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Abstract: Spatial navigation (SN) has been reported to be one of the first cognitive domains to
be affected in Alzheimer’s disease (AD), which occurs as a result of progressive neuropathology
involving specific brain areas. Moreover, the epsilon 4 isoform of apolipoprotein-E (APOE-ε4) has
been associated with both sporadic and familial late-onset AD, and patients with mild cognitive
impairment (MCI) due to AD are more likely to progressively deteriorate. Spatial navigation perfor-
mance will be examined on a sample of 76 community-dwelling senior citizens (25 healthy controls;
25 individuals with subjective cognitive decline (SCD); and 26 patients with MCI due to AD) via a
virtual computer-based task (i.e., the AppleGame) and a naturalistic task (i.e., the Detour Navigation
Test—modified version) for which a wearable device with sensors will be used for recording gait
data and revealing physiological parameters that may be associated with spatial disorientation. We
expect that patients with MCI due to AD and APOE-ε4 carriers will show altered SN performances
compared to individuals with SCD and healthy controls in the experimental tasks, and that VR
testing may predict ecological performance. Impaired SN performances in people at increased risk
of developing AD may inform future cognitive rehabilitation protocols for counteracting spatial
disorientation that may occur during elders’ traveling to unfamiliar locations. The research protocol
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has been approved by the Ethics Committee of the Istituto Auxologico Italiano. Findings will be
published in peer-reviewed medical journals and discussed in national and international congresses.

Keywords: spatial navigation; Alzheimer’s disease; mild cognitive impairment; subjective cognitive
decline; elderly; APOE; assistive technology

1. Introduction
1.1. Spatial Navigation Processes

Navigation abilities include the precision at which spatial information is encoded from
sensory experiences, the ability to build up spatial representations of external environments,
and the efficacy by which they are used to guide navigational behavior. These abilities are
highly interdependent, and typical navigational tasks bridge multiple levels [1]. Naviga-
tion in space is a complex ability including multiple cognitive and perceptual processes
that are essential for the autonomy of individuals in their lives [2]. Specifically, spatial
navigation (SN) can be defined as the ability of a human being to use multiple cues to
plan and travel a route [3]. Cues that are fundamental for SN can be basically divided as
follows: (i) self-motion ones, usually referred to idiothetic cues; and (ii) environmental
ones, also known as allothetic cues. The former includes motor, vestibular information,
and proprioceptive information used to track one’s self position and orientation; the latter
comprises environmental (visual predominantly) information pertaining to stable space
cues, such as landmarks and boundaries, that are used to estimate one’s position and
orientation within the environment [4]. Crucially, both idiothetic and allothetic cues can
inform and support spatial frames of reference. The first frame of reference is the egocentric
representation, which is a body-dependent representation of the space; the second frame of
reference is the allocentric representation, which is a body-independent (world-centered)
representation of the environment [5] (Figure 1).
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Figure 1. On the left, a representation of egocentric navigation based on the navigator; on the right,
a representation of allocentric navigation based on the relationships among landmarks (designed
by Freepik).

The human navigation system naturally encourages the strategic translation of ego-
centric and allocentric information and the use of path integration. People ordinarily use
egocentric navigation strategies during visual–spatial tasks such as walking a familiar
route many times [6]. The egocentric navigation strategy is self-centered and involves
the encoding of spatial information in relation to the position of the navigator. It is also
based on different cues, allowing individuals to navigate as follows: perpetual processing
of visual landmarks by bodily movements (e.g., “Turn left at the church”, “Turn right
at the supermarket”, and then “Go straight to the pharmacy”), an endogenous integra-
tion of sensorimotor stimulation, vestibular information, and self-motion [6]. By contrast,
when people travel a novel route, egocentric spatial representations are not available, and
world-related navigational strategies are employed (i.e., allocentric navigation). They allow
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individuals to mentally represent a “cognitive map” of the environment based on the rela-
tionships among landmarks. This navigation strategy is also referred to as “wayfinding” [7].
Remarkably, they permit the travelling of alternative routes to come back to the starting
point [6]. Further, when people are able to use urban environmental landmarks, they
can successfully navigate thanks to the translation of spatial information from allocentric
to egocentric strategies and vice versa (e.g., “I am 20 m from the pharmacy” and “The
pharmacy is to the right of the supermarket”) (cf., [6]). Path integration, which is based
on idiothetic cues, is the ability to transform internal information into a sense of location
and orientation [8]. Self-motion cues (vestibular, proprioceptive, and motor information)
are combined together to allow individuals to continuously estimate their position and
orientation in space [9]. When participants walk blindfolded and with ear plugs, or when
the environmental information is removed (with the exception of the optic flow alone),
for example, in virtual reality tasks, it is possible to isolate idiothetic information from
allothetic information [10]. Allothetic navigation, in turn, uses landmarks and boundaries
to successfully navigate the environment [11], and pure allothetic navigation can be de-
tected through desktop-based virtual reality tasks only [12]. Pure path integration (PPI) is
particularly important because it permits the estimation of distances and the navigation
of environments without using boundaries and landmarks. PPI can be studied both in
virtual tasks, providing the navigator with a scenario bare of boundaries and landmarks
(Figure 2), and in real-world settings thanks to the use of idiothetic indexes, as in the case
of the triangle completion task [10]. However, in our daily experience, path integration and
allothetic strategies are used jointly to derive location and direction. Some studies have
shown that providing allothetic information during path integration tasks or vice versa can
improve people’s orientation ([8,13,14]).
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Figure 2. An example of a PPI virtual task: The navigator has to reach a destination point from a start
position (black route). When he/she arrives, he/she is asked to come back to the start point without
using any external support, potentially travelling many different routes, for example, red/blue routes
(designed by Freepik).

Lastly, a crucial aspect during SN is represented by spatial memory, which enables
individuals to encode, store, and retrieve spatial information. Pure forms of memory
for spatial information like a path are recognition, free recall, directions, and symbolic
representations (e.g., map drawing). Conversely, wayfinding/shortcuts and path integra-
tion tasks over complex trajectories require a balanced used of purely navigation abilities
(e.g., self-motion) and spatial memory [15]. Spatial tasks used to assess spatial memory
performance predominantly rely on egocentric or allocentric representation. The former
may include landmark recognition and sorting or asking participants to travel a previously
learned route. The latter may include map-drawing and shortcut tasks [16,17].
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1.2. Neural Correlates of Spatial Navigation

Advances in the investigation of neural correlates of human SN have shown that a
large network of cognitive mechanisms, supported by different brain areas, is involved
(Figure 3). The cerebral areas sub-serving egocentric and allocentric strategies interact with
specific brain cells supporting SN, i.e., head direction (HD) cells, grid cells, boundary cells, and
place cells (PC). The anterodorsal thalamic nucleus—included in Papez’s circuit—contains a
large proportion of head direction (HD) cells [18] informing the individual as to in which
direction he/she is heading. They maximally fire when the head of the person is facing
in a specific direction with respect to the surrounding environment [18]. Grid cells are
neurons of the entorhinal cortex that exhibit firing fields as triangular patterns tiling the
environment [19]. Boundary cells, discovered in the medial entorhinal cortex, too, fire
in response to fixed boundaries in the surrounding space, contributing to analyzing the
limits of the environment [20]. The hippocampal formation in both rats and humans is
involved in spatial navigation [21], and spatial memories are thought to be encoded and
retrieved in the hippocampus through the activity of place cells [22]. Place cells fire when
an animal visits specific regions of the environment, or “place fields” [23]. Specifically,
hippocampal CA1 and CA3 place cells in the medial temporal lobe provide allocentric
mental representations [24]. According to Puthusseryppady [25], novel environments are
first encoded as egocentric representations by the parietal cortex. As one person continues
to move within the environment, the HD cells and the grid cells provide information
for brain path integration. The egocentric representations are then transformed into the
allocentric representations by the retrosplenial cortex and the parietal-occipital sulcus, and
this is combined with information provided by the boundary cells in order to generate and
store “cognitive maps” in the hippocampus via the place cells. However, in other cognitive
domains, such as executive functions, attention and working memory may play a critical
role in SN performance [26].
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Figure 3. An anatomical illustration of brain areas supporting spatial navigation (designed
by Freepik).

1.3. Spatial Navigation in Alzheimer’s Disease

AD is a multifactorial neurodegenerative disease, resulting from complex interactions
between genetic and environmental factors, that remains the leading cause of dementia
to date. The proportion of people aged 65 years and over is growing rapidly worldwide,
and it is estimated that by 2060, this age group will account nearly for 24% to 29% of the
population in Western Europe and the United States [27], representing a health emergency
due to social and sanitary costs. AD is characterized by progressive deterioration of cogni-
tive functions, with episodic memory loss and spatial disorientation as the main hallmarks.
No causal therapies for AD are currently available, although drug treatment efforts are
progressing [28]. Thus, advances in biomarkers and behavioral tests for identifying indi-
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viduals at increased risk of developing AD represent a crucial target of current research
and therapeutics. Spatial navigation, or the ability to determine and maintain a trajectory
from one place to another, gradually declines in the course of physiological aging [29–31],
and spatial disorientation (SD) represents a core feature of pathological aging, especially
AD [32]. Although cognitive decline precedes overt AD, pathological changes may even
begin years before there are any overt behavioral impairments, and new treatments are
being sought to modify this process [33]. Indeed, it has been proposed that subjective cogni-
tive decline (SCD) (i.e., a self-experienced decline without objective cognitive impairment)
might appear at the end of the preclinical phase of AD [34]. SN complaints are frequent
symptoms not only in AD but also in SCD and MCI, and can be detected by specifically
designed questionnaires [35] or by virtual and real-world navigation tasks [36]. SCD is
gaining increased prominence in neurodegenerative research as a potential marker for
future mild cognitive impairment (MCI) due to AD [37], a condition that represents the
prodromal state of dementia associated to the disease. Approximately 90% of MCI patients
with pathologic cerebrospinal fluid biomarker levels at baseline develop AD within 9 to
10 years [38]. Deficits in spatial orientation appear early in the course of the AD contin-
uum [16]. AD is mainly characterized by the presence of beta-amyloid protein plaques and
neurofibrillary tangles of hyperphosphorylated tau protein. According to Laczó et al. [7],
amyloid-β accumulation first emerges in the neocortical regions and, early on, affects the
retrosplenial cortex, while tau pathology first emerges in the transentorhinal cortex (Braak
stage I) and spreads to the posteromedial entorhinal cortex and the hippocampus (Braak
stage II and III) and finally to the posterior cortical regions (Braak stage IV). Neurodegener-
ation and brain atrophy parallel the pattern of tau pathology spreading [39]. Degeneration
of the entorhinal cortex as a critical brain district supporting SN represents an initial stage
of typical AD [40], and a profound loss of its neurons occurs in very mild AD [41]. Neu-
rofibrillary AD pathology in the entorhinal cortex and hippocampus also represent the
neuropathological substrate of memory decline [42] and defective PPI [43]. Finally, tau
abnormalities in the entorhinal cortex can already be observed in adults under the age of
thirty [44], especially in those carrying the Apolipoprotein-E(APOE)-ε4 allele [45].

Finally, it is worth mentioning the extent to which the visual cortex modulates SN
functioning. In fact, navigation is strongly driven by vision, and visuospatial deficits of
cortical origin may play a critical role in AD [46]. In this neurological condition, there are
a variety of visual symptoms, including visual field coverage, contrast sensitivity, color
discrimination, visuospatial perception, and visual processing speed [47]. This may impair
the cortical representation of visual space. Thus, as visual symptoms can occur early in AD,
it is possible that the evaluation of visual cortex changes may aid in the early detection of
neurodegeneration [47]. Accordingly, emerging evidence pertaining to AD neuropathology
has indicated that neurofibrillary tangles and neuritic senile plaques steadily increase from
the primary to associative visual cortex [47].

1.4. Genetic Risk Factors for Alzheimer’s Disease: Role of the Apolipoprotein-E [APOE]

Beyond increasing age, the ε4 allele of the apolipoprotein-E gene represents the most
important risk factor for AD, providing an opportunity for assessing subclinical alter-
ations of behavior at very early disease stages. APOE is centrally involved in lipoprotein
metabolism and other biological functions [48]. ApoE-lipoproteins are involved in lipids
transport into bloodstream, and they also bind to hydrophobic amyloid-β (Aβ) peptide,
which is thought to initiate toxic events that lead to synaptic dysfunction and neurode-
generation in AD [49]. APOE genotype is determined by three main alleles, ε2, ε3 and
ε4, resulting in six possible combinations (i.e., ε2/2, ε2/3, ε2/4, ε3/3, ε3/4, and ε4/4).
Population frequency of the ε4 allele is approximately 14%, the ε2 allele 6%, and the ε3
allele 78% [50]. The presence of the ε4 allele is associated with an increased risk of cognitive
decline during normal aging [50]. The APOE-ε4 allele is also an established risk factor for
neurodegenerative conditions, such as AD [51,52] as opposed to the ε2 allele that offers pro-
tection against the disease [53,54]. Individuals carrying one APOE-ε4 allele are at threefold
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increased risk and those carrying two ApoE-ε4 alleles are at more than tenfold increased
risk of developing AD [47]. Remarkably, cognitively normal subjects who are homozygous
for the ε4 allele have reduced glucose metabolism in the same regions of the brain as in
patients with probable AD [55].

In a previous investigation using a VR test (i.e., The AppleGame), we provided
evidence of a specific deficit of PPI decades before potential disease onset in AD risk
carriers, specifically when the recruitment of compensatory navigational strategies via
supportive spatial cues from posterior cingulate/retrosplenial cortex was disabled [43].

1.5. Cognitive Markers Associated to AD Neuropathology

Episodic memory loss—as the most sensitive and specific cognitive marker—has long
been considered “the gold standard” for the diagnosis of cognitive impairment due to
AD, although its manifestation in healthy aging is quite common [56]. Early detection of
incipient dementia pathophysiology is difficult during aging [6], and neuropsychologists
have to schedule periodic follow-up assessments at clinics to confirm the progression of
cognitive impairment and restrictions in personal and instrumental autonomy to consider
a patient to have fulfilled the diagnostic criteria of dementia. Evidence from the literature
indicates that SN deficits can indicate individuals at higher risk of developing AD early [29],
with strong implications for timely intervention. SN deficits have the potential for early
detection of cognitive alterations in topographical orientation since they have higher specificity
in distinguishing AD from healthy aging [57,58], as well as from other dementia types [59–61].
Further, animal models of AD pathophysiology have reported on how navigation-specific
brain areas are primarily affected, rather than episodic memory ones [62,63]. SN is one of
the earliest cognitive domains to be impaired in patients with AD that may result in SD.
It refers to instances where AD patients are unaware of where they are and are unable
to reach their intended location [64]. It behaviorally manifests in AD patients making
navigation errors when they go out of their community, which can lead to an increased
risk of going missing in both familiar and unfamiliar environments [65], with negative
consequences for personal safety, including potential injuries and, in the worst cases,
even death [66]. Remarkably, incidents of the patient going missing restrict patient’s
autonomy and self-efficacy and increase the caregiver’s burden [67]. In line with previous
studies [64,68], AD patients may present with “moments of hesitation” while walking
in their familiar environments. A “moment of hesitation” is defined as the participant
slowing down/stopping and looking around to aid orientation or verbally admitting that
he/she is unsure about their whereabouts. This is consistent with the fact that when
participants exhibit hesitant walking, more variation would be seen in their step intervals,
as compared to when they are more confident in wayfinding (cf., [25]). Further, when an
elderly person loses their sense of direction, he/she moves to come back as soon as possible
to reach the original start point and may present with some distressing symptoms and
spatial anxiety [69], potentially influencing cardiac and respiratory physiological functions.
Considering SN dysfunction as a cognitive biomarker of AD, interventions that may help in
preventing SD using the most advanced wearable technology may contribute to detecting
and treating the initial manifestation of the disease. SD has been specifically described
in AD and MCI patients as deficits in route learning, free recall or recall of the temporal
order of the landmarks, landmarks recognition and location on a 2D map, route drawing,
and evaluating directions [70]. However, to date, no study in the literature has pointed
out physiological correlates (e.g., physiological stress indexes) that might be associated
with them. Deterioration in SN, manifested in poor hippocampus-dependent allocentric
navigation, may also occur before the clinical onset of dementia [71]. A study investigating
navigation skills as a function of the APOE allele found that patients with amnestic MCI
and APOE-ε4-positive allele performed more poorly on both allocentric and egocentric
tests than amnestic MCI patients with the APOE-ε4-negative allele [72]. Further, it has been
demonstrated that virtual and ecological SN tasks can differentiate the SN performances of
amyloid-positive MCI patients and amyloid-negative MCI patients ([16,73]). Finally, from
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the earliest stages of AD, the presence of specific impairment in the ability to encode and
store an allocentric hippocampal representation and then to translate it into an egocentric
parietal representation has been recently observed, and it has been proposed as a specific
cognitive process that may be useful in supporting the recall of spatial scenarios too [74],
which could be impaired even in premorbid AD.

1.6. Technological Solutions to Avoid Spatial Disorientation for Cognitively Impaired Older Adults

New technological solutions, including digital devices, sensors, and VR, represent
promising means for assessment, monitoring, and intervention in AD population [75],
but scientific investigations in this research field are still lacking. Advances in technology
currently provide the potential for designing innovative solutions for evaluating, mon-
itoring, and treating AD-related symptoms, both cognitive and non-cognitive ones [75].
Co-designing cutting-edge technological solutions by using brainstorming, focus groups,
questionnaires, detailed interviews, and surveys with all the relevant stakeholders, includ-
ing physicians, formal and informal caregivers, staff members, and bioengineers, makes the
evaluation of the impact of one technological application more effective and ensures that
the system meets the quality and sustainability standards for people with AD and those
who take care of them [75]. By following a nudge theoretical approach [76], thanks to the
collaboration of the Catholic University of the Sacred Heart, Bicocca University, and IRCCS
Auxologico Institute in Milan (Italy), we set up the SENIOR (SystEm of Nudge theory based
ICT applications for OldeR citizens) project, an advanced technology coaching system able
to collect and integrate physiological, psychological, and behavioral data, with the final
aim of interacting with community-dwelling senior citizens with MCI and providing them
with personalized feedback for maintaining independence from caregivers and improving
their lifestyles [77]. Cognitively impaired older adults’ mobility may be reduced due to
frailty, sensory impairments, functional limitations, and comorbidities. Digital navigation
devices can overcome these deficits, providing a sense of situation-awareness and offering
proactive navigational assistance using remote monitoring by physicians and caregivers.
A wearable monitoring solution designed for older adults in a continuous, non-invasive
way is thus necessary in order to detect SD physiological correlates via the use of digital
sensors. According to Ghosh et al. [78], wearables-based sensing of everyday behavior can
be used to provide ecologically valid digital biomarkers of AD. In their study, the authors
used GPS tracking to measure ecological outdoor behavior in people with AD and showed
that they significantly differed from controls in specific mobility domains.

1.7. Aim of the Study Protocol

The first endpoint of the research is to explore differences in SN performances among
healthy older adults, individuals with SCD, and patients with MCI due to AD on a VR task
(i.e., the “AppleGame”) and on a naturalistic task (i.e., the Detour Navigation Test-modified
version, DNT-mv) using an innovative technological apparatus recording gait data and
revealing physiological parameters that may be associated with SD.

The second endpoint of the research is to verify if examinees’ performances in such
a well-characterized laboratory-based SN-testing task may predict impairment in a real-
world context.

2. Materials and Methods
2.1. Design, Study Population, Recruiting Centers and Trial Registration

This is a multi-center prospective observational study. A sample of outpatients with
SCD and MCI due to AD will be enrolled from three sites in Lombardy (Italian Region): “San
Gerardo” Hospital (Monza), “Luigi Sacco” University Hospital (Milan), and Fondazione
IRCSS Ca’ Granda Ospedale Maggiore Policlinico (Milan, Italy).

Individuals with SCD will be detected according to Jessen and colleagues’ criteria [79]
while prodromal AD will be defined according to Dubois and colleagues’ criteria [80],
respectively. Healthy older adults will be enrolled through advertisements distributed
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in social centers for senior citizens in Milan (Italy) and through popular science events
(conferences, webinars) concerning research in AD prevention. The three sites currently
use the neuropsychological batteries reported in the Appendix A. Healthy older adults will
be assessed by the experimenters at the Department of Psychology, Catholic University
(Milan, Italy), by adopting the same neuropsychological battery as the IRCSS Ca’ Granda
Ospedale Maggiore Policlinico (Milan, Italy). Family medical history of AD was collected
during clinical interview along with laboratory tests results and neuroimaging findings for
outpatients with SCD and MCI due toAD.

For the whole sample, inclusion criteria will involve the following: age from 65
to 85 years; education not less than 5 years; basic ICT skills. All participants will be
excluded from the study according to the presence of visual, hearing, or motor impairment
significantly interfering with SN tasks; neurological/psychiatric disease or other medical
conditions preventing SN; history of alcohol or drugs addiction; intake of psychotropic
drugs; and presence of dementia. Recruitment will end on 29 February 2024.

With the aim of obtaining results that can be generalized, sociodemographic and
clinical features of the sample to be recruited will be analyzed among the research team
members prior to the sample enrollment according to epidemiological studies carried out on
the Italian elderly population, specifically including MCI patients [81–83] and individuals
with SCD [84].

The Uniform Resource Locator for the clinical trial registration is the following
one: https://classic.clinicaltrials.gov/ct2/show/NCT05944601 (identifier: NCT05944601)
(accessed on 13 July 2023).

2.2. Genetic and Psychological Evaluation

All participants will be genotyped for the APOE polymorphisms by collecting ge-
netic material extracted from buccal brushes using the Gentra Puregene® (40723, Hilden,
Germany) specific assay. The collected samples will be analyzed in the Neuropathology
and Clinical Neurobiology Laboratory of “San Giuseppe Hospital” in Piancavallo (Verba-
nia, Italy), IRCCS Istituto Auxologico Italiano. All participants will be blinded towards
APOE genotype.

Subjective strategies of SN and personal satisfaction for wearable technology will be
evaluated via the Subjective Spatial Navigation Complaints (SSNC) questionnaire [35] and
the Tele-healthcare Satisfaction Questionnaire (TSQ-WT) [85], respectively, which have
previously undergone a back-translation process for Italian culture adaptation.

2.3. Experimental Navigation Tasks
2.3.1. Virtual Navigation Test

In a comfortable and silent room under the experimenters’ supervision, all participants
of the research will first perform the short version (i.e., 56 trials) of a computer-based SN
task, i.e., the AppleGame [43], specifically designed by the researchers for older adults
(≥65 years) as a measure of virtual PI. This VR task comprises 8 practice trials followed by
16 trials for each of the three subtasks. They differ with regard to the presence or absence of
supportive spatial cues: the PPI subtask without any supportive cue; the boundary PI (BPI)
subtask with a circular boundary; and the landmark PI (LPI) subtask with an intra-maze
landmark (e.g., a lighthouse) close to the center of the virtual circular arena (please see
Figure 1 in [43] for a complete representation of the experimental paradigm). For each trial,
the participants have to collect a basket (i.e., start phase) and try to remember its location
(i.e., the goal location). After a navigation phase toward a variable number of trees (1 to
5, i.e., “the outgoing phase”) which disappear after having been reached, the participants
have to find their way back to the goal location (i.e., “the incoming phase”) after they have
collected an apple under the last tree. The “outgoing distance” and the “incoming distance”
will be recorded. Path integration performance for each subtask will be assessed as the
distance between the correct goal location and the response location, i.e., the drop error,
constituting the score of the “AppleGame”.

https://classic.clinicaltrials.gov/ct2/show/NCT05944601
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2.3.2. Naturalistic Navigation Test

All participants will then undergo a modified version of the “Detour Navigation
Test” (DNT-mv) [64] in a naturalistic environment, i.e., an urban park. In contrast to
the original one, the version we created takes into account the fact that our participants
do not present with dementia; they retain some ability to navigate in urban unfamiliar
environments in comparison to AD patients, for which the exploration of places outside
home is very critical [25]. The DNT-mv will be performed in the outdoor garden of the
Pontificio Istituto Missioni Estere—PIME (81, Monterosa Street, Milan, Italy), a 1000 m2

arena (20 × 50 m2) (Figure 4), in order to guarantee that MCI patients, SCD individuals,
and healthy elderly controls have a safe environment to explore. The experimenter and his
staff consisting of clinical psychologists will follow the elderly participants for their safety,
providing instructions for the tasks to be performed without giving any feedback on the
participants’ correctness.
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The participants are asked to complete a path from a start point (Figure 4, green point)
to a destination point (Figure 4, blue point) in Route A (80.5 m) (Figure 4, dotted red line,
on a scale of 1 to 500) in the PIME outdoor garden under the experimenter’s guidance. An
interfering cognitive task mimicking distracting urban stimuli (e.g., people chattering, cars
horns, background noise, pedestrian crossing, recognizing someone on the street, receiving
a phone call, etc.) will be provided by a smartwatch worn by the participants, who are
required to touch the screen when it displays a specific colored shape among different
shapes presented with an interval of 15 s from each other. During this path, they are also
required to remember all the existing landmarks as a cognitive exercise useful for the
evaluation of spatial episodic memory. Once at the destination, they are asked to put in
order the encountered landmarks (Figure 5), randomly presented as a written naming list
on the experimenter’s smartphone App. In case of a sudden technology breakdown, an
algebraic calculation (i.e., “Please, subtract 7 from 100 and keep going until I stop you”) and a
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different landmarks reordering (i.e., presentation with flash cards) will be provided by the
experimenters as replacements. The landmarks will be mixed up with distractors in order
to detect hits and false alarms. Then, they are required to navigate back to the original start
point using the same route. This first task requires participants to predominantly utilize an
egocentric strategy based on a navigator-centered representation of the environment.
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Later, the participants will be required to reach the destination point of the encoded
Route A again. However, at the first intersection of the way back (Figure 4, purple asterisk),
unknown to them, they will be asked to find an alternative route to come back (Route B1,
94 m; Route B2, 78.5 m; Route B3, 74 m) that does not overlap with Route A at all (Figure 4,
dotted black lines). This second task requires participants to predominantly utilize an
allocentric strategy based on a formed cognitive map of the garden.

Before the navigation of the urban garden, all participants will equip the Howdy
Senior© (Comftech S.r.l., Monza, Italy) device (Figure 6), a wearable monitoring system.
All participants will be recorded according to cardiac and respiratory parameters at rest for
five minutes and during the naturalistic experiment (Table 1). These data will be available
thanks to the instant reports produced by the connected “Howdy Senior App” set up on
the experimenter’s smartphone.

2.4. Statistical Analysis

Data distribution will be first checked on collected variables by assessing skewness
and kurtosis values, by performing normality and heteroscedasticity tests, and by visually
inspecting histogram and Q–Q plots. Based on data meeting or non-linear model assump-
tion, either parametrical or non-parametrical analyses will be performed. By means of the
R marco pwr [86], the minimal sample size has been set as 76 participant, based on a power
analysis for a multiple regression model that took into account the following parameters:
α = 0.05; 1-β = 0.9; f 2 = 0.15 (medium effect size, in order to be conservative) [87]; and
numbers of predictors: 3 (age, APOE genotypes, and belonging to each group, with the last
two predictors as dummy variables).
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Table 1. Cardiac, respiratory, and accelerometer parameters collected by the Howdy Senior App.

Cardiac system functions
Time domain over RR intervals parameters

• avgRR: mean of R2R interval;
• SDRR: standard deviation of R2R interval;
• avgHR: mean of Heart rate;
• SDHR: standard deviation of Heart rate;
• MSSD: mean of square successive differences between normal heartbeat;
• RMSSD: root mean square of square of successive differences between normal

heartbeat;
• lnRMSSD: natural log of RMSSD;
• hrvScore: normalized lnRMSSD value using as scaling factor the value 6.5;
• RR50: number of successive absolute difference greater than 50 ms;
• pRR50: percentage of number of successive absolute difference greater than

50 ms over the number of elements in the analyzed window;
• SD1: standard deviation along the minor axes of the Poincare plot;
• SD2: standard deviation along the major axes of the Poincarè plot;
• Stress index.

Cardiac system functions
Frequencies domain over RR intervals

parameters

• LF: power in the low frequency band affected by sympathetic nervous
system (SNS);

• HF: power in the high frequency band affected by parasympathetic nervous
system (PNS);

• LF/HF: ratio between the power in low and high frequency band.

Respiratory system functions
• avgBR: mean of BR;
• SDBR: standard deviation of BR.

Accelerometer parameters

• AccXavg, AccYavg, AccZavg: mean of accelerations for X, Y, Z axes;
• AccXsd, AccYsd AccZsd: standard deviation of accelerations for X, Y, Z axes;
• AccXrms, AccYrms, AccZrms: root mean square of accelerations for X, Y, Z axes.

The Howdy Senior system has been recently implemented by the “Aptive” App capable of recording GPS
data during the naturalistic experiment. These data include “Time” as the number of minutes to complete the
route; “Latitude”, “Longitude”, “Altitude”, and “Speed” as estimated by the body integrated accelerometer for
calculating steps variability; and “Direction” corresponding to gait orientation with values ranging from 0◦ to 360◦,
where 0◦ corresponds to the north, 90◦ to the east, 180◦ to the south, and 270◦ to the west. Thanks to the Aptive App,
a GPX tracking of participants’ body movements around the urban environment will be registered, too.
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Figure 6. Howdy Senior system components. The electronic unit (white) detects heart rate, respiratory
rate, and body position. It is equipped with five automatic snaps on the back and communicates
with the Howdy app via Bluetooth. The electronic unit can be combined with different textile units:
male/female top with sensors and belt. The electronic unit and textile unit are connected using the
automatic snaps. The Howdy Apps works on smartphones and tablets running Android 8.0 or later.
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We will detect the route disorientation scores, i.e., WTs and MsH, as already described
in Puthysserypaddy et al. [64]. Accordingly, all the violations in terms of deviations
from the pre-established return path (i.e., movement at an intersection onto a different
path as compared to the original one, or non-roadable walkways) will be written down
by the experimenter as WTs in a pre-set paper grid for Route A. The overlaps with the
Route A return path, and, likewise, non-roadable walkways will be written down by the
experimenter as WTs in a pre-set paper grid for Route B. Further, we will detect the MsH as
the participant either slows down/stops and looks around to aid orientation or verbally
admits to the experimenter that he/she is unsure about his/her whereabouts, both for
Route A and the Route B return path.

In addition to the experimenter visually identifying and recording the frequency of
the MsH with a stopwatch and a pre-set paper grid, we will measure this variable more
objectively using the Howdy Senior integrated accelerometer. For this purpose, we will use
the motion sensor of the sensorial body measuring the individual’s linear acceleration in the
three axes (i.e., x, y, z). To segment the magnitude signals, according to Schaat et al. [88], we
will adopt time intervals of 10 s, with an overlap of 5 s between subsequent intervals because
a 10 s segment is sufficiently long to capture multiple steps during walking, thus revealing
important behavioral changes. In this way, we will detect the MsH as a signal flattened
along the three axes. Further, given that physiological parameters may alter depending
on the MsH, we will also investigate the relationship between step variability and co-
occurring time-dependent cardiac and respiratory parameters detected by the Howdy App,
expressed as mean values, via Pearson’s correlation coefficients or their non-parametric
equivalent (i.e., Spearman’s rank order correlation). Moreover, we will run a one-way
ANOVA (or its non-parametric equivalent) to compare performances of the three subgroups
on gait parameters collected through the Aptive app and the SSNC questionnaire. In order
to explore potential association between specific neurocognitive functions and SN impaired
abilities, Pearson correlations or their non-parametric equivalent (i.e., Spearman’s rank order
correlation) will be further performed between the AppleGame/DNT-mv results and the
neuropsychological tests used in the sending centers, especially visual–constructive skills
and executive functions (see Appendix A). Given the difference of the neuropsychological
battery used in the sending centers, we will group tests according to the primary cognitive
domain involved and we will divide the scores obtained in a dichotomous way for each
participant according to the reported cut-off values in the test manuals, i.e., 0 = pathological
performance; 1 = normal performance.

Finally, a linear/generalized linear regression analysis will be run, taking into account
the drop errors of the AppleGame subtasks—considered one at a time—as independent
variables, and the total number of “wrong turns” (WTs)/total number of “moments of
hesitation” (MsH) (in seconds) of the DNT-mv as dependent variables.

3. Discussion

In relation to the first endpoint, we expect that patients with MCI due to AD will show
significantly more SN deficits than healthy controls and individuals with SCD, both in
the AppleGame and in the DNT-mv, in terms of higher drop errors on BPI, LPI, and PPI
and higher amounts of WTs and MsH, respectively. Virtual and ecological deficits may
reflect a cognitive inefficiency of the entorhinal cortex, where AD neuropathology manifests
early [25]. It has also been demonstrated that virtual and ecological SN tasks can detect the
SN alteration of amyloid-positive MCI patients [89,90]. According to Colmant et al. [91],
we also presume that APOE-ε4 carriers will report a PPI deficit in the VR task differently
from non-carriers, regardless of subgroup.

Furthermore, we also anticipate that significant physiological parameters modifica-
tions (particularly, respiratory function) may be particularly associated with MsH, given
that anxiety rather than depression significantly influences SN abilities in non-demented
elders [92]. Starting from difficulties in spatial orientation evaluated in naturalistic experi-
ments able to modify gait [93], we finally assume that patients with MCI due to AD will
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perform worse than SCD and healthy controls in terms of “Time” and “Speed”, and report
significant differences in “Direction”, all variables collected by the Howdy Aptive app in
the open-space naturalistic task.

In relation to the second endpoint of the research, we assume that the drop errors
obtained in the VR task may predict the route disorientation scores of the naturalistic task.
In particular, we expect a causal relationship between the BPI drop error of the AppleGame
and the Route A return path of the DNT-mv, as well as between the LPI drop error of
the AppleGame and the Route B return path of the DNT-mv, because they mainly rely
on egocentric and on allocentric navigation, respectively. A recent systematic review and
meta-analysis [44,94] has outlined that the association of navigational tasks performed in
virtual and real environments needs to be deeply clarified. In light of this, we believe that
the AppleGame could represent a validated technique with which to detect, in laboratory,
early SN deficits in populations at risk of dementia conversion to provide high-quality,
time-limited diagnosis. It is a cost-effective tool able to predict real-life SN impairment that
should be routinely used in clinical practice.

However, our research protocol presents some limitations. Urban park conditions (e.g.,
presence of potential distractors) might influence the performance of the study participants
in the naturalistic task, and the technology used may breaks down in relation to the GPS
signal power. Moreover, the frequency of APOE-ε4 carriers, especially in patients with
MCI due to AD, may be unsatisfactory due to specific demographical variables of our
European country [95]. Although the APOE-ε4 represents the strongest genetic risk factors
for AD [54], as genetic research has proceeded, studies have found suggestive links between
late-onset AD and a number of other genes, such as ABCA7, CLU, CR1, PICALM, PDL3,
TREMZ, and SORL1 [96,97], which might be relevant in influencing SN performances, too.

Nevertheless, we first estimate the impact of the present research project in terms of
an innovative technological SN assessment in senior citizens at high risk of developing AD
dementia, with relevant implications for maintaining independent spatial orientation in
daily life activities. In fact, this kind of smart technological apparatus (i.e., a body T-shirt
with sensorial devices and a smartphone with digital health Apps) is able to alert caregivers
when their loved ones with cognitive decline are required to navigate unfamiliar locations
alone, and it constitutes a potential means of remotely monitoring them.

4. Conclusions

Spatial navigation is a complex cognitive ability that is essential for the independence,
quality of life, and safety of the elderly. Spatial navigation has been reported to be one of
the first cognitive domains to be affected in AD, which occurs as a result of progressive
neuropathology involving specific brain areas. Thanks to the use of a comprehensive assess-
ment (i.e., virtual and naturalistic evaluation) implemented by an advanced technological
apparatus, our research protocol constitutes an innovative method of investigating SN
performances in participants at increased risk of developing AD, potentially revealing
the employment of compensatory strategies of navigational guidance able to resist neu-
ropathological damage, and may suggest the definition of specific cognitive remediation
techniques in order to improve visuospatial skills. Findings will be disseminated through
scientific articles as well as attendance at national and international congresses or academic
lectures/seminars/workshops.
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Appendix A

Table A1. Neuropsychological tests used in the recruiting centers.

“San Gerardo” Hospital Monza, Italy “Luigi Sacco”
Hospital Milan, Italy Policlinico Hospital, Milan, Italy

Global cognition Mini Mental State Examination
(Magni et al., 1996) [98]

Mini Mental State Examination
(Foderaro et al., 2022) [99] or

Montreal Cognitive Assessment
(Aiello et al., 2022) [100]

Mini Mental State Examination
(Magni et al., 1996) [98]

Memory
Short-term memory

auditory–verbal

Digit span backward
(Monaco et al., 2013) [101]

Digit span forward
(Monaco et al., 2013) [101]

Digit Span Backward
(Monaco et al., 2013) [101]

Digit Span Forward
(Monaco et al., 2013) [101]

Visuospatial
Corsi Span Backward

(Monaco et al., 2013) [101]
Corsi Span Forward (2013) [101]

Long-term memory
auditory–verbal

List of semantically related words
(Mauri et al., 1997) [102]

Free and Cued Selective
Reminding Test

(Girtler et al., 2015) [103]

Pairs Associate Learning (Normative
data of the Hospital)

Memory of prose
(Normative data of the Hospital)

Visuospatial

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002) [104]—recall

Corsi learning suvra-span
(Spinnler e Tognoni, 1987) [105]

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002) [104]—recall

Corsi learning suvra-span
(Spinnler e Tognoni, 1987) [105]

Corsi learning suvra-span
(Spinnler e Tognoni, 1987) [105]

Language
Comprehension

Neuropsychological Examination for
Aphasia (ENPA)—words and
sentences comprehension test

(Capasso and Miceli, 2001) [106]

Token Test
(Spinnler e Tognoni, 1987) [105]

Naming

Naming colored pictures
(Catricalà et al., 2013) [107]

Naming figures
(Catricalà et al., 2017) [108]

Naming colored pictures
(Catricalà et al., 2013) [107]

Fluency
Phonemic Fluency Test and Semantic

Fluency Test
(Costa et al., 2014) [109]

Phonemic Fluency Test and
Semantic Fluency Test

(Costa et al., 2014) [109]

Phonemic Fluency Test and Semantic
Fluency Test

(Costa et al., 2014) [109]
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Table A1. Cont.

“San Gerardo” Hospital Monza, Italy “Luigi Sacco”
Hospital Milan, Italy Policlinico Hospital, Milan, Italy

Visual–constructive
skills

Visual–perceptive
functions

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002)—copy [104]

Clock Drawing Test
(Caffarra et al., 2011) [110]

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002)—copy [104]

Clock Drawing Test
(Caffarra et al., 2011) [110]

Visual agnosia Street’s Completion Test
(Spinnler e Tognoni, 1987) [105]

Constructive apraxia Constructive Apraxia Test
(Spinnler e Tognoni, 1987) [105]

Attention
Selective

Visual Search Test
(Spinnler e Tognoni, 1987) [105]

Visual Search Test
(Della Sala et al., 1992) [111]

Visual Search Test
(Spinnler e Tognoni, 1987) [105]

Attention/executive
functions

Trail Making Test
(Siciliano et al., 2019) [112]

Stroop Color Word Interference
Test (Caffarra et al., 2002) [113]

Trail Making Test
(Siciliano et al., 2019) [112]

Executive functions
Global executive

efficiency

Frontal Assessment Battery
(Apollonio et al., 2005) [114]

Frontal Assessment Battery
(Aiello et al., 2022) [115]

Verbal Fluency Phonemic Fluency Test
(Costa et al., 2014) [109]

Phonemic Fluency Test
(Costa et al., 2014) [109]

Alternate Fluency Test
(Costa et al., 2014) [109]
Phonemic Fluency Test
(Costa et al., 2014) [109]

Planning and
organization

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002)—copy [104]

Rey–Osterrieth Complex Figure
(Caffarra et al., 2002)—copy [104]

Logical reasoning Colored Progressive Matrices
(Basso et al., 1987) [116]

Colored Progressive Matrices
(Carlesimo et al., 1996) [117]

Colored Progressive Matrices
(Basso et al., 1987) [116]
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