheng | The effect of landmark visualization in mobile maps on brain activity during navigation: A virtual reality study[END_REF].

In summary, overwhelming older adults with visual information, regardless of its task relevance, could impede spatial navigation performance. Future investigations should aim to determine the optimal quantity of landmarks needed for wayfinding across various environmental contexts and tasks.

Finally, perhaps the most important contribution of this doctoral work lies in the identification of vertical position as a central attribute of visual information for navigation in young and older adulthood. The following findings substantiated this claim: older adults showed impaired spatial memory for objects presented in their upper visual field (Article 3), they exhibited a systematic downward gaze bias whilst navigating in a desktop-based virtual environment (Article 4), and the visual system of young and older adults encoded the vertical position of navigationally-relevant information (Article 5). Examining the results from Chapter 2 through the lens of the vertical position of landmarks offers novel insights. In the Y-maze virtual environment within the MRI scanner, older participants could reorient using landmarks but not using geometric cues (Article 2). Intriguingly, a contrasting pattern of results emerged in a similar Y-maze environment presented in a VR headset, as participants preferred the geometry of the layout over the available landmarks [START_REF] Bécu | Landmark-based spatial navigation across the human lifespan[END_REF]. Landmarks in the MRI Y-maze were located on the ground in the lower portion of the visual scene, whereas those in the VR environment were positioned distally, high above the walls of the maze. Bécu and colleagues (2023) suggested that older adults' navigational performance might be facilitated by the presence of geometric information. I provide a nuanced perspective, positing that the elevated position of landmarks in the latter experiment prompted participants to use the alternative cue, namely geometry. The inclination towards geometry in healthy ageing may stem from the likelihood of encountering geometric information in the lower visual field (i.e., angles, paths, distances etc.) rather than in the upper visual field. This hypothesis nonetheless remains to be tested experimentally as the two paradigms were designed to assess different processes and that other factors could be at play, such as the presence of proprioceptive signals.

In the existing literature, I could only identify three pieces of evidence that tie navigation performance in the older population to the height of visual cues. A mention in a book published in 1997 stated: "Size and placement of signs are important considerations for the elderly. A sign placed above a door is too high for an elder to see" [START_REF] Melore | Visual function changes in the geriatric patient and environmental modifications[END_REF]. Similarly, a recent review on wayfinding in airports underscored the necessity to adapt to older adults' declining vision by placing signage closer towards the floor [START_REF] Bosch | Flying solo: A review of the literature on wayfinding for older adults experiencing visual or cognitive decline[END_REF]. Despite neither of these studies providing further explanation, they indicate that the height of signs is acknowledged as relevant to ageing and navigation. It is therefore surprising that there is such a paucity of research examining the implications of the vertical position of stimuli across various cognitive tasks. In a real-world setting, Phillips and colleagues (2013) documented that older individuals encountered difficulties when attempting to keep landmarks from the upper visual field in view. They attributed this impairment to the necessity to simultaneously attend to ground-level information such as obstacles and uneven pavements. Overall, these hints from the literature combined with the results from the present work strongly imply that the vertical position of landmarks represents an underappreciated ingredient of spatial navigation throughout the lifespan.

The preceding discussion holds potential implications for the design of age-friendly environments and the development of targeted training programmes. Currently, there is a notable scarcity of guidelines specifically aimed at maintaining or improving the orientation abilities of the older population [START_REF] O'malley | How do we get there? Effects of cognitive aging on route memory[END_REF]). Yet, older adults describe the public spaces they frequently navigate, including hospitals and nursing homes, as confusing and non-descript [START_REF] Passini | Wayfinding and dementia: some research findings and a new look at design[END_REF][START_REF] Passini | Wayfinding in a nursing home for advanced dementia of the Alzheimer's type[END_REF][START_REF] Parker | Quality of life and building design in residential and nursing homes for older people[END_REF][START_REF] Barnes | Does the design of hospitals meet the needs of older people? An evaluation of three acute-care settings[END_REF]. This doctoral work stressed the importance of carefully considering the visual processing alterations that accompany healthy ageing in order to preserve spatial abilities. In accordance, it was recently put forward that the design of residential cares homes should be made a priority to alleviate spatial disorientation and promote community interactions among older adults [START_REF] Wiener | Ageing-and dementia-friendly design: theory and evidence from cognitive psychology, neuropsychology and environmental psychology can contribute to design guidelines that minimise spatial disorientation[END_REF]. Emphasis should be placed on the landmark properties that facilitate their use, including colour, quantity, and height, when designing complex spaces and multi-level buildings such as train stations, hospitals or malls [START_REF] Carlson | Getting lost in buildings[END_REF][START_REF] Hölscher | Challenges in multilevel wayfinding: A case study with the space syntax technique[END_REF]. Alongside the adaptation of urban settings to the needs of older individuals, the creation of training programmes aimed at stimulating the use of the upper visual field is worth exploring. Perceptual training is known to be effective in improving contrast sensitivity (DeLoss, Watanabe and Andersen, 2015), enhancing performance on the useful field of view [START_REF] Belchior | Video game training to improve selective visual attention in older adults[END_REF], and, most notably, enlarging the lower and upper visual fields in the context of a reading task [START_REF] Yu | Reading speed in the peripheral visual field of older adults: Does it benefit from perceptual learning?[END_REF].

On the origin of the upper visual field decline in older age

This doctoral thesis highlighted a specific deficit in the upper visual field of older adults, as substantiated by three major findings. First, Article 3, consistent with findings from earlier perimetry work [START_REF] Haas | Influence of age on the visual fields of normal subjects[END_REF][START_REF] Katz | Asymmetry and Variation in the Normal Hill of Vision[END_REF][START_REF] Casson | Longitudinal comparison of temporal-modulation perimetry with white-on-white and blue-on-yellow perimetry in ocular hypertension and early glaucoma[END_REF][START_REF] Dietrich | Age influences asymmetry in differential luminance sensitivity[END_REF][START_REF] Lorch | Comparison of local differential luminance sensitivity (dls) between Oculus Twinfield Perimeter and Humphrey Field Analyzer 630 (HFA I) in normal volunteers of varying ages[END_REF] [START_REF] Lachenmayr | The different effects of aging on normal sensitivity in flicker and light-sense perimetry[END_REF] and reductions in pupil size [START_REF] Thompson | The Pupil. Anatomy, Physiology and Clinical Applications, Vols. I and II[END_REF]. Some authors also speculated that changes to the eyelid and orbit rim configurations with advancing age could lead to an obstruction of the upper visual field [START_REF] Drance | Studies on the effects of age on the central and peripheral isopters of the visual field in normal subjects[END_REF][START_REF] Katz | Asymmetry and Variation in the Normal Hill of Vision[END_REF][START_REF] Dietrich | Age influences asymmetry in differential luminance sensitivity[END_REF]. It is however unlikely that ptosis, or drooping of the upper eyelid, contributed to the age-related upper visual field deficit reported in this doctoral work.

Indeed, the decline was apparent for objects presented along the vertical meridian (Article 3), but ptosis is known to primarily shadow the peripheral visual field [START_REF] Fisher | The influences of orbital contours and lid ptosis on the size of the peripheral visual field[END_REF][START_REF] Haas | Influence of age on the visual fields of normal subjects[END_REF][START_REF] Cahill | The effect of blepharoptosis on the field of vision[END_REF]. In summary, while partial influence of preretinal variables cannot be entirely dismissed, it offers an incomplete explanation. The modifications in visual information processing within the visual hemifields in older age could rather stem from neural losses at the retinal level [START_REF] Johnson | Evidence for a neural basis of age-related visual field loss in normal observers[END_REF].

Regarding potential retinal contributors, the photoreceptors and midget retinal ganglion cells are key candidates. The asymmetry in age-related processing around the visual field is unlikely to stem from a non-uniform photoreceptor density within the retina. Work conducted in the 1990s uncovered that the horizontal asymmetries (foveal vs. peripheral) that characterise the human visual system could be mapped onto the topography of the retina [START_REF] Curcio | Topography of ganglion cells in human retina[END_REF]. However, retinal photoreceptor organisation in ageing doesn't show any remapping of vertical inhomogeneities. Also, there is no evidence indicating a greater decline in the number of photoreceptors within the inferior retina, which processes information from the upper visual field, when compared to the superior retina among older individuals [START_REF] Curcio | Aging of the human photoreceptor mosaic: Evidence for selective vulnerability of rods in central retina[END_REF][START_REF] Song | Variation of cone photoreceptor packing density with retinal eccentricity and age[END_REF]. Compellingly, a computational model of the perceptual variations across the visual field, revealed that visual asymmetries in young adulthood may be better explained by mechanisms downstream of the photoreceptors, specifically the midget retinal ganglion cells [START_REF] Kupers | Modeling visual performance differences "around" the visual field: A computational observer approach[END_REF]. It is pertinent here to underline that the visual asymmetries of the normal visual system refer to the horizontal-vertical anisotropy and to the VMA [START_REF] Carrasco | Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size[END_REF][START_REF] Corbett | Visual performance fields: Frames of reference[END_REF]. At equivalent eccentricities, the former stipulates that visual perception is better along the horizontal meridian than the vertical meridian while the latter posits that performance is enhanced in the lower visual field. Further insights on this topic can be found in Chapter 3. Midget retinal ganglion cells, unlike the photoreceptors, sample the vertical visual field in an inhomogeneous manner with a higher density of cells in the superior part than in the inferior part of the retina [START_REF] Curcio | Topography of ganglion cells in human retina[END_REF][START_REF] Watson | A formula for human retinal ganglion cell receptive field density as a function of visual field location[END_REF][START_REF] Kwon | Linkage between retinal ganglion cell density and the nonuniform spatial integration across the visual field[END_REF].

In the context of healthy ageing, no evidence points towards loss of ganglion cells in the inferior retina, which processes the upper visual field. In fact, a study revealed that the age-related retinal ganglion cell loss is most pronounced in the superior retina [START_REF] Harman | Neuronal density in the human retinal ganglion cell layer from 16-77 years[END_REF]. Furthermore, in the Complementary study from Chapter 3, no quadrant differences were uncovered in the ganglion cell layer of older participants. Although the research on this topic is scarce, it therefore appears improbable that age-related modifications to the ganglion cell layer could account for the present findings. In addition, it was recently reported that midget retinal ganglion cells contribute to no more than 10% of the perceptual variations around the visual field [START_REF] Kupers | Asymmetries around the visual field: From retina to cortex to behavior[END_REF].

Given the absence of straightforward contributions from preretinal or retinal factors, I make the case for cerebral implications in the documented age-related upper visual field deficit.

V1 has characteristics that are reminiscent of the typical performance differences observed across the horizontal and vertical meridians. Indeed, there is greater surface area in V1 that is allocated to the lower visual field than to the upper visual field, and the magnitude of this asymmetry seems more robust than that reported within midget retinal ganglion cells [START_REF] Benson | Cortical magnification in human visual cortex parallels task performance around the visual field[END_REF][START_REF] Himmelberg | Cross-dataset reproducibility of human retinotopic maps[END_REF][START_REF] Himmelberg | Linking individual differences in human primary visual cortex to contrast sensitivity around the visual field[END_REF]. Furthermore, fMRI investigations unveiled larger BOLD amplitudes in response to stimuli in the lower visual field than in the upper visual field [START_REF] Liu | Neural correlates of the visual vertical meridian asymmetry[END_REF][START_REF] O'connell | Structural and functional correlates of visual field asymmetry in the human brain by diffusion kurtosis MRI and functional MRI[END_REF], as well as disparities in pRF sizes that replicate the horizontal-vertical anisotropy in the early visual cortex [START_REF] Silva | Radial asymmetries in population receptive field size and cortical magnification factor in early visual cortex[END_REF]. Although research on older adults has yet to be conducted, it appears plausible that the age-related upper field decline could be reflected in the remodelling of V1. A recent review underlined that performance disparities across the visual field stem from the arrangement of retinotopic maps within the early visual system [START_REF] Himmelberg | Polar angle asymmetries in visual perception and neural architecture[END_REF]. In light of our finding of asymmetries in spatial memory and considering the accumulating evidence pointing at the pervasiveness of retinotopic biases (for a review see [START_REF] Groen | Visuospatial coding as ubiquitous scaffolding for human cognition[END_REF], the possibility of high-level cognitive regions playing a role in tandem with the early visual cortex cannot be dismissed. Further work should aim at elucidating this critical question. The reshaping of retinotopic maps within the brain could be part of the normal biological ageing process and/or could result from environmental adaptations. In concordance with the latter hypothesis, recent work demonstrated that the VMA and its subtending cortical maps emerge during adolescence as a consequence of external demands [START_REF] Carrasco | Visual field asymmetries vary between adolescents and adults[END_REF][START_REF] Himmelberg | Polar angle asymmetries in visual perception and neural architecture[END_REF].

It was proposed that children maintain equivalent performance in the upper and lower hemifields because, given their height, the majority of relevant visual information falls within the upper portion of their visual field [START_REF] Carrasco | Visual field asymmetries vary between children and adults[END_REF].

An unresolved question pertains to the environmental factors influencing a preference for the lower visual field in older adults. It was suggested that discrepancies in luminance across the horizon line may contribute to the accelerated ageing of the upper visual field compared to the lower visual field [START_REF] Hermann | Age-dependent normative values for differential luminance sensitivity in automated static perimetry using the Octopus 101[END_REF]. It is also plausible that ground-related information becomes the only available cue as ageing is typically associated with thoracic hyperkyphosis, or rounding of the upper back [START_REF] Griegel-Morris | Incidence of common postural abnormalities in the cervical, shoulder, and thoracic regions and their association with pain in two age groups of healthy subjects[END_REF][START_REF] Quek | Effects of thoracic kyphosis and forward head posture on cervical range of motion in older adults[END_REF]. Another potential explanation lies in the necessity to adapt the visuomotor control processes that subserve locomotion in healthy ageing. The lower visual field is essential for efficiently navigating the natural environment, particularly in challenging terrains. During locomotion, visual information from the lower portion of the scene facilitates precise guidance of lower limbs, appropriate foot placement and obstacle and curb negotiation [START_REF] Marigold | Visual information from the lower visual field is important for walking across multi-surface terrain[END_REF][START_REF] Kim | The quality of visual information about the lower extremities influences visuomotor coordination during virtual obstacle negotiation[END_REF]. This postulate finds further support in studies indicating that lower visual field losses are closely associated with reduced mobility and an increased risk of falls [START_REF] Lovie-Kitchin | What areas of the visual field are important for mobility in low vision patients?[END_REF][START_REF] Turano | Association of visual field loss and mobility performance in older adults: Salisbury eye evaluation study[END_REF][START_REF] Black | Inferior field loss increases rate of falls in older adults with glaucoma[END_REF][START_REF] Saftari | Ageing vision and falls: A review[END_REF]. For example, in older women with prominent lower visual field impairment, the likelihood of falling is 91% higher than in women without such visual deficits [START_REF] Coleman | Visual field loss and risk of fractures in older women[END_REF]. The significance of the lower visual field in locomotion spurred investigations in older adults, revealing age-related changes in visual sampling such as an accentuated downward gaze bias. Indeed, older individuals tend to fixate targets on a path or on stairs earlier and for longer durations than young individuals [START_REF] Chapman | Evidence for a link between changes to gaze behaviour and risk of falling in older adults during adaptive locomotion[END_REF][START_REF] Zietz | Gaze behavior of young and older adults during stair walking[END_REF]. Moreover, they maintain a significantly lower head angle than their younger peers at matched walking speeds [START_REF] Maslivec | Head flexion and different walking speeds do not affect gait stability in older females[END_REF]. A recent study highlighted that these diverse age-related visuomotor modifications serve to steady postural sway and thus improve walking stability [START_REF] Koren | Older adults and stroke survivors are steadier when gazing down[END_REF]. Greater reliance on groundrelated information within the lower visual field may be constitute a prerequisite to maintaining locomotory performance in older age.

These visuomotor demands may reshape older adults' sampling of visual space across a variety of perceptual and cognitive tasks, ultimately altering the underlying cortical retinotopic maps. A question arises: how does this proposition explain the specific upper visual field deficit in spatial memory observed in older participants under fixed viewing conditions? I argue that an increase in the area allocated to the lower visual field in older age would inevitably entail a reduction in the surface area dedicated to the upper visual field. One can easily speculate that diminished representations of the upper visual field in the ageing brain would in turn have significant behavioural consequences. I hypothesise that such changes could manifest not only within early and high-level visual areas but also in higher cognitive structures that carry retinotopic representations, such as the hippocampus [START_REF] Silson | Representation of Contralateral Visual Space in the Human Hippocampus[END_REF]. Notably, it is also entirely conceivable that age-related adaptations to environmental demands unfold independently, concurrently or as a result of remodelling within the visual cortex. Lastly, I stress that these ideas remain conjectural, and adequate cross-sectional and longitudinal studies are required to either validate or refute these hypotheses.

Novel insights into scene-selective regions and their agerelated alterations

The present work sought to expand knowledge pertaining to the involvement of sceneselective regions in spatial navigation and their developmental trajectory throughout adulthood.

The following discussion addressed three key topics: (i) the importance of studying scene-selective regions with ecological paradigms, (ii) their role in integrating perceptual and mnemonic signals, and (iii) the alterations these regions undergo in the context of healthy ageing.

First, it is necessary to underline that the presented articles strived to tackle the significant challenge of studying scene-selective regions in more ecologically valid wayfinding tasks. Most research to date has relied on passive snapshot perception paradigms to decipher the roles of the OPA, PPA and MPA in scene processing [START_REF] Epstein | Scene Perception in the Human Brain[END_REF]. The shift from such paradigms to those that closely emulate real-world behaviour is of paramount importance, as revealed by two examples from the current work. In Article 2, findings revealed that the OPA was more engaged than the PPA and MPA during active navigation directed towards retrieving a goal. This outcome provides direct support to the recently posited hypothesis that the OPA plays a specific role in visuallyguided navigation [START_REF] Persichetti | Dissociable Neural Systems for Recognizing Places and Navigating through Them[END_REF][START_REF] Dilks | Three cortical scene systems and their development[END_REF][START_REF] Kamps | Dissociable cognitive systems for recognizing places and navigating through them: developmental and neuropsychological evidence[END_REF]. Article 4 investigated the oscillatory dynamics of scene-selective regions over an extended timeframe that comprised the retrieval of information for navigational purposes. The use of a realistic spatial navigation task that allowed participants to move at their own pace proved advantageous in uncovering a sudden transition from beta band desynchronisation to strong beta synchronisation within the scene-selective network.

A second point relates to the interplay between feedforward visual information and intricate task demands within scene-selective regions during spatial navigation. This coding property is illustrated in Article 4, wherein the OPA, PPA, and MPA exhibited a clear shift from bottom-up visual processing to top-down modulation in the form of beta/gamma synchronisation. The synchronisation may indicate the retrieval of memory representations associated with the out-ofview layout of the virtual environment. In addition, an increase in beta power was observed within the OPA during the UP condition, but not during the DOWN and MIX conditions. This specific neural signature was construed as a top-down signal reflecting the atypical scene grammar of having small proximal objects in the upper portion of a scene. The latter hypothesis echoes with a question recently formulated by Kaiser and Cichy (2021): how do the brain regions subtending natural vision adjust the balance between the weights given to expected and unexpected information within a scene? In Article 5 I argued for a possible blending, in scene-selective regions, of the information related to spatiotopic position and the information related to navigation.

Because the task implicitly required participants to determine the location of relevant information, the visual representations may have been tuned to such a behavioural demand. It is therefore clear from Articles 4 and 5 that scene-selective regions are engaged in two concurrent processes:

immediate processing of the visual scene and retrieval of information about the broader environment or the navigational relevance of objects. The former process is speculated to operate automatically, likely facilitating rapid scene comprehension. Notably, the OPA and PPA encode the spatial arrangement of a scene and link it with an internal schema of scenes in the absence of any specific behavioural requirements [START_REF] Kaiser | A neural mechanism for contextualizing fragmented inputs during naturalistic vision[END_REF][START_REF] Kaiser | Cortical sensitivity to natural scene structure[END_REF]. This computation might entail the simultaneous encoding of distinct features. Indeed, the OPA automatically integrates multiple scene features, such as direction and distance, to generate a unified "navigational file" that can subsequently be used for navigational purposes [START_REF] Kang | Combined representation of visual features in the scene-selective cortex[END_REF]. The second process is contingent upon the task at hand and may be supported by top-down signals from higher associative structures. Numerous studies revealed that activity within the ventral temporal visual cortex is subject to modulation by the observer's precise goals and internal states [START_REF] Harel | Task context impacts visual object processing differentially across the cortex[END_REF][START_REF] Kay | Attention reduces spatial uncertainty in human ventral temporal cortex[END_REF][START_REF] Hebart | The representational dynamics of task and object processing in humans[END_REF].

The evidence is scarcer for the scene-selective cortex. Nonetheless, a recent study showed that the automatic extraction of object information within a scene is enhanced in the OPA and PPA only when the task requires object encoding [START_REF] Kaiser | Coherent natural scene structure facilitates the extraction of task-relevant object information in visual cortex[END_REF]. This doctoral thesis therefore contributed to a growing body of literature by showing that visual representations in scene-selective regions are constrained by goal-oriented top-down signals.

The origin of such top-down navigational signals in the brain merits investigation. One hypothesis posits that information about behavioural goals arises in regions of the frontoparietal cortex due to their predominant engagement with task components in comparison with perceptual components [START_REF] Waskom | Frontoparietal representations of task context support the flexible control of goal-directed cognition[END_REF][START_REF] Hebart | The representational dynamics of task and object processing in humans[END_REF]. Lending credence to this proposition are the functional connections that exist between the OPA and the inferior parietal sulcus, as well as between the MPA and the prefrontal cortex [START_REF] Nasr | Spatial encoding and underlying circuitry in sceneselective cortex[END_REF]. The PPA may receive information directly from the other two scene-selective regions. It is also very likely that some information is conveyed from the hippocampus, given its strong functional connectivity to the scene-selective network [START_REF] Baldassano | Pinpointing the peripheral bias in neural sceneprocessing networks during natural viewing[END_REF] and its pivotal function in memory-and navigation-related computations. While further investigations are warranted to refine our understanding, valuable insights can be gleaned from the rodent literature. A recent line of work stipulates that activity in visual areas of the mouse brain is heavily influenced by spatial signals coming from the hippocampus (for a review see [START_REF] Saleem | Interactions between rodent visual and spatial systems during navigation[END_REF]. For example, simultaneous recordings of V1 and CA1 neurons revealed that they both represent the perceived position of the animal within an environment [START_REF] Saleem | Coherent encoding of subjective spatial position in visual cortex and hippocampus[END_REF]. Another intriguing question that deserves attention pertains to the computational mechanisms enabling the integration of bottom-up and top-down signals within scene-selective regions. Recent findings unearthed the existence of place memory areas at the anterior edge of the perceptual areas OPA, PPA, and MPA, that seem responsible for processing the broader visuospatial context [START_REF] Steel | A retinotopic code structures the interaction between perception and memory systems[END_REF]. Place memory and perceptual areas display spatially segregated pRFs but share identical retinotopic preferences. [START_REF] Steel | A retinotopic code structures the interaction between perception and memory systems[END_REF] argued this this common retinotopic code might facilitate crosstalk between perceptual and mnemonic systems.

The third contribution of this doctoral thesis to the literature on human scene-selective regions is their alteration in the context of healthy ageing. In Articles 2 and 5, increased activity of the regions during spatial navigation was noted in older participants. Specifically, healthy ageing was associated with enhanced activity in the OPA during the active retrieval of a goal (Article 2), and in all three regions, namely the OPA, PPA, and MPA, during the encoding of objects for navigational purposes (Article 5). The differential recruitment of scene-selective regions in older adults across the two tasks provided further support for top-down modulation that is dependent upon the specific behavioural goal. Few functional imaging studies focused on scene-selective regions in older age. During resting-state or passive viewing of natural scenes, studies revealed preserved activity in the PPA of older individuals [START_REF] Ramanoël | Age-Related Differences in Functional and Structural Connectivity in the Spatial Navigation Brain Network[END_REF][START_REF] Rémy | Age effects on the neural processing of object-context associations in briefly flashed natural scenes[END_REF]. This finding resonates with the observation from Article 4 that EEG oscillatory dynamics were comparable between young and older participants within the initial 500 ms of scene observation. Regarding attention-demanding paradigms, it is noteworthy that the existing body of evidence contradicts the outcomes of the present doctoral work. Previous research showed that the ageing process in the scene-selective network may be characterised by dedifferentiation, in the form of neural attenuation [START_REF] Koen | The relationship between age, neural differentiation, and memory performance[END_REF][START_REF] Srokova | Neural differentiation is moderated by age in scene-selective, but not face-selective, cortical regions[END_REF]. This opposite pattern of results cannot be explained through the lens of behavioural performance as older participants demonstrated proficient task performance in one of the two investigations that reported neural attenuation [START_REF] Koen | The relationship between age, neural differentiation, and memory performance[END_REF], as well as in both Articles 2 and 5. The phenomenon of neural dedifferentiation in scene-selective regions can be interpreted within the framework of the "lifetime experience hypothesis". This hypothesis posits that older adults have accumulated greater experience that enables them to more efficiently integrate scenes into relevant schemas (Koen and Rugg, 2019). The increased activation observed in the OPA, PPA, and MPA of older individuals during the spatial navigation tasks appears incongruent with the framework previously discussed. Rather, it more suitably aligns with the Compensation-Related Utilization of Neural Circuits hypothesis (CRUNCH; [START_REF] Reuter-Lorenz | Neurocognitive aging and the compensation hypothesis[END_REF]. According to the latter theoretical construct, the additional neural engagement in older age could serve as compensation for declining processes such as noisier perceptual inputs or lower availability of cognitive resources. This compensatory activity might in turn facilitate the maintenance of performance levels comparable to those seen in young adults.

Overall, the findings derived from the present work in conjunction with insights gathered from prior research hint at the malleable nature of scene-selective regions across the human lifespan.

These regions appear to flexibly adjust their coding properties to optimise performance for the task at hand. Heightened recruitment of scene-selective regions may be particularly salient in the context of spatial navigation paradigms, given their high cognitive demands. More work is imperative to clarify the behavioural contexts that rely on neural attenuation and those that depend on compensatory activity in ageing. The apparent malleability of scene-selective regions throughout adulthood is consistent with a recent line of research examining their developmental trajectories. Studies revealed distinct timelines of development for the OPA, PPA and MPA [START_REF] Dilks | Three cortical scene systems and their development[END_REF]. The OPA, for instance, continues to develop up until late childhood, with evidence indicating the acquisition of motion processing functions at approximately age 8 [START_REF] Kamps | Late Development of Navigationally Relevant Motion Processing in the Occipital Place Area[END_REF]. Conversely, the MPA demonstrates adult-like maturation by middle childhood [START_REF] Meissner | Prolonged functional development of the parahippocampal place area and occipital place area[END_REF]. To enhance our understanding of scene-selective regions, it would be valuable to undertake comprehensive investigations into their functional and structural organisation, spanning from early childhood to older adulthood.

Methodological considerations

Considering that limitations inherent to each experiment were addressed in the preceding chapters, this section aimed to broaden their scope. It delves into wider-reaching considerations concerning two methodological aspects: the cohort of older participants and the use of static paradigms. Participants included in all experiments from this thesis were recruited from a cohort of meticulously profiled individuals. The cohort study guaranteed participants' overall health status and the absence of sensory, cognitive or motor impairments (see Section 1.6 for more details). It is necessary to underline that the sample primarily consisted of older individuals who were white, educated, and from high socio-economic backgrounds. This demographic profile inevitably curtails the generalisability of findings to the larger older population. Recent research highlighted the propensity for participants, particularly those engaged in large cohort studies, to exhibit significantly lower health risks [START_REF] Fry | Comparison of Sociodemographic and Health-Related Characteristics of UK Biobank Participants with Those of the General Population[END_REF]. The so-called "healthy volunteer bias" may thus represent a substantial barrier to the applicability and impact of ageing research endeavours [START_REF] Brayne | The limitations of large-scale volunteer databases to address inequalities and global challenges in health and aging[END_REF]. Strategised recruitment programmes could be implemented to target populations that might be less inclined to spontaneously take part in research activities. Another consideration relates to the inclusion of two separate groups with notable age disparities. In order to gain a comprehensive understanding of the influence of progressive visual ageing on spatial navigation abilities, the addition of a third group comprising middle-aged adults is a noteworthy proposition (van der Ham and Claessen, 2020).

The second interrogation that emerged from the present work concerns the caveats inherent to studying spatial navigation, an ability relying on a myriad of sensory and motor functions, through static paradigms. The use of tightly controlled experiments leveraging fMRI and EEG methodologies offered distinct advantages; one of these was the precise disentanglement of the role played by the visual modality during spatial navigation. It is essential to acknowledge, however, that in real-world conditions, vision interacts with proprioceptive and self-motion feedback signals. These intricate dynamics hold the potential to alter visual representations. A concrete example can be drawn from the Y-maze experiment designed for Articles 1 and 2. While older adults reached good levels of performance when orienting with object cues, they showed an inability to orient with the geometry of the environment (i.e., angles and wall lengths). This outcome stands in stark contrast with the propensity of older adults to rely on geometric cues both in VR and real-world environments [START_REF] Bécu | Age-related preference for geometric spatial cues during real-world navigation[END_REF][START_REF] Bécu | Landmark-based spatial navigation across the human lifespan[END_REF]. It is conceivable that the restricted field of view within the MRI hindered older participants' ability to process geometric cues effectively. Indeed, reduced fields of view are known to constrain the perception of geometric properties [START_REF] Sturz | Does constraining field of view prevent extraction of geometric cues for humans during virtual-environment reorientation?[END_REF]). An additional explanation may be rooted in the absence of vestibular and proprioceptive feedback in the scanner. Previous research demonstrated a close relationship between navigation performance in older individuals and the availability of multiple sources of sensory information [START_REF] Adamo | Age differences in virtual environment and real world path integration[END_REF][START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF]. It is therefore advisable for the field to progressively incorporate more naturalistic and ecologically valid paradigms under mobile conditions. A brief review authored by fellow researchers and myself probed the future trends in brain ageing research, with a focal point on the use of VR and mobile brain imaging (see Article S2 in the Appendix; [START_REF] Ramanoël | Future trends in brain aging research: Visuo-cognitive functions at stake during mobility and spatial navigation[END_REF]. The study of brain ageing in mobile and ecological conditions could provide the optimal platform to investigate the multiplicity of factors at stake during locomotion and wayfinding in older individuals. Finally, one could wonder whether examining scene processing and spatial navigation within constrained fields of view accurately mirrors the activation patterns of scene-selective regions within broader full-field conditions. A recent preprint presented compelling evidence that the properties of scene-selective regions are robust to changes in the size of scenes and that they behave similarly under extreme restrictions of the visual field and immersive first-person views [START_REF] Park | Ultra-wide angle neuroimaging: insights into immersive scene representation[END_REF].

PERSPECTIVES ON ALZHEIMER'S DISEASE

This thesis underscored the necessity for a paradigm shift in the comprehension of spatial navigation deficits associated with healthy ageing. It argued for the critical relevance of visual ageing to preserve older adults' autonomy and mobility. In the subsequent sections, I discuss the potential implications of applying this paradigm shift to pathological ageing, and more specifically to Alzheimer's Disease (AD). The clinical manifestation of AD is multifaceted, encompassing memory deficits, language impairments, executive dysfunction, mood and personality changes as well as disorientation [START_REF] Atri | The Alzheimer's Disease Clinical Spectrum: Diagnosis and Management[END_REF]. Spatial disorientation has long been recognised as one of the earliest symptoms of AD [START_REF] Pai | Topographical disorientation in community-residing patients with Alzheimer's disease[END_REF]. Recent research even uncovered that individuals with a higher genetic risk of AD, in the absence of the disease, exhibit impaired navigational skills [START_REF] Kunz | Reduced grid-cell-like representations in adults at genetic risk for Alzheimer's disease[END_REF][START_REF] Coughlan | Toward personalized cognitive diagnostics of at-genetic-risk Alzheimer's disease[END_REF][START_REF] Bierbrauer | Unmasking selective path integration deficits in Alzheimer's disease risk carriers[END_REF]. The pattern of generalised spatial deficits was linked to atrophy and dysfunction in regions within an extended network, starting in the entorhinal cortex and progressing to the medial temporal lobes, particularly the hippocampus [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF][START_REF] Igarashi | Entorhinal cortex dysfunction in Alzheimer's disease[END_REF]. Research also demonstrated that the severity of spatial disorientation in patients is associated with volume loss in key structures of the navigational network such as the hippocampus and parietal cortex [START_REF] Deipolyi | Spatial cognition and the human navigation network in AD and MCI[END_REF][START_REF] Lim | Topographical disorientation in mild cognitive impairment: A voxel-based morphometry study[END_REF].

In addition to cognitive deterioration, patients with AD manifest a myriad of visual impairments (for comprehensive reviews see [START_REF] Armstrong | Alzheimer's disease and the eye[END_REF][START_REF] Tzekov | Vision function abnormalities in Alzheimer disease[END_REF][START_REF] Javaid | Visual and ocular manifestations of Alzheimer's disease and their use as biomarkers for diagnosis and progression[END_REF], including a decline in visual field sensitivity. Of particular relevance to the current work, AD patients exhibit a distinct constriction of the lower visual field in an arcuate-like pattern [START_REF] Trick | Visual field loss in senile dementia of the alzheimer's type[END_REF][START_REF] Whittaker | Visual field loss and Alzheimer's disease[END_REF], which becomes apparent in the early stages of the disease [START_REF] Berisha | Retinal abnormalities in early Alzheimer's disease[END_REF]. In stark contrast, this doctoral thesis showed that healthy ageing is marked by prominent upper visual field defects. Such opposite patterns of visual field loss could pave the way for the identification of a new biomarker capable of distinguishing normal from pathological ageing trajectories. The subtending biological mechanisms for the lower visual field loss in AD are mostly believed to arise at the retinal level. Numerous authors claimed that the deficit could be linked to the observed decreased thickness in the superior quadrant of the retinal nerve fibre layer [START_REF] Berisha | Retinal abnormalities in early Alzheimer's disease[END_REF][START_REF] He | Optical coherence tomography assessed retinal nerve fiber layer thickness in patients with Alzheimer's disease: A meta-analysis[END_REF][START_REF] Morgia | Melanopsin retinal ganglion cell loss in Alzheimer disease[END_REF]. Histological examinations also revealed a greater accumulation of amyloid beta and tau aggregates in the superior retina of AD patients [START_REF] Koronyo | Retinal amyloid pathology and proof-of-concept imaging trial in Alzheimer's disease[END_REF]. There is a clear lack of research exploring the possible cerebral correlates of visual field alterations in AD. It was emphasised early on that cortical modifications in the visual cortex may be caused by random patterns of neurodegeneration, potentially contributing to the paucity of studies in this area [START_REF] Jackson | Visual dysfunction, neurodegenerative diseases, and aging[END_REF]. The sole piece of evidence suggesting a connection between a decline in lower visual field sensitivity and cortical structure in AD comes from the observation that protein aggregates are denser in the cuneal gyrus than in the lingual gyrus [START_REF] Armstrong | Visual field defects in Alzheimer's disease patients may reflect differential pathology in the primary visual cortex[END_REF]. Future studies are warranted to elucidate how visual cortices are remodelled in response to upper visual field or lower visual field defects in healthy and pathological ageing, respectively.

The extent of visual impairments in individuals with AD raises inquiries about their potential behavioural consequences on daily life activities. While studies examining the interplay between visual processing and wayfinding deficits in healthy ageing remain scarce, the possibility that visual deficits contribute to spatial disorientation in AD drew substantial interest over the years. Studies found a link between motion perception deficits in AD patients and poorer orientation performance on an array of spatial navigation tasks ranging from real-world route learning to road driving [START_REF] Rizzo | Perception of movement and shape in Alzheimer's disease[END_REF][START_REF] Tetewsky | Visual loss and getting lost in Alzheimer's disease[END_REF][START_REF] O'brien | Visual Mechanisms of Spatial Disorientation in Alzheimer's Disease[END_REF][START_REF] Kavcic | Neurophysiological and perceptual correlates of navigational impairment in Alzheimer's disease[END_REF].

Furthermore, adapting navigational cues to AD patients' visual needs, by enhancing the contrast for example, leads to improved navigation in a controlled real-world environment [START_REF] Yong | Navigational cue effects in Alzheimer's disease and posterior cortical atrophy[END_REF]. Given these prior findings, it is remarkable that the influence of lower visual field decline on spatial disorientation in AD is still unexplored. In their seminal paper, Trick and colleagues (1995) highlighted the importance of evaluating cognitive dysfunction in relation to lower visual field loss in AD. An earlier study from 1991 noted that AD patients in care units disregard all visual cues positioned at eye level or higher [START_REF] Namazi | Environmental effects on incontinence problems in Alzheimer's disease patients[END_REF]. Understanding how such upper visual field neglect could tie in with the documented constriction of the lower visual field appears crucial. In contrast to the literature on healthy ageing, which lacks adequate age-friendly environmental guidelines, multiple design criteria have been delineated for improved wayfinding in patients with dementia [START_REF] Marquardt | Impact of the design of the built environment on people with dementia: An evidence-based review[END_REF][START_REF] Van Buuren | Dementia-Friendly Design: A Set of Design Criteria and Design Typologies Supporting Wayfinding[END_REF].

In summary, it is evident that the role of visual processing in spatial navigation and the significance of the vertical position of cues extend to AD. For future investigations, it would be of interest to conduct a more comprehensive study of visual field sensitivity patterns. Confirming the involvement of distinct hemifields in early AD and healthy ageing could foster the development of innovative tools for early AD diagnosis. Moreover, it is essential to acknowledge that both research domains can mutually benefit from each other. On the one hand, research on healthy ageing should seek to more effectively acknowledge the influence of visual deficits on mobility and wayfinding, and thus formulate appropriate age-friendly guidelines. On the other hand, research on age-related pathologies such as Alzheimer's Disease, but also macular degeneration or

Parkinson's Disease [START_REF] Ramanoël | Age-related macular degeneration changes the processing of visual scenes in the brain[END_REF][START_REF] Moro | Visual Dysfunction of the Superior Colliculus in De Novo Parkinsonian Patients[END_REF], should aim at addressing the gap in understanding structural and functional alterations in the visual cortex. Valuable insights regarding visual field loss and the function of retinotopy in pathological ageing could be gleaned by studying the evolution of cortical visual maps throughout the course of the disease.

CONCLUSION

This doctoral thesis provided multifaceted insights into the intricate relationship between vision, spatial navigation and cognitive ageing. It emphasised the pertinence of considering specific landmarks properties to sustain navigational performance across the lifespan. Different types of visual spatial cues, including objects, features and geometry, were found to drive distinct neural patterns in temporal and occipital lobes. In addition, this thesis demonstrated significant agerelated differences in the engagement of brain regions implicated in detailed visual processing during spatial navigation. Impaired representations of objects in older individuals' brains may contribute to deficits in spatial cognition. Notably, the vertical position of objects within the visual field emerged as a pivotal factor influencing the quality of spatial representations. The present work unveiled both a reduction in the upper visual field area and a specific spatial memory deficit for objects positioned in the upper visual field of older individuals. This age-related upper visual field decline resonated with the finding of a systematic downward gaze bias during spatial navigation. Scene-selective regions were identified as key structures for integrating perceptual signals with higher-order navigational information throughout adulthood. The malleable nature of these regions was uncovered as they increased their activity levels in older age to maintain optimal functioning during wayfinding. An overarching conclusion that was drawn from this work is that healthy ageing is associated with changes in the use of visual information, with far-reaching implications for spatial memory and navigation. This dissertation provided compelling avenues for future research on healthy and pathological ageing and asserted that approaching cognitive decline from the perspective of visual processing holds great potential. Lastly, interesting insights were offered for the formulation of age-friendly environmental guidelines, which could incorporate the adjustment of the vertical position of objects as a valuable strategy for preserving the mobility of older adults.

Introduction

Navigating in space constitutes a key factor to maintain older adults' autonomy and mobility and to prevent the occurrence of age-related disorders. Healthy older adults show impairments in spatial navigation ability that include disorientation in unfamiliar environments and difficulties in taking detours to avoid obstacles [1]. This decline in navigational capabilities is associated with anatomical and functional changes across numerous interconnected structures of the brain including the cerebellum [1,2]. Accumulating evidence indicates that cerebellar functioning extends beyond the scope of motor control and that multiple cerebellar subregions play a central role in various aspects of cognition such as attentional, executive, social and emotional processing [3][4][5][6][7][8]. Indeed, the neocerebellum takes part in various interconnected circuits including the central executive, default mode, and dorsal attentional networks that subserve general cognitive and affective functions [6]. The cerebellar cortex appears to be organized into three functional gradients that code for increasingly abstract processes [7]. In addition, motor and cognitive cerebellar territories are thought to compute contextual forward models that enable precise timing, sequencing, optimization, and automation of mental processes [8]. Recently, King and colleagues developed a task-related functional atlas of the cerebellum evidencing distinctions between regions involved in motor or cognitive processing [4]. Strengthening the role of the cerebellum in spatial cognition, two recent meta-analyses of neuroimaging studies on spatial cognition [9,10] showed that cerebellar regions in interaction with frontal, parietal, and temporal cortical regions were related to the non-motor aspects of spatial navigation tasks. In the same vein, a functional magnetic resonance imaging (fMRI) study found that a hippocampocerebellar network mediates the use of spatial strategies during navigation [11]. Notably, Igloi and colleagues reported that right Crus I in relation with medial prefrontal cortex and left hippocampus contributes to sequence-based navigation, whereas left Crus I in conjunction with right hippocampus and medial parietal cortex underlies place-based navigation.

In the healthy aging literature, a handful of studies have reported age-related changes in cerebellar volume or activity associated with worse navigational performance [2]. However, these studies often failed to provide any interpretation of results pertaining to the cerebellum and, if they did, explained such age-related differences in terms of declining voluntary motor control. Hence, the contribution of cognitive subregions of the cerebellum to the decline of navigational abilities in healthy aging deserves greater attention. We analyzed morphological data from a previous fMRI study in which young and older participants performed a virtual spatial navigation task [12]. This study revealed a decrease in navigational performance in older adults, associated with vast changes in neural activity in the cortical network subtending spatial cognition. In the present exploratory study, we looked at gray matter (GM) volume differences between young and healthy older adults in the cerebellum. First, we examined whether age-related differences in GM volume would be localized in cerebellar regions underlying either motor or cognitive functions. Second, we studied the associations between behavioral performance and cerebellar GM volume.

Materials and Methods

Participants and Task

The present study is a re-analysis of anatomical data from 25 younger (age 22-32 years old; mean 25.4 years; 7 females and 15 males) and 17 older participants (age 67-81 years old; mean 73.0 years; 10 females and 7 males). All participants completed a battery of neuropsychological tests including the Mini-Mental State Examination (MMSE; [13]), the 3D mental rotation test (3D; [14]), the perspective taking test (PPT; [15]), and the Corsi block-tapping task [16]. Inside the MRI scanner, subjects were asked to remember the position of a hidden goal in a three-armed maze and navigate back to it from different starting positions. To this end, they had to make use of three distinct 3D objects (a square, a triangle, and a sphere) placed in the center of the maze. The navigation time (time to reach the goal) and the error rate (proportion of wrong turns across trials) were recorded. Following the MRI experiment, participants completed an informal questionnaire to assess their preference for response-based or place-based navigation strategies. Additional participant and task information can be found in [12]. All subjects provided written informed consent, and the study was approved by the Ethical Committee "CPP Ile de France V" (ID_RCB 2015-A01094-45, CPP N°: 16,122).

MRI Acquisition

Data were acquired using a 3-Tesla Siemens MAGNETOM Skyra whole-body MRI scanner (Siemens Medical Solutions, Erlangen, Germany) equipped with a 64-channel head coil. T1-weighted high-resolution three-dimensional images were obtained using an MPRAGE sequence (voxel size = 1 × 1 × 1.2 mm, TR/TE/IT/flip angle = 2300 ms/2.9 m s/900 ms/9°, matrix size = 256 × 240 × 176).

MRI Analyses

Data processing was performed using the cerebellar-specific toolbox SUIT [17][18][19] and the general linear model [20] with SPM12 (Wellcome Department of Imaging Neuroscience, London, UK, http:// www. fil. ion. ucl. ac. uk/ spm/) implemented in MATLAB 9.4. Each individual scan was manually reoriented to set the origin (0, 0, 0) on the anterior commissure and thus isolate segmented maps of the cerebellum. Manual quality control was performed to correct potential segmentation errors such as GM located outside of the cerebellum. Images were then normalized using the diffeomorphic anatomical registration through exponentiated lie algebra algorithm (DARTEL) [21,22], modulated and smoothed using a 6-mm FWHM Gaussian Kernel. We first performed a two-samples t-test to compare GM volume between young and older adults. Second, we performed a multiple regression analysis to investigate the associations between navigation time and error rate and GM volume of cerebellar subregions. For all analyses, brain size and gender were included as covariates of no interest. The statistical threshold was set at p < 0.05 family-wise-error (FWE) corrected at cluster-level with a minimum cluster extent of 20 voxels.

Results

Of note, the previous fMRI study [12] revealed that older adults were slower to reach the goal, that they made more errors, and that they relied more on response strategies than young adults during navigation. Moreover, older participants had significantly lower scores than young participants across all neuropsychological measures (MMSE, 3D, Corsi, and PPT). Comparison between age groups revealed a single cluster with significantly smaller GM volume (k = 2009 voxels; p < 0.001 FWE cluster-level) in the left neocerebellum of healthy older participants (Fig. 1). This cluster contained one peak in Crus I (t = 5.19; peak coordinate xyz: - 35 -64 -36) and one peak in the caudal part of lobule VI (t = 4.79; xyz: -38 -58 -27). We then performed correlational analyses between navigation performance and GM volume as well as between neuropsychological scores and GM volume. Results showed no significant association with navigational performance but a negative association between PPT scores and GM volume in lobule VI of the right neocerebellum (t = 4.55;k = 1557;p = 0.015 FWE cluster-level;xyz: 11 -63 -19). No other significant association between neuropsychological scores and GM volume was found. A supplementary whole-brain analysis showed that reduced GM volume in the right entorhinal cortex only was related to an increase in navigation time (Fig. 2; t = 4.37; k = 2131; p = 0.002 FWE cluster-level; xyz: 22 2 -36).

Discussion

Despite growing evidence underlining the importance of the neocerebellum for complex cognitive behavior such as spatial navigation, few studies have sought to investigate how healthy aging could modulate cerebellar GM integrity. Our results showed age-related decrease of GM volume in the Crus I and in the caudal part of lobule VI of the left cerebellum. These regions have been reported to be mainly involved in cognitive processes such as visual object recognition, divided attention, and response selection [4]. The lateral part of Crus I is implicated in three intrinsically connected circuits: the central executive (fronto-parietal), the default mode, and the ventral attentional networks [6]. More specifically, left Crus I plays a part in a subnetwork dedicated to spatial navigation that encompasses the posterior parietal cortex along with the retrosplenial, hippocampal, and entorhinal cortices. It could be involved in place-based navigational strategy, allocentric-to-egocentric translation, and mental navigation, cognitive skills that are essential for adequate spatial navigation (reviewed by [23]). Rodent studies have also highlighted the involvement of Crus I in learning and goal-directed behavior [24]. Left lobule VI overlaps with the attentional cerebellar subnetwork that supports stimulus-driven and goal-directed behavior as well as executive processing in human [7,25]. In addition, animal studies have found that the stimulation of lobule VI in mice altered spatial memory performance and object-location processing in CA1 [26].

The left found in older adults could be interpreted in light of previous fMRI results from [12]. Ramanoël and colleagues revealed, with the same participants, that the right Crus I (xyz: 36 -73 -22) was more activated in older adults than young adults during spatial navigation for the fMRI contrast [navigation > fixation]. The within group analysis of the fMRI contrast [navigation > fixation] showed significant cerebellar clusters in the right Crus I overlapping lobule and in the left lobule IX (xyz: -15 -52 -46) of older adults. The right lateralized activation of Crus I could constitute a functional adaptation to the smaller GM volume in the left Crus I in healthy aging. Igloi and colleagues [11] highlighted that the left cerebellum, including Crus I, and the right hippocampus subtended the use of a place-based strategy, whereas the right Crus I and the left hippocampus were involved in the use of a sequence-based strategy (i.e., a responsebased strategy). Smaller GM volume in the left Crus I of older adults may thus provide an explanation for the agerelated shift in navigational strategy preference from place to response strategies [12,27] and more generally to older adults' reduced spatial navigation ability. It must be noted that we did not assess specific executive functions such as attention or mental flexibility and therefore cannot rule out the possibility that age-related differences in executive abilities contributed to this strategy shift. Future neuroimaging studies should investigate this relationship precisely by considering the activity as well as the morphometry of the neocerebellum.

Giving support to this hypothesis, our results appear to overlap with the functional task-related cerebellar atlas for the use of a basic spatial map by King and colleagues ("Spatial_Map_Easy_MDTB34"). We need to highlight that the present study failed to identify a significant association between navigational performance and GM volume in the cerebellum. These results could be partially explained by the limited sample size but also by the relative simplicity of the navigation paradigm involving a two-choice task based on a small number of simple objects. However, we did show significant association between GM volume and scores on the PPT in lobule VI. This result and the absence of other significant correlations, notably with tests assessing specific memory processes, could be also explained by the capacity of the PPT to reflect multiple facets of cognition [28,29]. Previous studies have shown that the performance of older adults in navigational tasks could be predicted by PPT scores but not by executive or memory scores [30]. This in line with the supplementary whole-brain analysis showing a negative association between navigation time and GM volume of the right entorhinal cortex, a key region for general navigation abilities. Interestingly, this structure is particularly vulnerable to normal and pathological aging, and it is associated with impaired navigational performance in healthy older adults [31].

These preliminary findings warrant further research with a larger sample size and ecological navigation paradigms that could disentangle the cognitive and motor aspects of spatial cognition. Despite several limitations, our results reveal age-related atrophy in Crus I and Lobule VI, regions which are specifically implicated in the cognitive aspects of spatial navigation [23]. We emphasize the importance of considering cerebellar regions to better comprehend changes in spatial navigation ability in normal and pathological aging [32]. Visual aging Cognitive aging Spatial navigation Mobile neuroimaging abstract Aging leads to a complex pattern of structural and functional changes, gradually affecting sensorimotor, perceptual, and cognitive processes. These multiscale changes can hinder older adults' interaction with their environment, progressively reducing their autonomy in performing tasks relevant to everyday life. Autonomy loss can further be aggravated by the onset and progression of neurodegenerative disorders (e.g., age-related macular degeneration at the sensory input level; and Alzheimer's disease at the cognitive level). In this context, spatial cognition offers a representative case of high-level brain function that involves multimodal sensory processing, postural control, locomotion, spatial orientation, and wayfinding capabilities. Hence, studying spatial behavior and its neural bases can help identify early markers of pathogenic age-related processes. Until now, the neural correlates of spatial cognition have mostly been studied in static conditions thereby disregarding perceptual (other than visual) and motor aspects of natural navigation. In this review, we first demonstrate how visuo-motor integration and the allocation of cognitive resources during locomotion lie at the heart of real-world spatial navigation. Second, we present how technological advances such as immersive virtual reality and mobile neuroimaging solutions can enable researchers to explore the interplay between perception and action. Finally, we argue that the future of brain aging research in spatial navigation demands a widespread shift toward the use of naturalistic, ecologically valid experimental paradigms to address the challenges of mobility and autonomy decline across the lifespan. Ó 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Healthy aging is characterized by heterogeneous modifications that affect perceptual, cognitive, and motor functions [START_REF] Salthouse | Trajectories of normal cognitive aging[END_REF]. Spatial navigation, a fundamental daily ability that requires the integration of multimodal information, is known to decline across the life span [32]. An extensive body of literature reports age-related impairments in navigational skills such as difficulty with learning new routes, reorienting, and estimating distances [START_REF] Lithfous | Spatial navigation in normal aging and the prodromal stage of Alzheimer's disease: insights from imaging and behavioral studies[END_REF]39,[START_REF] Van Der Ham | How age relates to spatial navigation performance: Functional and methodological considerations[END_REF]. A consequence of these spatial navigation deficits is that older adults see a decline in their mobility and autonomy, resulting in an increased risk of progression of age-related neurodegenerative disorders such as Alzheimer's disease [19]. Hence, investigating spatial navigation in the older adult population could have far-reaching implications for societies and individuals. For this reason, it is important to consider both the behavioral and neurobiological factors responsible for the deterioration of visuo-spatial functions Contents lists available at ScienceDirect Aging Brain journal homepage: www.elsevier.com/locate/nbas throughout aging. A limited number of magnetic resonance imaging (MRI) studies have investigated the neural bases of spatial behavior in the context of healthy aging [START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF]. Findings often pertain to structural and functional agerelated modifications in the hippocampus and other medial temporal structures, and a few highlight the possible implications of prefrontal, cerebellar, and occipital areas. Recent studies have indeed underlined age-related differences in the activity of early visual and visuo-spatial brain regions that appear to be associated with declining directional processing and spatial abilities [28,[START_REF] Ramanoël | Differential Brain Activity in Regions Linked to Visuospatial Processing During Landmark-Based Navigation in Young and Healthy Older Adults[END_REF]. From these results emerges the possibility that altered visual processing contributes significantly to spatial navigation deficits in aging. This hypothesis is in line with accumulating literature showing that visual impairments in older adults are a significant risk factor for cognitive decline [START_REF] Vu | The Bidirectional Relationship between Vision and Cognition: A Systematic Review and Meta-analysis[END_REF]. The widespread use of structural and functional MRI has nonetheless hindered the possibility of considering spatial navigation in its entirety because perceptual (other than visual) and motor aspects are omitted. To address the latter caveats, a critical next step for obtaining a more accurate characterization of human brain aging is to take into account the multimodal nature of spatial navigation by designing studies that encompass multiple perceptual, locomotor, and cognitive factors.

Although, as humans, we rely extensively on vision, other types of sensory information, such as auditory, vestibular, and proprioceptive, are all at play during navigation [5]. Critically, the perceptual information available during navigation differentially modulates young and older adults' behavior. In young adults, several studies have reported similar performance during path integration (i.e., the capacity to keep track of one's position on a trajectory through the integration of rotational and translational displacements provided by self-motion cues) when participants relied on visual optic flow only, vestibular inertial information only, or vestibular and proprioceptive afferents conjointly [1,[START_REF] Mahmood | Age differences in visual path integration[END_REF][START_REF] Wiener | Dissociable cognitive mechanisms underlying human path integration[END_REF]. In contrast, in older adults, the variety of sensory information available is known to determine their navigational performance [24,[START_REF] Mahmood | Age differences in visual path integration[END_REF]. Some agerelated navigational deficits frequently observed in desktop-based tasks appear to be mitigated in mobile conditions (virtual reality and real-world settings), which highlights the importance of the availability of multimodal information to improve navigational performance in older adults [27,[START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF]. These findings emphasize that multisensory integration can at least partially alleviate certain struggles faced by older adults when navigating, by compensating for age-related unisensory degradations [7]. Thus, shedding light on specific facilitative and competitive mechanisms between sensory inputs can help refine our understanding of navigation performance maintenance and decline as people age.

Postural control and locomotion represent essential aspects of spatial navigation that are frequently neglected by brain aging studies. From a perceptual-motor perspective, the upweighting of visual cues and increased visual field dependence in older adults can have a drastic impact on their locomotor behavior and stability [3]. Evidence also suggests an important role for visuo-podal integration in postural control and mobility [18,[START_REF] Roll | Cutaneous afferents from human plantar sole contribute to body posture awareness[END_REF]. Strengthening the argument for close ties between visual and locomotor systems, an increasing number of rodent neurobiological studies suggest that visual brain patterns are modulated by motion-related inputs [START_REF] Parker | Movement-Related Signals in Sensory Areas: Roles in Natural Behavior[END_REF]. Motor-related skills are also tightly intertwined with the attentional and cognitive factors that lie at the heart of spatial navigation. In older adults, attentional resources are neither precisely nor optimally allocated in situations that require intricate multitasking capabilities, such as when performing two motor actions simultaneously [52]. During spatial navigation, the attentional resources dedicated to postural control and locomotion can even interfere with the other cognitive processes at play [2,26]. Most strikingly, age-related deficits in balance and locomotion induce an increased fear of falling that in turn shapes older adults' navigable space and it forces them to adapt their walking behavior. Indeed, older navigators tend to walk more slowly, to focus their gaze on the ground, and to avoid obstacles in their peripersonal space. These age-related changes could contribute to suboptimal spatial learning and orientation in older adults. For example, older adults place emphasis on body awareness and stability when walking rather than on the formation of a mental map to orient themselves in the immediate environment [START_REF] Yogev-Seligmann | The role of executive function and attention in gait[END_REF]. Beyond behavioral observations, neuroimaging findings show that age-related reductions in walking speed and increases in gait variability are linked to structural and functional changes in a distributed brain network encompassing prefrontal, frontal, parietal, occipital, cingulate, and thalamic regions [2,[START_REF] Tripathi | Gray matter volume covariance networks associated with dual-task cost during walking-whiletalking[END_REF][START_REF] Wagshul | Multi-modal neuroimaging of dual-task walking: Structural MRI and fNIRS analysis reveals prefrontal grey matter volume moderation of brain activation in older adults[END_REF]. Although it is striking that the neural underpinnings of age-related locomotor deficits widely overlap with those of spatial navigation [START_REF] Li | Spatial memory and navigation in ageing: A systematic review of MRI and fMRI studies in healthy participants[END_REF]39,[START_REF] Zhong | Extrahippocampal Contributions to Age-Related Changes in Spatial Navigation Ability[END_REF], no study has yet tested these abilities concomitantly in older adults.

The interplay between sensory (in particular, visual), motor, and cognitive processes at stake during spatial navigation makes it necessary to use holistic approaches to conduct brain aging research. It is key to consider the full scope of behavioral and neural changes occurring across the life span. In this review article, we argue that studying the neural underpinnings of visuo-spatial information processing in aging also requires a shift toward more ecologically valid experimental paradigms, which leverage the recent technological advances in both virtual reality (VR) and mobile brain imaging.

One of the most notable technological innovations pertains to the development of increasingly reliable and affordable immersive VR devices. Commercial headmounted displays now provide a precise coordination of the visual display, with head movements of the participant, thus enabling a near-naturalistic visuo-vestibular integration. The great advantage of VR over real-world setups lies in the high level of control of all environmental variables that it offers. Indeed, environments can be designed so they perfectly fit with the experimental task, and relevant parameters can be varied systematically. In parallel, great progress has been made in rendering the recording of various biomarkers feasible in mobile conditions. The most important recording techniques in the field of navigation are mobile eye-tracking and motion capture. Accessing the oculomotor behavior of participants can be informative when striving to uncover navigationally rele-vant information, visual exploration strategies, or movement planning [8]. Similarly, motion capture allows for the investigation of body movements and gait metrics such as walking speed and trajectory efficiency during navigation [2]. These technological improvements could considerably enrich the monitoring and thus the understanding of aging spatial behavior in near-naturalistic conditions. Commercial VR setups are still facing several limitations and challenges, such as a reduced field of view and the presence of incongruences between visual and motor inputs (for a review, see [15]). New devices are already closing the gap with a more natural human field of view and motion-to-image latencies that are becoming undetectable to human perception.

In parallel to VR and motion capture technologies, the development of brain recording techniques in moving humans opens up new and exciting research perspectives. To date, several brain imaging systems have been tested and adopted in mobile conditions: scalp electroencephalography (EEG; [20]), functional near-infrared spectroscopy (fNIRS; [6]), and intracranial electroencephalography (iEEG; [4]). Because of the required surgical intervention, iEEG cannot be considered for systematic use in healthy participants, and it remains constrained to the chemically resistant epileptic population. In contrast, the accessible and noninvasive natures of EEG and fNIRS make them ideal candidates for recording large samples of subjects across the life span. EEG has drawn more interest, and it has developed more rapidly than fNIRS for imaging in mobile conditions because it offers a sub-second timescale window into the dynamics of cognitive processes. Thus, in this review article, we will focus on mobile EEG, which provides a large majority of the supporting evidence discussed within the scope of this article (for a more thorough review, see [42]). Major technical obstacles related to recording brain signals in motion have recently been overcome. For example, the sensitivity of EEG to artifacts in mobile conditions has been mitigated through the development of active electrodes and cable shielding [31]. Lighter amplifiers and wireless capabilities have enabled new systems to record high-quality data without tying the subject to a desktop [START_REF] Oliveira | Proposing Metrics for Benchmarking Novel EEG Technologies Towards Real-World Measurements[END_REF]. More importantly, advances in data-processing methods have advantageously been applied to EEG recordings to detect and remove the aforementioned artifacts. Blind source separation algorithms such as independent component analysis have proven useful in isolating artifactual components from neural signals [14], even in the case of mobile EEG data [23]. Blind source separation also facilitates solving of the EEG inverse problem (i.e., finding the spatial origin of the EEG signal of interest). Leveraging these advances, the mobile brain and body imaging (MoBI) approach [21] has now gained enough momentum to provide interesting opportunities for brain aging research. In particular, the co-registration of brain signals and biometric measures like body and eye movements allows neuroscientists to design mobile experiments that unlock new dimensions of brain signal interpretation.

Several research groups have started combining the above-mentioned methodologies and have shown that accounting for mobility is pivotal to fully understand the action-perception loop during spatial behavior. Regarding multisensory integration, Ehinger et al.'s [17] pioneering study demonstrated that brain rhythms were significantly modulated by the presence of natural vestibular and kinesthetic feedback during spatial orientation. This was recently replicated by Gramann et al. [22], who reported differences in EEG activity from the retrosplenial complex between stationary and full-body rotation setups. Their results suggest that a strong desynchronization in the alpha band could be a marker of a sensory mismatch between vision and proprioception during full-body rotations. The latter finding questions previous studies conducted in static conditions that linked this alpha desynchronization with heading computation. Mobile neuroimaging studies have also started to unriddle the complex interaction between visual processing, cognition, and locomotion at the neural level. Cao and Händel [12] showed that EEG-recorded alpha oscillations during walking reflected increased processing of peripheral visual inputs. The current locomotion state of the body was also found to affect eye movement patterns; taken together, these results reflect an underlying strategy of optimizing the extraction of sensory information during locomotion [11]. With respect to cognitive factors required during locomotion, Ladouce et al. [30] recently employed mobile EEG to understand how participants allocate cognitive resources when tasked with identifying visual targets in moving conditions. They found that the additional cognitive demands during movement reduced the attention of participants to the stimuli of interest, as reflected by the event-related potential P300. Similarly, in a study including both young and older adults, Protzak et al. [START_REF] Protzak | Peripheral visual perception during natural overground dual-task walking in older and younger adults[END_REF] identified the neural markers associated with worsened visual processing during ambulation that were more pronounced in older adults. The latter results bring into focus the importance of understanding how, on both behavioral and neural levels, attention is reallocated to perceptual, cognitive, or motor processing in older adults during natural, active spatial behavior. Indeed, aging research has extensively used the MoBI framework to study cognitivemotor interference in older participants by using dualtask paradigms [9,10,25,[START_REF] Malcolm | The aging brain shows less flexible reallocation of cognitive resources during dual-task walking: A mobile brain/body imaging (MoBI) study[END_REF][START_REF] Protzak | Peripheral visual perception during natural overground dual-task walking in older and younger adults[END_REF]. Finally, a growing number of mobile EEG studies are assessing more fundamental scientific hypotheses related to spatial learning, representation, or memory (e.g., [34,[START_REF] Park | Detecting the neural correlates of episodic memory with mobile EEG: Recollecting objects in the real world[END_REF][START_REF] Snider | Human Cortical during Free Exploration Encodes Space and Predicts Subsequent Memory[END_REF]), perception of obstacles and affordances [16,[START_REF] Mustile | Mobile EEG reveals functionally dissociable dynamic processes supporting real-world ambulatory obstacle avoidance: Evidence for early proactive control[END_REF], and landmark-based spatial navigation [13,[START_REF] Wunderlich | Landmark-based navigation instructions improve incidental spatial knowledge acquisition in real-world environments[END_REF].

We believe that applying the paradigm shift discussed so far to an even wider range of scientific questions would significantly benefit aging research. First, understanding how older adults process and use information to move about in large and complex environments (e.g., train stations or shopping centers) could lead to important changes in urban planning. Could we facilitate spatial learning by providing additional sensory cues and by lowering cognitive-motor demands (e.g., flat terrain, fewer stairs)? Should we rethink the size and position of signage in stations? Second, the neuroimaging of spatial navigation in mobile conditions could prove to be a turning point in our comprehension of age-related navigation deficits. Going beyond the selective investigation of targeted brain regions with simple sensory stimulation, connectivity analyses of real-time interactions between several brain areas could change our current knowledge of spatial cognition. How could the interaction and the fine-grained time course between sensory and motor signals modify cognitive processing in the navigation network? Could the presence of specific sensory and motor signals refine the visual input and thus mitigate spatial learning difficulties in older adults? Such studies would, by extension, shed light on the etiology of neurodegenerative diseases in which spatial navigation can deteriorate dramatically, as is the case in Mild Cognitive Impairment and Alzheimer's disease [29,[START_REF] Segen | Path integration in normal aging and Alzheimer's disease[END_REF]. Third, pinpointing the individual contribution of sensory, cognitive, and motor processes in real-life navigational scenarios could be particularly beneficial to the development of rehabilitation protocols or targeted medical devices for age-related visual pathologies. For example, portable neuroimaging devices could be used for real-time neurofeedback to reweigh reliance on specific visual or proprioceptive information during locomotion.

We conclude that the study of brain aging in mobile, naturalistic conditions provides a novel framework to study the multiscale factors at stake during locomotion and spatial orientation in older adults. It would also allow behavioral and neural biomarkers to be identified to differentiate healthy from pathological aging trajectories.

Chapter 2 .Chapter 4 .

 24 Prior to my arrival in the laboratory, Dr. Stephen Ramanoël, Alice Bizeul and Anthony-Ozier Lafontaine had designed the experiment and performed data collection for the young participant cohort. In collaboration with Dr. Stephen Ramanoël, I collected the data for the older participant group, and we jointly conducted the analyses for Articles 1 and 2. Additionally, we wrote and revised the two manuscripts together. The co-first authorships are a testament to these collaborative research efforts. Chapter 3. I designed the experiment detailed in Article 3 and implemented it myself. I performed the data collection, data analysis and manuscript writing. I learned new statistical analysis methods, including multinomial processing tree modelling, to analyse the data optimally. For the acquisition of kinetic perimetry and optical coherence tomography data, I received essential assistance from research engineer Sonia Combariza and master's student Louise Van Poucke. The experiment described in Article 4 was conducted in collaboration with fellow PhD student Alexandre Delaux. Both Alexandre Delaux and I were responsible for implementing the task and gathering data from young and older participants. I collected the MRI scans required for the fMRI-informed source reconstruction algorithm. Notably, I conducted all behavioural and eye tracking analyses and Alexandre Delaux conducted all EEG
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 33 2 mm, TR/TE/flip angle = 2685 ms/30 ms/90°, interslice gap = 1 mm, slices = 48, matrix size = 74 × 74, FOV = 220 × 220 mm). For the localiser experiment, 284 volumes from 64 slices were acquired using a T2*-weighted simultaneous multi-slice echo planar sequence (SMS-EPI; voxel size = 2.5 × 2.5 × 2.4 mm, TR/TE/flip angle = 1,000 ms/30 ms/90°, matrix size = 100 × 100, SMS = 2, GRAPPA = 2). The anatomical volume consisted of a T1-weighted, highresolution three-dimensional MPRAGE sequence (voxel size = 1 × 1 × 1.2 mm, TR/TE/IT/flip angle = 2,300 ms/2.9 ms/900 ms/9°, matrix size = 256 × 240 × 176).

  2.10 (Peirce et al., 2019) on a Dell monitor with a 1280 x 1024-pixel resolution. The screen subtended 29° of visual angle in height and 36° of visual angle in width.

  3.1.1). The encoding phase started once participants had a stable fixation on the central cross for more than 800 ms. The task presented 30 unique objects sequentially, for 2500 ms each, in the upper or lower part of the screen along the vertical meridian. A 500 ms interval separated each stimulus presentation. Participants had to maintain fixation on the central cross throughout the entire duration of the encoding phase. To facilitate fixation, participants performed the additional task of pressing a button when the cross turned green. During the test phase, participants saw 20 objects that had been presented during the encoding phase and 10 new objects (i.e., distractors).
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 38 1 in Spyder IDE version 4.1.5) and we conducted all statistical analyses using R version 4.0.3 in RStudio version 1.

  Disparities in Oscillatory Dynamics within Scene-Selective Regions duringPosition is a key property that allows certain objects in the environment to attain navigational relevance. Symmetrical processing of object position across the horizontal meridian remains an unchallenged assumption of the spatial navigation literature. Nonetheless, a growing body of research reports vertical inhomogeneities in perceptual tasks, and recent evidence points towards a lower visual field preference in healthy ageing. Factoring in the vertical position of objects to better apprehend spatial navigation abilities across the lifespan is essential. The OPA, PPA, and MPA are ideal candidates to support the processing of the vertical location of navigational cues. Indeed, they are implicated in scene processing and spatial cognition, functions that may interact with their underlying retinotopic codes. This study aimed to elucidate whether young and older participants adjusted their gaze patterns and EEG activity within scene-selective regions in response to the vertical arrangement of landmarks. A sample of 21 young and 21 older participants completed a desktop-based task requiring them to navigate using objects at different vertical locations. We equipped them with an eye tracker and a high-density EEG cap. We used a fMRIinformed source-reconstruction algorithm to study the OPA, PPA and MPA with high spatial and temporal precision. Older adults exhibited a higher number of errors compared to young adults during reorientation. This age-related decline in accuracy was accompanied by a tendency among older participants to fixate objects in the lower half of the screen. This gaze bias was absent in young participants, who instead adapted their oculomotor behaviour based on the position of navigationally-relevant information. Another primary finding pertains to the differential pattern of theta and beta band activity in the OPA, PPA and RSC for environments that only contained relevant cues in the upper visual field. It thus appears that scene-selective regions process some aspect of the vertical position of information, irrespectively of their inherent retinotopic biases.Moreover, we revealed striking disparities between age groups in beta/gamma band synchronisation in all scene-selective regions, indicating compromised top-down attentional mechanisms during spatial navigation in ageing. These age-related disparities in attentional dynamics might account for performance deficits in older participants. This study sheds light on a systematic downward gaze bias and altered attentional dynamics within scene-selective regions during spatial navigation in older age. It also emphasises the importance of considering vertical positioning as a fundamental property of objects within scenes.

  4.1.1 c). A single condition comprised an encoding phase and a test phase. During the encoding phase, subjects navigated passively towards the goal with a forward speed of 5 vm per second and a turning speed of approximately 67° per second. They watched first-person videos of a single-intersection trajectory, a two-intersection trajectory, and a three-intersection trajectory through the environment, in a randomised order. These videos ensured that participants passed through every intersection at least once. The videos marked a 4second pause at the starting position and at the level of each intersection for participants to encode the objects (Fig.4.1.1 d). To succeed in the task, participants had to learn the position of the goal with respect to the objects present at each intersection. Once the three routes had been shown, participants were tested on their reorientation ability. During the test phase, subjects navigated passively through the six possible routes. The video paused upon reaching an intersection and subjects decided whether they needed to go straight, left, or right using the keypad. A correct answer led to navigation resuming, while a wrong decision triggered a sound that notified the participant to retry. Subjects could not move along the route until the correct direction had been chosen. Upon finding the goal, a black screen appeared, and the next video started after a 2-second delay. The first three videos shown during the test phase were always the same as those presented during the encoding phase. The last three test videos corresponded to the remaining three possible trajectories, unexplored during the encoding phase. Such a design served to reduce the difficulty of the task by reinforcing the learning of specific routes.
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  Tesla Siemens MAGNETOM Skyra whole-body system (Siemens Medical Solutions, Erlangen, Germany) equipped with a 64-channel head coil. Acquisitions took place at the Quinze-Vingts National Ophthalmology Hospital in Paris. For anatomical scans, we used 2 types of sequences: a T1*-weighted MPRAGE 3D sequence (voxel size = 1 x 1 x 1.1 mm, TR/TE/Angle flip = 2300 ms/2.9 ms/900 ms/9°, matrix size = 256 x 240 x 176) and a T2-weighted 3D sequence SPACE CAIPI (voxel size: 1 x 1 x 1.1 mm, TR/TE = 3140 ms/410 ms, matrix size: 256 x 256 x 176). The T2-weighted sequence was available for the young group only. A T2*-weighted SMS-EPI sequence (voxel size = 2.5 x 2.5 x 2.4 mm, TR/TE/Angle flip = 1000 ms/30 ms/90°, matrix size = 100 x 100, SMS = 2, GRAPPA = 2) was acquired for the localiser task. Please refer to Ramanoël et al., 2020 for a detailed description of the paradigm. First, we processed the T1-weighted image of each participant with FreeSurfer

  = 0.33, 95 % CI = [0.10, 0.53]; Fig.4.1.2b) with older subjects making more errors than young participants per intersection (older: M = 0.74, SD = 0.19; young: M = 0.22, SD = 0.22). Moreover, there was a main effect of sex on the number of mistakes made during the test phase (F(1, 37) = 12.95, p < 0.001, ηp 2 = 0.26, 95 % CI = [0.054, 0.47]) with a higher mean number per intersection reported in females (M = 0.60, SD = 0.27) than in males (M = 0.39, SD = 0.33). We also found an influence of strategy on navigational performance (F(1, 37) = 10.97, p = 0.0021, ηp 2 = 0.23, 95 % CI = [0.037, 0.44]). Across age groups, individuals who did not use a mental map to reorient (M = 0.74, SD = 0.18) displayed significantly worse performance than those who did (M = 0.28, SD = 0.27). The linear mixed model did not reveal any evidence for an effect of condition on navigation performance (F(2, 208) = 0.50, p = 0.61, ηp 2 = 0.0048, 95 % CI = [0.00, 0.033]). We ran a second linear mixed model with participants as random intercepts to investigate the impact of repeated vs. new test trials on behavioural performance. Our results indicated that there was a significant interaction between age and type of test trial on performance (F(1, 208) = 8.38, p = 0.0042, ηp 2 = 0.039, 95 % CI = [0.0040, 0.10]; Fig.4.1.2c). We found a significant difference between repeated and new routes in older adults only (t(208) = 1.57, p = 0.0096, d = 0.37, SE = 0.18), with new routes leading to a greater average number of mistakes (M = 0.77, SD = 0.16) compared with repeated routes (M = 0.70, SD = 0.18).4.1.4.2Adapting gaze patterns to the condition is impaired in older ageEncoding phaseWe first examined participants' gaze patterns across all 4-second observation periods of the encoding phase. We ran separate linear mixed models to study the effects of age, condition, andsexon dwell time in the lower, upper, and central AOI. Regarding the proportion of time spent looking at the lower AOI, we found little evidence for main effects of age (F(1, 38) = 1.25, p = 0.27, ηp 2 = 0.032, 95 % CI = [0.00, 0.20]) or sex (F(1, 38) = 3.67, p = 0.063, ηp 2 = 0.088, 95 % CI = [0.00, 0.29]). However, we uncovered a significant influence of condition on dwell time in the lower AOI (F(2, 317) = 3.60, p = 0.020, ηp 2 = 0.022, 95 % CI = [0.00, 0.060]). Post-hoc comparisons showed a significant difference between the DOWN and MIX conditions (t(317) = -2.90, p = 0.035, d = 0.24, SE = 0.13), with longer time spent looking at the lower AOI in the MIX condition (M = 37.02%, SD = 11.73%) than in the DOWN condition (M = 34.12%, SD = 12.77%) across all participants. We then examined the upper AOI and we found no evidence that age (F(1, 38) = 0.83, p = 0.37, ηp 2 = 0.021, 95 % CI = [0.00, 0.17]) or sex (F(1, 38) = 0.74, p = 0.40, ηp 2 = 0.010, 95 % CI = [0.00, 0.15]) significantly predicted dwell time in that area. There was a significant main effect of condition on dwell time in the upper AOI (F(2, 315) = 6.03, p = 0.0027, ηp 2 = 0.037, 95 % CI = [0.0049, 0.083]). Post-hoc Tukey testing revealed that upper dwell time was significantly different between the MIX and UP conditions (t(315) = 3.70, p = 0.0040, d = 0.31, SE = 0.13) and between the MIX and DOWN conditions (t(315) = -3.13, p = 0.018, d = 0.24, SE = 0.13). Participants spent longer fixating the upper AOI during the MIX condition (M = 35.34%, SD = 13.46%) than during the UP (M = 31.30%, SD = 12.80%) and DOWN conditions (M = 32.11%, SD = 13.73%). Finally, there was little evidence to support a main effect of age (F(1, 38) = 0.0004, p = 0.98, ηp 2 = 0.00, 95 % CI = [0.00, 0.00]) on central dwell time. We nonetheless found that sex (F(1, 38) = 4.55, p = 0.040, ηp 2 = 0.11, 95 % CI = [0.00, 0.31]) and condition (F(2, 315) = 13.21, p < 0.001, ηp 2 = 0.077, 95 % CI = [0.028, 0.14]) had significant influences on time spent looking at the central AOI. We uncovered that central dwell time in male participants (M = 35.65%, SD = 14.81%) was superior to central dwell time in female participants (M = 27.15%, SD = 16.90%). Post-hoc comparisons also showed significant differences in central dwell time between the MIX and UP conditions (t(315) = -6.17, p < 0.001, d = 0.41, SE = 0.13) and between the MIX and DOWN conditions (t(315) = 6.16, p < 0.001, d = 0.40, SE = 0.13), with all participants fixating the central AOI longer during the UP (M = 34.14%, SD = 17.50%) and DOWN conditions (M = 33.77%, SD = 16.23%) than during the MIX condition (M = 27.64%, SD = 14.38%). We ran another linear mixed model to investigate the influence of age, sex, and condition on the VMA for dwell time. The VMA computes the vertical asymmetry in the distribution of time spent looking at the AOIs. We found no evidence for main effects of age (F(1, 38) = 2.02, p = 0.16, ηp 2 = 0.050, 95 % CI = [0.00, 0.23]), sex (F(1, 38) = 0.34, p = 0.57, ηp 2 = 0.012, 95 % CI = [0.00, 0.19]), or condition (F(2, 317) = 0.19, p = 0.83, ηp 2 = 0.0012, 95 % CI = [0.00, 0.013]) on the VMA for dwell time. The distribution of time spent looking across the upper and lower AOIs remains stable across conditions. One-sample Wilcoxon signed rank tests showed that the mean VMA per condition per block was significantly different from zero in older participants(V(182) = 11387, p < 0.001, median = 18.52, 95% CI[10.07, 26.76], r = 0.31) but not in young participants (V(178) = 7768, p = 0.68, median = -2.00, 95% CI[-11.31, 6.85], r = 0.031).Finally, we ran linear mixed models to study the proportion of first fixations across all intersections of the encoding phase directed towards the lower, upper, or central AOIs. We stress that the term first fixation refers to the very first fixation upon arrival at each intersection, i.e., the first fixated AOI at each intersection. We found no evidence to support a significant influence of age (F(1, 39)= 0.0002, p = 0.99, ηp 2 = 0.00, 95 % CI = [0.00, 0.00]), sex (F(1, 39) = 1.66, p = 0.20, ηp 2 = 0.041, 95 % CI = [0.00, 0.21]) or condition (F(2, 325) = 1.10, p = 0.33, ηp 2 = 0.0068, 95 % CI = [0.00, 0.031]) on the proportion of first fixations directed towards the lower AOI. Moreover there was no evidence for statistically significant main effects of sex (F(1, 39) = 0.63, p = 0.43, ηp 2 = 0.016, 95 % CI = [0.00, 0.16]) or condition (F(2, 323) = 1.42, p = 0.24, ηp 2 = 0.0087, 95 % CI = [0.00, 0.035]) on the proportion of first fixations located in the upper AOI. We found that age (F(1, 39) = 5.22, p = 0.028, ηp 2 = 0.12, 95 % CI = [0.00, 0.32]) and the interaction between age and condition (F(2, 323) = 3.56, p = 0.030, ηp 2 = 0.022, 95 % CI = [0.00, 0.059]; Fig 4.1.3a,b) significantly predicted the proportion of upper first fixations (Fig. 4.1.3a). Young participants had a greater proportion of first fixations directed towards the upper AOI than did older participants across conditions (young: M = 34.57%, SD = 23.84%; older: M = 21.93%, SD = 22.14%). Furthermore, post-hoc tests revealed an absence of significant pairwise comparisons for the interaction of age and condition. There was no evidence to indicate that sex (F(1, 39) = 0.28, p = 0.60, ηp 2 = 0.0072, 95 % CI = [0.00, 0.14]) significantly predicted the proportion of first fixations situated in the central AOI. However, we did reveal main effects of age (F(1, 39) = 7.65, p = 0.0086, ηp 2 = 0.16, 95 % CI = [0.012, 0.37]) and condition (F(2, 323) = 3.72, p = 0.025, ηp 2 = 0.023, 95 % CI = [0.00, 0.060]). Older participants looked at the central cluster at the start of each intersection to a significantly greater extent than young participants (young: M = 39.18%, SD = 18.69%; older: M = 53.43%, SD = 22.76%). We also found the interaction between age and condition to be significant (F(2, 323) = 3.71, p = 0.022, ηp 2 = 0.022, 95 % CI = [0.00, 0.060]). Post-hoc Tukey tests showed a significant age-related difference in the proportion of central first fixations during the UP condition only (t(55) = 17.47, p = 0.023, d = 0.89, SE = 0.19). Indeed, older participants fixated the central AOI at the start of UP intersections to a greater extent than did young participants (young: M = 38.24%, SD = 16.57%; older: M = 56.11%, SD = 23.18%). We also found a significant difference between the DOWN and MIX conditions in young adults (t(323) = 8.60, p = 0.012, d = 0.45, SE = 0.18). Young participants had a significantly greater proportion of first fixations located in the central AOI during the DOWN condition (M = 43.94%, SD = 21.62%) than during the MIX condition (M = 35.34%, SD = 16.64%).

  = 4.69, p = 0.037, ηp 2 = 0.11, 95 % CI = [0.00, 0.31]), condition (F(2, 677) = 10.76, p < 0.001, ηp 2 = 0.031, 95 % CI = [0.0093, 0.059]), and the interaction between age and condition (F(2, 677) = 8.56, p < 0.001, ηp 2 = 0.025, 95 % CI = [0.0058, 0.051]; Fig.4.1.3c) on the proportion of time spent fixating the upper AOI. Indeed, dwell time in the upper AOI was superior in female participants (M = 30.05%, SD = 17.84%) than in male participants (M = 21.37%, SD = 14.65%). Post-hoc Tukey tests showed that there were significant differences in upper dwell time between conditions in young adults only, between the DOWN and MIX conditions (t(677) = -7.76, p < 0.001, d = 0.47, SE = 0.13) and between the DOWN and UP conditions (t(677) = -5.75, p < 0.001, d = 0.35, SE = 0.13).Young participants spent less time fixating the upper AOI during the DOWN condition (M = 20.58%, SD = 15.03%) than during the MIX (M = 28.34%, SD = 17.84%) and UP conditions (M = 26.12%, SD = 16.61%). Examining lower dwell time, we found no evidence for significant main effects of age (F(1, 38) = 4.09, p = 0.050, ηp 2 = 0.097, 95 % CI = [0.00, 0.30]) or sex (F(1, 38) = 1.76, p = 0.19, ηp 2 = 0.044, 95 % CI = [0.00, 0.22]). We nonetheless revealed that condition was a significant predictor of the proportion of time spent in the lower AOI (F(2, 679) = 3.22, p = 0.041, ηp 2 = 0.0094, 95 % CI = [0.00, 0.027]). There were significant differences in lower dwell time between the DOWN and MIX conditions (t(679) = -2.49, p = 0.031, d = 0.14, SE = 0.091) across all participants. They spent more time looking at the lower AOI during the MIX condition (M = 28.13%, SD = 17.45%) than during the DOWN condition (M = 25.63%, SD = 17.84%).Moreover, the linear mixed model analysing dwell time in the central AOI revealed no evidence that age was a significant predictor (F(1, 38) = 1.99, p = 0.17, ηp 2 = 0.050, 95 % CI = [0.00, 0.23]).However, we found main effects of sex (F(1,[START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF] = 7.06, p = 0.011, ηp 2 = 0.16, 95 % CI = [0.0086, 0.37]), condition (F(2, 677) = 17.67, p < 0.001, ηp 2 = 0.050, 95 % CI = [0.021, 0.084]), and the interaction between age and condition (F(2, 677) = 10.30, p < 0.001, ηp 2 = 0.030, 95 % CI = [0.0085, 0.057]) on central dwell time. Male participants spent significantly more time fixating the central AOI than did female participants (male: M = 55.21%, SD = 20.96%; female: M = 38.91%, SD = 21.45%). In addition, post-hoc pairwise comparisons showed central dwell time differences between the DOWN and MIX conditions (t(677) = 11.98, p < 0.001, d = -0.52, SE = 0.13) and between the DOWN and UP conditions (t(677) = 7.49, p < 0.001, d = -0.31, SE = 0.13) in young adults only. Indeed, young participants spent significantly more time looking at the central AOI during the DOWN condition (M = 59.34%, SD = 23.77%) than during the MIX (M = 47.35%, SD = 22.33%) and UP conditions (M = 52.15%, SD = 23.25%). To complement the analyses regarding dwell time proportions, we ran a linear mixed model examining the influence of age, sex, and condition on the VMA for dwell time. Whereas we found no evidence to suggest main effects of sex (F(1, 38) = 0.43, p = 0.51, ηp 2 = 0.011, 95 % CI = [0.00, 0.15]) or condition (F(2, 670) = 0.37, p = 0.69, ηp 2 = 0.0011, 95 % CI = [0.00, 0.0089]) on the VMA, we did show that age (F(1, 38) = 4.70, p = 0.036, ηp 2 = 0.11, 95 % CI = [0.00, 0.31]; Fig 4.1.3d,e) was a significant predictor of the VMA. The VMA in older adults (M = 23.74, SD = 88.20) was significantly higher than the VMA in young adults (M = -20.35, SD = 101.72), underlining a greater fixation bias towards the lower AOI in older age. One-sample Wilcoxon signed rank tests revealed that the mean VMA per condition per block was significantly different from zero in young (V(178) = 5736, p = 0.023, median = -17.67, 95% CI [

30 ,

 30 ηp 2 = 0.027, 95 % CI = [0.00, 0.19]), sex (F(1, 39) = 0.48, p = 0.49, ηp 2 = 0.012, 95 % CI = [0.00, 0.15]) or condition (F(2, 327) = 2.57, p = 0.078, ηp 2 = 0.015, 95 % CI = [0.00, 0.048]) on the proportion of first fixations located in the lower AOI. Regarding first fixations towards the upper AOI, we found no evidence to support influences of age (F(1, 39) = 0.33, p = 0.57, ηp 2 = 0.0083, 95 % CI = [0.00, 0.14]) or sex (F(1, 39) = 1.71, p = 0.20, ηp 2 = 0.042, 95 % CI = [0.00, 0.22]). However, we did reveal that condition predicted the proportion of upper first fixations (F(2, 327) = 6.35, p = 0.0020, ηp 2 = 0.037, 95 % CI = [0.0056, 0.083]). Post-hoc Tukey testing revealed significant differences between the DOWN and UP conditions (t(325) = -5.16, p = 0.0026, d = 0.23, SE = 0.13) as well as between the DOWNand MIX conditions (t(325) = -4.18, p = 0.020, d = 0.20, SE = 0.13). Across age groups, participants directed less first fixations towards the upper AOI during the DOWN condition (M = 21.62, SD = 19.81) than during the UP (M = 26.56, SD = 23.46) and MIX conditions (M = 25.80, SD = 22.88). Finally, while we did not find any evidence for a main effect of age (F(1, 39) = 0.20, p = 0.66, ηp 2 = 0.0051, 95 % CI = [0.00, 0.13]) or sex (F(1, 39) = 0.42, p = 0.52, ηp 2 = 0.011, 95 % CI = [0.00, 0.15]), we uncovered a main effect of condition (F(2, 325) = 13.72, p < 0.001, ηp 2 = 0.078, 95 % CI = [0.029, 0.14]), and a significant interaction between age and condition (F(2, 325) = 5.53, p = 0.0044, ηp 2 = 0.033, 95 % CI = [0.0036, 0.076]) on the proportion of first fixations situated in the central AOI. Post-hoc Tukey testing showed differences between the DOWN and UP conditions (t(323) = 13.26, p < 0.001, d = 0.51, SE = 0.18) and between the DOWN and MIX conditions (t(323) = 10.89, p < 0.001, d = 0.43, SE = 0.18) in young adults only. At the start of each intersection, young participants had a greater proportion of fixations that were situated in the central AOI during the DOWN condition (M = 57.59%, SD = 26.75%) than during the UP (M = 44.87%, SD = 23.46%) and MIX conditions (M = 46.70%, SD = 24.17%).arriving at the intersection in the test phase. There were significant differences in upper dwell time between the DOWN and MIX conditions (t(677) = -7.76, p < 0.001, d = 0.47, SE = 0.13) and between the DOWN and UP conditions (t(677) = -5.75, p < 0.001, d = 0.35, SE = 0.13) in young adults only. d. Depiction of all fixations during the 4 seconds after arriving at the intersection in the test phase for an example participant. The VMA computes the difference in dwell time between the lower and upper AOIs. Indices that are close to 0 indicate no asymmetry in dwell time between the upper and lower AOIs, indices that are superior to 0 indicate a bias for the lower AOI, and indices that are inferior to 0 indicate a bias for the upper AOI. Dots represent fixations and their size covaries with the duration of the fixation. e. Distributions of the VMA for dwell time in young and older adults across conditions during the test phase. Age is a significant predictor of the VMA (F(1,[START_REF] Mcavan | Older Adults Show Reduced Spatial Precision but Preserved Strategy-Use During Spatial Navigation Involving Body-Based Cues[END_REF] = 4.70, p = 0.036, ηp 2 = 0.11, 95 % CI = [0.00, 0.31]).

  3.1 (NordicNeuroLab, Bergen, Norway) from a Dell Precision 3561 mobile workstation. Participants decided on the goal position using a MRI-compatible ergonomic two-grip response collection system (NordicNeuroLab, Bergen, Norway). They used left and right thumb presses to indicate that the goal position was to their left or to their right, respectively. imaging data at the Neuroimaging and Radiology Unit of the Quinze-Vingts National Hospital in Paris using a 3 Tesla Magnetom Prisma MR scanner (Siemens, Erlangen, Germany) equipped with a 64-channel head coil. For each run of the navigation task, we acquired 138 whole-brain images using T2*-weighted echo-planar imaging (EPI) sequences sensitive to the BOLD contrast with the following parameters: number of slices = 48; slice order = interleaved ; repetition time (TR) = 2680 ms; echo time (TE) = 30 ms; voxel size: 3 x 3 x 2 mm 3 ; matrix = 74 x 74; field of view (FoV) = 220 x 220 mm; flip angle = 90°. For the functional localiser task, we acquired 284 whole-brain images using T2*-weighted simultaneous multi-slice EPI sequences with the following parameters: number of slices = 64; slice order = interleaved; TR = 1000 ms; TE = 30 ms; voxel size: 2.6 x 2.6 x 2.4 mm 3 ; matrix = 100 x 100; flip angle = 90° with a GRAPPA acceleration factor of 2. Finally, we acquired the structural three-dimensional brain image using a high-resolution T1-weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence with the following parameters: number of slices = 176; TR = 2300 ms; TE = 2.98 ms; voxel size: 1 x 1 x 1.1 mm 3 ; matrix = 256 x 248; flip angle = 9°. We oriented all slices along the long axis of the hippocampus.

  For example, participants made on average 0.89 correct answers per trial during the first run and improved significantly to 0.96 during the third run (t(5442) = -4.86, p < 0.001, d = 0.13, SE = 0.053). extracted from the fMRI contrasts [Half -UP > Active Baseline], [Half -DOWN > Active Baseline], [Full -UP > Active Baseline], [Full -DOWN > Active Baseline]. The univariate resultsrevealed no evidence for a significant influence of condition on activity in scene-selective regions (F(3, 477) = 0.12, p = 0.95, ηp 2 = 0.00075, 95% CI [0.00, 0.0033]). This result underlines the idea that equivalent activation levels are required for spatial navigation in environments with and without task-irrelevant information. We showed however that ROI influenced activity levels (F(2, 477) = 56.16, p < 0.001, ηp 2 = 0.19, 95% CI [0.13, 0.25]; Fig. 4.2.3b). Post-hoc tests unveiled significant differences between the PPA and the OPA (t(477) = -8.57, p < 0.001, d = 0.61, SE = 0.11) and between the PPA and the MPA (t(477) = 9.68, p < 0.001, d = 0.68, SE = 0.11). Indeed, there was greater activation in the PPA (M = 0.53, SD = 0.76) than in the OPA (M = 0.14, SD = 0.52) and MPA (M = 0.085, SD = 0.54) during the encoding phase of the navigation task across age groups and conditions. That increased PPA activity was found throughout conditions, regardless of cue position, is a first hint of an absence of retinotopic influence. Moreover, we found evidence for a main effect of age group (F(1, 42) = 14.57, p < 0.001, ηp 2 = 0.26, 95% CI [0.063, 0.45]; Fig. 4.2.3b). Overall, older participants (M = 0.50, SD = 0.59) displayed higher levels of activity than young participants (M = 0.043, SD = 0.62). Post-hoc tests revealed that these agerelated differences stemmed from the OPA (t(61) = 3.07, p = 0.036, d = 0.83, SE = 0.16) and PPA (t(61) = 4.49, p < 0.001, d = 0.84, SE = 0.16), but not the MPA (t(61) = 2.87, p = 0.060, d = 0.74, SE = 0.16).

[

  Full -DOWN > Half -DOWN] contrast would modify activity in the PPA, given the absence of visual cues in the upper portion of the environment during the Half -DOWN condition. Conversely, we anticipated that the [Full -UP > Half -UP] contrast would modulate OPA activity, as no visual cues were present in the lower portion of the environment in the Half -UP condition.Accordingly, we ran two linear mixed models to analyse the effects of ROI and age group on the neural activity extracted when contrasting Full -DOWN and Half -DOWN conditions and Full -UP and Half -UP conditions. First, we found a main effect of ROI on activity levels (F(2, 84) = 5.38, p = 0.0069, ηp 2 = 0.11, 95% CI [0.010, 0.24]; Fig.4.2.3c), highlighting that neural activation in scene-selective regions is modulated by the use of lower objects in the absence or in the presence of non-informative upper objects. We further revealed with post-hoc tests that activity in the OPA was significantly different than that in the PPA (t(84) = 2.88, p = 0.014, d = 0.36, SE = 0.21) and MPA t(84) = 2.74, p = 0.020 d = 0.42, SE = 0.22). Contrasting with our initial hypothesis, the Full -DOWN condition elicited higher levels of activity than the Half -DOWN condition in the OPA (M = 0.090, SD = 0.28) but not in the PPA (M = -0.021, SD = 0.33) and MPA (M = -0.021, SD = 0.25). Of note, the difference between the OPA and PPA was primarily driven by the older adult group (t(84) = 3.31, p = 0.017, d = 0.70, SE = 0.33). We found no evidence for a main effect of age group on the activity levels extracted from the [Half -DOWN > Full -DOWN] contrast (F(1, 42) = 1.15, p = 0.29, ηp 2 = 0.027, 95% CI [0.00, 0.18]). Lastly, when contrasting the Half -UP and Full -UP conditions we also found a main effect of ROI on activity levels (F(2, 84) = 4.10, p = 0.020, ηp 2 = 0.089, 95% CI [0.0015, 0.21]; Fig.4.2.3c), indicating that using upper objects in the absence or in the presence of non-informative lower objects elicited differential activations in scene-selective regions. Post-hoc testing revealed significant activity differences between the OPA and MPA only (t(84) = 2.79, p = 0.018, d = 0.27, SE = 0.21). It appeared that there was lower activity in the MPA (M = -0.042, SD = 0.31) than in the OPA (M = 0.045, SD = 0.33). We showed no evidence for a significant influence of age group on activation associated with the [Half -UP > Full -UP]

Chapter 4

 4 established the role played by the position of landmarks for spatial navigation throughout adulthood and its associated impact on the activity of scene-selective regions. This investigation was carried out using more ecologically valid paradigms under free viewing conditions. Article 4 first revealed a significant difference in navigation ability, with older participants exhibiting poorer orienting performance than young participants. This age-related discrepancy underscored the intrinsic complexity of the task. The study also delved into the EEG signals within scene-selective regions, revealing striking age-related disparities in patterns of beta desynchronisation and synchronisation as possible indices of attentional deployment. Moreover, the significance of the position of visual information was highlighted through two observations: older participants consistently displayed a downward gaze bias regardless of task relevance, and a distinctive EEG signature was unearthed during the UP condition across age groups. The involvement of scene-selective regions in the analysis of the position of landmarks was reaffirmed in an easier spatial navigation paradigm developed for Article 5. Scene-selective regions were found to process the position of visual information independently of underlying retinotopic biases. The OPA, PPA and MPA demonstrated the capacity to integrate perceptual signals about position with contextual knowledge of the navigational relevance of objects. Older participants displayed increased levels of activity within scene-selective regions, but the function and similarity patterns of these regions remained akin to those observed in younger participants. These results emphasised the possibility that the functionality of the OPA, PPA and MPA is maintained across adulthood through heightened levels of engagement. The central conclusion of this chapter is that processing the vertical position of navigational information is a crucial skill in young and older adults that is supported by scene-selective regions.

Finally, Chapter 4

 4 established that the activity of scene-selective regions was modulated across the lifespan and that it was sensitive to the position of navigationally-relevant information. Article 4 revealed age-related differences in patterns of beta band desynchronisation and synchronisation within the OPA, PPA, and MPA. Moreover, orienting with landmarks in the upper part of the screen was associated with a unique EEG signature. The significance of the position of visual information was further emphasised by older participants exhibiting a downward gaze bias regardless of task relevance. Article 5 confirmed the involvement of scene-selective regions in the analysis of the vertical position of navigationally-relevant information. This property was found to be independent of underlying retinotopic biases. Older participants displayed increased activation of scene-selective regions while exhibiting similar multivariate similarity patterns to those of young participants. underscored the significance of subdividing landmarks into distinct categories and presented novel insights into the object properties that might aid healthy older adults to navigate efficiently within their surrounding environment. Exploring the underlying neural patterns proved to be a promising avenue to gain a more thorough understanding of landmark-based navigation in young adulthood. Although young participants displayed equivalent reorientation abilities using objects and features in the Y-maze virtual environment (Article 1), the recruited cerebral regions were remarkably different with widespread activations in temporal and occipital lobes during object-based navigation only. Moreover, contrasting activity patterns were observed in key nodes of the navigation network, including the hippocampus and striatum, between object-and feature-based wayfinding. A classification of landmark subtypes could be created based on the underlying neural activations. This classification could then be employed to assess which specific types of landmarks most effectively facilitate wayfinding in urban settings.

Fig. 1 Fig. 2

 12 Fig. 1 Cerebellar regions showing significant differences in GM volume between groups ([older > young] (p < 0.05 FWE corrected for multiple comparisons at cluster level, extended threshold fixed at k = 20 voxels)

  https://doi.org/10.1016/j.nbas.2022.100034 2589-9589/Ó 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).⇑ Corresponding author.E-mail address: angelo.arleo@inserm.fr (A. Arleo).Aging Brain 2 (2022) 100034

TABLE 2 .1.1

 2 4.2.2 PARTICIPANTS' BEHAVIOURAL PERFORMANCE DURING THE TEST PHASES OF THE SPATIAL NAVIGATION TASK.. ......................................................................................................................................207 FIGURE 4.2.3 RESULTS FROM THE UNIVARIATE ROI ANALYSES ............................................................................209 FIGURE 4.2.4 RESULTS FROM THE MULTIVARIATE PATTERN SIMILARITY ANALYSES. .............................................213 FIGURE 4.2.5 RESULTS FROM THE SEARCHLIGHT MULTIVARIATE PATTERN SIMILARITY ANALYSES .......................215 FIGURE S4.2.1 ORTHOGONAL THEORETICAL RSMS .............................................................................................225 FIGURE S4.2.2 REACTION TIMES ACROSS THE 8 RUNS OF THE EXPERIMENTAL PARADIGM ...................................226 RESULTS FROM THE CONJUNCTION ANALYSIS.. ....................................................................................52 TABLE S2.1.1 DESCRIPTIVE CHARACTERISTICS AND COGNITIVE PERFORMANCE OF PARTICIPANTS ........................64 TABLE S2.1.2 RESULTS FROM UNIVARIATE WHOLE-BRAIN ANALYSES CONTRASTING THE OBJECT CONDITION TO THE CONTROL CONDITION. ............................................................................................................................65 TABLE S2.1.3 RESULTS FROM UNIVARIATE WHOLE-BRAIN ANALYSES CONTRASTING THE GEOMETRY CONDITION TO THE CONTROL CONDITION. .......................................................................................................................66 TABLE S2.1.4 RESULTS FROM UNIVARIATE WHOLE-BRAIN ANALYSES CONTRASTING THE FEATURE CONDITION TO THE CONTROL CONDITION. ............................................................................................................................67 TABLE S2.1.5 RESULTS FROM UNIVARIATE WHOLE-BRAIN ANALYSES DIRECTLY CONTRASTING CUE-BASED CONDITIONS.. .................................................................................................................................................68 TABLE 2.2.1 DESCRIPTIVE CHARACTERISTICS AND COGNITIVE PERFORMANCE OF YOUNG AND OLDER PARTICIPANTS. ................................................................................................................................................82 TABLE 2.2.2 RESULTS FROM THE MULTIPLE REGRESSION WHOLE-BRAIN ANALYSIS LOOKING AT NAVIGATION TIME AND AGE ........................................................................................................................................................83

xvi TABLES

TABLE 2 .2.3

 2 RESULTS FROM UNIVARIATE WITHIN-GROUP AND BETWEEN-GROUP WHOLE-BRAIN ANALYSES.. ........85

TABLE 2 .2.4

 2 RESULTS FROM UNIVARIATE BETWEEN-GROUP WHOLE-BRAIN ANALYSES CONTRASTING THE CONTROL CONDITION TO FIXATION ...............................................................................................................................87

TABLE 2 .2.5

 2 RESULTS FROM UNIVARIATE BETWEEN-GROUP WHOLE-BRAIN ANALYSES CONTRASTING THE LANDMARK CONDITION TO FIXATION ............................................................................................................88 TABLE S2.2.1 RESULTS FROM UNIVARIATE WITHIN-GROUP WHOLE-BRAIN ANALYSES CONTRASTING THE CONTROL

CONDITION TO FIXATION ...............................................................................................................................99

TABLE S2.2.2 RESULTS FROM UNIVARIATE WITHIN-GROUP WHOLE-BRAIN ANALYSES CONTRASTING THE LANDMARK CONDITION TO FIXATION ..........................................................................................................100 TABLE 3.1.1 SUMMARY OF YOUNG AND OLDER PARTICIPANTS' ACCURACY SCORES ON THE OBJECT RECOGNITION PARADIGM ....................................................................................................................................................118 TABLE S3.1.1 SUMMARY OF YOUNG AND OLDER PARTICIPANTS' SCORES ON VARIOUS NEUROPSYCHOLOGICAL TESTS .....................................................................................................................................................................137

TABLE S4 .2.1

 S4 RESULTS FROM POST-HOC TESTS OF THE LINEAR MIXED MODELS LOOKING AT THEORETICAL RSMS

IN YOUNG ADULTS ........................................................................................................................................227

TABLE S4 .2.2

 S4 RESULTS FROM POST-HOC TESTS OF THE LINEAR MIXED MODELS LOOKING AT THEORETICAL RSMS

IN OLDER ADULTS.. .......................................................................................................................................228

TABLE S4 .2.3

 S4 RESULTS FROM POST-HOC TESTS OF THE OVERALL LINEAR MIXED MODEL. ....................................229

	1 INTRODUCTION
	1.1	COGNITIVE AND NEURAL BASES OF SPATIAL NAVIGATION
	1.1.1	CHAPTER 1 Defining spatial memory and navigation

  . The localiser images were analysed using a single participant general linear model for block design. Five categories of interest (scenes, faces, objects, scrambled objects, fixation) were modelled as five regressors and convolved with a canonical HRF.Movement parameters were included in the model as regressors of no interest and each voxel's time-series was high-pass-filtered (1/128 Hz cut-off). PPA, OPA, and RSC were located independently for each participant using the fMRI contrast [Scenes > (Faces + Objects)].

Significant voxel clusters on individual t-maps were identified using family-wise error (FWE) correction for multiple comparisons (α = 0.05, t-value > 4.8). Mask ROIs were created as the 40 contiguous voxels with the highest t-values around the peaks of activation from the left and right hemispheres. The two 40-voxel regions from each hemisphere were subsequently summed into a single 80-voxel ROI. Mean parameter estimates were extracted from the three mapped ROIs using the REX MATLAB-based toolkit. Analogously to the whole-brain analyses, the main contrast of interest for the ROI analyses was

[Landmark > Control]

.

  computed for the peak voxel coordinate but the R2 values were computed for the entire cluster.Finally, for the region-of-interest analyses, the PPA, OPA and RSC ROIs were defined for each individual based on the independent localiser experiment. First, age-related effects were examined in average parameter activity for the fMRI contrast[Landmark > Control]. No significant differences were found. It is nonetheless interesting to note the presence of OPA activity in older adults only p = 0.234; Fig. S2.2.1). Considering the latter result and the age-related differences observed during the control condition, further exploratory analyses were performed using the fMRI contrasts [Landmark > Fixation] and[Control > Fixation]. A three-way ANOVA was conducted with scene-selective region, age and condition as factors using

	.2.2. Older subjects
	were significantly slower to reach the goal than younger subjects (i.e., longer navigation time) in
	the landmark condition (19.85 s ± 1.67 vs. 11.97 s ± 0.13; U(40) = 418, p = 10-6, r = 0.81, 95%
	confidence interval (CI) of the difference [3.40, 8.36]; Fig. 2.2.2a) and in the control condition
	(20.83 s ± 0.95 vs. 14.07 s ± 0.27; U(40) = 418, p = 10-6, r = 0.81, 95% CI of the difference [4.70,
	8.15]; Figure 2Aii). In addition, older adults made more navigation errors than young adults (mean
	± SEM: 1.0 ± 0.41 vs. 0 ± 0.00; U(40) = 125, p = 0.0007, r = 0.44, 95% CI of the difference [0.00,

0.00]). On average, older adults chose the wrong corridor in 10% of trials (Fig.

2.2.2b)

. No sex effect was observed on navigation time in each age group separately. However, when data from both age groups were pooled, women's navigation time was significantly longer than men's

(17.75 

s ± 1.88 s vs. 13.40 s ± 0.64 s; U(40) = 2.29, p = 0.022, r = 0.35, 95% CI of the difference [0,

15, 7.05]

). Sex and total intracranial volume were therefore included as covariates in the fMRI multiple regression analyses. The post-scanner debriefing phase revealed a significant difference in the type of navigational strategy used between age groups (c 2 (1, N=42) = 4.06, p = 0.044, φ = 0.67). Indeed, older adults relied less on place strategies during landmark-based navigation than younger adults (Fig.

2

.2.2c). However, in neither age group did strategy use predict navigation performance.

Finally, there was no sex effect on strategy use. were the fMRI contrasts [Landmark > Fixation] and [Control > Fixation] (Fig. 2.2.5a,b). Scene-selective region (F(2,240) = 64.62, p < 0.001, partial η2 = 0.35, 95% CI [0.26, 0.43]) and age (F(1,240) =

16.13, p < 0.001, partial η2 = 0.06 [0.02, 0.13]) but not condition had an effect on fMRI parameter activity. Moreover, a significant interaction between scene-selective region and age was uncovered (F(2,240) = 4.18, p = 0.016, partial η2 = 0.03 [0.00, 0.09]). Post hoc tests revealed that the OPA was more activated than the PPA during the landmark condition in young (1.07 ± 0.21 vs. 0.25 ± 0.09, p = 0.040, Hedges' g = -0.91, 95% CI

[-1.50, -0.33]

) and older adults (2.19 ± 0.27 vs. 0.60 ± 0.14, p < 0.001, Hedges' g = -1.52

[-2.28, -0.76]

) and during the control condition in young (1.55 ± 0.27 vs. 0.51 ± 0.13, p = 0.001, Hedges g' = -0.81

[-1.38, -0.23]

) and older adults (2.19 ± 0.29 vs. 0.70 ± 0.12, p < 0.001, Hedges' g = -1.15

[-1.19, -0.43]

). The OPA was also significantly more activated than the RSC during the landmark condition in young (1.07 ± 0.21 vs. 0.21 ± 0.09, p = 0.022, Hedges' g = -0.83

[-1.41, -0.25]

) and older adults

(2.19 ± 0.37 vs. 0.43 ± 0.15, p < 0.001,

) and during the control condition in young (1.55 ± 0.27 vs. 0.34 ± 0.17, p < 0.001, Hedges' g = -0.99

[-1.58, -0.41]

) and older adults (2.19 ± 0.29 vs. 0.45 ± 0.18, p < 0.001, Hedges' g = -1.33

[-2.07, -0.59]

). Finally, significantly enhanced OPA activity was found in older adults compared with young adults during the landmark condition (2.19 ± 0.27 vs. 1.07 ± 0.21, p = 0.002, Hedges' g = -1.04

[-1.70, -0.39]

) but not the control condition.

  heterogeneous across participants. It would be of immediate interest to assess the influence of various visuospatial modulations, such as the visibility of spatial cues, on the quality of spatial encoding. FMRI spatial navigation paradigms only allow for visual input signals, however, "real-

world" spatial navigation is reliant upon multiple sources of sensory information. Active walking as part of ecological study designs would provide proprioceptive and self-motion feedback signals as well as an improved field of view to participants. Such studies are necessary to complement the present findings. Previous research has indeed shown that navigation performance in older subjects is tightly coupled to the availability of multiple sources of sensory information

[START_REF] Adamo | Age differences in virtual environment and real world path integration[END_REF]

. Finally, future studies should take into consideration the role of sex and they should include an intermediate age group to gain a finer understanding of the neural dynamics subtending spatial navigation across the lifespan

[START_REF] Grön | Brain activation during human navigation: Gender-different neural networks as substrate of performance[END_REF] van der Ham and Claessen, 2020)

.

  This work helps towards a better comprehension of the neural dynamics subtending landmark-based navigation and it provides new insights on the impact of age-related spatial processing changes on navigation capabilities. We argue that approaching the study of spatial navigation in healthy and pathological ageing from the perspective of visuospatial abilities is a critical next step in the field. Neuroimaging methods coupled with VR paradigms open up promising avenues to investigate age-related changes in navigation ability and to evaluate the benefits of training programmes on older adults' autonomy and mobility. Article 1 revealed comparable accuracy and reaction times across conditions. Despite equivalent behavioural performance, it unveiled that each type of cue-based navigation elicited unique neural patterns with a shared signature in the inferior temporal and anterior cingulate gyri.A specificity of using geometric cues for spatial navigation compared with object or feature visual cues was also observed. At the behavioural level, participants required more time to reorient with geometry, and at the neural level, geometry-based navigation was supported by activity in a vast It consisted of a new analysis of the data initially collected for Article 2. Its aim was to explore the structural volume differences within the cerebellum between young and healthy older participants. The analysis revealed significant age-related atrophy in the left Crus I and lobule VI, regions that are key to cognitive abilities such as object recognition and spatial cognition. This study highlighted the importance of considering the neocerebellum in the context of spatial navigation and healthy ageing. Given the broad focus of the article, extending beyond the role of visual cues, it was included in the Appendix (Article S1;[START_REF] Ramanoël | An Appraisal of the Role of the Neocerebellum for Spatial Navigation in Healthy Aging[END_REF].

	2.3 Chapter 2 shed light on the brain regions implicated in encoding distinct visual cue categories CHAPTER SUMMARY for spatial navigation and on age-related differences subtending object-based navigation specifically. 3 THE VERTICAL POSITION OF STIMULI: AN OVERLOOKED PROPERTY IN SPATIAL MEMORY
	Overall, Chapter 2 substantiated the role of visual processing for effective spatial navigation.
	It unveiled distinct brain regions associated with object-, feature-, and geometry-based navigation.
	Moreover, it demonstrated that healthy ageing is associated with different neural patterns within

network encompassing the frontal cortex, parietal cortex and striatum. Moreover, substantial neural disparities were noted between objects and features, with the former evoking more widespread activations spanning the temporal and occipital cortices. Finally, this article dispelled the long-held notion of hippocampal and striatal systems dedicated to geometry-based navigation and landmark-based navigation, respectively. Representational similarity analyses demonstrated that neither the hippocampus nor the striatum was exclusively tied to processing objects or geometric cues. Article 2 extended the previous work to healthy ageing and revealed performance differences between age groups during object-based navigation, with older participants making more orientation errors and preferring egocentric-based strategies. Furthermore, age-related discrepancies were identified in the activity of cerebral areas that are critical for object processing, namely the inferior temporal and posterior occipital cortices, during spatial navigation. This work also offered valuable insights into OPA function, showing activation during the reorientation phase of active spatial navigation and heightened engagement in older age. The central takeaway from this chapter resides in the necessity to consider landmark properties in the context of spatial navigation. They condition neural patterns in young adulthood, and they may influence older adults' spatial navigation abilities. This topic was addressed in Chapters 3 and 4.

Worthy of note, a third article for which I am second author stemmed from Chapter 2 (Article

S1).

early and high-level visual areas during wayfinding. This latter finding underlined the possibility that fine-grained processing of visual information, including acute object discrimination, contributes to spatial behaviour across the lifespan. Chapter 2 thus established a solid foundation for exploring specific landmark properties that may hold particular relevance for spatial navigation in older age. Two compelling insights can be gathered from Article 2. First, older participants achieved commendable levels of performance on the task despite literature reporting age-related deficits in landmark-based navigation. Second, it revealed increased activity in the OPA among

  < 0.001). A significantly greater proportion of young participants(19/21) reported being mental map users compared with older participants(5/21). A second chi-square test showed a significant relationship between age and object selection (χ 2 (1, N = 42) = 11.76, p < 0.001). Older adults reported relying on the 4 objects at intersections(15/21) in significantly greater proportion than young participants(3/21) who were more inclined to select a subset of objects. We then ran a linear mixed model aimed at explaining the number of errors with participants as random intercepts and age, sex, condition, and strategy as fixed effects. Interactions between age, condition and strategy were discarded as they resulted in worse model fits. First, we found that age had a significant influence on navigational performance (F(1, 37) = 17.98, p < 0.001, ηp2 

	4.1.4.1	Navigational behaviour varies as a function of age but not
		condition
	We assessed participants' performance on the spatial navigation task by computing the
	number of errors made during the test phase and by identifying the strategy used to reorient
	(mental map users vs. non mental map users). Across all three conditions, the average performance
	of young adults (M = 0.22 errors, SD = 0.22; t(62) = -28.67, p < 0.001, d = 3.16) and the average

performance of older adults (M = 0.74 errors, SD = 0.19; t(62) = -11.27, p < 0.001, d = 1.42) were significantly above the chance level of 1 error per intersection. A chi-square test of independence revealed that there was a significant association between age and strategy (χ 2 (1, N = 42) =

16.43, p 

  Saliency theoretical model had an effect on the neural RSMs (F(1, 788) = 11.03, p < 0.001, ηp 2 = 0.014, 95% CI [0.0023, 0.034]). It is key to underline that the coefficient estimate for this effect was equal to -0.11 suggesting that when the neural similarity between conditions increased, the saliency similarity decreased. Thus, the Saliency model had no meaningful influence on the neural RSM data. The latter two results suggest that the multivariate patterns of activation within the OPA, PPA and MPA don't reflect incoming visual input and that they may be responsive to task relevance.In order to test this hypothesis, we next strove to delineate the influence of the 3 theoretical RSMs related to processing the navigationally-useful position of visual cues. We unveiled a main effect In young adults it was mostly the OPA that drove the differences between theoretical models (TableS4.2.1; Fig. 4.2.4c). In the older group, we also revealed that model had a significant effect on correlation strengths (F(4, 266) = 8.67, p < 0.001, ηp 2 = 0.12, 95% CI [0.045, 0.18]). Posthoc tests revealed that there was a significant difference between the Useful Position model and the These findings confirm that in both young and older adults the activation patterns in scene-selective regions are best accounted for by equivalent encoding of environments that share the same position of useful information, irrespective of a specific vertical hemifield.Finally, we ran a linear mixed model to decipher the effects of ROI, age group, and pairwise comparison between conditions on the multivariate patterns of activation. The main purpose of this analysis was to obtain statistical evidence that the neural RSMs differed between the 3 ROIs. Overall, the similarity patterns appeared to be equivalent between young and healthy older participants across ROIs. The results delving into the statistical differences between pairwise comparisons are elaborated in the Supplementary note and presented in TableS4.2.3. 

	equivalent patterns of activation for environments that share the same position of task-relevant
	information.
	of the Useful Position prediction model (F(1, 786) = 55.50, p < 0.001, ηp 2 = 0.066, 95% CI [0.036, 0.10]) as well as an interaction between this theoretical RSM and ROI (F(2, 786) = 4.81, p = 0.0077, ηp 2 = 0.012, 95% CI [0.00086, 0.030]). Indeed, the Useful Position model explained the similarity patterns in the OPA to a greater extent than those in the PPA (F(1, 786) = 103.31, p < 0.001, ηp 2 = 0.12, 95% CI [0.078, 0.16]) and in the MPA (F(1, 786) = 170.89, p < 0.001, ηp 2 = 0.18, 95% CI [0.13, 0.23]). Regarding the Upper Useful Position model, we also observed a main effect of this theoretical RSM on neural similarity patterns (F(1, 786) = 19.77, p < 0.001, ηp 2 = 0.025, 95% CI To complement the previous analyses, we wished to delineate which theoretical model best explained the patterns of activation within the OPA, PPA and MPA of young and older participants. To this end, we ran a linear mixed model looking into the effects of theoretical model, ROI and the interaction between model and the ROI on correlation coefficients in young and older groups separately. In the younger group, we found evidence for a main effect of model (F(4, 322) = 17.20, p < 0.001, ηp 2 = 0.18, 95% CI [0.10, 0.24]; Fig. 4.2.4c). Post-hoc tests revealed significant differences between the Absolute Position model and the Useful Position (t(322) = -6.45, p < 0.001, d = 1.11, SE = 0.18), Upper Useful Position (t(322) = -4.87, p < 0.001, d = 0.79, SE = 0.17) and Lower Useful Position (t(322) = -5.45, p < 0.001, d = 0.88, SE = 0.17) models. Similarly, we found the correlation coefficients from the Saliency model to diverge from those from the Useful Position (t(322) = -5.74, p < 0.001, d = 0.91, SE = 0.18), Upper Useful Position (t(322) = -4.16, p < 0.001, d = 0.63, SE = 0.17) and Lower Useful Position (t(322) = -4.73, p < 0.001, d = 0.71, SE = 0.17) models. Absolute Position model (t(266) = 3.88, p = 0.0012, d = 0.69, SE = 0.19). We also found differences between the Saliency model and the Useful Position (t(266) = -5.21, p < 0.001, d = 1.00, SE = 0.19), Upper Useful Position (t(266) = -3.62, p = 0.0032, d = 0.66, SE = 0.19) and Lower Useful Position models (t(266) = -3.72, p = 0.0023, d = 0.71, SE = 0.19). Contrarily to young participants, in older participants it appeared that the MPA was primarily responsible for such differences (Table S4.2.2; [0.15, 0.24]; Fig. 4.2.4). The similarity with which the 4 conditions were encoded differed between the OPA and PPA (F(1, 778) = 93.28, p < 0.001), OPA and MPA (F(1, 778) = 180.10, p < 0.001, ηp 2 = 0.19, 95% CI [0.14, 0.24]), and PPA and MPA (F(1, 778) = 10.11, p = 0.0015, ηp 2 = 0.013, 95% CI [0.0019, 0.033]). This result emphasises considerable disparities in the correlation strengths between conditions in each of the 3 scene-selective regions. Notably, there was little evidence for an effect of age group on neural RSMs (F(1, 778) = 0.027, p = 0.87, ηp 2 = 0.00, 95% CI [0.00, 0.00]; Fig. 4.2.4c). We found evidence for a main effect of ROI (F(2, 778) = 94.60, p < 0.001, ηp 2 = 0.20, 95% CI Fig. 4.2.4). 4.2.4.4 Searchlight-based multivariate pattern similarity results
	[0.0077, 0.050]). Moreover, we found evidence for an effect of the interaction between the Upper
	Useful Position model and ROI (F(2, 786) = 6.51, p = 0.0016, ηp 2 = 0.016, 95% CI [0.0026, 0.037]).
	Similarly to the Useful Position model, the Upper Useful Position model accounted better for the
	similarity patterns in the OPA than in the PPA (F(1, 786) = 108.33, p < 0.001, ηp 2 = 0.12, 95% CI
	[0.082, 0.16]) and in the MPA (F(1, 786) = 161.97, p < 0.001). Finally, we unveiled a significant
	association between the Lower Useful Position model and the neural RSM data (F(1, 788) = 19.75, p
	< 0.001, ηp 2 = 0.025, 95% CI [0.0077, 0.050]). We found the latter association to be equivalent
	across ROIs. Overall, this analysis underlines the idea that scene-selective regions exhibit

  Chapter 2 provided insights into the brain regions involved in encoding distinct visual cues for spatial navigation, and into the age-related differences linked to object-based navigation specifically. Article 1 unveiled that unique neural signatures were associated with object-, featureand geometry-based navigation, yet also revealed shared activations in the inferior temporal and anterior cingulate gyri. Notably, significant neural differences emerged between objects and features, with objects eliciting activity across a vast network comprising the temporal and occipital cortices. Article 2 presented evidence for age-related disparities in the activity of cerebral areas implicated in object processing during spatial navigation. Additionally, it added valuable information to the growing OPA literature, by showing that the OPA is engaged during active spatial navigation and that it is recruited to a greater extent in older than in younger age.

	5.1	GENERAL DISCUSSION
	5.1.1	Summary of key findings

  , confirmed that age-related visual field loss predominantly affects the upper visual field. Second, Article 3 unveiled that vertical visual asymmetries extend beyond perceptual tasks, as older participants displayed a spatial memory deficit localised to the upper visual field. Lastly, Article 4 revealed that during spatial navigation in a virtual environment, older participants exhibit a downward gaze bias. These convergent results implied that healthy ageing is characterised by a preference for visual information from the lower visual field, accompanied by a targeted deterioration of upper visual field functioning.

The topic of age-related vertical asymmetries in the context of higher cognitive functions has received limited attention, and the underpinning biological mechanisms remain to be elucidated. I here argue that this phenomenon could originate from several potential sources, including preretinal factors, retinal properties, and brain dynamics. Early perimetry studies attributed agerelated upper visual field loss to preretinal variables such as alterations in light transmission within the ocular media
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CHAPTER 2 CHAPTER 3 3.1.7 Supplementary Material

Supplementary methods

We conducted a complementary analysis in order to compare MPT parameter differences between young and older participants. In other words, we wished to evaluate how the difference between Idown and Iup as well as between Sdown and Sup changed across age groups. For this purpose, we summed trial frequencies across young and older participants and fit the aggregate data into a single extended MPT model (Fig. S3. 1.1). The latter comprised the three trees of the source-item model, corresponding to the three stimulus types, doubled for each age group. Accordingly, each parameter was added a label "Y" or "O" depending on whether it belonged to the young or older group, respectively. Order constraints were used on the parameters of the model to investigate how item position and age group influenced item and spatial memory. To disentangle the main effects of these two factors and their interaction, we implemented the order constraints using reparameterisation [START_REF] Knapp | Representing parametric order constraints in multi-trial applications of multinomial processing tree models[END_REF][START_REF] Kuhlmann | Testing Interactions in Multinomial Processing Tree Models[END_REF][START_REF] Schmidt | Tutorial on multinomial processing tree modeling: how to develop, test, and extend MPT models[END_REF]. We assumed that the probabilities associated with item memory and spatial memory were higher in young adults than in older adults. Building on these order constraints, we created four auxiliary parameters and modified the model equations accordingly. The a auxiliary parameters were created such that:

We first established a baseline model against which the order-constrained model would be compared. The baseline model had to include an equality constraint for the model to be identifiable. In accordance, parameter g was set to be equal across groups (g_Y = g_O). The two restricted models were then constructed; one in which the auxiliary parameters related to item memory were set to be equal (aIdown = aIup), and the other in which the auxiliary parameters related to spatial memory were set to be equal (aSdown = aSup). We then applied the ∆G 2 difference test for equality constraints in order to determine whether the interaction between object position and age influenced item or spatial memory. This extended analysis was conducted in multitree [START_REF] Moshagen | Multitree: A computer program for the analysis of multinomial processing tree models[END_REF], a software that allows for automatic reparameterisation of MPT models. It is important to note that this approach to studying MPT parameter differences has been criticised.

Indeed, goodness of fit measures tend to be disproportionately influenced by the group with higher CHAPTER 4

NAVIGATIONALLY-RELEVANT INFORMATION IN YOUNG AND OLDER ADULTHOOD

The following section will soon be submitted as: