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Abstract.

Background: Individuals with mild cognitive impairment (MCI) syndrome often report navigation difficulties, accompanied
by impairments in egocentric and allocentric spatial memory. However, studies have shown that both bodily (e.g., motor
commands, proprioception, vestibular information) and visual-cognitive (e.g., maps, directional arrows, attentional markers)
cues can support spatial memory in MCIL

Objective: We aimed to assess navigation cues for innovative spatial training in aging.

Methods: Fifteen MCI patients were recruited for this study. Their egocentric and allocentric memory recall performances
were tested through a navigation task with five different virtual reality (VR) assistive encoding navigation procedures (bodily,
vision only, interactive allocentric map, reduced executive load, free navigation without cues). Bodily condition consisted of
an immersive VR setup to engage self-motion cues, vision only condition consisted of passive navigation without interaction,
in the interactive allocentric map condition patients could use a bird-view map, in the reduced executive load condition
directional cues and attentional markers were employed, and during free navigation no aid was implemented.

Results: Bodily condition improved spatial memory compared to vision only and free navigation without cues. In addition,
the interactive allocentric map was superior to the free navigation without cues. Surprisingly, the reduced executive load was
comparable to vison only condition. Moreover, a detrimental impact of free navigation was observed on allocentric memory
across testing trials.

Conclusions: These findings challenge the notion of an amodal representation of space in aging, suggesting that spatial maps
can be influenced by the modality in which the environment was originally encoded.
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INTRODUCTION

The design of effective non-pharmacological
interventions that harness the potential of cutting-
edge technologies to halt cognitive decline in

*Correspondence to: Cosimo Tuena, Applied Technology for
Neuro-Psychology Lab, IRCCS Istituto Auxologico Italiano,
Milan, Italy. E-mail: c.tuena@auxologico.it.

aging has received much attention in recent
decades. In particular, understanding how to improve
technological-based training of spatial navigation
with valuable assistive aids has great theoretical and
practical relevance for the prevention and treatment
of dementia [1-3]. This may have unique value,
particularly in the aging population with mild cog-
nitive impairment (MCI) syndrome, which denotes
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the stage between aging normally and dementia [4].
Indeed, to date no effective drug has been approved
for treating cognitive deficits in MCI and non-
pharmacological interventions should be preferred to
slow cognitive decline [4]. Amnestic MCI (aMCI),
which affects the memory domain, is typically asso-
ciated with an increased risk of Alzheimer’s disease
(AD); in contrast, non-amnestic MCI, which affects
other cognitive domains than memory, could lead to
frontotemporal, vascular, or Lewy body dementias
[5].

Itisrecognized thatimpairments in spatial memory
and navigation could be considered a crucial behav-
ioral marker for AD diagnosis (see for example, [6,
7]). However, recent studies showed that such deficits
can be observed also in other types of neurodegen-
erative diseases linked to cognitive decline [8-11].
Importantly, subjective navigation complaints have
been reported in individuals with amnestic and non-
amnestic MCI phenotype [12].

Navigation is supported by successful encoding,
storage, and retrieval of one’s position and path
using environmental (e.g., landmarks and bound-
aries mainly sustained by vision) and self-motion
(bodily from now on) cues (i.e., motor commands,
proprioception, vestibular information) [13, 14]. This
spatial information can be organized using two alter-
native spatial frames of reference: the egocentric
(body-centered) and the allocentric (world-centered)
representation [15].

A recent systematic review [16] found that the abil-
ity to use egocentric and allocentric spatial frames
of reference for an effective spatial memory and
navigation is affected in MCI population. Indeed,
individuals suffering from aMCI with genetic risk
for AD (positive APOE & 4 allele) compared to
those without a genetic risk (i.e., aMCI & 4 negative
group) manifested an impairment in the egocentric
and allocentric spatial navigation [17]. Moreover,
individuals with aMCI, regardless of their genetic risk
profile, demonstrated a poorer spatial performance
when compared to the control group. Similar pat-
terns have been demonstrated in aMCI individuals
with hippocampal and frontal deficit [18]. In another
study, individuals with aMCI showed difficulties in
the storage of new topographical memories from an
allocentric perspective and retrieval of this stored
information while performing a spatial egocentric
task [19]. Another study showed that aMCI patients
with memory impairment alone had deficits in allo-
centric spatial memory, whereas aMCI patients with
deficits in memory and other cognitive domains had

both egocentric and allocentric impairments; indi-
viduals with non-amnestic MCI showed like-control
group performance [20]. Egocentric and allocentric
impairments have also been reported in the non-AD-
related MCI population. Recently, it has been shown
that patients with cognitive impairment due to cere-
brovascular lesions showed a deficit in egocentric
spatial memory [10]. In another study, it emerged that
patients who suffer from MCI due to Parkinson’s dis-
ease have impaired allocentric and egocentric spatial
learning compared to healthy participants and sim-
ilar abilities to individuals with Parkinson’s disease
without MCI [21]. Overall, this set of results suggests
that the MCI population, despite its heterogeneity, has
both subjective navigation complaints and objective
deficits in the underlying spatial cognition mecha-
nisms; thus suggesting that spatial-navigation-based
training might alleviate such impairments [16].

Of all the technologies available today, virtual real-
ity (VR) appears to be an up-and-coming tool for
developing spatial navigation training for older peo-
ple, exploiting the possibility of using procedures
and assistive aids to navigation [22-24]. Cues that
can support spatial memory for older adults can be
classified into two categories: bodily cues [22] and
visual-cognitive [23].

Regarding bodily cues, Plancher and colleagues
[25] administered a virtual navigation task to groups
consisting of cognitively healthy older adults, indi-
viduals with aMCI, and those with AD. Participants
were required to drive (driving simulator with pedals
and steering wheel) in a virtual city or to passively
watch (i.e., passive navigation supported by visual
information only) a pre-recorded navigation. Then,
participants were asked to recall events and their
spatiotemporal information that occurred along the
city path. The authors found that motor interac-
tion (namely, driving condition) compared to relying
solely on vision improved allocentric memory when
assessed with a free recall method in healthy older
adults, aMCI, and AD groups. This effect was not
found for the egocentric memory. More recently,
patients with Parkinson’s disease with and without
psychosis were asked to encode item locations in a
virtual arena and then recall these spatial positions
using egocentric and allocentric cues in two different
conditions: one involving bodily cues (i.e., immersive
VR) and one relying only on visual inputs (i.e., pas-
sive navigation) [26]. The authors found that when
bodily cues were incorporated during both encoding
and recall stages, it can reduce the deficit in egocen-
tric memory observed in individuals with MCI due
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to Parkinson’s disease with psychosis. In contrast,
relying only on vision at encoding impaired egocen-
tric rather than allocentric virtual recall. VR allows
researchers to gradually modulate the bodily infor-
mation recruited during navigation; some authors,
indeed, suggest that the link between this infor-
mation and spatial memory enhancement follows a
linear association [1, 22]. Despite this evidence, no
impact of bodily cues has been found in young adults,
suggesting that this information does not affect the
cognitive map of the environment (e.g., [27]).

Concerning visual-cognitive aids, Cogne and co-
authors [23] tested the usefulness of providing such
cues compared to a free navigation condition without
cues in three groups: individuals with MCI, patients
with AD, and healthy controls. Participants were
asked to passively watch a non-immersive VR nav-
igation in a city (namely, the learning phase) and
then reproduce the path with the joystick. Subse-
quently, egocentric (landmark memory and landmark
ordering) and allocentric (path outline) representa-
tions were tested. The authors assessed the usefulness
of enhancing spatial memory by incorporating direc-
tional arrows, allocentric map, and salient (vivid
color) landmarks during both the learning and recall
phases. They found that directional cues and the
presence of salient landmarks to sustain spatial
attention improved spatial memory (particularly the
egocentric ones) in patients who suffer from AD
or MCI. They found no effect of the allocentric
map on performance, possibly because of the map’s
characteristics-small and non-interactive. Davis and
colleagues [28] administered a non-immersive vir-
tual task to cognitively impaired (AD and MCI)
and healthy older adults. Participants were asked to
interact with VR with a joystick to find a target loca-
tion with and without salient cues to allocate spatial
attention during the path and were tested on two con-
secutive days. Both groups of participants groups
benefited from the salient cues condition, which had a
beneficial effect on both learning and retrieval trials.

Virtual visual-cognitive cues provide powerful
information to assist patients during navigation and
memory tasks [29]; moreover, these types of aids
could be thought of as spatial affordances (symbolic
or environmental). The first type can be immediately
used as a compensatory aid (e.g., a map, a directional
arrow) and the second is processed by the individual
according to the subjective salience of the environ-
mental landmark. In this way, patients can reduce
effort by off-loading cognitive processes with imme-
diate action [22].

Lastly, another aspect to consider is the interplay
between executive functions and navigation on spa-
tial memory. Cogne and co-authors [23] showed that
dysexecutive deficits hamper the use of directional
cues during the previously mentioned virtual naviga-
tion task. Consistently with this aspect, Jebara and
colleagues [30] administered a task similar to that
described previously [25] and found that in healthy
older adults, the possibility to choose the itinerary
during passive virtual navigation led to better spa-
tial item location compared to motor interaction (i.e.,
driving simulator).

Research is still preliminary in MCI population,
but it seems that bodily, directional, and attentional
cues may enhance spatial memory. In particular, it
could be possible that the greater the bodily involve-
ment the greater the improvement on spatial memory
(immersive VR >desktop VR >vision only condi-
tion). The inclusion of directional and attentional
aids seems to have a positive impact regardless of
the bodily involvement of the patient; conversely,
if no cognitive cue is provided passive navigation
combined with itinerary-decision making should be
preferred. The presence of the allocentric map could
positively affect memory but this might depend on
its characteristics (e.g., degree of interaction, visual
details). Nevertheless, the impact of visual-cognitive
aids on navigation in comparison to a vision only con-
dition or when these are compared to an immersive
virtual navigation manipulation is not known. Lastly,
it is still unclear how bodily and visual-cognitive aids
impact egocentric and allocentric processing [1, 22,
31].

Therefore, the objective of this study is to investi-
gate the effectiveness of various types of navigational
aids at encoding on spatial memory recall per-
formance. We aimed to test the impact of bodily
(bodily versus vision only) and visual-cognitive cues
(interactive allocentric map versus free navigation
without cues versus reduced executive load con-
ditions) used during the encoding on subsequent
egocentric and allocentric spatial recall in MCI
syndrome.

Based on the previous literature we expect that
bodily condition will have a beneficial effect when
compared to the vision only condition, as well as
compared to free navigation without cues and with
desktop VR. Then, we expect that the conditions
involving the interactive allocentric map and reduced
executive load conditions will lead to enhanced
spatial memory compared to the condition of free
navigation without cues. In addition, we want to
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explore whether these five conditions affect allocen-
tric and egocentric memory recall.

METHODS AND MATERIALS
Farticipants

Fifteen participants (mean age=75.5, SD=6.2;
mean years of education=10.7, SD=4.2;
females=6) diagnosed with the MCI core clin-
ical criteria were recruited for this study. According
to the patient history, neurological referral, and clin-
ical neuropsychological assessment, MCI diagnosis
was determined by a clinical neuropsychologist and
the treating physician (EP, KMG) reports. The core
clinical criteria of Albert and colleagues [32] were
used to diagnose MCI syndrome: (1) concern about
a change in cognition expressed by the patient, an
informant, or a clinician; (2) objective cognitive
impairment in one or more domains; (3) mainte-
nance of independence in functional abilities; and (4)
absence of dementia diagnosis. Age above or equal
to 60 years old and the absence of abnormal global
cognition as determined by the Italian Mini-Mental
State Examination (MMSE) cut-off (adjusted for
age and education) [33] were additional inclusion
criteria.

The following conditions were required for exclu-
sion: (i) the presence of an acute stroke or transient
ischemic attack; (ii) the presence of other comor-
bid severe neurological (e.g., multiple sclerosis, brain
tumor, Huntington’s disease) and psychiatric disor-
ders (e.g., schizophrenia) or non-treated psychiatric
conditions (e.g., mood and anxiety disorders); (iii)
the history of traumatic brain injury with loss of
consciousness; (iv) physical or functional impair-
ments (e.g., musculoskeletal disorders, limb paresis
or paraesthesia) that could impair the use of VR and
experimental procedure; (v) a severe visual impair-
ment; and (vi) the presence of recurrent vertigo.

To compute the sample size, we used the effect size
reported by Plancher and colleagues [25]. The sample
size required for a 5 (bodily versus vision only inter-
active allocentric map versus free navigation without
cues versus reduced executive load conditions) x 2
(egocentric versus allocentric) full-within interaction
(numerator degree of freedom=4), using an effect
size f of 0.3, an alpha of 0.05, and a power of 0.8, is
15 participants.

Participants were recruited from 1 April 2020 to 1
April 2023 at the Outpatient Clinic of the Depart-
ment of Geriatrics and Cardiovascular Medicine,

Table 1
Demographics and clinical variables of the group

Variable N=15
Age 75.5(6.2)
Education 10.7 (4.2)
Gender

F 6 (40%)

M 9 (60%)
MCI phenotype

aMCI 10 (67%)

naMCI 5 (33%)
MMSE 26.69 (1.45)
FAB 14.28 (2.16)
TMT-A 45.53 (15.90)
TMT-B 138.87 (121.48)
FCSRT-1 2291 (5.24)
FCSRT-D 7.96 (3.60)
RCPM 25.87 (5.69)
CBT 4.57(0.39)
CSS 10.1 (4.9)
GDS 5.14 (2.60)
ADL 5.67 (0.49)
IADL 5.47 (2.10)

MCI, mild cognitive impairment; aMCI, amnestic MCI; naMCI,
non-amnestic MCI; MMSE, Mini-Mental State Examination;
FAB, Frontal Assessment Battery; TMT-AB, Trail Making Test
part A and B; FCSRT-I, Free and Cued Selective Reminding
Test — immediate; FCSRT-D, Free and Cued Selective Remind-
ing Test — delayed; RCPM, Raven’s Colored Progressive Matrices;
CBT, Corsi Block Tapping test; CSS, Corsi Supra-Span test; GDS,
Geriatric Depression Scale short-form; ADL, Activities of Daily
Living; IADL, Instrumental Activities of Daily Living.

IRCCS Istituto Auxologico Italiano—Mos¢ Bianchi,
Milan. The study was conducted in accordance with
the Declaration of Helsinki and approved by the
Ethics Committee of Istituto Auxologico Italiano
(code: 2019.05_21_04). Written informed consent
was obtained from the participants before they partic-
ipated in the study. Table 1 shows the demographics
and clinical variables of the included sample.

Virtual navigation task

We used a modified version of a landmark and
boundary-based spatial memory recall navigation
task [34]. Five different assistive procedures were
administered to the patients. All five interfaces had
the same underlying encoding-recall structure similar
to the original one.

Participants were required to collect four items
at a time and memorize their locations in a circu-
lar arena during the encoding phase (the diameter of
the arena was 50 virtual meters). Object locations
could be learned using the boundaries of the arena
(i.e., wall), an intra-arena landmark (i.e., obelisk), and
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distal cues (i.e., mountain range, clouds). Items were
randomly presented, and each object was collected
four times in random order. To see the object, the par-
ticipants had to go to the exact location of the item.
Once over it, the object disappeared, and the patient
had to find the next one. During the immediate recall
phase, participants had to recall and go to the exact
location where the item (shown at the bottom of the
screen) was previously collected and press a button
to respond. Then the following object was shown.
In random order, either the wall or the obelisk was
removed. This forced the use of an allocentric (i.e.,
wall) or an egocentric (i.e., obelisk) spatial memory
recall [35]. Each object was tested two times with the
egocentric and allocentric spatial frame for a total of
16 trials (eight trials for each allocentric and egocen-
tric recall condition). The response variable was the
distance error for each object trial at recall (Euclidean
distance in virtual meters of the recalled position from
the actual location). An invisible wall was used as a
constraint during the obelisk condition so that both
recalls were comparable.

To create the bodily and visual-cognitive cues at
encoding we manipulated the degree of immersion
(2D desktop VR versus fully immersive VR), the
degree of interaction at encoding versus recall (active
versus passive), and encoding visual-cognitive aids
provided during encoding (interactive map, direc-
tional cues, and attentional markers on environmental
cues). We named the five virtual interfaces we
designed as follows: bodily, vision only, interactive
allocentric map, reduced executive load, and free nav-
igation without cues. Table 2 shows a summary of the
conditions.

Participants in the “bodily” condition were
immersed in the environment with a 3D visor (Oculus
Rift S) and could move with the 3dRudder, a foot-
motion pad. In addition, in the encoding phase, they
used directional cues to encode the spatial location of
the target (namely, they follow a line to reach the item)
but no interactive map (see below for description) or
attentional cues (see below for description).

This is to separate the bodily component (i.e.,
motor commands, proprioception, and vestibular sys-
tem) from other processes that might support spatial
encoding processes (i.e., route decision-making inhi-
bition, spatial manipulation, and spatial attention). In
addition, the use of directional cues was designed
to make this encoding condition more comparable
to vision only by reducing the degrees of freedom
involved during free exploration.

In the recall phase, the same VR apparatus is used,
but without the possibility of using directional cues,
maps, or attention cues. Patients could respond using
the Oculus Rift controller once they were satisfied
with the location of the object.

Participants in the “vision only” condition simply
observed the experimenter’s navigation on a 2D-VR
setup (15-inch PC screen) without visual-cognitive
cues (directional lines, maps, and attention cues) and
interaction during encoding. This is to isolate the
visual system during encoding as if the participant
was seated in a car like a passenger [36]. At recall,
they used a 2D-VR apparatus (15-inch PC screen,
keyboard keys, and mouse) to find the item locations
and used the space bar to respond.

To reduce the involvement of bodily information in
immersive VR (motor commands but especially pro-
prioception and vestibular information; [37]), in the
cognitive session, 2D-VR (15inch PC screen, key-
board keys, and mouse) was used during the encoding
and recall phases.

The participant in the “interactive allocentric map”
condition explored the environment with the aid of
an interactive bird-view map and directional cues but
without attentional cues. The map rotates depending
on the direction, provides cardinal points, landmarks,
and item positions, and shows current and target loca-
tions and the directional line. The use of direction
cues helped the patient to focus on the information
provided by the interactive map rather than route
decision-making. During the recall phase, all the cues
were not provided, and the patients used the 2D-VR
set-up to find the items’ locations.

Before the learning phase in the “reduced execu-
tive load” condition, the participant was at the center
of the arena with the obelisk, wall, and distal cues,
and was asked to look around with the mouse, dis-
cover six orange markers, and loudly say the number
above each marker. Markers were placed one on the
obelisk, one on the mountain range, and four on the
top of the wall (circularly equidistant). This circum-
stance necessitated the employment of attentional
resources to the spatial layout and environment before
the navigation task. The experimenter made all the
markers vanish once they were correctly found. Then
the encoding phase started, and the patient was given
directional cues (to reduce cognitive load during item
search) but no allocentric map. Attentional, map, and
directional cues were not presented during recall and
the patients used the 2D-VR set to find the item loca-
tions and respond.
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Summary of the assistive encoding navigation cues

Bodily conditions

Cognitive conditions

Bodily Vision only

Reduced
executive load

Interactive
allocentric map

Free navigation
without cues

Bodily involvement Oculus Rift
(virtual set up) S + 3dRudder keyboard
Encoding interaction Active Passive

Encoding Directional cues No cues
visual-cognitive aids

Recall interaction Active Active
Recall No cues No cues

visual-cognitive aids

PC + mouse and

PC + mouse and PC + mouse and PC + mouse and

keyboard keyboard keyboard
Active Active Active
Interactive Attentional No cues
map + directional mark-
cues ers + directional

cues
Active Active Active
No cues No cues No cues

Finally, all cues were removed in the “free nav-
igation without cues” interface at encoding. In this
condition, the participant was free to choose where
to go without any visual-cognitive aid. This condi-
tion required older participants to make greater use
of executive/route decision-making resources during
the encoding phase [30]. No cues were given dur-
ing the recall to participants, who used the 2D-VR
apparatus to find the item locations.

Procedure

Before the start of the study patients read and
signed the consent forms to participate in the ANTag-
ing protocol [2]. Participants were tested on the
virtual spatial memory task with different virtual
navigation interfaces. Participants’ egocentric and
allocentric spatial memory was assessed in two exper-
imental sessions (1 h 15min for each session; 2-3
days distance). The “vision only” and “bodily” inter-
faces were tested in the bodily session, while the
remaining three were evaluated in the cognitive ses-
sion. The two blocks were counterbalanced across
participants, and the interfaces were randomized
within each session. Four objects were chosen in
each condition by the VR software from a random
list of eight. Each random pick balanced the living
and non-living categories of items.

Neuropsychological tests were carried out at the
end of the bodily block so that each block consisted
of the same amount of cognitive load (three cognitive
tasks for each block). These tests included the Corsi
block-tapping (CBT) [38] task and the Corsi supra-
span (CSS) [39] as measures of short and long-term
visuospatial memory.

Neuropsychological measures

CBT (score range 0-9) was corrected by age
and education and considered pathological when the
score was < 3.46. At the same time, CSS (score
range 1.08-29.16) was corrected by age, education,
and CBT span and was considered pathological for
scores < 4.99 (CBT =4) and < 7.25 (CBT =5). Other
standardized psychological measures were taken in
a separate session. MMSE [33], frontal assessment
battery (FAB) [40], trail making test part A and B
(TMT-AB) [41], free and cued selective reminding
test (FCSRT) [42], the Raven’s colored progressive
matrices (RCPM) [43], and the geriatric depression
scale (GDS) [44] were also included.

Statistical analyses

R software (v 3.6.3) was used for the analyses.
We conducted linear mixed-effects ANOVA with
restricted maximum likelihood according to Luke’s
guidelines [45] with Ime4 [46] package. Post-hoc
analyses (i.e., pairwise comparisons) with Bon-
ferroni correction were carried out with emmeans
package [47]. To account for subject and object level
variability, we added these terms to control them as
random factors with random intercept. R formula for
the models was Imer(error ~ landmark * encoding
navigation  cues+ (1|participant  ID) + (1|object
ID), control =lmerControl(optimizer = “bobyqa”),
REML =T). Model assumptions were checked by
visual inspection of the normality of residuals,
collinearity, homogeneity of variance, and linearity
plots.

ANOVA effect size (nzp) was interpreted accord-
ing to small =0.01, medium =0.06, and large=0.14
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[48]. One participant could not complete the immer-
sive condition due to VR discomfort (16 trials
missing), and immersive and vision only data from
another participant could not be saved due to techni-
cal issues during the experiment (32 trials missing).
GDS and CSS for one participant were missing. Nev-
ertheless, linear mixed-effects is a great method that
handles missing values properly without deleting the
whole case [49]. a level was set to 0.05.

RESULTS

Table 1 shows the cognitive characteristics of the
patients (the majority had an aMCI phenotype). All
had the above pathology cut-off scores for global
cognition (MMSE) and short-term visuospatial mem-
ory (CBT); however, long-term visuospatial memory
(CSS) showed high variability across participants
(range =5.64-23.60). Therefore, we decided to adjust
the model with MCI phenotype and CSS. At the
sample level, average scores of FAB, TMT-A, TMT-
B, FCSRT (immediate and delayed), RCPM were
within the normal range (one patient had missing
FAB, FCSRT, and RCPM). This confirmed balanced
MCI phenotype in the sample.

The bodily and cognitive blocks were analyzed
with one linear mixed-effects model. We analyzed
480 the bodily block (48 missing trials) and 720 cog-
nitive block (no missing trials) observations from 15
patients. For each navigation condition, the software
randomly chose four items out of eight possible, as
aresult, apple was tested at 15.67%, bike at 13.33%,
carrot at 11%, cat at 10%, chair at 11.67%, goose at
11.33%, hammer at 12.67%, trumpet at 10.33% of
the times. Encoding time for the five conditions was
not statistically significant (p > 0.05).

Effect of the bodily and visual-cognitive cues on
spatial memory

We conducted a unique model to compare the per-
formances (virtual error in meters) across the five
encoding navigation cue conditions (5 levels) on ego-
centric and allocentric landmarks (2 levels) at recall.
A (5 x 2) within-subjects ANOVA adjusting for CSS
and MCI phenotype was carried out. We found a
main effect of the Encoding Navigation Cues con-
ditions (F4=4.06, p=0.001, nzp =0.02). No other
significant effect was found. Post-hoc analyses with
Bonferroni showed that the bodily condition yielded
better spatial memory compared to vision only
(adj. est. diff =-2.73, p=0.047), the interactive allo-

centric map significantly improved spatial memory
compared to free navigation (adj. est. diff.=-2.79,
p=0.021), and the bodily condition was superior
compared to the free navigation (ad;. est. diff. =-3.48,
SE=0.96, p=0.003). No other comparisons were
found to be significant. See Fig. 1 for this finding.
In addition to CSS and MCI type, we added age and
gender and results were confirmed.

In addition, we computed for each object location
the maximum possible error within the constraint of
the arena (50 virtual meters). Since objects differ
in locations within the arena, their maximum score
is relative to arena constraint. We divided such dis-
tances by two and dichotomized object trials below
or above each item mid-point (cut-off; i.e., if maxi-
mum error is 35, the cut-off is 17.5). We used a X2
test to verify if the frequencies of object cut-offs dif-
fered in the five navigational interfaces, regardless
of landmark since we did not find any significant
effects. The association between navigation type and
error cut-offs was found to be statistically significant
(x*>=11,p=0.027). In particular, the bodily and map
navigation were positively associated with below the
mean performance (lower error), whereas the free
and vision only navigation were positively associated
with above the mean performance (higher error). The
reduced executive load condition showed a balanced
pattern. Figure 2 shows residuals indicating the direc-
tion and strength of the associations between the two
categorical variables.

To verify the presence of testing effect in the
conditions we computed repeated measure Pearson
correlations [50] between the trial numbers and the
participants’ error for each encoding navigation cues
and type of landmark at recall. We only found a
positive correlation (1, (104) =0.23, 95%CI[0.043,
0.405], p=0.017) between allocentric error and tri-
als in the free navigation without cues. No other effect
was found. Figure 3 shows the repeated measure cor-
relation plot for the significant result.

DISCUSSION

In this study, we sought to understand the effec-
tiveness of various types of navigational encoding
aids for enhancing egocentric and allocentric spatial
memory recall in the MCI population.

Consistent with our predictions we found that bod-
ily cues involved during immersive VR enhanced
spatial memory in contrast to the conditions involv-
ing the vision only and free navigation without
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Fig.2. Associations between object performance and the encoding
navigation cue. Higher residuals indicate stronger associations.
Positive numbers a positive association, whereas negative residuals
a negative association. Above cut-off represents higher error.

cues. Again, the interactive allocentric map condi-
tion was superior to the free navigation without cues.
Conversely, one result was unexpected: the reduced
executive load condition was not superior to the
free navigation. Lastly, no differences were found
between the vision only and the visual-cognitive

participant, and colored lines show repeated measure correlation
fits for each participant.

aids conditions. Correlational analysis between aids
conditions and performance above and below the
cut-off for each object tested confirmed that bod-
ily and allocentric map conditions were positively
related to better performances, the vision only and
free navigation without cues were positively asso-
ciated with lower performance, and the reduced
executive load had no association with performance.
Intriguingly, bodily or visual-cognitive cues did not
influence egocentric and allocentric spatial memory
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recall. Nevertheless, testing effect analyses showed
free navigation negatively affected testing trials in
the allocentric condition.

Previous research has revealed that bodily involve-
ment (motor information, proprioception, vestibular
information) could enhance spatial memory in older
adults [36] and individuals with MCI [25, 26]. Our
findings extend and confirm the idea that incorporat-
ing bodily information during navigation can enhance
cognitive spatial representations. Indeed, following
the modality-dependent hypothesis [1] and embod-
ied cognition theories [51], cognitive representations
of the environment arise also from sensorimotor and
bodily information acquired and retrieved during
navigation. Our finding is also consistent with re-
enactment studies in which sensorimotor traces in the
brain enable deeper encoding and effortful retrieval
[30, 36, 52, 53]. Multisensory bodily information can
be stored in sensorimotor responsive cortices and
reactivated during retrieval, suggesting that encod-
ing and retrieval are interdependent, hence the extent
of recall facilitation depends on the degree to which
recollection information overlaps with encoding one
[54, 55]. It could be argued that information involved
during bodily immersive VR compared to vision only
has led to enriched cognitive representations of the
space. This is also supported by an enhancement of
spatial memory in the bodily compared to the free
navigation condition. This result can be explained
because the former manipulation has a higher degree
of bodily involvement (immersive VR versus desktop
PC) and the presence of directional cues, which were
absent in the free navigation. Such a set of findings
is in contrast to the so-called modality-independent
hypothesis that states that cognitive representations
of space are amodal [27]. However, research is still
in its infancy and researchers are currently debating
the role of the body in cognitive representations of
the environment.

We found that using an interactive allocentric map
can enhance spatial memory performance for indi-
viduals MCI when compared to navigating freely
without aids. This is in line with previous hypotheses
on the role of spatial reference frames synchroniza-
tion in aging and AD dementia [56-58]. Within this
theoretical framework, the map could serve as an
external aid that helps the process of synchronizing
egocentric and allocentric representations of space by
providing a real-time interactive allocentric informa-
tion of the experienced environment. The importance
of an interactive map versus a less enriched map in
MCI is also highlighted by Cogne and colleagues

[23], who suggested that a map with low interactivity
and visual details is not helpful in this population.
Concerning free navigation, our result is in line with
previous studies that indicated an excessive load on
executive functions during navigation could ham-
per spatial memory [30, 36]. On the other hand, we
found that the performance in the reduced executive
load condition was comparable to the interactive map
condition but surprisingly not superior to the free
navigation. This contrasts previous research, that sug-
gests the role of attentional markers and directional
cues in improving spatial memory in individuals with
MCI [23,28]. It could be argued that attentional mark-
ers are more useful when used during navigation (e.g.,
[28]) rather than before (as in our case).

We found no difference in the bodily assistive
interfaces on egocentric and allocentric spatial mem-
ory recall in MCI syndrome. This is in divergence
with previous studies which found that motor inter-
action during virtual navigation in aMCI compared to
vision only (passive navigation) enhances allocentric
memory [25]. Moreover, immersive virtual naviga-
tion seems to enhance egocentric memory compared
to the passive condition in MCI due to Parkinson’s
disease with psychosis [26]. It could be possible
that specific effects on the spatial frames of refer-
ence arise when focusing on the underlying etiology
of cognitive impairment (e.g., MCI due to AD or
Parkinson’s disease), which is associated with spe-
cific brain lesions. For instance, hippocampal lesions
impair allocentric memory, whereas striatal lesions
egocentric memory [34, 59].

Similarly, we found no impact of visual-cognitive
cues on the spatial frames of reference. This con-
trasts with research on MCI, where studies have found
that directional cues ameliorate egocentric memory
[23]. Nevertheless, we demonstrated that allocentric
recall across trials was hampered by free navigation.
Research is still preliminary, and caution should be
made regarding the impact of visual-cognitive cues
on spatial frames of reference. In addition, our results
show that the visual-cognitive aids are not superior to
the vision only condition (i.e., passive navigation). It
is possible that passive navigation reduces the cog-
nitive load due to technological interaction [30, 36]
and this allows for comparable effects with visual-
cognitive conditions.

This research presents some limitations that we
need to acknowledge. The immersive VR set-up used
in the current study is not comparable to a walk-
ing tracking system; however, the use of 3dRudder
has already been successfully used to study spatial
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navigation with immersive VR for cognitive-motor
task [60]. Then, we adopted clinical criteria for MCI,
it would be interesting to explore the performance
in a group of MCI with specific etiology/biomarker
patients, like MCI due to AD with hippocampal
degeneration or MCI due to Parkinson’s disease.
Lastly, we collected data after the COVID-19 pan-
demic Italian restrictions (first patient tested in April
2021 and the last one March 2023); it could be argued
that spatial navigation abilities might have declined
after the quarantine period or that patients assessed
after the quarantine were more impaired than patients
assessed after two years of the restrictions.

To conclude, both bodily and visual-cognitive nav-
igation encoding cues provide effective information
to enhance spatial memory and navigation in indi-
viduals with MCI clinical syndrome. These findings
challenge the concept of the amodal cognitive repre-
sentation of space, suggesting that it can be influenced
by the modality in which the environment was ini-
tially processed.
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