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Background: Spatial navigation impairment is a promising cognitive marker of Alzheimer’s disease (AD) that can reflect the underlying pathology.

Objectives: We assessed spatial navigation performance in AD biomarker positive older adults with amnestic mild cognitive impairment (AD aMCI) vs. those AD biomarker negative (non-AD aMCI), and examined associations between navigation performance, MRI measures of brain atrophy, and cerebrospinal fluid (CSF) biomarkers.

Methods: A total of 122 participants with AD aMCI (n = 33), non-AD aMCI (n = 31), mild AD dementia (n = 28), and 30 cognitively normal older adults (CN) underwent cognitive assessment, brain MRI (n = 100 had high-quality images for volumetric analysis) and three virtual navigation tasks focused on route learning (body-centered navigation), wayfinding (world-centered navigation) and perspective taking/wayfinding. Cognitively impaired participants underwent CSF biomarker assessment [amyloid-β1–42, total tau, and phosphorylated tau181 (p-tau181)] and amyloid PET imaging (n = 47 and n = 45, respectively), with a subset having both (n = 19).

Results: In route learning, AD aMCI performed worse than non-AD aMCI (p < 0.001), who performed similarly to CN. In wayfinding, aMCI participants performed worse than CN (both p ≤ 0.009) and AD aMCI performed worse than non-AD aMCI in the second task session (p = 0.032). In perspective taking/wayfinding, aMCI participants performed worse than CN (both p ≤ 0.001). AD aMCI and non-AD aMCI did not differ in conventional cognitive tests. Route learning was associated with parietal thickness and amyloid-β1–42, wayfinding was associated with posterior medial temporal lobe (MTL) volume and p-tau181 and perspective taking/wayfinding was correlated with MRI measures of several brain regions and all CSF biomarkers.

Conclusion: AD biomarker positive and negative older adults with aMCI had different profiles of spatial navigation deficits that were associated with posterior MTL and parietal atrophy and reflected AD pathology.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disease (Barker et al., 2002). AD forms a continuum from the preclinical stage through mild cognitive impairment (MCI) to dementia (Jack et al., 2018). AD is associated with extracellular aggregation of amyloid-β plaques (Thal et al., 2002), intracellular accumulation of abnormally phosphorylated tau protein (Braak and Braak, 1995), progressive neuronal loss (neurodegeneration; Miller et al., 2013) and cognitive impairment (Green et al., 2000). Amyloid-β accumulation first emerges in the neocortical regions, and early affects the posterior-midline regions such as the precuneus and posterior cingulate cortex, including the retrosplenial cortex (RSC; Sojkova et al., 2011; Palmqvist et al., 2017). Tau pathology first emerges in the transentorhinal cortex [the region between the anterolateral entorhinal cortex (alEC) and the perirhinal cortex] in Braak stage I and spreads to the posteromedial entorhinal cortex (pmEC) and the hippocampus (Braak and Braak, 1995) in Braak stages II and III, respectively. The pathology then spreads to the posterior cortical regions (Braak stage IV) in the early clinical stages (i.e., MCI), and finally to the entire neocortex (Braak stages V and VI) in the dementia stage (Braak and Braak, 1991). Neurodegeneration and brain atrophy essentially parallel the pattern of distribution and propagation of tau pathology (Whitwell et al., 2007) but not amyloid-β deposition (Josephs et al., 2008) in AD. The regions early affected by AD pathology are essential for spatial navigation (Hartley et al., 2003; Blanch et al., 2004; Howett et al., 2019; Schöberl et al., 2020). Spatial navigation is a complex cognitive process of determining and updating one’s position and orientation in the environment (Wolbers and Hegarty, 2010). Spatial navigation deficits may thus be one of the earliest cognitive markers of AD, and the assessment of spatial navigation may aid the early diagnosis of AD (Coughlan et al., 2018).

Successful spatial navigation requires a flexible combination of various navigation strategies. When navigating the environment, navigators can remember the traveled route in relation to their own bodies. This navigation strategy is referred to as route learning (i.e., body-centered, egocentric navigation). When learning routes, navigators can encode the sequence of body movements at decision points (e.g., right, left, straight) or form associations between direction changes and specific proximal landmarks (e.g., “Turn left at the shop”; Waller and Lippa, 2007). The posterior parietal cortex (DeIpolyi et al., 2007; Ruotolo et al., 2019), precuneus (Weniger et al., 2011; Saj et al., 2014), and the caudate nucleus (Iglói et al., 2010) play an important role in route learning (Hartley et al., 2003; Blanch et al., 2004). Alternatively, navigators can create an internal representation of the environment (i.e., “cognitive map”) by encoding positions of distant landmarks relative to each other and relative to specific locations regardless of the navigators’ positions. This navigation strategy is referred to as wayfinding (i.e., world-centered, allocentric navigation). The medial temporal lobe (MTL), especially the hippocampus, which is strongly interconnected with the entorhinal cortex (EC; Cholvin et al., 2021), is important for wayfinding (Maguire et al., 1998). The right hippocampus is more strongly associated with wayfinding than the left hippocampus (Maguire et al., 1998; Nedelska et al., 2012; Laczó et al., 2017). The hippocampal and EC subregions show different functional specialization along the anterior-posterior axis, with the posterior regions being more relevant for wayfinding (Doeller et al., 2008). Specifically, the posterior hippocampus (i.e., the body and the tail) is involved in the creation and use of cognitive maps (Schinazi et al., 2013) and in supporting fine-grained spatial representations (Brunec et al., 2018), while the anterior hippocampus (i.e., the head) is involved in responding to novelty (Doeller et al., 2008) and navigational planning (Xu et al., 2010). Within the EC, the pmEC is involved in spatial information processing (Reagh and Yassa, 2014), world-centered direction computations (Chadwick et al., 2015), and fine-grained spatial representations (Evensmoen et al., 2015), while the alEC is involved in object information processing (Reagh et al., 2018) and encoding of distances between locations related to landmarks (Chen et al., 2019). For successful navigation, it is essential to integrate body-centered and world-centered spatial information (i.e., reference frame translation) and use landmarks for directional orientation, both of which are supported by the RSC (Auger et al., 2012; Clark et al., 2018). Navigators can imagine scenes or parts of the environment from different perspectives during navigation, which is referred to as perspective taking (Marková et al., 2015). The parietal and temporal cortex and the MTL play an important role in this process (Zacks and Michelon, 2005; Lambrey et al., 2008).

Spatial navigation deteriorates as AD progresses along the AD continuum (Hort et al., 2007; Allison et al., 2016; Levine et al., 2020). Older adults with mild AD dementia are severely impaired in route learning and wayfinding, both in real space (DeIpolyi et al., 2007; Hort et al., 2007) and in the virtual environment (Cushman et al., 2008; Laczó et al., 2010). They also show deficits in switching between the two spatial strategies (Morganti et al., 2013) and in perspective taking (Marková et al., 2015). Older adults with amnestic MCI (aMCI) frequently show deficits in route learning and wayfinding, both in real space (DeIpolyi et al., 2007; Laczó et al., 2009) and in the virtual environment (Weniger et al., 2011; Laczó et al., 2012). Perspective taking deficits have also been found in individuals with aMCI (Marková et al., 2015; Laczó et al., 2021a). However, these studies did not use biomarkers to confirm that AD was the cause of aMCI. The recent biomarker studies indicated that aMCI individuals with AD (AD aMCI) compared to cognitively normal (CN) older adults are impaired in wayfinding (Parizkova et al., 2018; Schöberl et al., 2020) and route learning (Schöberl et al., 2020) in real space and in recognition of the environment from a shifted viewpoint (Chan et al., 2016). One study suggested that older adults with preclinical AD [i.e., CN individuals with low cerebrospinal fluid (CSF) amyloid-β1–42 levels] have deficits in wayfinding but not route learning in the virtual environment (Allison et al., 2016). A recent study from the same research group replicated the findings of wayfinding deficits in preclinical AD and suggested that lower amyloid-β1–42 and higher p-tau181 in CSF are associated with worse wayfinding performance in CN older adults (Allison et al., 2019). Together, these studies suggest that wayfinding deficits may already be present in preclinical AD, whereas route learning deficits first occur in the early clinical stages of AD.

In the effort to early diagnose AD, it is important to differentiate AD aMCI from those with other causes of aMCI. However, so far only a few studies addressed this topic. One recent study indicated that individuals with aMCI and amyloid-β positivity on positron emission tomography (PET) and in CSF show worse route learning and wayfinding in a complex real environment than those with negative amyloid-β biomarkers (Schöberl et al., 2020). It is worth noting that in contrast to aMCI individuals with amyloid-β positivity, those with negative amyloid-β biomarkers were impaired only in wayfinding and had similar performance to CN older adults in route learning (Schöberl et al., 2020). Similarly, route learning/body-centered navigation performance as opposed to wayfinding/world-centered navigation performance was shown to reliably discriminate cognitively impaired older adults with AD from those with other neurodegenerative diseases (Tu et al., 2017). Together, these studies suggest that route learning tasks have a greater potential to reveal AD-specific navigational deficits compared to wayfinding tasks. A recent study compared older adults with MCI and positive AD biomarkers in CSF to those with AD negative biomarkers. The former group showed less accurate spatial navigation in an immersive virtual reality task in which participants had to rely on self-motion cues (i.e., the path integration task; Howett et al., 2019). It has also been shown that older adults with aMCI and positive CSF AD biomarkers were impaired in recognizing environments from a shifted viewpoint compared to those with negative biomarkers (Chan et al., 2016).

The previous studies indicated that spatial navigation may be a promising diagnostic tool to differentiate individuals with AD aMCI from aMCI individuals with negative AD biomarkers (non-AD aMCI; Howett et al., 2019; Schöberl et al., 2020). However, spatial navigation tests in real space and those in virtual environments that require movement in the real world are not optimal for everyday clinical practice because they are difficult to administer given space constraints in clinical settings and requirements of additional equipment. An ideal spatial navigation assessment should be ecologically valid, easy to administer and explain, and one in which participants can move virtually in a realistic-looking complex environment mimicking the real-life navigation (Diersch and Wolbers, 2019). The Navigation Test Suite1, has been developed to meet these requirements (Wiener et al., 2020). It is performed on a computer screen, takes place in a computer-generated realistic-looking virtual city, provides closely controlled testing conditions, and enables manipulation of navigational parameters, such as landmark availability and navigation complexity. The Test Suite has been designed to evaluate various spatial navigation abilities and consists of three tasks: a Route-repetition task assessing route learning (body-centered navigation), a Route-retracing task assessing wayfinding (world-centered navigation), and a Directional-approach task assessing perspective taking and wayfinding (Wiener et al., 2013; de Condappa and Wiener, 2016). Our previous studies showed that this test is well tolerated by CN (Wiener et al., 2020; Laczó et al., 2021a) and cognitively impaired older adults (Laczó et al., 2021a), and reliably detects spatial navigation deficits in individuals with aMCI and mild AD dementia (Laczó et al., 2021a). However, the potential of this test to differentiate individuals with AD aMCI from those with non-AD aMCI, and associations of navigation performance with magnetic resonance imaging (MRI) measures of brain atrophy and AD biomarkers have not been investigated.

In this study, we built on our previous research using the Navigation Test Suite (Wiener et al., 2020; Laczó et al., 2021a) and aimed to assess: (1) the differences in spatial navigation performance in the specific tasks tested between the participants with AD aMCI, non-AD aMCI, mild AD dementia and CN; (2) the associations of spatial navigation performance with MRI measures of atrophy in the specific MTL, cortical and subcortical regions and; (3) the associations of spatial navigation performance with AD biomarkers in CSF, and the role of regional brain atrophy in these associations.

First, we hypothesized that participants with AD aMCI would show worse spatial navigation performance than those with non-AD aMCI in all three navigation tasks. Based on previous findings (Tu et al., 2017; Schöberl et al., 2020), we assumed that the largest differences between AD aMCI and non-AD aMCI participants would be observed in route learning. AD aMCI participants would perform worse than CN participants and similar to participants with mild AD dementia in all three tasks. Participants with non-AD aMCI would perform similarly to CN participants in route learning and worse than CN participants in wayfinding and perspective taking/wayfinding. Second, we hypothesized that more pronounced regional brain atrophy would be associated with worse spatial navigation performance. Specifically, atrophy of the parietal regions including the precuneus and posterior parietal cortex would be preferentially associated with worse route learning performance. Atrophy of the hippocampus and EC, especially their posterior subregions, would be preferentially associated with worse wayfinding performance. Based on previous findings (Nedelska et al., 2012; Laczó et al., 2017), we assumed that the association with wayfinding would be stronger for the right hippocampus than for the left. Atrophy of the hippocampus and EC, especially their posterior subregions, as well as parietal regions would be associated with worse perspective taking/wayfinding performance. Given that the integration of body-centered and world-centered spatial information is required for this task (Wiener et al., 2020), the association with atrophy of the isthmus cingulate/RSC would also be expected. Third, we hypothesized that lower levels of amyloid-β1–42 in CSF would be more strongly associated with worse route learning performance given the early and predominant amyloid-β accumulation in the parietal cortex (Sojkova et al., 2011; Palmqvist et al., 2017), the key region for route learning (DeIpolyi et al., 2007; Weniger et al., 2011; Saj et al., 2014; Ruotolo et al., 2019). Higher levels of phosphorylated tau181 (p-tau181) in CSF would be more strongly associated with worse wayfinding performance given the early and predominant accumulation of tau pathology in the MTL (Braak and Braak, 1991, 1995; i.e., the hippocampus and EC), the key region for wayfinding (Nedelska et al., 2012; Howard et al., 2014; Chen et al., 2019). Levels of amyloid-β1–42 and p-tau181 in CSF would be associated with perspective taking/wayfinding performance given the early and predominant accumulation of amyloid-β and tau pathology in the parietal cortex and MTL, respectively, the key regions for perspective taking (Zacks and Michelon, 2005; Lambrey et al., 2008). We also hypothesized that the association between CSF amyloid-β1–42 levels and performance in the route learning and perspective taking/wayfinding tasks would not be mediated by brain atrophy, as it has been shown that amyloid-β accumulation is not directly linked to regional atrophy (Josephs et al., 2008). Brain atrophy would mediate the association between CSF p-tau181 levels and performance in the wayfinding and perspective taking/wayfinding tasks, given that tau pathology was shown to be related to region-specific neurodegeneration (Whitwell et al., 2007).



METHODS


Participants


Recruitment and Inclusion Criteria

A total of 122 participants were included in the study. The participants were recruited from the Czech Brain Aging Study (CBAS) cohort (Sheardova et al., 2019) at the Memory Clinic of the Charles University, Second Faculty of Medicine, and Motol University Hospital in Prague, Czech Republic. All participants provided informed consent. The study was approved by the institutional ethics committee (no. EK – 701/16 25.5.2016). The participants with cognitive impairment were referred to the Memory Clinic by general practitioners and neurologists for memory complaints reported by participants themselves, their relatives, or health professionals. CN older adults were recruited from the University of the Third Age, senior centers (e.g., the Elpida center) or were relatives of participants and hospital staff (Parizkova et al., 2020).

All participants underwent clinical and laboratory evaluations, comprehensive cognitive assessment, brain MRI and the Navigation Test Suite. The participants with cognitive impairment underwent biomarker assessment including analysis of amyloid-β1–42, total tau, and p-tau181 in CSF or amyloid PET imaging or both, CSF biomarker assessment and amyloid PET imaging (Laczó et al., 2021b). They were classified as AD aMCI, non-AD aMCI, and mild AD dementia according to clinical diagnosis, and CSF biomarker and amyloid PET status. The participants with cognitive impairment were assigned to the relevant groups based on all available biomarkers, which had to be in agreement. All data were collected in 3–4 sessions within 60 days for each participant.

(i) Participants with AD aMCI (n = 33) met the clinical criteria for aMCI (Albert et al., 2011) including memory complaints, evidence of memory impairment [i.e., score lower than 1.5 standard deviations (SDs) below the age- and education-adjusted norms in any memory test], generally intact instrumental activities of daily living [<6 points on the Functional Activities Questionnaire, Czech Version (FAQ-CZ); Teng et al., 2010; Bezdíček et al., 2011] and absence of dementia. The participants had positive CSF AD biomarkers (reduced amyloid-β1–42 and elevated p-tau181 (<665 pg/ml and >48 pg/ml, respectively, the internally validated cut-offs; Parizkova et al., 2018; Laczó et al., 2021b; n = 9), positive amyloid PET imaging (positive visual read of 18F-flutemetamol PET scan; n = 16), or both, positive CSF AD biomarkers and amyloid PET imaging (n = 8).

(ii) Participants with non-AD aMCI (n = 31) met the clinical criteria for aMCI (Albert et al., 2011) and had negative amyloid-β biomarkers defined as normal CSF amyloid-β1–42 (≥665 pg/ml; n = 5), negative amyloid PET imaging (n = 19), or both, normal CSF amyloid-β1–42 and negative amyloid PET imaging (n = 7). A total of 60% of the participants with CSF biomarkers (n = 7) had elevated p-tau181 (>48 pg/ml; Parizkova et al., 2018; Laczó et al., 2021b) and about 60% of the participants with elevated p-tau181 (n = 4) also had elevated total tau (>358 pg/ml; Cerman et al., 2020).

(iii) Participants with mild AD dementia (n = 28) met the clinical criteria for dementia (Mckhann et al., 2011) with evidence of progressive cognitive impairment in at least two cognitive domains including memory (i.e., score lower than 1.5 SDs below the age- and education adjusted norms in any memory test and in at least one other non-memory cognitive test) and significant impairment in instrumental activities of daily living (≥6 points on the FAQ-CZ; Teng et al., 2010; Bezdíček et al., 2011). The participants had positive CSF AD biomarkers [reduced amyloid-β1–42 (<665 pg/ml) and elevated p-tau181 (>48 pg/ml; Parizkova et al., 2018; Laczó et al., 2021b) n = 14], positive amyloid PET imaging (n = 10), or both, positive CSF AD biomarkers and amyloid PET imaging (n = 4).

(iv) CN participants (n = 30) did not report any cognitive complaints and had cognitive performance within the normal range (i.e., score higher than 1.5 SDs below the age- and education-adjusted norms in all cognitive tests). In addition, they had no evidence of MTL atrophy on MRI. This was confirmed in all participants using the MTA visual scale on coronal T1-weighted (T1w) images, and the previously established age-specific MTA cut-off scores (i.e., score <2 in participants <75 years and score <3 in participants ≥75 years; Scheltens et al., 1992). Further, the participants did not have a family history of AD or other types of dementia in first-degree relatives. These criteria were applied to minimize the risk of including participants at increased risk of AD (i.e., individuals with subjective cognitive decline, hippocampal atrophy, or positive family history of AD).



Exclusion Criteria

Participants with depressive symptoms [≥6 points on the 15-item Geriatric Depression Scale (GDS-15)], anxiety [≥10 points on the Beck Anxiety Inventory (BAI)], low visual acuity [<20/40 (corrected) on visual acuity tests], moderate to severe white matter vascular lesions on MRI (Fazekas score >2 points), other primary neurological disorders (multiple sclerosis, epilepsy, Parkinsonian syndromes, and a history of traumatic brain injury or stroke) or psychiatric disorders (psychotic or schizoaffective disorders, major depressive disorder, anxiety disorders, and obsessive compulsive disorder), systemic diseases that can cause cognitive impairment, and a history of alcohol or drug abuse were not included in the study. In total, 131 participants from the CBAS cohort underwent spatial navigation assessment. The participants with cognitive impairment for whom biomarker data were not available at the time of the analysis were excluded (n = 4). Also, the participants with mild dementia for whom spatial navigation data were not available because they did not complete training in the Navigation Test Suite were excluded (n = 5).




Spatial Navigation Assessment

We used the Navigation Test Suite, which is described in detail in Wiener et al. (2020) and Laczó et al. (2021a). Here we reiterate the description of the test for better comprehension. The Navigation Test Suite consists of three navigation tasks: the Route-repetition task, the Route-retracing task, and the Directional-approach task. The Navigation Test Suite uses a virtual environment that consists of streets with residential houses and four-way intersections. The houses bordering the streets are all identical, except for the unique houses (i.e., distinct landmarks) that are located at each intersection (explained in detail below, Figures 1A,B). Participants could always see only one intersection at any time because the other more distant intersections were concealed in white fog. Prior to the testing, all participants completed familiarization training consisting of shorter versions of all three tasks (a three-intersection path for the Route-repetition and Route-retracing tasks and two separate intersections for the Directional-approach task; Wiener et al., 2020).


[image: image]

FIGURE 1. (A) The Navigation Test Suite with a schematic aerial view and corresponding screenshots from the Route-repetition and the Route-retracing tasks. Three points on the map are labeled: (i) The start location next to the car. (ii) One of the intersections along the route with gray houses at the corners of the intersection. (iii) The end of the route where the telephone box is present. In the Route-repetition task, the participants were passively transported through the city from the car to the telephone box during the encoding phase and in the test phase, the participants had to reproduce the same route. The Route-retracing task was identical to the Route-repetition task with the exception that participants in the test phase had to find their way back from the telephone box to the car. The order of intersections and houses at each intersection had a different design in each of these two tasks. (B) The Navigation Test Suite with a schematic aerial view and corresponding screenshots from the Directional-approach task: (i) Participants started the task next to the car. (ii) The encoding phase, where participants were passively transported toward one of the intersections featuring two unique houses. Participants had to remember where the car was parked. (iii) The test phase, where participants approached the intersection from a different direction (here from the east) and had to indicate the direction to the car. Figures 1A,B is adapted from Laczó et al. (2021a).



(I) Route-Repetition Task

In the encoding phase, the participants were positioned in a street next to a black car. They were then passively transported along a route featuring five intersections with one right turn, three left turns, and one straight movement. The route then stopped at a red phone box. Each intersection featured four identical houses at the four corners. Different intersections featured different houses (i.e., landmarks), such that each intersection had a unique appearance. Participants were instructed to remember the route (Figure 1A). In the test phase, the participants were asked to reproduce the same route from the car to the phone box. Participants were passively transported towards each of the intersections where they were stopped 20 m before the center of the intersections and were prompted to verbally indicate the direction in which the route continued. The examiner pressed a corresponding arrow key, and the participants were passively transported to the center of the intersection facing the street, which led to the following intersection. Thus, participants did not receive feedback. The task was composed of three experimental sessions along the same route to assess learning.

(II) Route-Retracing Task

The encoding phase was similar to the Route-repetition task. The route also comprised five intersections but featured different houses at intersections (Figure 1A). In the test phase, the participants had to navigate in the opposite direction compared to the encoding phase, i.e., from the endpoint of the route (the telephone box) back to the start (the black car). The Route-retracing task consisted of three identical consecutive sessions.

(III) Directional-Approach Task

The Directional-approach task assessed participants’ ability to encode the configuration of houses (landmarks) at an intersection and assessed perspective taking and wayfinding (Wiener et al., 2013; de Condappa and Wiener, 2016). The task consisted of 15 independent trials. Each trial began with an encoding phase, in which participants were positioned in a street next to a black car from where they were passively transported toward a single intersection, which featured two unique houses (i.e., landmarks) at diagonally opposite corners of the intersection. The movement stopped 20 m before the center of the intersections, such that both unique houses were in view. Two other houses at the corners of the intersection were identical to the other houses along the street. The participants’ task was to memorize, in which street the car was parked. Each of the 15 trials featured a different combination of unique houses at the corners of the intersections.

In the test phase, participants were passively transported toward the same intersection, but from one of the other streets. They were then asked to indicate the direction in which the car was parked (i.e., to indicate the street from which they originally approached the intersection). The movement stopped again 20 m before the center of the intersection, such that the unique houses could be seen.

The car was always parked in the street to the south of the intersection (Figure 1B). In the test phase, participants approached the intersection from the western, eastern, or northern street. The participants were not aware of these cardinal directions in the experiment, but the information about these cardinal directions was used in the analysis. Participants were required to perform perspective shifts to align the view during the test phase with that during the encoding phase. The perspective shift was 90° when approaching the intersection from the west or east and 180° when approaching from the north. In contrast to the Route-repetition and Route-retracing tasks, the Directional-approach task did not require participants to learn a route with multiple decision points.



Cognitive Assessment

The cognitive assessment included the following tests: (1) verbal memory measured with the Rey Auditory Verbal Learning Test (RAVLT)—trials 1–5 and 30-min Delayed Recall trial (Bezdíček et al., 2014); (2) non-verbal memory measured with the Rey-Osterrieth Complex Figure Test (ROCFT)—the Recall condition after 3 min (Drozdova et al., 2015); (3) visuospatial function measured with the ROCFT—the Copy condition (Drozdova et al., 2015) and the Clock Drawing Test (Mazancova et al., 2017); (4) executive function measured with the Trail Making Test (TMT) B and Controlled Oral Word Association Test (Czech version with letters N, K, and P; Nikolai et al., 2018); (5) attention and working memory measured with the Forward and Backward Digit Spans and TMT A (Nikolai et al., 2018); and (6) language measured with the Boston Naming Test (30-item version) and Semantic Verbal Fluency test (Animals; Nikolai et al., 2018). The Mini-Mental State Examination (MMSE; Štěpánková et al., 2015) was administered to measure global cognitive function. The GDS-15 (Yesavage and Sheikh, 1986) and BAI (Beck et al., 1988) were used to assess depressive symptoms and anxiety in the participants. Group-wise neuropsychological characteristics are listed in Table 1.

TABLE 1. Characteristics of study participants.
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Magnetic Resonance Imaging


Image Acquisition

We used the established MRI protocol (Parizkova et al., 2018) performed on a Siemens Avanto 1.5T scanner (Siemens AG, Erlangen, Germany) with a 12-channel head coil. The 3-dimensional T1w (3D T1w) high-resolution magnetization-prepared rapid gradient echo (MPRAGE) sequence was used with the following parameters: TR/TE/TI = 2,000/3.08/1,100 ms, flip angle = 15°, 192 continuous partitions, slice thickness = 1.0 mm and in-plane resolution = 1 mm. Scans were visually inspected to ensure appropriate data quality and to exclude participants with a major brain pathology that could interfere with cognitive functioning. The 3D T1w images of high quality were available for 100 participants, including CN (n = 29), non-AD aMCI (n = 23), AD aMCI (n = 26), and mild AD dementia (n = 22). In the remaining participants (n = 22), the 3D T1w images were of low quality or unavailable. The demographic characteristics of participants with brain imaging data are presented in Supplementary Table 1.



Image Processing and Regional Brain Volumetry

We used a processing pipeline based on a population-based template and manual segmentation to measure volumes of the hippocampal head, body, and tail, volumes of the alEC and pmEC, and estimated total intracranial volume (eTIV). The processing pipeline is described in detail in Laczó et al. (2021b). In short, we created a population-based template, using structural 3D T1w images of 26 CN older adults recruited from CBAS (Sheardova et al., 2019). The 3D T1w images were processed using the freely available Advanced Normalization Tools package (ANTs2; Avants et al., 2011). An initial registration template was created first and we then proceeded to create the definite population template by registering 3D T1w images iteratively into the initial template. Manual segmentation of the hippocampus and EC was performed for each of 26 CN participants used for population-based template creation. The hippocampus and the EC were delineated manually in the coronal plane using anatomical landmarks according to the previously published manual segmentation protocol (Berron et al., 2017). The hippocampus was divided into three subregions—the head, the body, and the tail, and EC was divided into the alEC and pmEC subregions according to the previously published segmentation protocols (Berron et al., 2017; Olsen et al., 2017), respectively. The segmentation of the hippocampus and EC is described in detail in Laczó et al. (2021b). Manually delineated ROIs were normalized to MNI space using deformation fields obtained during the template creation. We created a template for each structure (i.e., the hippocampal head, body, and tail, alEC and pmEC) using the same procedure as during the initial template creation (Laczó et al., 2021b). Individual templates were split into the left and right masks using the left and right hemispheric ROIs. The resulting masks were rescaled into values 0–100 to represent probabilistic distribution.

The following steps were implemented to measure the subregional hippocampal and EC volumes of the study participants. We skull-stripped the individual 3D T1w images and performed B1 field intensity inhomogeneity correction using the N4 algorithm and performed three-tissue segmentation using statistical parametric mapping (SPM8, Wellcome Trust Center for Neuroimaging; Ashburner, 2009) and the VBM8-toolbox3 implemented in MatLab R2015b (MathWorks, Natick, MA). We then registered the CBAS template created in the previous step and diffeomorphically warped it into individual participants’ space using ANTs, with a cross-correlation method, 100 × 100 × 50 iterations, and symmetric normalization applied on a 0.25 threshold. The resulting warp field was used to transform ROI masks of individual hippocampal and EC subregions into the participants’ space. The ROIs masks were subsequently masked with a gray matter ROI and their volumes were extracted. Warps were visually inspected for accuracy, no volumes were removed. FreeSurfer 5.3 suite was used to calculate volumes of the right and left caudate nucleus and thickness of the right and left precuneus, isthmus cingulate, and composite region of the posterior parietal cortex. The processing details are described elsewhere (Dale et al., 1999; Fischl et al., 2002, 2004; Desikan et al., 2006) and are available online at http://surfer.nmr.mgh.harvard.edu/. Individual cortical and subcortical segmentations were projected onto corresponding skull-stripped brain images. Segmentations were visually assessed for accuracy and labeled as acceptable/non-acceptable in a binary fashion. No volumes were removed. Posterior parietal cortical thickness was computed as an area-weighted mean of superior parietal gyrus, inferior parietal gyrus, and supramarginal gyrus thickness obtained from FreeSurfer cortical parcellation using the Desikan-Killiany cortical atlas (Desikan et al., 2006). Volumes were normalized to eTIV using the previously published regression formula (Jack et al., 1992; Laczó et al., 2015).




Cerebrospinal Fluid Analysis of AD Biomarkers

The CSF samples were obtained by lumbar puncture with an atraumatic needle in the lying position. The first 3 ml of CSF were used for routine analysis and the remaining 10 ml of CSF was centrifuged and stored at –80°C 30 min after the puncture. CSF collection, processing, and archiving were performed in accordance with European recommendations (Vanderstichele et al., 2012). CSF amyloid-β1–42, total tau, and p-tau181 were analyzed using ELISA (Innogenetics, Ghent, Belgium) in the Cerebrospinal Fluid Laboratory, Institute of Immunology and Department of Neurology, Second Faculty of Medicine, Charles University and Motol University Hospital. Unbiased cut-offs of less than 665 pg/ml and more than 48 pg/ml and 358 pg/ml were used to define amyloid-β1–42, p-tau181, and total tau positivity, respectively. These predefined cutoffs (Parizkova et al., 2018; Laczó et al., 2021b) were based on internal receiver operating characteristic (ROC) analyses and were validated against amyloid PET status in the Czech Brain Aging Study with 79% agreement and areas under the ROC curves (AUCs) of 85% (Cerman et al., 2020). The diagnosis of AD was made when both amyloid-β1–42 and p-tau181 were positive (Laczó et al., 2021b). CSF data were available for 47 of the 92 participants with cognitive impairment, including those with non-AD aMCI (n = 12), AD aMCI (n = 17), and mild AD dementia (n = 18). The demographic characteristics of participants with CSF data are presented in Supplementary Table 2.



Amyloid PET Imaging

The PET images were acquired using a Biograph 40 TrueV HD PET/CT scanner (Siemens Healthineers AG, Erlangen, Germany) in the Department of Nuclear Medicine and PET Centre, Na Homolce Hospital. The participants received a single intravenous dose of flutemetamol (18F; Vizamyl, GE Healthcare, Chicago, IL) with a gross activity of 206.7 ± 12.7 MBq. Non-contrast low-dose CT brain images were acquired for attenuation correction prior to the PET scans. A PET list-mode acquisition was performed in two phases. The early-phase images were acquired at the time of flutemetamol (18F) administration for 8 min and rebinned into dynamic datasets of 2 × 4 min for motion checking. They were iteratively reconstructed to a 168 × 168 matrices with three iterations, after attenuation, scatter, and point spread function correction. The late-phase images were acquired 90 min after flutemetamol (18F) administration for 10 min and iteratively reconstructed to a 128 × 128 matrix with other parameters as described above, including rebinning into dynamic sequences for motion checking (Belohlavek et al., 2019). Flutemetamol (18F) PET images were visually read (as positive or negative) by two independent physicians certified in nuclear medicine, who were previously in-person trained and qualified. The late-phase images were evaluated for amyloid-β-specific uptake in the gray matter by the method that visualized the gray-white matter borders derived from the early-phase images (GM-EDGE method; Belohlavek et al., 2019). Eight specific brain regions were assessed, including the frontal lobe, lateral temporal lobe, anterior cingulate, posterior cingulate, precuneus, temporoparietal area, insula, and striatum. If any of these regions was abnormal, the finding was classified as positive for amyloid-β. The GM-EDGE method was shown to have a high inter-rater agreement (> 90%; Belohlavek et al., 2019) and good concordance with amyloid-β1–42 levels in CSF (≈80%; Cerman et al., 2020). Amyloid PET imaging data were available for 64 of the 92 participants with cognitive impairment, including those with non-AD aMCI (n = 26), AD aMCI (n = 24), and mild AD dementia (n = 14).



Statistical Analysis

A one-way analysis of variance (ANOVA) with post-hoc Sidak’s test evaluated differences between the groups in continuous demographic variables, cognitive performance, CSF biomarkers, and MRI brain measures. A χ2 test evaluated differences in gender proportions. A mixed-model analysis of covariance (ANCOVA) with the diagnostic group (CN vs. non-AD aMCI vs. AD aMCI vs. mild AD dementia) as the between-subjects factor and the session (1st vs. 2nd vs. 3rd) or the approach direction (east vs. north vs. west) as the within-subjects factors were used to analyze differences in spatial navigation performance measured as the percentage of correct responses, which was the dependent variable. The analysis was controlled for age (mean-centered), years of education (mean-centered), and gender. The intercept, session/approach direction, and a person identifier were specified as random effects. Based on model fit, the final models used the scaled identity covariance structure. The post-hoc Sidak’s test was used to assess differences between the individual groups and sessions/approach directions. The post-hoc pairwise comparisons with Holm–Bonferroni (H-B) correction for multiple comparisons were used to compare differences in spatial navigation performance between individual groups in each session/approach direction and to interpret significant interactions between variables. A one-sample t-test was used to assess differences from chance performance (i.e., 33.33%) for each diagnostic group in each session/approach direction. The post-hoc ROC analysis was used to assess the ability of the spatial navigation tasks to differentiate the CN, non-AD aMCI, AD aMCI, and mild AD dementia groups. Sizes of the AUCs, sensitivity, specificity, and optimal cut-off values based on the Youden’s index were calculated.

Pearson’s correlation coefficients were calculated to explore the associations between MRI measures of atrophy in nine specific brain regions for the right and left hemispheres, and performance in three Navigation Test Suite tasks. The H-B correction for multiple comparisons across the 54 pairings was used. Next, the separate linear regression models adjusted for age (mean-centered), years of education (mean-centered), and gender were used to control for the effect of demographic characteristics on the significant associations. To address the specific hypothesis that each CSF biomarker (i.e., amyloid-β1–42, total tau, and p-tau181) will be differently associated with performance in each of the Navigation Test Suite tasks (i.e., the Route-repetition, Route-retracing, and Directional-approach tasks), we calculated Pearson’s correlation coefficients and if the associations were significant (uncorrected), we used the linear regression model adjusted for age (mean-centered), years of education (mean-centered) and gender. Mediation (path) analyses were conducted to assess the associations between CSF AD biomarkers (the independent variable) and spatial navigation performance in each task (the dependent variable) with MRI brain measures serving as the mediator. Only variables significantly associated with spatial navigation performance in the previous regression analyses were included in the mediation analyses. The analyses were adjusted for age (mean-centered), education (mean-centered), and gender. The bootstrapping method (Hayes, 2013) was used to test for the significance of the indirect effect with a 95% confidence interval (CI). Variable values were converted to z-scores prior to the mediation analyses to present the mediation effects and 95% CI in standardized units. In the mediation analysis (Figure 2), the “c path” (total effect; TE) represents the effect of the independent variable on the dependent variable, the “c’ path” (direct effect; DE) represents the effect of the independent variable on the dependent variable while accounting for the mediator, the “a path” represents the relationship between the independent variable and the mediator, and the “b path” represents the relationship between the mediator and the dependent variable. The last two paths form the “a*b path” (indirect effect; IE) that represents the effect of the independent variable on the dependent variable through the mediator.
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FIGURE 2. Mediation analysis. CSF AD biomarkers (the independent variable); spatial navigation performance in each task (the dependent variable); MRI brain measures (the mediator); c) total effect of the independent variable on the dependent variable; c’) direct effect of the independent variable on the dependent variable controlled for the mediator; a*b) indirect effect of the independent variable on the dependent variable through the mediator.



Statistical significance was set at two-tailed (alpha) of 0.05. Effect sizes are reported using partial eta-squared ([image: image]) for one-way ANOVA and mixed-model ANCOVA. A partial eta-squared of 0.2 corresponds to Cohen’s d of 1.0. All analyses were conducted using IBM SPSS 27.0 software.




RESULTS


Demographics and Cognitive Performance

The demographic characteristics are presented in detail in Table 1. The CN group was younger than the mild AD dementia group (p = 0.008) and more educated than the non-AD aMCI group (p = 0.003). There were no significant differences in gender between the groups. As expected, the non-AD aMCI, AD aMCI, and mild AD dementia groups had lower MMSE scores (all p ≤ 0.001) and worse cognitive performance in most of the tests (p ≤ 0.036) compared to the CN group. The non-AD aMCI and AD aMCI groups did not differ in cognitive performance (all p ≥ 0.100). The non-AD aMCI (p = 0.028) and mild AD dementia (p = 0.007) groups reported more depressive symptoms than the CN group. There were no significant differences in anxiety symptoms between the groups.



Spatial Navigation Performance

Spatial navigation performance shown as the mean percentage of correct responses in the CN, non-AD aMCI, AD aMCI, and mild AD dementia groups for each Navigation Test Suite task is presented in Figures 3–5.
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FIGURE 3. Route-repetition task—spatial navigation performance as mean percentage of correct responses in each session (95% Cl). *p < 0.05 indicating the differences between the groups; xp < 0.05 indicating the differences between the sessions. CN, cognitively normal; non-AD aMCI, amnestic mild cognitive impairment with negative AD biomarkers; AD aMCI, amnestic mild cognitive impairment with Alzheimer’s disease; mild AD dementia, mild dementia with Alzheimer’s disease; CI, confidence interval.
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FIGURE 4. Route-retracing task—spatial navigation performance as mean percentage of correct responses in each session (95% Cl). *p < 0.05 indicating the differences between the groups; xp < 0.05 indicating the differences between the sessions. CN, cognitively normal; non-AD aMCI, amnestic mild cognitive impairment with negative AD biomarkers; AD aMCI, amnestic mild cognitive impairment with Alzheimer’s disease; mild AD dementia, mild dementia with Alzheimer’s disease; CI, confidence interval.
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FIGURE 5. Directional-approach task—spatial navigation performance as mean percentage of correct responses in each approach direction (95% Cl). *p < 0.05 indicating the differences between the groups; xp < 0.05 indicating the differences between the approach directions. CN, cognitively normal; non-AD aMCI, amnestic mild cognitive impairment with negative AD biomarkers; AD aMCI, amnestic mild cognitive impairment with Alzheimer’s disease; mild AD dementia, mild dementia with Alzheimer’s disease; CI, confidence interval.




Route-Repetition Task Performance

In the 4 (diagnostic group) × 3 (session) mixed-model ANCOVA, there was a significant main effect of diagnostic group (F(3,122) = 20.67, p < 0.001, [image: image] = 0.34) and session (F(2,244) = 26.96, p < 0.001, [image: image] = 0.19; Figure 3). The session-by-diagnostic group interaction was not significant (F[6,244] = 1.98, p = 0.069, [image: image] = 0.04). On average, the AD aMCI group performed worse than the non-AD aMCI group [p < 0.001, 95% CI (−29.76, −8.17)] and the CN group [p < 0.001, 95% CI (−38.69, −16.44)], and did not differ from the mild AD dementia group [p = 1.00, 95% CI (−11.58, 10.27)]. The non-AD aMCI group did not differ from the CN group [p = 0.272, 95% CI (−20.29, 3.09)] and performed better than the mild AD dementia group [p < 0.001, 95% CI (6.92, 29.71)]. The mild AD dementia group performed worse than the CN group [p < 0.001, 95% CI (−38.83, −14.99)]. On average, spatial navigation performance improved across all sessions. Performance in the second session was better than that in the first session [p < 0.001, 95% CI (5.35, 17.40)] and performance in the third session was better than that in the first [p < 0.001, 95% CI (12.19, 24.24)] and second [p = 0.020, 95% CI (0.81, 12.86)] sessions.

The analysis of between-group differences in each session showed that the AD aMCI group performed worse than the non-AD aMCI (all pH-Bcorrected ≤ 0.031) and CN (all pH-Bcorrected ≤ 0.002) groups in all three sessions. The mild AD dementia group performed worse than the CN group in all three sessions (all pH-Bcorrected < 0.050) and worse than the non-AD aMCI group in the second and the third session (both pH-Bcorrected ≤ 0.011). Other differences between the diagnostic groups were not significant. All groups performed above the chance level in all sessions [CN group: (all t(29) ≥ 8.60, p < 0.001); non-AD aMCI group: (all t(30) ≥ 7.10, p < 0.001); AD aMCI group: (all t(32) ≥ 3.02, p ≤ 0.005); mild AD dementia group: (all t(27) ≥ 3.13, p ≤ 0.004)].

In the post-hoc ROC analyses, performance in the Route-repetition task differentiated the CN group from the non-AD aMCI, AD aMCI and mild AD dementia groups with AUC values of 0.719 [95% CI (0.59, 0.85), p = 0.001], 0.89 [95% CI (0.81, 0.98), p < 0.001], and 0.92 [95% CI (0.85, 0.99), p < 0.001], respectively, the non-AD aMCI group from the AD aMCI and mild AD dementia groups with AUC values of 0.78 [95% CI (0.66, 0.89), p < 0.001] and 0.80 [95% CI (0.69, 0.91), p < 0.001], respectively, and did not differentiate the AD aMCI group from the mild AD dementia group, where the AUC value was 0.63 [95% CI (0.49, 0.77), p = 0.083]. The sensitivity and specificity for the relevant cut-off values is listed in Supplementary Table 3.



Route-Retracing Task Performance

In the 4 (diagnostic group) × 3 (session) mixed-model ANCOVA, there was a significant main effect of diagnostic group (F[3,121] = 12.83, p < 0.001, [image: image] = 0.24) and session (F[2,242] = 7.47, p < 0.001, [image: image] = 0.06; Figure 4). The session-by-diagnostic group interaction was not significant (F[6,242] = 1.16, p = 0.331, [image: image] = 0.03). On average, the AD aMCI group performed worse than the CN group [p < 0.001, 95% CI (−41.88, −15.07)] and did not differ from the non-AD aMCI [p = 0.128, 95% CI (−24.48, 1.80)] and mild AD dementia [p = 1.00, 95% CI (−14.02, 12.31)] groups. The non-AD aMCI group performed worse than the CN group [p = 0.009, 95% CI (−31.30, −2.96)] and did not differ from the mild AD dementia group [p = 0.244, 95% CI (−3.40, 24.37)]. The mild AD dementia group performed worse than the CN group [p < 0.001, 95% CI (−41.99, −13.25)]. On average, spatial navigation performance improved across the sessions. Performance in the second session was better than that in the first session [p = 0.021, 95% CI (0.91, 14.71)]. Performance in the third session was better than that in the first session (p < 0.001, 95% CI (3.83, 17.62)] but did not differ from that in the second session [p = 0.672, 95% CI (−3.98, 9.81)].

The analysis of between-group differences in each session showed that the AD aMCI group performed worse than the non-AD aMCI group in the second session (pH-Bcorrected = 0.032) and worse than the CN group in all three sessions (all pH-Bcorrected ≤ 0.016). The non-AD aMCI group performed worse than the CN group in the third session (pH-Bcorrected = 0.003). The mild AD dementia group performed worse than the CN group in all three sessions (all pH-Bcorrected < 0.050). Other differences between the diagnostic groups were not significant. The CN and non-AD aMCI groups performed above the chance level in each session [CN group: (all t(29) ≥ 5.16, p < 0.001); non-AD aMCI group: (all t(30) ≥ 2.81, p ≤ 0.009)]. The AD aMCI group performed above the chance level in the third session (t(32) = 2.34, p = 0.026) and did not differ from the chance level in the first and the second session (both t(27) ≤ 1.24, p ≥ 0.223). The mild AD dementia group did not differ from the chance level in any session (all t(27) ≤ 1.85, p ≥ 0.075).

In the post-hoc ROC analyses, performance in the Route-retracing task differentiated the CN group from the non-AD aMCI, AD aMCI and mild AD dementia groups with AUC values of 0.68 [95% CI (0.56, 0.83), p = 0.004], 0.86 [95% CI (0.77, 0.95), p < 0.001], and 0.89 [95% CI (0.81, 0.97), p < 0.001], respectively, the non-AD aMCI group from the AD aMCI and mild AD dementia groups with AUC values of 0.64 [95% CI (0.51, 0.78), p = 0.041] and 0.65 [95% CI (0.51, 0.80), p = 0.034], respectively, and did not differentiate the AD aMCI group from the mild AD dementia group, where the AUC value was 0.50 [95% CI (0.35, 0.65), p = 0.075]. The sensitivity and specificity for the relevant cut-off values is listed in Supplementary Table 3.



Directional-Approach Task Performance

In the 4 (diagnostic group) × 3 (approach direction) mixed-model ANCOVA, there was a significant main effect of diagnostic group (F[3,121] = 14.16, p < 0.001, [image: image] = 0.26) and approach direction (F[2,242] = 64.19, p < 0.001, [image: image] = 0.36; Figure 5). The approach direction-by-diagnostic group interaction was not significant (F[6,242] = 0.26, p = 0.955, [image: image] = 0.01). On average, the non-AD aMCI [p = 0.001, 95% CI (−36.14, −6.59)], AD aMCI [p < 0.001, 95% CI (−41.78, −13.82)] and mild AD dementia [p < 0.001, 95% CI (−49.03, −19.06)] groups performed worse than the CN group. Other differences between the diagnostic groups were not significant. On average, spatial navigation performance varied depending on the approach direction. Performance was worse for an approach from the north (180° shift) than for an approach from the west [90° shift; p < 0.001, 95% CI (−38.46, −23.65)] and the east [90° shift; p < 0.001, 95% CI (−36.69, −21.88)]. Performance for the west and east approaches did not differ from each other [p = 0.918, 95% CI (−5.63, 9.17)].

The analysis of between-group differences for each approach direction showed that the non-AD aMCI (all pH-Bcorrected ≤ 0.044), AD aMCI (all pH-Bcorrected ≤ 0.002), and mild AD dementia (all pH-Bcorrected < 0.001) groups performed worse than the CN group for all three approach directions. Other differences between the diagnostic groups were not significant. The CN group performed above the chance level for all approach directions (all t(29) ≥ 2.71, p ≤ 0.011). The non-AD aMCI, AD aMCI and mild AD dementia groups performed above the chance level for an approach from the west and the east (non-AD aMCI group: [both t(30) ≥ 5.70, p < 0.001]; AD aMCI group: (both t(32) ≥ 4.60, p < 0.001); mild AD dementia group: (both t(27) ≥ 3.27, p ≤ 0.003). For an approach from the north, performance in the non-AD aMCI (t(30) = 0.31, p = 0.762) and AD aMCI (t(32) = −1.71, p = 0.098) groups did not differ from the chance level and the mild AD dementia group performed below the chance level (t(27) = −4.13, p < 0.001).

In the post-hoc ROC analysis, performance in the Directional-approach task differentiated the CN group from the non-AD aMCI, AD aMCI, and mild AD dementia groups with AUC values of 0.717 (95% CI [0.59, 0.85], p = 0.001), 0.81 (95% CI [0.69, 0.92], p < 0.001), and 0.88 (95% CI [0.79, 0.97], p < 0.001), respectively, the non-AD aMCI group from the mild AD dementia group with AUC value of 0.71 (95% CI [0.58, 0.84], p = 0.002), and did not differentiate the non-AD aMCI group from the AD aMCI group and the AD aMCI group from the mild AD dementia group, where the AUC values were 0.62 (95% CI [0.47, 0.76], p = 0.109), and 0.60 (95% CI [0.46, 0.74], p = 0.166), respectively. The sensitivity and specificity for the relevant cut-off values is listed in Supplementary Table 3.




Association Between Regional Brain Atrophy and Spatial Navigation Performance

The MRI brain measures are summarized in Table 1. The AD aMCI group had lower volumes of the right and the left hippocampal body, tail and pmEC, the right alEC, and lower thickness of the right and left isthmus cingulate/RSC, precuneus, and posterior parietal cortex than the CN group (all p ≤ 0.015). The same was true for the mild AD dementia group, which in addition had lower volumes of the right and left hippocampal head and the left alEC than the CN group (all p ≤ 0.024). The AD aMCI group had lower volumes of the right and the left hippocampal tail, the right hippocampal body, and alEC, the right and left pmEC, and lower thickness of the left precuneus and the right and left posterior parietal cortex than the non-AD aMCI (all p ≤ 0.020). There were no significant differences in regional brain atrophy between the non-AD aMCI and the CN group (all p ≥ 0.533).

In the correlational analysis with HB correction (Table 2, Supplementary Figure 1), volume of the right alEC and thickness of the right and left precuneus and posterior parietal cortex were correlated with spatial navigation performance in the Route-repetition task (all r ≥ 0.38, p ≤ 0.001), volumes of the right hippocampal body and the right and left pmEC were correlated with spatial navigation performance in the Route-retracing task (all r ≥ 0.34, p ≤ 0.001), and volumes of the left hippocampal body, the right hippocampal tail and alEC, the right and left pmEC, and thickness of the right isthmus cingulate/RSC, the right and left precuneus and posterior parietal cortex were correlated with spatial navigation performance in the Directional-approach task (all r ≥ 0.32, p ≤ 0.001). All the associations but the association between volume of the right alEC and performance in the Directional-approach task remained significant in the regression analyses adjusted for age, education, and gender, where lower volumes and thickness were associated with worse spatial navigation performance (all ß ≥ 0.24, p ≤ 0.030; Table 3).

TABLE 2. Correlation matrix of spatial navigation performance and MRI brain measures.
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TABLE 3. Regression analyses of spatial navigation performance and MRI brain measures controlled for demographic characteristics.
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Association Between CSF Biomarkers and Spatial Navigation Performance

The CSF biomarker characteristics are presented in detail in Table 1. As expected, the non-AD aMCI group had higher CSF levels of amyloid-β1–42 than the AD aMCI and mild AD dementia groups (both p < 0.001). There were no significant differences in CSF levels of amyloid-β1–42 between the AD aMCI and the mild AD dementia group (p = 0.978). The non-AD aMCI group had lower CSF levels of total tau (p = 0.003) and p-tau181 (p = 0.038) than the mild AD dementia group. Other differences in CSF levels of total tau and p-tau181 between the diagnostic groups were not significant. There was a strong correlation between CSF levels of total tau and p-tau181 (r = 0.62, p < 0.001). CSF levels of p-tau181 and total tau negatively correlated with CSF levels of amyloid-β1–42 (both r = −0.29, p < 0.05).

In the correlational analysis with spatial navigation tasks (Table 4, Supplementary Figure 2), CSF levels of amyloid-β1–42 correlated with performance in the Route-repetition and Directional-approach tasks (both r ≥ 0.31, p ≤ 0.032), CSF levels of total tau correlated with performance in the Directional-approach task (r = −0.31, p = 0.041) and CSF levels of p-tau181 correlated with performance in the Route-retracing and Directional-approach tasks (both r ≥ −0.30, p ≤ 0.043). In the regression analyses adjusted for age, education and gender (Table 5), lower levels of amyloid-β1–42 were associated with worse spatial navigation performance in the Route-repetition task (ß = 0.39, p = 0.005) and higher levels of p-tau181 were associated with worse spatial navigation performance in the Route-retracing (ß = −0.28, p = 0.041) and Directional-approach (ß = −0.29, p = 0.037) tasks. Other associations in the regression analyses were not significant.

TABLE 4. Correlation matrix of spatial navigation performance and CSF biomarkers.
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TABLE 5. Regression analysis of spatial navigation performance and CSF biomarkers controlled for demographic characteristics.
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In the mediation analyses adjusted for age, education, and gender, in the Route-repetition task, lower levels of amyloid-β1–42 were directly associated with worse spatial navigation performance when using the thickness of the right and left precuneus and posterior parietal cortex as the mediators [all DE ≥ 0.28, 95% CI (0.00, 0.55) to (0.02, 0.58), all p ≤ 0.049]. The direct effect was not significant when using volume of the right alEC as the mediator [DE = 0.24, 95% CI (−0.07, 0.55), p = 0.119]. The indirect effect was not significant in any of the analyses with the Route-repetition task performance [all IE ≤ 0.08, 95% CI (−0.12, 0.34) to (−0.04, 0.11)]. In the Route-retracing task, higher levels of p-tau181 were directly associated with worse spatial navigation performance when using volumes of the right and left pmEC as the mediators [both DE ≥ −0.35, 95% CI (−0.65, −0.05) to (−0.66, −0.07), both p ≤ 0.023]. The direct effect was not significant when using volume of the right hippocampal body as the mediator [DE = −0.30, 95% CI (−0.61, 0.00), p = 0.052]. The indirect effect was not significant in any of the analyses with the Route-retracing task performance [all IE ≤ −0.05, 95% CI (−0.06, 0.05) to (−0.19, 0.01)]. In the Directional-approach task, higher levels of p-tau181 were not directly associated with spatial navigation performance when using the thickness of the right and left precuneus and posterior parietal cortex, the thickness of the right isthmus cingulate/RSC and volumes of the right pmEC and hippocampal tail and the left hippocampal body as the mediators [all DE ≤ −0.27, 95% CI (−0.50, 0.09) to (−0.58, 0.03), all p ≥ 0.074]. The direct effect was significant when using volume of the left pmEC as the mediator [DE = −0.29, 95% CI (−0.58, −0.00), p = 0.047]. However, the total effect was not significant in this mediation analysis (TE = −0.28 95% CI [−0.57, 0.22], p = 0.068), therefore, the significant direct effect is difficult to interpret. The indirect effect was not significant in any of the analyses with the Directional-approach task performance [all IE ≤ −0.07, 95% CI (−0.04, 0.05) to (−0.36, 0.03)]. The results of the mediation analyses are described in detail in Supplementary Table 4. Correlations between spatial navigation performance and MRI brain measures in the subsample used for the mediation analyses, and correlations between CSF biomarkers and MRI brain measures are described in Supplementary Tables 5, 6.




DISCUSSION

We examined the differences in spatial navigation performance between the AD biomarker positive and negative aMCI participants in various tasks of the navigation test using a realistic-looking virtual environment. Next, we explored the relationships between spatial navigation performance and MRI measures of atrophy in the specific MTL, cortical and subcortical regions. Finally, we examined the associations of performance with CSF AD biomarkers and the role of regional brain atrophy in these associations. We found that the AD aMCI participants performed generally worse in route learning (i.e., body-centered navigation) and had a tendency to perform worse in some aspects of wayfinding (i.e., world-centered navigation) than the non-AD aMCI participants. The participants with AD aMCI and non-AD aMCI performed similarly in conventional cognitive tests. The lower thickness of the parietal regions (i.e., the precuneus and the posterior parietal cortex) was associated with worse route learning performance. Lower volume of the MTL, especially the right posterior hippocampus and the pmEC, was associated with worse wayfinding performance. Lower thickness of the parietal regions and the right isthmus cingulate/RSC and lower volume of the MTL, especially the posterior hippocampus and the pmEC, were associated with worse performance in the perspective taking/wayfinding task. Lower levels of amyloid-β1–42 were associated with worse route learning performance, whereas higher levels of p-tau181 were associated with worse wayfinding performance and worse performance in the perspective taking/wayfinding task. Specifically, lower levels of amyloid-β1–42 were directly associated with worse route learning performance and this association was not mediated by the thickness of the parietal regions.


Route-Repetition Task


Route-Repetition Task Performance Is Different in AD aMCI and Non-AD aMCI Participants

Consistent with our hypothesis, this study demonstrated that the aMCI participants with positive AD biomarkers showed worse route learning performance than the aMCI participants with negative AD biomarkers above and beyond demographic characteristics. The participants with AD aMCI and non-AD aMCI did not significantly differ in any conventional cognitive test. Next, the AD biomarker positive aMCI participants performed similarly to the participants with mild AD dementia, while the AD biomarker negative aMCI participants showed similar performance as the CN participants. These results support and further extend recent findings showing that testing of route learning in a large scale real environment can differentiate amyloid-β positive and negative patients with aMCI, where the latter did not differ from CN older adults (Schöberl et al., 2020). The results are also consistent with previous work indicating that body-centered direction estimation in a virtual reality navigation task can discriminate cognitively impaired older adults with AD from those with other neurodegenerative diseases (Tu et al., 2015, 2017). It should be noted that one study investigating spatial navigation in preclinical AD showed no differences in route learning between CN older adults with and without amyloid-β pathology, as measured by CSF amyloid-β1–42 levels (Allison et al., 2016). Together, these findings suggest that route learning deficits may be relatively specific to early clinical stages of AD but do not occur in the earliest, preclinical stage of AD. In accordance with our recent findings (Laczó et al., 2021a), results of the current study showed that all participants performed above the chance level and improved in route learning across all three experimental sessions indicating preserved learning and the absence of a floor effect in our Route-repetition task even in the participants with mild AD dementia.



Route-Repetition Task Performance Is Associated With Amyloid-β Pathology and Parietal Atrophy

Our results further demonstrated that greater amyloid-β pathology measured by amyloid-β1–42 levels in CSF was associated with worse route learning performance above and beyond demographic characteristics. This was consistent with our hypotheses and also with recent data showing that increased cortical amyloid-β accumulation relates to worse scene recognition from a constant first-person viewpoint in CN adults and patients with early AD (Maass et al., 2019). Our data also showed that cortical thinning in the precuneus and the posterior parietal cortex was associated with worse route learning performance above and beyond demographic characteristics. This was in accordance with our hypotheses and with the previously described important role of the parietal regions in route learning/body-centered navigation (Wolbers et al., 2004; Weniger et al., 2011). The finding indicates that impairment of this spatial navigation ability reflects neurodegeneration in the parietal cortex, which is typically found in early AD (Landau et al., 2011). Next, in agreement with our hypotheses, lower amyloid-β1–42 in CSF was associated with worse route learning directly and not indirectly through cortical thinning in the parietal regions when controlled for demographic characteristics. This indicates that both amyloid-β deposition and neurodegeneration in the parietal cortex may contribute to route learning deficits in early AD, where neurodegeneration may not be a direct result of amyloid-β accumulation. Amyloid-β accumulation in the parietal cortex that emerges very early in AD (Villain et al., 2012; Palmqvist et al., 2017) was shown to be related to less accurate spatial discrimination (Maass et al., 2019). It should be noted that CSF amyloid-β1–42 is a biomarker of amyloid-β pathology that is not specific to regional amyloid-β deposition (Palmqvist et al., 2015). Therefore, based on our data we could not demonstrate whether amyloid-β accumulation in the parietal cortex was associated with worse route learning performance. Future studies with amyloid PET quantifying regional-specific amyloid-β deposition are needed to explore this association.



The Association Between Route-Repetition Task Performance and Atrophy of the Right alEC

Contrary to our hypothesis, lower volume of the right alEC was associated with worse route learning, controlling for demographic characteristics. Rodent research showed that the lateral EC, a homolog of the human alEC, plays a role in processing spatial information in a body-centered frame of reference (Wang et al., 2018; Kuruvilla et al., 2020) and using proximal landmarks for navigation (Kuruvilla and Ainge, 2017). Next, a recent human study found that the alEC encodes distance information from landmarks (Chen et al., 2019). Our study may suggest that the alEC could also play a role in computing directional information from proximal landmarks. However, our finding should be interpreted with caution, because no association with the alEC was found for other tasks. Future studies are needed to investigate this potential association in detail.




Route-Retracing Task


Route-Retracing Task Performance Is Impaired in AD aMCI and Non-AD aMCI Participants

The current study demonstrated that the aMCI participants with positive and negative AD biomarkers showed worse wayfinding performance in a virtual environment than the CN participants, above and beyond demographic characteristics. This is in agreement with our hypothesis and also with a recent finding showing wayfinding deficits in amyloid-β positive and negative patients with aMCI in real space (Schöberl et al., 2020). Contrary to our hypothesis, our results did not show significant overall differences in wayfinding performance between the aMCI participants with positive and negative AD biomarkers. However, analysis of differences from chance performance suggested that the aMCI participants with positive and negative AD biomarkers may have a different pattern of wayfinding deficits. Specifically, the AD biomarker positive aMCI participants performed at the chance level in the first two of three sessions, whereas the AD biomarker negative aMCI participants performed above the chance level across all sessions. Performance at the chance level in the aMCI participants with positive AD biomarkers also suggested that there may be a floor effect in the Route-retracing task leading to the non-significant differences between AD biomarker positive and negative aMCI participants in the main analysis. Furthermore, the post-hoc analysis showed that the aMCI participants with positive AD biomarkers performed worse than the aMCI participants with negative AD biomarkers in the second session of the task. However, this result should be interpreted with caution as there was no significant interaction between group and session. Together, these results indicated that aMCI participants with positive and negative AD biomarkers have wayfinding deficits that tend to be more pronounced in the former group. Wayfinding testing has previously reliably identified individuals with preclinical AD among CN older adults (Allison et al., 2016, 2019). However, previous studies examining wayfinding/world-centered navigation testing as a promising tool to differentiate cognitively impaired individuals with AD and those with other pathologies yielded inconsistent results. A recent study showed that wayfinding performance can reliably discriminate amyloid-β positive and negative aMCI patients in a navigation test in a large scale real environment that required the planning of novel routes including shortcuts (Schöberl et al., 2020). In a virtual reality navigation task, identification of the correct location on a map that required world-centered spatial information did not discriminate between cognitively impaired older adults with AD and those with other neurodegenerative diseases, whose performance was similarly worse than that of age-matched healthy controls (Tu et al., 2017). Overall, studies suggested that preclinical AD is characterized by wayfinding deficits (Allison et al., 2016, 2019) that worsen with disease progression to aMCI and dementia (Hort et al., 2007; Levine et al., 2020). However, wayfinding deficits are also found in cognitively impaired older adults without AD pathology (Tu et al., 2017; Schöberl et al., 2020), reducing the usefulness of wayfinding/world-centered navigation tasks for discriminating aMCI individuals with positive and negative AD biomarkers. The ability of these tasks to differentiate AD biomarker positive and negative older adults with cognitive impairment may also depend on their specific characteristics. These characteristics include the complexity of the task, whether there is a floor effect in the task, whether the task requires planning of new routes, and potentially also whether the navigation task takes place in real space or in virtual environment.



Route-Retracing Task Performance Is Associated With Atrophy of the Posterior MTL Subregions

Consistent with our hypothesis, lower volumes of the right posterior hippocampus (i.e., the hippocampal body) and the pmEC were associated with worse wayfinding performance above and beyond demographic characteristics. Previous studies showed that the right hippocampus is more strongly associated with wayfinding than the left hippocampus (Maguire et al., 1998; Nedelska et al., 2012; Laczó et al., 2017). In particular, its posterior subregion is involved in the accurate creation and use of cognitive maps (Doeller et al., 2008; Schinazi et al., 2013). The pmEC is important for world-centered direction computations (Chadwick et al., 2015) and spatial information processing (Berron et al., 2018). Our results are consistent with these findings and indicate that wayfinding deficits reflect neurodegeneration in the posterior MTL subregions in older adults. Neurodegeneration in the MTL including the hippocampus and the EC is a common finding in early AD (Scahill et al., 2002; Du et al., 2004; Tapiola et al., 2008) but is also observed in other neurodegenerative diseases (Jack et al., 2002; Nelson et al., 2019). In the current study, smaller MTL volumes were observed predominantly in the posterior (i.e., the hippocampal tail, right hippocampal body, and the pmEC) than in the anterior (i.e., the right alEC) subregions in the aMCI participants with positive AD biomarkers when compared to those with negative AD biomarkers. This supports previous work showing that in AD, compared to other neurodegenerative diseases, atrophy is more pronounced in the posterior MTL subregions (Lindberg et al., 2017; Lladó et al., 2018).



Route-Retracing Task Performance Is Associated With Tau Pathology

Consistent with our hypothesis, higher p-tau181 was associated with worse wayfinding performance, above and beyond demographic characteristics. Thus, our findings suggest that tau pathology may contribute to wayfinding deficits in cognitively impaired older adults. This is consistent with rodent data showing that in older mice, tau pathology is related to world-centered spatial memory deficits (Fu et al., 2017). It may also complement recent findings in CN older adults on the association between higher p-tau181 in CSF and worse wayfinding performance in a virtual environment (Allison et al., 2019). However, it is noteworthy that the previous study also found an association between amyloid-β1–42 in CSF and wayfinding performance in CN older adults (Allison et al., 2019). Tau pathology in the hippocampus and the EC (Braak and Braak, 1995) together with neocortical amyloid-β deposition (Hyman et al., 2012) is considered a major pathological marker of AD. A similar pattern of regional tau deposition without amyloid-β pathology has been observed in other neurodegenerative diseases including primary age-related tauopathy (Crary et al., 2014) and argyrophilic grain disease (Ferrer et al., 2008). Thus, unlike the association between amyloid-β pathology and route learning, the association between tau pathology and wayfinding may not be specific to AD. Previous work (Jacobs et al., 2018) showed that the spread of tau pathology to the posterior regions, which is facilitated by amyloid-β deposition, contributes to region-specific neurodegeneration, which in turn leads to cognitive impairment. Based on these findings, one would expect that tau pathology should be related to atrophy of the posterior MTL subregions, which in turn should be associated with wayfinding deficits. However, contrary to our hypothesis, we found that higher p-tau181 in CSF was associated with worse wayfinding directly and not indirectly through volume reduction in the posterior MTL (i.e., the pmEC), above and beyond demographic characteristics. This result is most likely driven by a non-significant relationship between p-tau181 levels in CSF and region-specific brain atrophy in our sample. However, this finding should be interpreted with caution as our results are based on a subsample of participants with CSF data. Thus, the analyses might not have sufficient power to demonstrate a significant association of p-tau181 in CSF with region-specific volume reduction, and the mediation effect of posterior MTL atrophy in the association between p-tau181 and wayfinding. It should be noted that CSF p-tau181 is a biomarker of tau pathology that is not specific to regional tau deposition (Schöll et al., 2019). Also, tau accumulation, measured by tau PET, was shown to be more strongly associated with neurodegeneration and cognitive decline than p-tau181 in CSF (Mattsson et al., 2017). Specifically, tau pathology in the MTL subregions, particularly in the posterior EC, was related to EC atrophy and mirrored its association with memory decline (Maass et al., 2018). Therefore, future studies with tau PET ligands are needed to explore in detail the association between regional-specific tau pathology, neurodegeneration in the posterior MTL subregions, and wayfinding in older adults.




Directional-Approach Task


Directional-Approach Task Performance Is Impaired in AD aMCI and Non-AD aMCI Participants

In the third spatial navigation task, we assessed perspective taking and wayfinding. The task required participants to use the configuration of landmarks at an intersection to interpret a spatial situation from a viewpoint they had not experienced before. Consistent with our hypothesis, we demonstrated that the aMCI participants with positive and negative AD biomarkers and the participants with mild AD dementia performed worse than the CN participants, above and beyond demographic characteristics. These results support and further extend our recent findings indicating that patients with aMCI and mild AD dementia, who were not defined by biomarkers, show spatial navigation impairment in the same task (Laczó et al., 2021a) and perspective taking deficits in a virtual arena task (Marková et al., 2015). The participants’ performance in the current task generally decreased when the approach direction in the test phase was misaligned with the encoding phase by 180° compared to 90°, thus when the perspective shift between encoding and retrieval was higher. This finding is consistent with earlier work showing that perspective taking is required to solve the task (de Condappa and Wiener, 2016; Laczó et al., 2021a). Contrary to our hypothesis, we did not find significant differences between the aMCI participants with positive and negative AD biomarkers. It is worth noting that the aMCI participants with positive and negative AD biomarkers performed at the chance level when the direction in the test phase was misaligned by 180°. This indicates that large misalignment placed great demands on perspective taking. The task could therefore be difficult for most cognitively impaired older adults, as our previous study showed (Laczó et al., 2021a), and may be prone to the floor effect. On the other hand, a recent study indicated that older adults with aMCI and positive CSF AD biomarkers had worse recognition of the topographical layout of four mountains within a computer-generated environment from a shifted point of view than those with negative CSF AD biomarkers (Chan et al., 2016). The discrepant findings in our study and the previous study may be due to the different nature and difficulty of both tasks. Specifically, the degree of misalignment between the encoding and the test perspective differed greatly between these studies. In the previous study (Chan et al., 2016), the degree of misalignment ranged between 15° and 90°, and in our current study, the perspective was misaligned by 90° and 180°. Therefore, the demands on perspective taking were considerably higher in our task, which could result in non-significant differences between the cognitively impaired participants.



Directional-Approach Task Performance Is Associated With Atrophy of the Posterior MTL Subregions and Parietal Cortex

Consistent with our hypothesis, lower volumes of the posterior MTL subregions, especially the posterior hippocampus (i.e., the right hippocampal tail and the left hippocampal body) and the pmEC, together with cortical thinning in the precuneus, the posterior parietal cortex, and the right isthmus cingulate/RSC were associated with worse performance in the perspective taking/wayfinding task, above and beyond demographic characteristics. Our findings, therefore, indicated that multiple specific brain regions are involved in perspective taking and wayfinding. This is in accordance with the previously reported important role of the MTL (Lambrey et al., 2008) and the parietal regions (Zacks and Michelon, 2005) in perspective taking, and the role of the posterior hippocampus (Schinazi et al., 2013) and the pmEC (Chadwick et al., 2015) in world-centered navigation. Our findings are also consistent with the notion that the RSC plays a key role in the use of landmarks for directional orientation (Auger et al., 2012) and the integration of body-centered and world-centered spatial information (Clark et al., 2018), both of which can be important for successful task performance. Our results further indicate that perspective taking/wayfinding deficits reflect neurodegeneration in the posterior MTL subregions, parietal cortex, and the isthmus cingulate/RSC in older adults. This supports and further extends recent findings showing that atrophy of the hippocampus and precuneus is associated with worse recognition of the computer-generated environment from a shifted viewpoint in cognitively impaired and CN older adults (Chan et al., 2016).



Directional-Approach Task Performance Is Predominantly Associated With Tau Pathology

In accordance with our hypothesis, higher levels of p-tau181 in CSF were associated with worse task performance, above and beyond demographic characteristics. Also consistent with our hypothesis, higher levels of total tau and lower levels of amyloid-β1–42 in CSF correlated with worse performance. However, these findings should be interpreted with caution as the associations of amyloid-β1–42 and total tau in CSF with task performance were not significant after controlling for demographic characteristics. Previous research showed that lower amyloid-β1–42 (of borderline significance) and higher total tau in CSF are associated with worse recognition of the computer-generated environment from a shifted viewpoint in patients with aMCI (Wood et al., 2016). Next, the recent study indicated that higher p-tau181 and lower amyloid-β1–42 in CSF are associated with worse wayfinding performance in a virtual environment in CN older adults (Allison et al., 2019). Overall, these findings, including ours, suggested that tau and amyloid-β pathologies may contribute to perspective taking/wayfinding deficits in older adults with and without cognitive impairment. In addition, they suggest that neurodegeneration (as measured by total tau in CSF) may contribute to perspective taking deficits in cognitively impaired older adults. It should be noted that the association between p-tau181 levels and task performance was not significant in the mediation analyses with MRI brain measures. Next, the association between amyloid-β1–42 levels and task performance was not significant in the regression analyses, controlling for demographic characteristics. Therefore, we were unable to support our hypotheses about the different mediation effects of regional brain atrophy in these associations. It is plausible that the analyses based on a subsample of participants with CSF data might not have sufficient power to demonstrate significant associations with perspective taking/wayfinding performance. Our preliminary findings should therefore be interpreted with caution and verified by future studies. Future studies with larger cohorts of participants are needed to explore in detail the interrelations between tau and amyloid-β pathologies (measured by CSF biomarkers and PET), regional brain atrophy, and perspective taking in cognitively impaired older adults.




Characteristics of the Participants With Non-AD aMCI

The participants with non-AD aMCI were defined by negative amyloid-β biomarkers including normal CSF amyloid-β1–42 and negative amyloid PET imaging. However, the underlying disease causing their cognitive impairment was mostly unknown. It is worth noting that 60% of these participants with available CSF biomarkers had abnormal p-tau181 levels indicating that tau pathology was the underlying condition. About 60% of the participants with underlying tau pathology also had abnormal total tau levels indicative of neurodegeneration. This may at least partially explain non-significant differences between the participants with non-AD aMCI and AD aMCI in p-tau181 and total tau levels. However, it should be noted that the participants with non-AD aMCI had almost twice as low levels of p-tau181 and total tau compared to those with AD aMCI. As only 45% of the aMCI participants underwent CSF biomarker assessment, the non-significant differences between the non-AD aMCI and AD aMCI participants may have been due to the insufficient power of the analyses. The participants with non-AD aMCI did not show significant brain atrophy on MRI compared to the CN participants. However, we cannot rule out ongoing neurodegenerative diseases because FDG-PET, a sensitive marker of regional neurodegeneration, was not performed. The general uncertainty regarding the etiology of the non-AD aMCI participants is consistent with previous studies showing that this group may consist of various entities, including the neurodegenerative ones (i.e., tauopathy, synucleinopathy, and TDP-43 pathology), that may fully manifest several years later (Villemagne et al., 2011; Ye et al., 2018). Longitudinal follow-up is therefore essential to detect the underlying disease.



Strengths and Limitations of the Study

One of the strengths of the current study is the fact that this is the first study to date to comprehensively examine the differences between AD biomarker positive and negative older adults with aMCI in various navigational abilities (i.e., route learning, wayfinding, and perspective taking) using an established and ecologically valid spatial navigation test in a realistic-looking virtual environment that mimics real-life navigation. In addition, we investigated the complex interrelations between structural measures of the specific MTL subregions, cortical and subcortical brain regions, CSF AD biomarkers, and spatial navigation that have not been thoroughly studied. Finally, we used well-defined homogeneous cohorts of CN participants and cognitively impaired older adults, where the diagnosis of AD and non-AD was supported by biomarker assessment including amyloid PET imaging and CSF biomarkers. There are also several limitations to this study. First, assessment of CSF biomarkers and amyloid PET imaging were not performed in the CN participants to rule out preclinical AD, which may limit the generalizability of our findings. However, it should be noted that we used several inclusion criteria to minimize the possibility of recruiting individuals at increased risk of AD. Second, CSF AD biomarkers were available in a subset of the participants (i.e., 47 of the 92 participants with cognitive impairment), which may reduce the statistical power of the observed associations with spatial navigation performance in the regression and mediation analyses. Therefore, these findings should be interpreted with caution and replicated in larger study cohorts. Third, the statistical power to detect significant differences with medium effect sizes for the interactions in the main analyses of spatial navigation performance was less than 0.80. Therefore, the results of the interactions, especially the non-significant ones, should be interpreted with caution. Fourth, amyloid-β1–40 was not available and therefore we could not use amyloid-β1–42/amyloid-β1–40 ratio as a more reliable marker of amyloid-β pathology. Fifth, the dichotomous visual read of amyloid PET did not allow quantifying amyloid-β accumulation in specific brain regions of interest and examining its association with spatial navigation performance, which should be the focus of future studies. Sixth, the underlying disease of the non-AD aMCI participants was mostly unknown, which may limit the interpretation and generalizability of our findings. Seventh, segmentation of the hippocampus and EC was performed on 3D T1w images, whereas the use of T2-weighted images would be more preferable as it could provide better resolution. Eight, because of the lack of an anatomical mask for measurement of the RSC, we used a proximal anatomical measure, the thickness of the isthmus cingulate, which may limit the specificity of our results and their interpretation regarding the role of the RSC in spatial navigation. Ninth, given that previous studies considered the subregions of the posterior hippocampus (i.e., body and tail) as a single region, and given the lack of specific hypotheses regarding their equal or different associations with spatial navigation performance, our results should be considered exploratory and these associations should be examined in more detail in future studies. Finally, the cross-sectional design did not allow evaluating changes in spatial navigation performance over time, but longitudinal follow-up is ongoing.




CONCLUSIONS

Using the Navigation Test Suite, the current study demonstrated that older adults with aMCI and positive AD biomarkers showed worse spatial navigation performance compared to those with negative AD biomarkers although both groups performed similarly in conventional cognitive tests. The profile and severity of spatial navigation deficits in the AD aMCI and non-AD aMCI participants varied between the tasks. Specifically, route learning (i.e., body-centered navigation) was worse in the AD aMCI participants than in the non-AD aMCI participants who were similar to the CN older adults. Wayfinding (i.e., world-centered navigation) deficits were found in the AD aMCI and non-AD aMCI participants and tended to be more pronounced in those with AD aMCI. Spatial navigation deficits in the perspective-taking/wayfinding task were observed in aMCI participants regardless of the biomarker status. The Navigation Test Suite thus provides complex information about spatial navigation abilities in cognitively impaired older adults and may complement cognitive assessment with conventional neuropsychological tests. This test may also help distinguish cognitive deficits in early AD from those in other diseases. Further, we demonstrated that deficits in various spatial navigation abilities were differently associated with neurodegeneration in the MTL and posterior cortical regions, the areas that atrophy early during the AD progression. Route learning deficits were associated with parietal cortical atrophy and wayfinding deficits were associated with posterior MTL atrophy. Navigation deficits in the perspective taking/wayfinding task were associated with atrophy in several brain regions. Finally, we demonstrated that various spatial navigation abilities reflected different aspects of AD pathology as measured by CSF biomarkers. Specifically, route learning deficits were directly associated with amyloid-β pathology regardless of parietal atrophy and wayfinding deficits were associated with tau pathology. Navigation deficits in the perspective taking/wayfinding task were associated with tau pathology and also correlated with amyloid-β pathology and neurodegeneration measured by CSF total tau (without adjustment for demographic characteristics). In conclusion, the Navigation Test Suite has the potential to improve the early detection of AD-related cognitive deficits and could be used as a screening tool for the diagnosis of early AD in clinical settings. It should be noted that this test may have some limitations due to the floor effect in the wayfinding and perspective taking/wayfinding tasks that deserve further attention. The search for new reliable cognitive screening tools is of great importance as PET imaging, CSF, and blood-based biomarkers are currently limited to research settings and expert clinics. This is also particularly important as therapeutic interventions targeting the AD pathology are now becoming available.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because of the policy of the Czech Brain Aging Study (CBAS), which allows sharing of the data only after previous approval. Requests to access the datasets should be directed to JL, jan.laczo@lfmotol.cuni.cz.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by EK - 701/16 25.5.2016. The participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ML and JL participated in the design of the study, data interpretation, and wrote the draft of the manuscript. JW participated in the design of the study. LM, OL, and ZN were involved in MRI data acquisition and processing. JK, VM, MV, and JH were involved in data acquisition and interpretation. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the European Regional Development Fund—Project ENOCH no. CZ.02.1.01/0.0/0.0/16_019/0000868; the Ministry of Health, Czech Republic—conceptual development of research organization, University Hospital Motol, Prague, Czech Republic grant no. 00064203; the Institutional Support of Excellence 2. LF UK grant no. 6990332; Alzheimer’s Foundation; Czech Science Foundation (GACR) registration number 22-33968S; and the Grant Agency of Charles University grant no. 327821.



ACKNOWLEDGMENTS

We would like to thank Ms. M. Dokoupilova, Dr. K. Kopecka, Dr. J. Korb, Ms. S. Krejcova, Dr. H. Horakova, Dr. K. Veverova, and Dr. T. Nikolai for help with data collection; Dr. J. Cerman, Dr. I. Trubacik Mokrisova, and Dr. I. Wolfova for help with participant recruitment; and Mr. M. Uller for help with MRI data processing.



FOOTNOTES

1^https://osf.io/mx52y/

2^http://stnava.github.io/ANTs/

3^http://dbm.neuro.uni-jena.de/vbm/



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.886778/full#supplementary-material.



REFERENCES

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C., et al. (2011). The diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommendations from the national institute on aging-Alzheimer’s association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 270–279. doi: 10.1016/j.jalz.2011.03.008

Allison, S. L., Fagan, A. M., Morris, J. C., and Head, D. (2016). Spatial navigation in preclinical Alzheimer’s disease. J. Alzheimers. Dis. 52, 77–90. doi: 10.3233/JAD-150855

Allison, S. L., Rodebaugh, T. L., Johnston, C., Fagan, A. M., Morris, J. C., and Head, D. (2019). Developing a spatial navigation screening tool sensitive to the preclinical Alzheimer disease continuum. Arch. Clin. Neuropsychol. 34, 1138–1155. doi: 10.1093/arclin/acz019

Ashburner, J. (2009). Computational anatomy with the SPM software. Magn. Reson. Imaging 27, 1163–1174. doi: 10.1016/j.mri.2009.01.006

Auger, S. D., Mullally, S. L., and Maguire, E. A. (2012). Retrosplenial cortex codes for permanent landmarks. PLoS One 7:e43620. doi: 10.1371/journal.pone.0043620

Avants, B. B., Tustison, N. J., Song, G., Cook, P. A., Klein, A., and Gee, J. C. (2011). A reproducible evaluation of ANTs similarity metric performance in brain image registration. Neuroimage 54, 2033–2044. doi: 10.1016/j.neuroimage.2010.09.025

Barker, W. W., Luis, C. A., Kashuba, A., Luis, M., Harwood, D. G., Loewenstein, D., et al. (2002). Relative frequencies of Alzheimer disease, lewy body, vascular and frontotemporal dementia and hippocampal sclerosis in the state of florida brain bank. Alzheimer Dis. Assoc. Disord. 16, 203–212. doi: 10.1097/00002093-200210000-00001

Beck, A. T., Epstein, N., Brown, G., and Steer, R. A. (1988). An inventory for measuring clinical anxiety: psychometric properties. J. Consult. Clin. Psychol. 56, 893–897. doi: 10.1037//0022-006x.56.6.893

Belohlavek, O., Jaruskova, M., Skopalova, M., Szarazova, G., and Simonova, K. (2019). Improved beta-amyloid PET reproducibility using two-phase acquisition and grey matter delineation. Eur. J. Nucl. Med. Mol. Imaging 46, 297–303. doi: 10.1007/s00259-018-4140-y

Berron, D., Neumann, K., Maass, A., Schütze, H., Fliessbach, K., Kiven, V., et al. (2018). Age-related functional changes in domain-specific medial temporal lobe pathways. Neurobiol. Aging 65, 86–97. doi: 10.1016/j.neurobiolaging.2017.12.030

Berron, D., Vieweg, P., Hochkeppler, A., Pluta, J. B., Ding, S. L., Maass, A., et al. (2017). A protocol for manual segmentation of medial temporal lobe subregions in 7 Tesla MRI. Neuroimage Clin. 15, 466–482. doi: 10.1016/j.nicl.2017.05.022


Bezdíček, O., Lukavský, J., and Preiss, M. (2011). Functional activities questionnaire, Czech Version—a validation study. Ces. Slov. Neurol. N 74/107, 36–42.


Bezdíček, O., Stepankova, H., Moták, L., Axelrod, B. N., Woodard, J. L., Preiss, M., et al. (2014). Czech version of rey auditory verbal learning test: normative data. Neuropsychol. Dev. Cogn. B. Aging. Neuropsychol. Cogn. 21, 693–721. doi: 10.1080/13825585.2013.865699

Blanch, R. J., Brennan, D., Condon, B., Santosh, C., and Hadley, D. (2004). Are there gender-specific neural substrates of route learning from different perspectives? Cereb. Cortex 14, 1207–1213. doi: 10.1093/cercor/bhh081

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/BF00308809

Braak, H., and Braak, E. (1995). Staging of Alzheimer’s disease-related neurofibrillary changes. Neurobiol. Aging 16, 271–284. doi: 10.1016/0197-4580(95)00021-6

Brunec, I. K., Bellana, B., Ozubko, J. D., Man, V., Robin, J., Liu, Z. X., et al. (2018). Multiple scales of representation along the hippocampal anteroposterior axis in humans. Curr. Biol. 28, 2129–2135.e6. doi: 10.1016/j.cub.2018.05.016

Cerman, J., Laczó, J., Vyhnálek, M., Malinovská, J., Hanzalová, J., and Hort, J. (2020). Cerebrospinal fluid ratio of phosphorylated tau protein and beta amyloid predicts amyloid PET positivity. Czech Slov. Neurol. Neurosurg. 83, 173–179. doi: 10.14735/amcsnn2020173

Chadwick, M. J., Jolly, A. E. J., Amos, D. P., Hassabis, D., and Spiers, H. J. (2015). A goal direction signal in the human entorhinal/subicular region. Curr. Biol. 25, 87–92. doi: 10.1016/j.cub.2014.11.001

Chan, D., Gallaher, L. M., Moodley, K., Minati, L., Burgess, N., and Hartley, T. (2016). The 4 mountains test: a short test of spatial memory with high sensitivity for the diagnosis of pre-dementia Alzheimer’s disease. J. Vis. Exp. 116:54454. doi: 10.3791/54454

Chen, X., Vieweg, P., and Wolbers, T. (2019). Computing distance information from landmarks and self-motion cues - differential contributions of anterior-lateral vs. posterior-medial entorhinal cortex in humans. Neuroimage 202:116074. doi: 10.1016/j.neuroimage.2019.116074

Cholvin, T., Hainmueller, T., and Bartos, M. (2021). The hippocampus converts dynamic entorhinal inputs into stable spatial maps. Neuron 109, 3135–3148.e7. doi: 10.1016/j.neuron.2021.09.019

Clark, B. J., Simmons, C. M., Berkowitz, L. E., and Wilber, A. A. (2018). The retrosplenial-parietal network and reference frame coordination for spatial navigation. Behav. Neurosci. 132, 416–429. doi: 10.1037/bne0000260

Coughlan, G., Laczó, J., Hort, J., Minihane, A. M., and Hornberger, M. (2018). Spatial navigation deficits — overlooked cognitive marker for preclinical Alzheimer disease? Nat. Rev. Neurol. 14, 496–506. doi: 10.1038/s41582-018-0031-x

Crary, J. F., Trojanowski, J. Q., Schneider, J. A., Abisambra, J. F., Abner, E. L., Alafuzoff, I., et al. (2014). Primary age-related tauopathy (PART): a common pathology associated with human aging. Acta Neuropathol. 128, 755–766. doi: 10.1007/s00401-014-1349-0

Cushman, L. A., Stein, K., and Duffy, C. J. (2008). Detecting navigational deficits in cognitive aging and Alzheimer disease using virtual reality. Neurology 71, 888–895. doi: 10.1212/01.wnl.0000326262.67613.fe

Dale, A. M., Fischl, B., and Sereno, M. I. (1999). Cortical surface-based analysis. I. Segmentation and surface reconstruction. Neuroimage 9, 179–194. doi: 10.1006/nimg.1998.0395

de Condappa, O., and Wiener, J. M. (2016). Human place and response learning: navigation strategy selection, pupil size and gaze behavior. Psychol. Res. 80, 82–93. doi: 10.1007/s00426-014-0642-9

DeIpolyi, A., Rankin, K., Mucke, L., Miller, B., and Gorno-Tempini, M. (2007). Spatial cognition and the human navigation network in AD and MCI. Neurology 69, 986–987. doi: 10.1212/01.wnl.0000271376.19515.c6

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

Diersch, N., and Wolbers, T. (2019). The potential of virtual reality for spatial navigation research across the adult lifespan. J. Exp. Biol. 222:jeb187252. doi: 10.1242/jeb.187252

Doeller, C. F., King, J. A., and Burgess, N. (2008). Parallel striatal and hippocampal systems for landmarks and boundaries in spatial memory. Proc. Natl. Acad. Sci. U S A 105, 5915–5920. doi: 10.1073/pnas.0801489105


Drozdova, K., Štěpánková, H., Lukavský, J., Bezdíček, M., and Kopeček, M. (2015). Normativní studie testu Reyovy- Osterriethovy komplexní figury v populaci českých senioru. Ces. Slov. Neurol. N. 78/111, 542–549.


Du, A. T., Schuff, N., Kramer, J. H., Ganzer, S., Zhu, X. P., Jagust, W. J., et al. (2004). Higher atrophy rate of entorhinal cortex than hippocampus in AD. Neurology 62, 422–427. doi: 10.1212/01.wnl.0000106462.72282.90

Evensmoen, H. R., Ladstein, J., Hansen, T. I., Møller, J. A., Witter, M. P., Nadel, L., et al. (2015). From details to large scale: the representation of environmental positions follows a granularity gradient along the human hippocampal and entorhinal anterior-posterior axis. Hippocampus 25, 119–135. doi: 10.1002/hipo.22357

Ferrer, I., Santpere, G., and van Leeuwen, F. W. (2008). Argyrophilic grain disease. Brain 131, 1416–1432. doi: 10.1093/brain/awm305

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., et al. (2002). Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron 33, 341–355. doi: 10.1016/s0896-6273(02)00569-x

Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Ségonne, F., Salat, D. H., et al. (2004). Automatically parcellating the human cerebral cortex. Cereb. Cortex 14, 11–22. doi: 10.1093/cercor/bhg087

Fu, H., Rodriguez, G. A., Herman, M., Emrani, S., Nahmani, E., Barrett, G., et al. (2017). Tau pathology induces excitatory neuron loss, grid cell dysfunction and spatial memory deficits reminiscent of early Alzheimer’s disease. Neuron 93, 533–541.e5. doi: 10.1016/j.neuron.2016.12.023

Green, M. S., Kaye, J. A., and Ball, M. J. (2000). The Oregon brain aging study: neuropathology accompanying healthy aging in the oldest old. Neurology 54, 105–113. doi: 10.1212/wnl.54.1.105

Hartley, T., Maguire, E. A., Spiers, H. J., and Burgess, N. (2003). The well-worn route and the path less traveled: distinct neural bases of route following and wayfinding in humans. Neuron 37, 877–888. doi: 10.1016/s0896-6273(03)00095-3


Hayes, A. (2013). Introduction to Mediation, Moderation and Conditional Process Analysis: A Regression-Based Approach. New York, NY: The Guilford Press.


Hort, J., Laczó, J., Vyhnálek, M., Bojar, M., Bureš, J., and Vlčk, K. (2007). Spatial navigation deficit in amnestic mild cognitive impairment. Proc. Natl. Acad. Sci. U S A 104, 4042–4047. doi: 10.1073/pnas.0611314104

Howard, L. R., Javadi, A. H., Yu, Y., Mill, R. D., Morrison, L. C., Knight, R., et al. (2014). The hippocampus and entorhinal cortex encode the path and euclidean distances to goals during navigation. Curr. Biol. 24, 1331–1340. doi: 10.1016/j.cub.2014.05.001

Howett, D., Castegnaro, A., Krzywicka, K., Hagman, J., Marchment, D., Henson, R., et al. (2019). Differentiation of mild cognitive impairment using an entorhinal cortex-based test of virtual reality navigation. Brain 142, 1751–1766. doi: 10.1093/brain/awz116

Hyman, B. T., Phelps, C., Beach, T. G., Bigio, E. H., Cairns, N. J., Carrillo, M. C., et al. (2012). National institute on aging-Alzheimer’s association guidelines for the neuropathologic assessment of Alzheimer’s disease. Alzheimers Dement. 8, 1–13. doi: 10.1016/j.jalz.2011.10.007

Iglói, K., Doeller, C. F., Berthoz, A., Rondi-Reig, L., and Burgess, N. (2010). Lateralized human hippocampal activity predicts navigation based on sequence or place memory. Proc. Natl. Acad. Sci. U S A 107, 14466–14471. doi: 10.1002/jdn.10189

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein, S. B., et al. (2018). NIA-AA research framework: toward a biological definition of Alzheimer’s disease. Alzheimer’s Dement. 14, 535–562. doi: 10.1016/j.jalz.2018.02.018

Jack, C. R., Dickson, D. W., Parisi, J. E., Xu, Y. C., Cha, R. H., O’Brien, P. C., et al. (2002). Antemortem MRI findings correlate with hippocampal neuropathology in typical aging and dementia. Neurology 58, 750–757. doi: 10.1212/wnl.58.5.750

Jack, C. R., Jr., Petersen, R. C., O’Brien, P. C., and Tangalos, E. G. (1992). MR-based hippocampal volumetry in the diagnosis of Alzheimer’s disease. Neurology 42, 183–188. doi: 10.1212/wnl.42.1.183

Jacobs, H. I. L., Hedden, T., Schultz, A. P., Sepulcre, J., Perea, R. D., Amariglio, R. E., et al. (2018). Structural tract alterations predict downstream tau accumulation in amyloid-positive older individuals. Nat. Neurosci. 21, 424–431. doi: 10.1038/s41593-018-0070-z

Josephs, K. A., Whitwell, J. L., Ahmed, Z., Shiung, M. M., Weigand, S. D., Knopman, D. S., et al. (2008). Beta-amyloid burden is not associated with rates of brain atrophy. Ann. Neurol. 63, 204–212. doi: 10.1002/ana.21223

Kuruvilla, M. V., and Ainge, J. A. (2017). Lateral entorhinal cortex lesions impair local spatial frameworks. Front. Syst. Neurosci. 11:30. doi: 10.3389/fnsys.2017.00030

Kuruvilla, M. V., Wilson, D. I. G., and Ainge, J. A. (2020). Lateral entorhinal cortex lesions impair both egocentric and allocentric object-place associations. Brain Neurosci. Adv. 4:2398212820939463. doi: 10.1177/2398212820939463

Laczó, J., Andel, R., Nedelska, Z., Vyhnalek, M., Vlcek, K., Crutch, S., et al. (2017). Exploring the contribution of spatial navigation to cognitive functioning in older adults. Neurobiol. Aging 51, 67–70. doi: 10.1016/j.neurobiolaging.2016.12.003

Laczó, J., Andel, R., Vyhnalek, M., Matoska, V., Kaplan, V., Nedelska, Z., et al. (2015). The effect of TOMM40 on spatial navigation in amnestic mild cognitive impairment. Neurobiol. Aging 36, 2024–2033. doi: 10.1016/j.neurobiolaging.2015.03.004

Laczó, J., Andel, R., Vyhnalek, M., Vlcek, K., Magerova, H., Varjassyova, A., et al. (2010). Human analogue of the morris water maze for testing subjects at risk of Alzheimer’s disease. Neurodegener. Dis. 7, 148–152. doi: 10.1159/000289226

Laczó, J., Andel, R., Vyhnalek, M., Vlcek, K., Magerova, H., Varjassyova, A., et al. (2012). From morris water maze to computer tests in the prediction of Alzheimer’s disease. Neurodegener. Dis 10, 153–157. doi: 10.1159/000333121

Laczó, M., Wiener, J. M., Kalinova, J., Matuskova, V., Vyhnalek, M., Hort, J., et al. (2021a). Spatial navigation and visuospatial strategies in typical and atypical aging. Brain Sci. 11:1421. doi: 10.3390/brainsci11111421

Laczó, M., Lerch, O., Martinkovic, L., Kalinova, J., Markova, H., Vyhnalek, M., et al. (2021b). Spatial pattern separation testing differentiates Alzheimer’s disease biomarker-positive and biomarker-negative older adults with amnestic mild cognitive impairment. Front. Aging Neurosci. 13:774600. doi: 10.3389/fnagi.2021.774600

Laczó, J., Vlcek, K., Vyhnálek, M., Vajnerová, O., Ort, M., Holmerová, I., et al. (2009). Spatial navigation testing discriminates two types of amnestic mild cognitive impairment. Behav. Brain Res. 202, 252–259. doi: 10.1016/j.bbr.2009.03.041

Lambrey, S., Amorim, M. A., Samson, S., Noulhiane, M., Hasboun, D., Dupont, S., et al. (2008). Distinct visual perspective-taking strategies involve the left and right medial temporal lobe structures differently. Brain 131, 523–534. doi: 10.1093/brain/awm317

Landau, S. M., Harvey, D., Madison, C. M., Koeppe, R. A., Reiman, E. M., Foster, N. L., et al. (2011). Associations between cognitive, functional and FDG-PET measures of decline in AD and MCI. Neurobiol. Aging 32, 1207–1218. doi: 10.1016/j.neurobiolaging.2009.07.002

Levine, T. F., Allison, S. L., Stojanovic, M., Fagan, A. M., Morris, J. C., and Head, D. (2020). Spatial navigation ability predicts progression of dementia symptomatology. Alzheimers. Dement. 16, 491–500. doi: 10.1002/alz.12031

Lindberg, O., Mårtensson, G., Stomrud, E., Palmqvist, S., Wahlund, L. O., Westman, E., et al. (2017). Atrophy of the posterior subiculum is associated with memory impairment, tau- and Aβ pathology in non-demented individuals. Front. Aging Neurosci. 9:306. doi: 10.3389/fnagi.2017.00306

Lladó, A., Tort-Merino, A., Sánchez-Valle, R., Falgàs, N., Balasa, M., Bosch, B., et al. (2018). The hippocampal longitudinal axis-relevance for underlying tau and TDP-43 pathology. Neurobiol. Aging 70, 1–9. doi: 10.1016/j.neurobiolaging.2018.05.035

Maass, A., Berron, D., Harrison, T. M., Adams, J. N., La Joie, R., Baker, S., et al. (2019). Alzheimer’s pathology targets distinct memory networks in the ageing brain. Brain 142, 2492–2509. doi: 10.1093/brain/awz154

Maass, A., Lockhart, S. N., Harrison, T. M., Bell, R. K., Mellinger, T., Swinnerton, K., et al. (2018). Entorhinal tau pathology, episodic memory decline and neurodegeneration in aging. J. Neurosci. 38, 530–543. doi: 10.1523/JNEUROSCI.2028-17.2017

Maguire, E. A., Burgess, N., Donnett, J. G., Frackowiak, R. S., Frith, C. D., and O’Keefe, J. (1998). Knowing where and getting there: a human navigation network. Science 280, 921–924. doi: 10.1126/science.280.5365.921

Marková, H., Laczó, J., Andel, R., Hort, J., and Vlček, K. (2015). Perspective taking abilities in amnestic mild cognitive impairment and Alzheimer’s disease. Behav. Brain Res. 281, 229–238. doi: 10.1016/j.bbr.2014.12.033

Mattsson, N., Schöll, M., Strandberg, O., Smith, R., Palmqvist, S., Insel, P. S., et al. (2017). 18F-AV-1451 and CSF T-tau and P-tau as biomarkers in Alzheimer’s disease. EMBO Mol. Med. 9, 1212–1223. doi: 10.15252/emmm.201707809

Mazancova, A. F., Nikolai, T., Stepankova, H., Kopecek, M., and Bezdicek, O. (2017). The reliability of clock drawing test scoring systems modeled on the normative data in healthy aging and nonamnestic mild cognitive impairment. Assessment 24, 945–957. doi: 10.1177/1073191116632586

Mckhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack Jr, C. R., Kawas, C. H., et al. (2011). The diagnosis of dementia due to Alzheimer’s disease: recommendations from the national institute on aging and the Alzheimer’s association workgroup. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Miller, M. I., Younes, L., Ratnanather, J. T., Brown, T., Trinh, H., Postell, E., et al. (2013). The diffeomorphometry of temporal lobe structures in preclinical Alzheimer’s disease. Neuroimage Clin. 3, 352–360. doi: 10.1016/j.nicl.2013.09.001

Morganti, F., Stefanini, S., and Riva, G. (2013). From allo- to egocentric spatial ability in early Alzheimer’s disease: a study with virtual reality spatial tasks. Cogn. Neurosci. 4, 171–180. doi: 10.1080/17588928.2013.854762

Nedelska, Z., Andel, R., Laczó, J., Vlcek, K., Horinek, D., Lisy, J., et al. (2012). Spatial navigation impairment is proportional to right hippocampal volume. Proc. Natl. Acad. Sci. U S A 109, 2590–2594. doi: 10.1073/pnas.1121588109

Nelson, P. T., Dickson, D. W., Trojanowski, J. Q., Jack, C. R., Boyle, P. A., Arfanakis, K., et al. (2019). Limbic-predominant age-related TDP-43 encephalopathy (LATE): consensus working group report. Brain 142, 1503–1527. doi: 10.1093/brain/awz099

Nikolai, T., Stepankova, H., Kopecek, M., Sulc, Z., Vyhnalek, M., and Bezdicek, O. (2018). The uniform data set, czech version: normative data in older adults from an international perspective. J. Alzheimers. Dis. 61, 1233–1240. doi: 10.3233/JAD-170595

Olsen, R. K., Yeung, L. K., Noly-Gandon, A., D’Angelo, M. C., Kacollja, A., Smith, V. M., et al. (2017). Human anterolateral entorhinal cortex volumes are associated with cognitive decline in aging prior to clinical diagnosis. Neurobiol. Aging 57, 195–205. doi: 10.1016/j.neurobiolaging.2017.04.025

Palmqvist, S., Schöll, M., Strandberg, O., Mattsson, N., Stomrud, E., Zetterberg, H., et al. (2017). Earliest accumulation of β-amyloid occurs within the default-mode network and concurrently affects brain connectivity. Nat. Commun. 8:1214. doi: 10.1038/s41467-017-01150-x

Palmqvist, S., Zetterberg, H., Mattsson, N., Johansson, P., Minthon, L., Blennow, K., et al. (2015). Detailed comparison of amyloid PET and CSF biomarkers for identifying early Alzheimer disease. Neurology 85, 1240–1249. doi: 10.1212/WNL.0000000000001991

Parizkova, M., Lerch, O., Andel, R., Kalinova, J., Markova, H., Vyhnalek, M., et al. (2020). Spatial pattern separation in early Alzheimer’s disease. J. Alzheimers Dis. 76, 121–138. doi: 10.3233/JAD-200093

Parizkova, M., Lerch, O., Moffat, S. D., Andel, R., Mazancova, A. F., Nedelska, Z., et al. (2018). The effect of Alzheimer’s disease on spatial navigation strategies. Neurobiol. Aging 64, 107–115. doi: 10.1016/j.neurobiolaging.2017.12.019

Reagh, Z. M., and Yassa, M. A. (2014). Object and spatial mnemonic interference differentially engage lateral and medial entorhinal cortex in humans. Proc. Natl. Acad. Sci. U S A 111, E4264–E4273. doi: 10.1073/pnas.1411250111

Reagh, Z. M., Noche, J. A., Tustison, N. J., Delisle, D., Murray, E. A., and Yassa, M. A. (2018). Functional imbalance of anterolateral entorhinal cortex and hippocampal dentate/CA3 underlies age-related object pattern separation deficits. Neuron 97, 1187–1198.e4. doi: 10.1016/j.neuron.2018.01.039

Ruotolo, F., Ruggiero, G., Raemaekers, M., Iachini, T., van der Ham, I. J. M., Fracasso, A., et al. (2019). Neural correlates of egocentric and allocentric frames of reference combined with metric and non-metric spatial relations. Neuroscience 409, 235–252. doi: 10.1016/j.neuroscience.2019.04.021

Saj, A., Cojan, Y., Musel, B., Honoré, J., Borel, L., and Vuilleumier, P. (2014). Functional neuro-anatomy of egocentric versus allocentric space representation. Neurophysiol. Clin. 44, 33–40. doi: 10.1016/j.neucli.2013.10.135

Scahill, R. I., Schott, J. M., Stevens, J. M., Rossor, M. N., and Fox, N. C. (2002). Mapping the evolution of regional atrophy in Alzheimer’s disease: unbiased analysis of fluid-registered serial MRI. Proc. Natl. Acad. Sci. U S A 99, 4703–4707. doi: 10.1073/pnas.052587399

Scheltens, P., Leys, D., Barkhof, F., Huglo, D., Weinstein, H. C., Vermersch, P., et al. (1992). Atrophy of medial temporal lobes on MRI in “probable” Alzheimer’s disease and normal ageing: diagnostic value and neuropsychological correlates. J. Neurol. Neurosurg. Psychiatry 55, 967–972. doi: 10.1136/jnnp.55.10.967

Schinazi, V. R., Nardi, D., Newcombe, N. S., Shipley, T. F., and Epstein, R. A. (2013). Hippocampal size predicts rapid learning of a cognitive map in humans. Hippocampus 23, 515–528. doi: 10.1002/hipo.22111

Schöberl, F., Pradhan, C., Irving, S., Buerger, K., Xiong, G., Kugler, G., et al. (2020). Real-space navigation testing differentiates between amyloid-positive and -negative aMCI. Neurology 94, e861–e873. doi: 10.1212/WNL.0000000000008758

Schöll, M., Maass, A., Mattsson, N., Ashton, N. J., Blennow, K., Zetterberg, H., et al. (2019). Biomarkers for tau pathology. Mol. Cell. Neurosci. 97, 18–33. doi: 10.1016/j.mcn.2018.12.001

Sheardova, K., Vyhnalek, M., Nedelska, Z., Laczo, J., Andel, R., Marciniak, R., et al. (2019). Czech brain aging study (CBAS): prospective multicentre cohort study on risk and protective factors for dementia in the Czech republic. BMJ Open 9:e030379. doi: 10.1136/bmjopen-2019-030379

Sojkova, J., Zhou, Y., An, Y., Kraut, M. A., Ferrucci, L., Wong, D. F., et al. (2011). Longitudinal patterns of β-amyloid deposition in nondemented older adults. Arch. Neurol. 68, 644–649. doi: 10.1001/archneurol.2011.77


Štěpánková, H., Nikolai, T., Lukavský, J., Bezdíček, M., Vrajová, M., and Kopeček, M. (2015). Mini-mental state examination - Czech normative study. Ces. Slov. Neurol. N 78/111, 57–63.


Tapiola, T., Pennanen, C., Tapiola, M., Tervo, S., Kivipelto, M., Hänninen, T., et al. (2008). MRI of hippocampus and entorhinal cortex in mild cognitive impairment: a follow-up study. Neurobiol. Aging 29, 31–38. doi: 10.1016/j.neurobiolaging.2006.09.007

Teng, E., Becker, B. W., Woo, E., Knopman, D. S., Cummings, J. L., and Lu, P. H. (2010). Utility of the functional activities questionnaire for distinguishing mild cognitive impairment from very mild Alzheimer’s disease. Alzheimer Dis. Assoc. Disord. 24, 348–353. doi: 10.1097/WAD.0b013e3181e2fc84

Thal, D. R., Rüb, U., Orantes, M., and Braak, H. (2002). Phases of A beta-deposition in the human brain and its relevance for the development of AD. Neurology 58, 1791–1800. doi: 10.1212/wnl.58.12.1791

Tu, S., Spiers, H. J., Hodges, J. R., Piguet, O., and Hornberger, M. (2017). Egocentric versus allocentric spatial memory in behavioral variant frontotemporal dementia and Alzheimer’s disease. J. Alzheimers Dis. 59, 883–892. doi: 10.3233/JAD-160592

Tu, S., Wong, S., Hodges, J. R., Irish, M., Piguet, O., and Hornberger, M. (2015). Lost in spatial translation – A novel tool to objectively assess spatial disorientation in Alzheimer’s disease and frontotemporal dementia. Cortex 67, 83–94. doi: 10.1016/j.cortex.2015.03.016

Vanderstichele, H., Bibl, M., Engelborghs, S., Le Bastard, N., Lewczuk, P., Molinuevo, J. L., et al. (2012). Standardization of preanalytical aspects of cerebrospinal fluid biomarker testing for Alzheimer’s disease diagnosis: a consensus paper from the Alzheimer’s biomarkers standardization initiative. Alzheimers Dement. 8, 65–73. doi: 10.1016/j.jalz.2011.07.004

Villain, N., Chételat, G., Grassiot, B., Bourgeat, P., Jones, G., Ellis, K. A., et al. (2012). Regional dynamics of amyloid-β deposition in healthy elderly, mild cognitive impairment and Alzheimer’s disease: a voxelwise PiB-PET longitudinal study. Brain 135, 2126–2139. doi: 10.1093/brain/aws125

Villemagne, V. L., Pike, K. E., Chételat, G., Ellis, K. A., Mulligan, R. S., Bourgeat, P., et al. (2011). Longitudinal assessment of Aβ and cognition in aging and Alzheimer disease. Ann. Neurol. 69, 181–192. doi: 10.1002/ana.22248

Waller, D., and Lippa, Y. (2007). Landmarks as beacons and associative cues: their role in route learning. Mem. Cognit. 35, 910–924. doi: 10.3758/bf03193465

Wang, C., Chen, X., Lee, H., Deshmukh, S. S., Yoganarasimha, D., Savelli, F., et al. (2018). Egocentric coding of external items in the lateral entorhinal cortex. Science 362, 945–949. doi: 10.1126/science.aau4940

Weniger, G., Ruhleder, M., Lange, C., Wolf, S., and Irle, E. (2011). Egocentric and allocentric memory as assessed by virtual reality in individuals with amnestic mild cognitive impairment. Neuropsychologia 49, 518–527. doi: 10.1016/j.neuropsychologia.2010.12.031

Whitwell, J. L., Przybelski, S. A., Weigand, S. D., Knopman, D. S., Boeve, B. F., Petersen, R. C., et al. (2007). 3D maps from multiple MRI illustrate changing atrophy patterns as subjects progress from mild cognitive impairment to Alzheimer’s disease. Brain 130, 1777–1786. doi: 10.1093/brain/awm112

Wiener, J. M., Caroll, D., Moeller, S., Bibi, I., Ivanova, D., Allen, P., et al. (2020). A novel virtual-reality-based route-learning test suite: assessing the effects of cognitive aging on navigation. Behav. Res. Methods 52, 630–640. doi: 10.3758/s13428-019-01264-8

Wiener, J. M., de Condappa, O., Harris, M. A., and Wolbers, T. (2013). Maladaptive bias for extrahippocampal navigation strategies in aging humans. J. Neurosci. 33, 6012–6017. doi: 10.1523/JNEUROSCI.0717-12.2013

Wolbers, T., and Hegarty, M. (2010). What determines our navigational abilities? Trends Cogn. Sci. 14, 138–146. doi: 10.1016/j.tics.2010.01.001

Wolbers, T., Weiller, C., and Büchel, C. (2004). Neural foundations of emerging route knowledge in complex spatial environments. Brain Res. Cogn. Brain Res. 21, 401–411. doi: 10.1016/j.cogbrainres.2004.06.013

Wood, R. A., Moodley, K. K., Lever, C., Minati, L., and Chan, D. (2016). Allocentric spatial memory testing predicts conversion from mild cognitive impairment to dementia: an initial proof-of-concept study. Front. Neurol. 7:215. doi: 10.3389/fneur.2016.00215

Xu, J., Evensmoen, H. R., Lehn, H., Pintzka, C. W. S., and Håberg, A. K. (2010). Persistent posterior and transient anterior medial temporal lobe activity during navigation. Neuroimage 52, 1654–1666. doi: 10.1016/j.neuroimage.2010.05.074

Ye, B. S., Kim, H. J., Kim, Y. J., Jung, N. Y., Lee, J. S., Lee, J., et al. (2018). Longitudinal outcomes of amyloid positive versus negative amnestic mild cognitive impairments: a three-year longitudinal study. Sci. Rep. 8:5557. doi: 10.1038/s41598-018-23676-w

Yesavage, J. A., and Sheikh, J. I. (1986). Geriatric depression scale (GDS). Clin. Gerontol. 5, 165–173. doi: 10.1300/J018v05n01_09

Zacks, J. M., and Michelon, P. (2005). Transformations of visuospatial images. Behav. Cogn. Neurosci. Rev. 4, 96–118. doi: 10.1177/1534582305281085

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Laczó, Martinkovic, Lerch, Wiener, Kalinova, Matuskova, Nedelska, Vyhnalek, Hort and Laczó. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-14-886778-g003.gif
X X
100 - : =1
2 Clem
[ non-AD aMCl
[ AD amCl
80 W mild AD dementie
g
5
o 60
>3
@
o
g 40
Chance
@ level 7 -
n
20 -

first session <cecond session third session





OPS/images/fnagi-14-886778-g004.gif
X
100 — * |_|+|
1 ! mCN
* [ non-AD aMCl
I [ AD aMCl
85— ol B mild AD dementic
)
£
o
o
R
Q
o
g 40
O Chance
}:, level
n

20

first session second session third session





OPS/images/fnagi-14-886778-g002.gif
Dependent variable

Independent variable c

CSF biomarker ——— | Spatial navigation
performanse

Mediator

KR grain measars

Independent variable Dependent variable

CSF biomarker Spatial navigation
nporformancs






OPS/images/fnagi-14-886778-i001.gif





OPS/images/fnagi-14-886778-t003.jpg
MRI brain measures Spatial navigation performance (% correct)

Standardized Regression Unstandardized Regression Standard Error R Square
Coefficient p Coefficient B of Measurement SE
Route-repetition task
alEC right® (volume, cr) 0.276" 0.053" 0.021 0.224
Precuneus right (thickness, mm) 0.278" 33.077" 11147 0272
Precuneus left thickness, mim) 0.360** 38799+ 9.959 0319
Posterior parietal cortex right (thickness, mm) 0.346%+ 38,666+ 10.675 0.308
Posterior parietal cortex left (thickness, mm) 0.209" 33528 11.024 0279
Route-retracing task
Hippocampal body right? (volume, cm?) 0.243" 0.087* 0016 0473
PMEC fight® (volume, cm?) 0.239" 0.106* 0.049 0.162
PMEC left (volume, cm?) 0.246" 0.004* 0.039 0470
Directional-approach task
Hippocampal body left? (volume, cm?) 0319 0.046" 0014 0497
Hippocampal il fight® (volume, cm?) 0316 0.146™ 0.046 0497
PMEC left? (volume, cm?) 0311 0120 0.039 0475
PMEC right® (volume, cm?) 0.261* 0.118* 0.050 0144
alEC right® (volume, crr) 0225 0.050 0.026 0128
Precuneus left thickness, mim) 0,340 44.416% 12.740 0.245
Precuneus right (thickness, mm) 0.327+% 474430 13.820 0238
Posterior parietal cortex left (thickness, mm) 0.304" 40.908" 13.807 0220
Posterior parietal cortex right (thickness, mrm) 0.308" 41474 13.541 0223
Isthmus cingulate right (thickness, mm) 0.258" 33.408" 12.535 0.203

D < 0.05; *'p < 0.01; and **p < 0.001. *Volume normalized to estimated total intracranial volume. Key: MR}, magnetic resonance imaging; alEC, anterolateral entorhinal cortex;
pmEC, posteromedial entorhinal cortex.
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Route-repetition Route-retracing Directional-approach

task (% correct) task (% correct) task (% correct)

Hippocampal head rights (volume, o) 0.279" 0.237" 0.160
Hippocampal head left® (volume, crr®) 0.226" 0.232" 0132
Hippocampal body right? (volume, cri®) 0314 0345 0.209"
Hippocampal body left? (volume, cr) 0.261* 0203 0397+
Hippocarmpal tall right® (volume, crr®) 0.308" 0300 0.392%
Hippocampal tail left® (volume, crr®) 0.220* 0.239" 0.300"
alEC right* (volume, crrf®) 0.374% 0.288" 0.323"
aIEC left® (volume, cré) 0.250* 0.265" 0.256"
pmEC right* (volume, cm?) 0.301* 0344 0.345%
pMEC left® (volume, crr) 0.277* 0340 0.379*
Caudate nucleus right® (volume, cm?) 0.156 0.226" 0.208"
Caudate nucleus left® (volume, cm?) 0118 0195 0164
Prectnetss right (thickness, mrm) 0.380* 0.262" 0.361%
Precnetss left (thickness, mm) 0.446% 0.286" 0359+
Isthmus cingulate right (thickness, mm) 0.283" 0.249" 0.326"
Isthmus cingulate left (thickness, mim) 0.249" 0167 0.200*
Posterior parletal cortex right (thickness, mim) 0.444% 0.254" 0339+
Posterior parletal cortex left (thickness, mim) 0.419*+ 0.254" 0.342%

*Cormelation (uncorrected) is significant at the 0.05 level (2-tailec), **Correlation (uncorrected) s significant at the 0.01 level (2-talec), *+*Correlation (uncorrected) is significant at the
0.001 level (2-tailed). Values in bold are significant after Holm-Bonferroni correction for multiple comparisons. <Volume normalized to estimated total intracranial volume. Key: MAI,
e TS IO BED: anlaminiered ariotvl vl BmED. Bosterisrischal eniciid forlsc
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CN (n =30) Non-AD aMCI (n = 31) AD aMCl (n =33) Mild AD dementia (n = 28) Pvalues Effect sizes
Demographic characteristics

Age (years) 68.73 (5.82)" 70.32 (7.67) 72.27 (6.35) 7432 (5.92) 0,009 009
Wornen, n (%) 21 (70) 15 (48) 20 (61) 18(64) 0361 016
Education (years) 1620 (1.77)"® 13.87 (2.33) 1479 8.15) 14.43 2.70) 0005 010
Spatial navigation assessment

Route-repetition task (% correct) 85.33 (13,33 7441 (15.41) w0 55.15(19.81) 5452(17.41) <0001 034
Route-retracing task (% correct) 7141 (19.60) e 54.22 (24.93) 4081 (19.42) 40.00 (16.02) <0001 024
Directional-approach task (% correct) 7156 (21.86) e 54.00 (23.18) 44.65 (20.51) 37.62 (17.14) <0001 026
Cognitive assessment

MMSE 20.37 (0,89)* 27.45 (2.8 26.27 (1.94)*% 22.11 (2.32) <0001 065
GDS-15 (score) 1.20 (2.02)** 300(2.73) 2.25(2.03) 332 (2.84) 0005 010
BAI (score) 5.40 (5.56) 758 (6.54) 882 (9.88) 743 5.12) 0304 003
RAVLT 1-5 (score) 56.30 (7.72)*¢ 36.35 (9.57)"* 34.84 (8,20 27.31 (4.77) <0001 064
RAVLT 30 (score) 12.07 (1.82) 5.08 (2.94)° 3.92 (8.27) 2.25 (8.19) <0.001 066
TMT A (seconds) 3572 (10.94)+ 50.66 (23.41)* 53.49 (20.06)"*° 79.97 (41.82) <0001 024
TMT B (seconds) 79.58 (35.28) ¢ 160,53 (79.79)**+ 161.40 (B7.01)*+ 243,68 (75.69) <0001 039
COWAT (score) 50.87 (9.26)*-cb 3832 (11.40) 42,91 (10.58)"* 3157 (13.16) <0.001 028
ROCFT-C (score) 32.12 2.48)" "0 27,55 (4.44)"° 26.62 (5.55) 2343 (8.17) <0001 024
ROCFTR (score) 2047 (5.29)¢ 10.08 (5.32)+ 7.02 (563" 287 (3.65) <0001 062
DSF (score) 1007 (2.29)"° 835 (1.80) 9.08(2.04) 807 (1.65) <0001 0413
DSB (score) 680 (2.02) 552 (1.63) 558 (1.80) 464 (1.22) <0001 047
COT (score) 15.08 (1.19) 04+ 14.42 (193" 13,72 (1.97)" 11.75 @47 <0001 031
SVF Animals (score) 2850 (4.47 ) 20.29 (5.78)++ 2000 (4.22)#++ 14.00 (4.01) <0001 055
BNT (no. of errors) 143 (1.31)ebasee 439 (3.44)"° 439 (2.82)"° 768 (4.91) <0001 032
CSF analysis?

Amyloid-142 (pg/m) N/A 999,80 (338.21)*+#0¢ 421.96 (83.89) 445.76 (128.79) <0001 063
Total tau (pg/m) N/A 303,66 (122.29)"° 607.13 (325.19) 824.92 (509.72) 0.004 024
P-taiygy (pg/rmi) N/A 54.64 (21.08)"° 102.49 (72.18) 111.74 (60.32) 0033 015
MR brain measures®

Hippocampal head right! (volume, cm?) 1.65 (0.24)"° 1.61(0.25) 1.53 (0.30) 1.40 (0.23) 0015 010
Hippocampal head left’ (volume, cm?) 1.50 (0.24)° 1.49 (0.26) 1.41(0.28) 1.28(0.28) 0016 010
Hippocarmpal body right! (volume, crmé) 098 (0.11) e 094 (0.16)>* 081 (0.14) 073 (0.14) <0001 027
Hippocarmpal body leftf (volume, crré) 099 (0.18)">*e 093 (0.47)* 084 (0.16) 076 (0.12) <0001 027
Hippocarmpal tal right’ (volume, cm?) 028 (0.04)+bsse 027 (0.04)"*>++ 023 (0.05)"° 020 (0.04) <0001 040
Hippocarmpal tall left’ (volume, crr) 030 (0.04)+ 029 (0.05)"">+* 024 (0.06) 021 (0.04) <0001 036
alEC rightf (volume, crr®) 061 (0.10)°* 061 (010 053 (0.08) 049 (0.10) <0001 024
alEC leftf (voime, cm®) 072 (0.10)"* 070 0.11)*° 0.65 (0.11) 0.59 (0.10) <0001 0.8
PMEC right’ (volume, cm?) 0.34 (0.04)""° 0.35 (0.04*7° 0.30 (0.06) 0.29 (0.05) <0001 022
PMEC leftf (volume, cm®) 0.38 (0.04)< 0.37 (0,050 032 (0.07) 0.30 (0.05) <0.001 026
MR brain measures®

Caudate nucleus right! (volume, cm?) 3.61(0.45) 3.57 (0.46) 350 (0.58) 3.37 (0.50) 0.242 004
Caudate nucleus left’ (volume, crr) 360 (0.38) 3.50 (049) 345 (0.53) 3.37 (043) 0.348 003
Precuneus right (thickness, mm) 2.26(0.12)"">*e 219 (0.16)"° 241 (0.16) 2.03(0.18) <0.001 023
Precuneus left thickness, mm) 221 (014 2.18 (0.18)°" 202 (0.18) 1.99 (0.19) <0.001 025
Isthmus cingulate right (thickness, mm) 226 (0.20)"b* 2.18 (0.14) 207 0.17) 2.10 019) <0.001 016
Isthmus cinguiate left (thickness, mm) 232 (0.25)"b% 224 (019) 207 (0.24) 2.12 (029) <0.001 016
Posterior parietal cortex right (thickness, mm) 2,30 (0.18)*+< 2,26 (0.17)"bx 240(0.16) 2.06 (0.19) <0.001 029
Posterior parietal cortex left (thickness, mm) 2.20 (012" 2.24 (0.15)®*+*° 240(0.47) 2.04 (0.19) <0.001 029

Demographic, cognitive, CSF, and MR characteristics. Values are mean (SD) except for gender. P values refer to the main effect across all groups; P values incicate the level of significance; *p < 0.05; *p < 0.01; **p < 0.001; Effect
sizes were calculated as Cramér's V for the 1 test (gender) and partial eta-squared for one-way and mixed analyses of variance (al other variables). * Differences compared to the non-AD alC group. b Differences compared to the AD
aMC! group. °Differences compared to the mid AD dementia group. “Based on a sample with CSF data (total n = 47) with non-AD alC! (n = 12}, AD aMCl 1 = 17) and mid AD dementia (n = 18) participants. *Based on a sample with
complete brain imaging chta (total n = 100) with CN (n = 29), non-AD alCl (n = 23), AD aMGI (n = 26) and mild AD dementia (1 = 22) participants. 'Volume nomalized to estimated total intracranial volume. Key: CN, cognitively nomel;
non-AD alMC, amnestic mid cognitive impairment with negative AD biomerkers; AD alMC, amnestic mid cognitive impairment with Alzheimer’s disease; mid AD dementia, mildl dementia with Alzheimer's disease; MMSE, Mini-Vental
State Examination; GDS-15, Geriatric Depression Scale 15-item version; BAI, Back Anxiety Inventory; RAVLT, Rey Auwlitory Verbal Learning Test; RAVLT 1-5, trials 1-5 totak: RAVLT 30, clelayed word recall after 30 min; TMT A and B, Trail
Making Tests A and B; COWAT, Controlled Oral Word Association Test (Czech version with letters N, K and F); ROCFT-C, Rey-Osterrieth Complex Figure Test—the Copy condltion; ROCFT-R, Rey-Osterrieth Complex Figure Test—the
Recall condition after 3 min; DSF, Digi Span Forward total score; DSB, Digt Span Backward total score; CDT, Clock Drawing Test—Cohen's scoring; SVF, Semantic Verbal Fluency; BNT, Boston Naming Test (30-item version); CSF,
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Spatial navigation performance (% correct)

Standardized Regression Unstandardized Regression Standard Error R Square
Coefficient p Coefficient B of Measurement SE
Route-repetition task
Amyloid-p1 2 (p/m) 004" 0.024" 0.008 0.289
Route-retracing task
P-tater (pg/mi) —0.283" —0.400" 0.048 0.265
Directional-approach task
Amyloid-p1z (p/m) 0.241 0.016 0.009 0.243
Total tau (pg/mi) —0.215 —0.011 0.007 0232
P-tater (pg/mi) —0.208" —0.098" 0.045 0270
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“Comelation (uncorrected) is significant at the 0.05 level (2-tailed), **Corralation (uncorrected) is significant at the 0.01 level (2-taied). Key: CSF, cersbrospinal fluid; p-tatis,

- —





OPS/images/cover.jpg
’ frontiers

Different Profiles of Spatial
Navigation Deficits In Alzheimer’s
Disease Biomarker-Positive Versus
Biomarker-Negative Older Adults

With Amnestic Mild Cognitive
Impairment









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





