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Abstract: In recent years, virtual reality (VR) technologies have become widely used in clinical
settings because they offer impressive opportunities for neurorehabilitation of different cognitive
deficits. Specifically, virtual environments (VEs) have ideal characteristics for navigational training
aimed at rehabilitating spatial memory. A systematic search, following PRISMA guidelines, was
carried out to explore the current scenario in neurorehabilitation of spatial memory using virtual
reality. The literature on this topic was queried, 5048 papers were screened, and 16 studies were
included, covering patients presenting different neuropsychological diseases. Our findings highlight
the potential of the navigational task in virtual environments (VEs) for enhancing navigation and
orientation abilities in patients with spatial memory disorders. The results are promising and suggest
that VR training can facilitate neurorehabilitation, promoting brain plasticity processes. An overview
of how VR-based training has been implemented is crucial for using these tools in clinical settings.
Hence, in the current manuscript, we have critically debated the structure and the length of training
protocols, as well as a different type of exploration through VR devices with different degrees of
immersion. Furthermore, we analyzed and highlighted the crucial role played by the selection of the
assessment tools.

Keywords: navigation; neurorehabilitation; spatial memory; systematic review; virtual environment;
virtual reality

1. Introduction

Virtual reality (VR) is a computer application by which humans interact with computer-generated
environments in a way that simulates real life and involves various senses [1] and gives the user an
experience of being “immersed” in the VR [2,3]. The experience created in VR depends on output
tools (visual, aural, and haptic) that immerse the user in the virtual environments (VEs), input tools
(trackers, gloves, or mice) that continually track the position and movements of the users, and the
human interaction [4,5]. The degree of physical stimulation impacting on the sensory systems and
the sensitivity of the system to motor inputs characterize the immersion experience. The product of
immersion is presence, defined as the psychological sensation of “being there” in the VE instead of
the physical and real environment [1,2,6] or as the “feeling of being in a world that exists outside the
self” [4,7-10]. The most commonly used forms of sensory stimulation in VR systems are visual displays.
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A virtual camera controls the viewpoint from which the subject experiences the computer-generated
image. The user’s perspective changes according to where he is looking; therefore, it is indispensable
to track their location by an incorporated, highly sensitive head and body tracking systems. Sensors
monitor the subject’s position to provide an egocentric reference frame for the simulation. The images
can be delivered either by a head-mounted display (HMD) or by a computer monitor or projection
screen. HMDs may be more immersive but can induce cybersickness in vulnerable subjects, whose
symptoms are a headache, eye strain, nausea, or, in extreme cases, vomiting [11,12]. In this sense,
display screens, semi-immersive systems, are generally more comfortable to use. Auditory and haptic
stimulations are often combined with a visual display and are increasingly able to provide a strong sense
of physical contact with the VE [13]. In less immersive systems, the input is retrieved from standard
joystick controllers, mouse, and keyboard. These control devices are easy to use and naturalistic
interfaces that simulate real-world interactions are largely used [1]. The use of VR in neurorehabilitation
has grown in a meaningful way, and experimental evidence suggests that this technology could have
a positive impact on functional recovery in neuropsychological disorders [8,14]. It is a fascinating
tool in neurorehabilitation for its peculiarities. First, the possibility of creating tailor-made training
that has the value of highlighting how each rehabilitation process must be individualized, addressing
the recovery of the patient’s specific disorder and adaptation request [1]. The active involvement
that this tool can generate in the subjects is due to the possibility of creating new and appealing
environments without forgetting the valuable immediate and concrete feedback that comes to the
person. The movement accomplished can be reproduced by the avatar within the VR and this is crucial
feedback for the patient [15-18]. VR also offers the opportunity for controlled, ecological, and secure
testing environments with different degrees of immersion and interaction [1,19]. Thus, an increasing
number of cognitive rehabilitation programs have started using VE to simulate daily activities, such as
shopping, traveling [20], or exploring a city [21].

The literature shows that virtual reality is an acceptable and promising therapeutic tool for several
pathological fields [13], such as mental health disorders in patients with post-traumatic stress disorder,
anxiety and depression [22,23], or eating disorders [14,24,25] and in neuropsychological deficits, for
instance, in patients with traumatic brain injury (TBI) [26]. Interesting are the results in which VR has
been shown to have potential for improving the assessment and treatment of TBI and dementia [27-29],
even in cases where the probabilities of recovery appear low [30]. It has been demonstrated as a
successful tool in spatial memory and navigational abilities, particularly in Alzheimer’s disease (AD)
and in mild cognitive impairment (MCI) [13,31,32].

Spatial memory is reflected in a person’s navigation and orientation abilities, fundamental
requirements for moving in the surrounding environment. The ability to reach landmarks efficiently
depends upon the ability to form, retain, and utilize a cognitive representation of the environment [33].
Human navigation involves several cognitive functions and processes. It can be based on self-motion
cues and static environmental cues. The tracking of a person’s position and orientation is based on
self-motion cues, motor efferences, and vestibular and proprioceptive feedback [34]. Environmental
cues are based on landmarks and extended boundaries that can provide one’s position and orientation
relative to the environment. Self-motion and static environmental cues can inform allocentric and
egocentric reference frames [35,36]. Allocentric representation is independent of the position of the
navigator and does not change with the navigator through space. An egocentric frame, however,
involves the representation of locations based on the subject’s viewpoint [37]. The self-reference
system uses self-motion cues to update body location and face direction relative to an allocentric,
orientation-free, immediately available, object-to-object map [38].

Spatial memory problems, such as forgetting the orientation and the position of objects or getting
lost, are often a result of hippocampal damage in humans [32,37,39,40]. The consequence of these
representations can be dissociated in terms of behavioral and developmental elements, and, finally, of
their neural bases. Thus, the hippocampus and medial temporal lobe offer allocentric environmental
representations, whereas the parietal lobe egocentric representations and the retrosplenial cortex and
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parieto-occipital sulcus allow both types of representation to interact with each other [37,39,41,42].
In human navigation, the role of the hippocampus and associated mesial temporal lobe structures
has been widely demonstrated [37]. Meanwhile, differential activity in the hippocampus and caudate
correspond to the acquisition and expression of information about locations derived from environmental
boundaries or landmarks, respectively [43]. Changes in the navigation network may be a result of
cognitive decline and can manifest in impaired spatial navigation [35].

In conclusion, the environments recreated using VR technology represent a context through which
the user has the opportunity to experience real-life scenarios and increase their abilities and experience
new adaptation strategies [13]. In [44], it is suggested that patients are able to transfer information
about the environment acquired from VE to real life. They suggest that mental representations of space
in VE are rather like those implicated in the navigation of the real world. Concerning the growing
interest in VR and high potential applications in neurorehabilitation, it is necessary to examine the
treatment procedures and the results obtained so far. According to these premises, we aimed at
providing a systematic review of the experiments in the field of spatial memory neurorehabilitation to
comprehend if VR navigational training, compared to treatment as usual, is effective in improving
navigational abilities. The specific objectives of the present work are two-fold. First, to provide an
overview of which apparatus are available for neurorehabilitation and understanding how these VR
training regimes have been implemented in clinical settings. We analyzed different types of software
and procedures for implementing the training. Finally, in light of the cognitive and neural theories of
spatial processing, we attempted to compare different VR navigational training used and analyzed
which is more useful.

2. Method

2.1. Search Methodology

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were
followed [45]. Two high-profile databases (PubMed and Web of Science) were used to perform the
computer-based research on the 6 July 2019. According to PICO format, we defined the question
(following the identification of problem, intervention, comparison group, and outcome) as “In spatial
memory disorder, is VR navigational training, compared to treatment as usual, effective in improving
navigation abilities?”. We then proceeded with the definition of keywords for the search strategy.
The string used to carry out the search strategy was virtual-realit* OR virtual-environment* AND
neurorehabilitation OR rehabilitation OR training OR stimulation OR navigation OR learning OR
abilit* OR memor* AND spatial OR space.

From the search of both databases, we obtained 5048 articles, excluding duplicates. Title and
abstract screening was carried out, and 24 articles passed to the full-text screening phase. Eight studies
were excluded with reasons as follow: Not Controlled trial (= 1); Results of neuropsychological outcome
for spatial memory not reported (= 3); Qualitative/descriptive study (= 2); Not neuropsychological
rehabilitation for spatial memory (= 2).

2.2. Inclusion Criteria

The review considered randomized control trials, nonrandomized control trials, intervention
studies, and case-control studies in clinical patient populations with an overt spatial memory disorder.
Studies on rehabilitation’s programs of navigation abilities with virtual reality (VR) devices in
different population of patients (such as mild cognitive impairment (MCI), Alzheimer’s disease (AD),
traumatic brain injury (TBI), multiple sclerosis (MS), stroke, cerebral palsy, epilepsy, incomplete cervical
vertebro-spinal trauma, topographical disorientation disorders and neglect) were included. We only
included studies in the English language and which satisfied strict criteria for eligibility for the review
(research studies, clinical patient population, VR training, spatial memory disorders, rehabilitation
programs). The qualitative component also considered the type of VR navigational training and
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methodological design. We excluded articles which lacked necessary information for review in the
full-text or the abstract. Reviews, meeting abstracts, proceedings, notes, case reports, letters to the
editor, assessment protocols, editorials, and other editorial materials were also excluded. Retrospective
studies were not included because the area of interest requires performing experiments.

2.3. Risk of Bias Assessment

To assess the risk of bias, the reviewers followed the methods recommended by The Cochrane
Collaboration Risk of Bias Tool [46] and the STROBE Statement [47]. Two reviewers (J.M. and C.T.)
independently assessed the risk of bias of each included study against key criteria: random sequence
generation, allocation concealment, blinding of participants, personnel, and outcomes, incomplete
outcome data, selective outcome reporting, and other sources of bias. The following judgments were
used: low risk, high risk, or unclear (either lack of information or uncertainty over the potential for
bias). Disagreements were resolved through consensus, and a third author was consulted to resolve
disagreements if necessary. In particular, the selected studies followed strict criteria in the methods,
including presenting critical elements of study design, clearly defining all outcomes, describing the
setting and relevant dates, including periods of recruitment and exposure, giving sources of data and
details of methods of assessment (measurement).

2.4. PRISMA Flow Diagram

PRISMA guidelines were strictly followed; all titles and abstracts were screened according to the
abovementioned inclusion criteria after removing the duplicates. Full texts of eligible articles were
retrieved and assessed by two reviewers (J.M. and C.T.) for individual selection of papers to reduce the
risk of bias and resolving disagreements through consensus as explained in Section 2.1. See Figure 1
for the paper selection procedure.

Pubmed Web of Science
to present to present
1004 Citation(s) 4217 Citation(s)

N [/

5048 Non-Duplicate

Citations Screened

5024 Articles Excluded
After Title/Abstract Screen

Inclusion/Exclusion
Criteria Applied

24 Articles Retrieved

8 Articles Excluded 0 Articles Excluded
After Full Text Screen During Data Extraction

Inclusion/Exclusion
Criteria Applied

16 Articles Included

Figure 1. PRISMA flow diagram.
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3. Results

Sixteen studies were analyzed to test the usefulness of rehabilitative interventions using virtual
reality (VR) systems. However, growing interest in VR has led researchers to question how the
characteristics of VR equipment and different aspects of the training tasks could influence the treatment
outcomes, with particular regard to the results that reflect on the patient’s daily life in an ecological way.
In our review, we aim at giving more awareness to the researchers and at guiding them in the selection
of the most appropriate VR device to use. Considering the studies mentioned in this analysis, it could
be possible to understand which is the most suitable program for the treatment of spatial memory
disorders, in terms of the type of apparatus used and the training method. Furthermore, it is essential
to understand which kind of patient will benefit from the intervention. To satisfy our aims and to
facilitate the understanding, we considered the following clusters: (1) Authors; (2) Year; (3) Sample (N);
(4) Sample characteristics; (5) Mean age; (6) VR Task; (7) Virtual Apparatus; (8) Neuropsychological
assessment; (9) Primary Outcomes. Results are reported in Table 1.
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Table 1. Papers included in the PRISMA systematic review. MMSE—Mini-Mental State Assessment; MoCA—Montreal Cognitive Assessment; ACE—Addenbrooke’s
Cognitive Examination; ADAS—AIlzheimer’s Disease Assessment Scale; WAIS-III—Weschler Adult Intelligent Scale; RAVLT—Rey Auditory verbal Learning
Test; RBMT—Rivermead Behavioural Memory Test; CBTT—Corsi Block-Tapping Test; DART—Dutch Version of Reading Test; BIT—Behavioural Inattention Test;
FIM—Functional Independence Measure; FAB—Frontal Assessment Battery; AM—attentive Matrices; TMT A- B- A/B—Trial Making Test; BIT—Behavioural Inattention
Test; WMS IV—Wechsler memory scale; WTAR—Wechsler Scale of adult Reading; VOSP—Visual Object and Space Perception Battery; CFMT—Cambridge Face
Memory Test; CFPT—Cambridge Face Perception Test; BRLD—Bergen Left-Right Discrimination Test; ROCF—Rey—Osterrieth Complex Figure Test; RWT—Regensburg
Verbal Fluency Test; VLMT—German adaptation of the Rey Verbal Learning Test; LPS 50+—The Achievement Measure System 50+; LVI—Visual Pursuit Test.

Sample

Sample

Mean Age

Pre- and Post-

Authors Year N) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
EG active condition
meen age = ?’9'.1; The aim was to
. Standard Deviation . . .
Experimental _ . explore the VE . . Spatial memory improved in
(SD) =11.1/passive Nonimmersive . .
Group (EG) 15 condition mean age of a house, Virtual Realit the active subject (MS and
Pugnetti et al. MS patients. g composed of y ROF, CBTT, healthy) suggesting that
1 1998 30 =37.7,SD =8.1. (Superscape , . . . > ;
[48] Control Group . " four rooms and Raven’s matrices IQ. direct interaction with the
CG active condition . . Software, .
(CG) 15 healthy corridors, in . environment can enhance
mean age = 35.8; SD version 4). L s
controls. . search of an navigation ability.
= 9.41/passive .
" object.
condition mean age
=354;,SD =122
EXP1.
computer versions of The studies have
the Koos Block Design demonstrated that the
. . Test, and a Clown general spatial abilities of a
Non immersive . .
. Assembly Test. group of children with motor
EXP 1. EG/CG L environments . Lo
. . EXP 1. EG 12 The aim in each Decentration of disabilities can be enhanced
21 patients with . IBM-PC and a . . . ..
. . (range 7-14) version of the Viewpoint Test, and using a battery of training
EXP 1. a diagnosis of mouse L e ¢
Akhutina et al 1 cerebral palsy. CG 9 (range 7-14) task (drawn, (Super Scape Directional Pointing to  tasks that demand the use o
2 . ’ 2003 . EXP 2. EG 23 real or virtual) a Hidden Object Test. various spatial skills. The
[49] EXP 2. EXP 2. EG/CG VRT 3-D )
45 45 patients with (range 7-14) was to move Software) EXP 2. battery included VEs that
. . CG 22 through a maze . Additional measures: provided the children with
a diagnosis of displayed on a . L .
cerebral pals (range 7-14) to reach a tree. 40,630 cm Raven Progressive navigational spatial
paisy: mloni tor Matrices; The Benton experience, of a kind that

Judgment of Line
Orientation Test; The
arrows subtest of the

Nepsy; The Roads Test.

most would rarely (if ever)
experience in the course of
their daily lives.
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Sample Sample Mean Age Pre- and Post-
Authors Year . VR Task VR Apparatus Primary Outcomes
N) Characteristics (SD or Range) PP Assessment y
TBI patient Wlth The aim was to . . Corsi Block-Tapping Improvement in immediate
hemorrhagic Nonimmersive . L .
.o explore part of a . . Test, Corsi Supra-Span  verbal learning, immediate
. contusions in . Virtual Reality . . .
Caglio et al. . virtual town . Test, Backward digit and delayed spatial learning
3 2012 1 the bilateral 24 (male) (Midtown .
[50] (London) from a span, RAVLT, TMT A-B, and everyday-spatial
frontal, Madness 2 . .
temporal and ground-level videogame) Phonemic fluency, memory persisted at
parieptal lobes perspective. & ’ ADAS, RBMT. follow-ups.
EG 5 patients .
. e aim was to
w1tk}1)focal Th !
. . navigate into a
epilepsy (2 right virtual
temporo-parietal; : . The supermarket training
. medium-sized : .
1 right . provided preliminary
. EG mean age = supermarket, OctaVis, . .
hippocampal; . . evidence of effectiveness, but
Grewe et al. ) 35.04; SD = 8.08; modeled semi-immersive N X
4 2013 24 1 bilateral . . . ROF significant improvement was
[20] CG mean age =23;  according to a Virtual Reality
temporal; . not found. A strong
. SD =3.45 real standard device. o
1 bilateral . limitation was due to the
. supermarket, in .
occipital search of a small sample size.
periventricular). P
CG 19 health specific list of
Y objects.

participants
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Sample Sample

Authors (N) Characteristics

Year

Mean Age
(SD or Range)

VR Task

VR Apparatus

Pre- and Post-
Assessment

Primary Outcomes

EG 23 patients: 3
right and 1 arteria
cerebri media
stroke, 1 basal
ganglia and
thalamus stroke, 1
right arteria
cerebri media, 1
basal ganglia
stroke, 1 right
fronto-parietal
stroke, 2 right
aneurysm and
subsequent
infarct (arteria
cerebri posterior
and arteria
communicans
with parietal
infarct), 1 arteria
cerebri media
hemorrhage,

1 TBI (left
hippocampus and
pons).

CG 11 healthy
participants

Kober et al.

51] 2013 23

EG mean age =
66.09; SD = 3.30
CG mean age =
66.18; SD =2.97

The aim was a
route-finding in
a district of the
real-world town
of Graz,
Austria.

Nonimmersive
Virtual Reality.

Four spatial tests before
and after the five VR
training sessions: the
Benton Test, the LPS
50+, the LVT, and the

CBTT.

Route finding ability in the
VR task increased over the
five training sessions.
Moreover, both groups
improved different aspects of
spatial abilities after VR
training in comparison to the
spatial performance before
VR training.
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Sample Sample Mean Age Pre- and Post- .
Authors Year N) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
The aim was to BRLD-A, BRLD-B; Spatial navigation and
EG 14 patients navieate into a ROCF copy, ROCF memory performance (n° of
Wi thpfocal EG mean age fir rual immediate and delayed  correct products, movements
. . & i R X . recall; RWT Total Score; trajectories, time)
epilepsy (frontal 31.29; SD =9.44; medium-sized OctaVis, Digit Span Forward significantly increased in the
Grewe et al. =3, temporal = 8 males. supermarket, semi-immersive P Y .
6 2014 33 . . . and Backward; VLMT  course of the 8-day training.
[52] 8, central =2, CG mean age = modeled according Virtual Reality . . .
arietal = 1) 31.21; SD = 14.26; to a real standard device immediate recallB, Due to the small sample sizes
CpG 19 he;I the 1 mal?a . supermarket. in ’ VLMT total learningB  in the subgroups, it could not
artici antsy se:rIZh ofas e’ci fic Trials, VLMT loss after be established the effects of
P p list of obi P + InterferenceB, VLMT different sites of
St O objects. loss after delayB. epileptic foci.
6 stroke patient CBTT, Navigation abilities clearly
Wisﬂrl"le‘;tfz;‘i“ms TMT A-B, WAIS-IL, improved in one patient,
right (N __2) ’ Nonimmersive DART, Virtual partially in four cases. For
a I‘lg 1 bila t;ral The aim was a Virtual Realit Tiibingen Test (Scene other cases, were successful
7 Claessen et al. 2015 6 (N=1) mean age =57;SD  route-finding in the with a fovs ticl}<7 recognition, Route in adopting an alternative
[53] supra te_ntorial =8.9; 2 males Virtual Tubingen (Vi rthal continuation/sequence/ navigation strategy and
P stroke town. Tiibingen) order/progression/ improved on most of the
No contléol sen- distance, Pointing to trained abilities. VR was
; start/to end, Map judged as highly feasible by
group- drawing/recognition). the patients.
il
accim lish some attention, visuospatial
commoI; ADLs (in abilities, memory, executive
EG9stroke  EG mean age = 58 - rmarket Nonimmersi functions, emotion, global
. .S oxe can age o a supe. arket,a .0 c S.Ve ACE, TMT A-B, Picture cognition, and overall
Faria et al. patients. 71; male = 44%. post office, a bank, Virtual Reality
8 2016 18 R R . X Arrangement Test, recovery. Between
[54] CG 9 stroke CG mean age =53; and a pharmacy)in  with a joystick SIS 3.0 comparisons showed
patients male = 44% a virtual city with (Reh@City). o p

streets, sidewalks,
commercial

buildings, parks

and moving cars.

training effect on global
cognition, executive
functions and attention for
VR group.
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Sample Sample Mean Age Pre- and Post- .
Authors Year N) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
Immersive
. The aim was to . - The patient improved
. MCI patient navigate into a Virtual Rea.hty MoCA, VRN task navigation during the
White & with probable . . system with . . . >
9 . 2016 1 74 (male) virtual building (Byagowi & Moussavi, sessions assessed with the
Moussavi [5] development in search of Head-mounted 2012), navigation diary. VRN task and as reported
of AD o Display and ’ X e, 4.
specific targets. : with the wife’s diary.
joypad.
The aim was WAIS-III, WMS-1V,
navieate irf ao Wisconsin Card Sorting
BRI Test, CBTT, Rey’s
(containin t};' complex figures, Following the last session of
Patient with lan dm;rltsgsulc);’l Picture Naming, treatment, the patient was
devel tal . Noni . WTAR, VOSP. able to form a cognitive map
ig;oozmsgs; resiz:igzinah b Vﬁ?&g}nﬁzsﬁ‘t]e Face processing tasks: faster than the first one and
10 Bate et al. [56] 2017 v§i th cgnfurren ¢ 58 (female) hotel harlnrl)ac ! with the y CFMT, famous faces, the performance in the
topographical and hgrist) ano}lll Kkevoad CFPT, Ekman 60, retrieval task was improved.
pographi ypad. navigational A similar performance was
disorientation recall the

position of each
landmark on a
top-view map
of the city.

assessment: Benton,
Santa Barbara Sense of
direction Scale,
Memory of building, ‘O
clock task, route map.

observed at the one-week
follow-up session.
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Sample

Sample

Mean Age

Pre- and Post-

Authors Year ) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
Both groups improved in a
similar way, though we can

say that the best.
results in the virtual and the
20 patients with The aim was to real. buﬂdmg and
. generalization goals were
a neurological move through . . . .
. . . Semi-immersive due to virtual training.
diagnosis the virtual . . For the assessment of . L
. : Virtual Reality o . . Firstly, a reduction in errors
included environment, . . . cognitive visuospatial .
with a joystick . and time needed to locate the
cerebral palsy and then planning and T .
De La Torre - (20%) mean age= 34.35, through the and a mouse. A orientation. 2 tests: objectives in the virtual
11 Luque et al. 2017 20 . o SD=10.2; 13 males 18 Mitsubishi® ¢ ) building was found after the
intellectual equivalent . Porteus Maze Test; .. R
[57] and 7 females. . projector (model . , . training, so as to point out
development real-life one and . Mindscape’s Brain . A
. o . XL8U), projecting ) that the active navigational
disorder (20%) to find the same Trainer® 2 Maze ..
ontoa X 1.5-m . training showed changes. In
and both two rooms for Stair Test. L -
. o screen. addition, the participants
disorders (55%); both .
o . had better scores in the
TBI (5%). environments. .
posttest and generalization
tasks in the real environment
and when using maps of the
building, and these tasks
were not directly trained.
MMSE, BIT; line
The alm. was to crossing and bisection, The training enhanced
. move in the iy . letter and star . 2. .
Neglect patient virtual Semi-immersive cancellation. ma spatial cognition, visual
(subarachnoid environment VR (BTs Nirvana navieation ca;' d a}; d search, and attention. In
De Luca et al. hemorrhage, . PC System . & L ro addition, with standard
12 2017 1 . 57 and manipulate coin sorting, drawing -
[58] right . . connected to a ; cognitive treatment was
specific objects, . and copying tests,
fronto-temporal- . projector or a L observed a nearly complete
. . in order to ) phone dialing, menu .
parietal region). - o big screen). . . recovery of Unilateral
realize specific and article reading, !
L . - Spatial Neglect.
associations. telling and setting

the time.
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Sample Sample Mean Age Pre- and Post- .
Authors Year N) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
The aim was to
navigate inside
. the virtual
EG patients mean environment, to MMSE, Phonemic ..
. age = 86.60; SD = i . The training enhanced
EG 10 patients discover one, fluency, Categorical . 2.
. 6.13; Imale. spatial learning in the VR
with AD. two or three . . fluency, FAB,
Serino et al 8 health healthy mean age = hidden objects Nonimmersive Attentional Matrices group-AD compared to
13 © 2017 28 eathy 86.62; SD = 6.19; . ) VR (NeuroVR on control group-AD and VR
[21] participants. (i.e., a bottle of Test, Digit span test, .
. 4 males. . . software). . . healthy group improved
CG 10 patients . milk, a plant in Corsi Block-Tapping . 2
. CG patients mean - executive functions
with AD avase and a Test, Corsi
age = 88.7;SD = compared to VR group-AD.
trunk) to Supra-Span Test.
3.59; 2 males . .
retrieve their
positions in the
last phase.
The aim was to
EG6 move in the Semi-immersive VR can be useful in
t-strok virtual VR (BTs tentiating the cogniti
pos .S oxe environment Nirvana PC MoCA, FIM, FAB, AM, potentia .g € cognitive
De Luca et al. patients. EG/CG mean age = . recovery in post-stroke
14 2018 12 and manipulate System TMT A, TMT B, . .
[59] CG6 40;SD = 14 e 1 chronic phase. It improved
specific objects,  connected to a TMT A/B. . . L
post-stroke . . visuospatial and attention in
. in order to projector or a .
Ppatients the experimental group.

realize specific
associations.

big screen).




J. Clin. Med. 2019, 8, 1516

Table 1. Cont.

13 of 25

Sample Sample Mean Age Pre- and Post- .
Authors Year ) Characteristics (SD or Range) VR Task VR Apparatus Assessment Primary Outcomes
A right-handed
patl.e nt affected The aim was to . A .
by incomplete move in the nonmmersive The combined approach
cervical virtual virtual reality MoCA, AM, TMT, digit using VRRS dem: };ptra ted a
vertebro-spinal . rehabilitation span, RAVLI, RAVLR, s g . . emonstrate .
Maresca et al trauma, environment system (VRRS) Wigl’s sorting test significant improvement in
15 ’ 2018 1 - 60 (male) and manipulate Y . , ’ different cognitive domains
[60] presented with i 1. by Khymeia, Raven'’s colored . e .
specific objects, . : . . as spatial abilities, executive
a moderate . interacting with matrices, VFT, SFT, . X E
. and to realize functions, selective attention,
tetraparesis, L a touch screen HRS-D, HRS-A. pens
. specific . and memory abilities.
mainly . or a magnetic
. . associations. .
involving the tracking sensor.
left side.
EG 5 MCI The aim was to  Semi-immersive
patients with navigate and to  scenarios with a
compromise orientate inside finger touch The presented results
visuospatial EG/CG aged > 65 three virtual projector and MMSE; RAVLT-I and suggest that the adopted
16 Mrakic-Sposta 2018 10 abilities. cars: 4 magles and 6 environments a PlayStation RAVLI-D; ROCFT; AM; training protocol was able to
etal. [61] CG 5 MCI years; females (ride a bike in a controller and TMT-A and TMT-B; affect MMSE tasks and to
patients with park, crossroads  cycle-ergometer, FAB; VFT. increase the global cognition
compromise in a city and a Wearable levels of MCI patients.
visuospatial shopping in a smart garment
abilities supermarket). (heart rate)
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Analysis of results in spatial navigation rehabilitation programs was carried out starting from
the outcomes of 16 studies, taking into consideration the patient population, the VR apparatus
(immersive/semi- or nonimmersive) and the type of training used. We analyzed clinical, methodological,
and technical outcomes to cast research and clinical applications of VR in the context of VR navigational
training. The results were argued in response to the following three questions.

3.1. Which Virtual Apparatus Is Recommended for Spatial Memory Rehabilitation?

3.1.1. Type of Device and Controllers During Navigation

Among all the studies reviewed, the only one that used an immersive virtual reality (VR) system
with a head-mounted display HMD Oculus Rift DK2, using the Unity 5 game engine, and a joypad
is described in [39] (see Table 1 for an overview of VR equipment). Several studies [20,52,57-59,61],
used semi-immersive systems: the previous one used OctaVis, a circle of eight screens in which the
participant can freely rotate on a fixed chair and interact with a joystick; while [58,59] used a BTs Nirvana
PC System connected to a projector or a big screen and to an infrared sensor for movements; in [61],
a finger touch projector was used and the scenarios were developed using Unity 3D. In order to increase
the user’s presence in the VE, attention was paid to elements such as the visual flow synchronized with
the cycling velocity in real-time, realistic 3D sound, perception of the wind through the movement
of trees; [57] used a projector on a big screen (2 X 1.5 m) and a viewing height of 1.8 m. Virtual
Scene Designer was used to create the scenarios. The advantage conferred by the semi-immersive
system is that it allows sensorial isolation, but it presents fewer signs of cybersickness. Even this
system demonstrates the generalizability of VR measures by correlations with subjective estimations
of cognitive abilities and real-life shopping performance [52]. Immersive and semi-immersive systems
have proved to be useful tools in navigational training for improving spatial cognition and attention
processes [55,58].

Nine further studies reviewed used nonimmersive systems. In [50] the rehabilitation training was
based on a navigational task, exploring part of a virtual town (London) from a ground-level perspective,
using a computer videogame driving simulator (Midtown Madness 2, Microsoft Game Studios). Other
studies have used nonimmersive VR training on a computer with joystick or keypad to navigate
the city, using Unity 3D software—Reh@city [54,56]—on a standard IBM-PC computer and in an
environment developed with the Super Scape VRT-3D construction package [49]; or a specific software
developed by authors—Virtual Tiibingen [53]. Other studies used Superscape software version 4
and NeuroVR. NeuroVR is a free VR-platform for customizing a large number of predeveloped
virtual environments [9,21,48,62]. One study [51] created a simulation of the real-world town of Graz
(Austria) using Instantreality software, a high-performance Mixed-Reality framework that provides a
comprehensive set of features to support classic virtual reality [63]. Another study [60] used a certified
medical device with high customization capacity, the virtual reality rehabilitation system (VRSS),
which comprises a central hub connected to specialized peripheral devices, such as magnetic sensors
for movements, which is fully synchronized and integrated with the system. Also, the rehabilitation
programs that used a nonimmersive system showed promising enhancement of different cognitive
abilities through spatial and navigational training [21,48,50-53,58].

3.1.2. VR Spatial Navigation

The usefulness of VR navigational tasks in rehabilitation programs for spatial memory has been
highlighted. Promising results have been demonstrated with the use of navigation tasks on simple
display screens of a computer (nonimmersive devices). However, better performance can be achieved
through immersive rather than semi-immersive systems by using head-mounted displays. This
is explained by the greater sense of presence [4,8], with integrated systems that record the user’s
movement and take advantage of up to six degrees of freedom, and providing feedback to the user
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about their performance [15]. Since navigation in virtual environments can trigger the same brain
mechanisms as navigation in the real world, spatial “presence” can be generated [64].

3.2. Which Virtual Training Method Is Suitable for Spatial Memory Rehabilitation?

The studies included in the current review are all focused on the rehabilitation of spatial memory
and navigation abilities in different neurologic patients, including mild cognitive impairment (MCI),
Alzheimer’s disease (AD), traumatic brain injury (TBI), multiple sclerosis (MS), stroke, cerebral palsy,
epilepsy, incomplete cervical vertebro-spinal trauma, prosopagnosia with topographical disorientation
disorders, and neglect. all patients have used virtual reality (VR) devices in different rehabilitation
programs, and nobody had any difficulty in following the training. Overall, the emerging outcomes
are positive, and they present improvements to different degrees. All of the mentioned studies had a
control group [20,21,48,49,51,52,54,57,59,61] except one [53]. Five of them reported results of single
case studies [50,55,56,58,60]. Virtual rehabilitation enables clinicians to control the specific features of
the virtual environment, enabling tailoring of the challenge to suit individual patient needs [65]. The
characteristics of virtual training (detailed in the following paragraphs) that are crucially important are
the overall duration of the training, the frequency, the intensity of each session, and, last but not least,
the time elapsed since the damage [57]. Additionally, some studies have already demonstrated that the
use of a map as a navigational aid improved the performance of users performing complex navigational
tasks [66]. Furthermore, the presence of a small-scale interactive aerial view facilitated the retrieval
of stored spatial layout and an arrow or salient landmarks, giving more comprehensive information
about the egocentric heading in environment, were effective in supporting the navigation [67,68]. Also,
findings in the studies examined underline the importance of using active navigation protocols to
promote the neurorehabilitation of spatial memory [62,67], and that the degree of the visual similarities
between the virtual world and the real one boosts the transfer of learning between contexts [57].

3.2.1. VR Training Duration

The protocol duration turned out to be an important variable for rehabilitation training outcomes
(details are visible in Table 2). The training proposed by [50,60] was the most intensive. The first
regime consisted of 15 sessions of 90 min each, amounting to 22.5 h. The second regime consisted
of three weekly sessions of 60 min for a total of 36 treatments. The improvements are visible after
a certain period of time, as evidenced by two-month and one-year follow-ups [50]. One study [55]
proposed 21 sessions of 45 min each, amounting to 15.75 h, and [61] proposed 18 sessions lasting
4045 min each for a total of 13.5 h. In these studies, the patients showed substantial improvement in
navigation ability. Another study [59] conducted 20 sessions for stroke patients in which an intensive
and long training program was essential for obtaining substantial improvements. Other rehabilitation
programs, which lasted between eight to 15 sessions, showed an improvement in long-term spatial
memory after VR-based training [21,52,57]. Transference of improvements from the VR-based training
to more general aspects of spatial cognition was observed [21]. Interesting results are also connected
with high frequency and intensity of sessions [21,50,52,55,58,59] rather than low-intensity training
regimes [49]. A protocol lasting less than four hours returns vulnerable outcomes [20,51,53,54,56,62].
For example, one study [53] based on four sessions of 1 h each was only able to significantly improve
one patient’s performance.
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Single Session

Authors Type of Training Duration (min) Repetitions Frequency/Period Total Hours
1 Pugnetti et al. (1998) N av%gatlonal. training with active and 30 1 30 min
passive conditions + recall landmarks
2 Akhutina et al. (2003) Navigational task 30-60 6-8 within a month 3-8h
. - . 3 times a week for
3 Caglio et al. (2012) Navigational training 90 15 5 weeks 22.5h
4 Grewe et al. (2013) Nav1gf1t1onal training + free recall f)f objects 20 8 daily 26h
list and positions (at last session)
Navigational training + recall up to
> Kober etal. (2013) maximal three different routes 20 6 ) zh
Navigational training + free recall of objects i
6 Grewe et al. list and positions (at last session) + 30 8 Every 1-3 days within 4h
. 2 weeks
real-life performance
7 Claessen et al. (2015) Navigational training 60 4 - 4h
8 Faria et al. (2016) Navigational training 20 12 4-6 weeks 4h
White & Moussavi - . 3 times a week for
9 (2016) Navigational training 45 21 7 weeks 15.75h
10 Bate et al. (2017) Navigational training + recall landmarks 60-70 7 Every 3—4 days 7-8h
De La Torre Luque - . .
11 etal. (2017) Navigational training 20 15 daily 5h
12 De Luca et al. (2017) Navigational training + association of 45 20 5 times a week for 15h
object position 1 month
13 Serino et al. (2017) NaVlgathnal training + recall 30 10 3 times a week for 5h
object positions 3—4 weeks
14 De Luca et al. (2018) Navigational t.rammgf association of 45 o4 3 times a week for 18h
object position 8 weeks
15 Maresca et al. (2018) Navigational training 60 36 3 times a week for 36h
12 weeks
16 Mrakic et al (2018) Navigational training 45 18 3 times a week for 135h

6 weeks
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3.2.2. Time Elapsed Since Damage

Another important variable is the time elapsed from the brain injury to the starting point of
cognitive rehabilitation. One study [54] found an overall recovery and showed a positive training
effect on global cognitive functions in post-stroke patients which started the treatment within 7 months
from the stroke. A long-distance from the traumatic event, instead, does not promise good results, as
happened in patients who started an average of 43 months after stroke [53]. A short interval was also
important in other disorders. One study [50] have gained promising results with a single traumatic
brain injury (TBI) patient that began the training within 1 year. The shorter the period between
the traumatic event and the beginning of treatment, the higher the probability of achieving a better
outcome [50,52,54].

3.2.3. Training Procedure

A detailed description of the different procedures is outlined below. In one study [50], the patient
was given the instruction “You must cut down poles and trees that you find all along the way”, with
the aim of inducing the participant to explore the virtual town, avoiding passing the same roads twice.
The spatial memory task was implicit, while the explicit task was a simple game, which entertained
the participant. The participant did not have access to a city map during the task.

One study [53] used training divided into implicit (free exploration) and explicit tasks (following
specific routes). During the sessions, the patients were encouraged to practice the instructed navigational
strategy learned in a previous psycho-educational phase. The participants had access to a city map
during the task. Two studies [54,56] used implicit tasks. In the first study, the participant was guided
by instructions such as “Go to the supermarket”. Visual feedback elements (time and point counters)
were used to reward successful actions. The participant had access to a mini-map in the lower half of
the screen and/or a guidance arrow. In the second study, the participant was asked to follow three
routes, differing in length, as quickly and as accurately as possible. In the next learning phase, the
patient was required to create a mental representation of the city, incorporating the spatial location
of six landmarks. In the retrieval phase, he was required to navigate via the city in order to reach a
location as quickly as possible and using the shortest route possible.

In [55], the participant was instructed to enter a building and find the correct window, which had
been previously shown from an external view of the building. Two studies [21,51] used specific tasks
with encoding and retrieval phases. In the first study, the neuropsychologist asked participants to find
and memorize the position of hidden objects within the virtual city. Then, they were asked to retrieve
the position of the objects identified before, starting from another point of the city. Participants had
access to a city map during the task. In the second study, the participant had to learn a route by following
verbal instructions and subsequently had to recall the correct directions. In two studies [48,57], the
participants received explicit instructions to explore and memorize a route in the virtual environment
(VE) during the research of an object. Subsequently, in the first study, they were asked to draw the
layout of the VE, and in the second study they had to move through the equivalent real-life environment.
Also, in [49], the participants were asked to move through a maze to reach a tree. In the first and
second versions, the plan of the maze was visible, and the target always remained visible. In the third
version, the target tree could be seen only from a short distance when not hidden by the maze walls.
In [20,52], the participants had to memorize an auditory shopping list of 20 items as an implicit spatial
memory task and subsequently buy all the items remembered in a VR supermarket. In the second
study, the same authors presented a new interfering list with 20 distractor items during the training.

Three studies [58-60] included a series of exercises involving different cognitive functions. The
participants were asked to remember the positions and the name of elements observed or to program
movements to manipulate specific objects and to realize specific associations with dynamic interaction
in VE. In [61], three scenarios were used, in which patients had to navigate freely to accomplish the task
explicitly requested, for example, purchasing five items form a supermarket. The spatial memory task
was explicit, and only in the last version was no aid was given for completing the task. In conclusion,
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independently from the simulation, the outcomes showed that VR training enhanced spatial memory
abilities in the clinical population.

3.2.4. Visual Cues

In terms of guide elements which facilitate the patient during the training, different cues have
been included in some of the tasks, such as maps [21,53,54], guidance arrows [54], and lists of objects.
In particular, [54] employed a method of fading cues, decreasing assistance (DA), in which the training
continues with all the cues until correct performance is achieved on three consecutive sessions and then
they are gradually removed. Furthermore, in [21], the number of objects to be memorized depended
on the level reached by each participant; if the patient was not able to locate the first object, the other
ones were not presented. The task presented to the participant was guided in some cases by explicit
navigational instructions [21,53,56] that needed to be followed to memorize the route.

3.3. Which Assessment Method Is Best for Spatial Memory?

3.3.1. Spatial Memory Outcomes

In clinical practice, the most common neuropsychological test for the evaluation of short and
long-term spatial memory, given its psychometric characteristics, is the Supraspan Corsi Test. In
these studies, the Supraspan Corsi Test has proved to be adequately sensitive and has indicated a
significant improvement in spatial memory [50], with a medium effect size r = 0.474 and p = 0.03 [21].
Another ecological spatial memory assessment tests, Route delayed recall (RBMT), has generated
desirable changes (0/5 to 4/5) that persisted at 2-month and 1-year follow-ups (respectively 4/5 and
5/5) [50]. One study [53] has shown that the virtual reality (VR) system is a sensitive assessment tool
for the same cognitive function (Virtual Tiibingen Test). They found that one patient improved in
nine out of the 10 virtual navigation subtasks. To assess spatial navigation and memory performance
in the VR supermarket, [52] analyzed the enhancements in “number of correctly bought products”,
“number of the correct products relative to distance”, and “number of the correct products relative to
time”. Other authors asked the participant to form a cognitive map of the VE, and active participants
showed significantly better performance [48] and were quicker [56] than the control group. A similar
performance pattern was observed at the one-week follow-up session. VR neurorehabilitation
programs for spatial memory can also provide a positive effect on other cognitive domains. By using
specific-domain assessments, it is possible to observe if a transference of improvements occurs from
VR-based training to more general aspects of spatial cognition. Following the treatment, however,
general enhancement of cognitive functions occurs and is reflected in several assessment tests. The Rey
Auditory Verbal Learning Test (RAVLT) has shown significant improvement in the immediate recall
that persists at 1-year follow-up [50]. A considerable improvement can be observed in screening tests,
such as in Addenbrooke’s Cognitive Examination (ACE) (r = 0.85, p = 0.011), particularly in visuospatial
(r = 0.80, p = 0.017), attention (r = 0.79, p = 0.018), and memory (r = 0.79, p = 0.017) domains and in
the Mini-Mental State Examination (MMSE) (r = 0.75, p = 0.025) [54]. Montreal Cognitive Assessment
(MoCA) results significantly improved in the experimental group after treatment in visuospatial and
attention domains [59]. However, [55] did not observe consistent changes in MoCA. However, after the
training, the participant was able to complete the VRN Building navigational task correctly, and the
effects persisted at 5- and 28-week follow-ups. Improvements in navigational abilities have also been
confirmed in daily life as recorded in wives’ diaries. In [51], the patient group showed significantly
higher scores in the Achievement Measure System LSP 50+, a German standardized intelligence
test developed for older people between 50 and 90 years, and in the Benton Visual Retention Test,
which assesses visual perception and visual memory. Also, in the Visual Pursuit Test (LVT) for visual
orientation assessment, the authors observed a significant result [51]. De La-Torre [57] showed the
existence of a main effect between the targets and the average errors committed to locate them within
the virtual building (F adjusted (1.37, 28.01) = 8.55, p < 0.01; n? partial = 0.32, observed potency = 0.87).
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One study [52] to analyze changes following treatment made correlations between VR measures
and cognitive performances in the patient group. They observed that the mean number of correct
products per time across all learning trials was correlated with higher performance on the Bergen
Right-Left Discrimination Test (BRLD-B) to assess mental rotation. The percentile of the Digit Span
Forward for short-term verbal memory was significantly correlated with the number of correctly
bought products in the last learning trial on day 6 and number of correct products on the free recall
trial after interference on day 7. The mean number of correct products per time and per distance across
all learning trials were correlated with better performance on, respectively, the delayed free recall and
immediate and delayed free recall of the Rey-Osterrieth Complex Figure (ROCF) for the assessment
of visuo-construction, planning, and long term visual memory. A significant improvement was also
observed in ROF [48]. In [56], the patients’ face recognition performance significantly improved as
measure by the Cambridge Face Memory Test (CFMT) following training. The effects persisted at
one-week and 6-month follow-ups.

3.3.2. Traditional and Virtual Assessment

Results of the current review support the idea that virtual reality-based training improves
orientation and navigation abilities in different neuropsychological disorders. Although the efficacy
of treatment needs to be critically analyzed using a scientifically validated method, for this reason,
the use of validated measures with adequate psychometric properties is fundamental. Over the past
decade, evidence-based clinical guidelines have become a significant feature of healthcare services to
improve the quality of care [69]. Indeed, among the studies analyzed, those that used specific-domain
assessments (Corsi Supraspan, Virtual Tiibingen, Route delayed recall RBMT, cognitive maps, or
variables extracted from the supermarket task) were more able to demonstrate clear and significant
results after the spatial memory rehabilitation training [21,48,50,53,56], highlighting the crucial role
played by the selection of the assessment tools. In addition to the traditional paper-and-pencil tests
used, new virtual assessment measures also emerged in the analyzed studies. These last have shown
that the virtual reality (VR) system could be a sensitive assessment tool for detecting spatial memory
improvements. Therefore, it is urgent to find more scientific evidence regarding the psychometric
validity of these new measuring instruments, particularly concerning navigation abilities.

4. Discussion

In the current review, we provided initial, positive results concerning the effect of virtual reality
(VR) training on spatial memory rehabilitation, highlighting the potential of navigational tasks in
virtual environments (VEs) to enhance navigation and orientation abilities in patients with spatial
memory disorders. The rapid development and diffusion of VR technologies are amending the
accessibility landscape of VR technology for the average consumer. Lower-cost VR systems such as the
Oculus Rift, Go, Quest, and the HTC Vive are already issued on the market and have significantly
reduced the cost barrier of VR hardware. Even lower-cost options are currently available using a
smartphone, for example, Gear VR is compatible with specific Samsung phones, and both Google
Cardboard and Google Daydream can be used with several smartphones. Although the review
underlined encouraging results, current research in this topic has some limitations that researchers
need to overcome. The current work is meant to provide methodological solutions for future studies.

As the first result of the review, we have found clear improvements in spatial memory through
the application of navigational tasks in VR. Both immersive and nonimmersive VR systems have
shown appropriate enhancements for navigation and orientation abilities, underling the power of the
navigational tasks proposed. Furthermore, the results have shown a transference of improvements
from VR-based training to more general aspects of spatial cognition. However, the mode of exploration
influences the spatial learning of a new environment. The active exploration has an essential role
in the acquisition of spatial knowledge and it is characterized by five components: motor orders
that determine the path of locomotion, proprioceptive and vestibular information for self-motion,
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allocation of attention to navigation-related features of the environment, and cognitive decisions about
the direction during navigation and mental manipulation of spatial information [70]. If immersive
systems are able to target all these components, nonimmersive systems do not allow the activation
of the idiothetic and motor systems, even if input devices require motor planning and execution. In
this review, only one study [55] used an immersive virtual reality system with the Oculus Rift DK2
head-mounted display and a joypad. Instead, other studies [20,52,58,59] used semi-immersive systems:
the first one used OctaVis, a circle of eight screens in which the participants can freely rotate on a
fixed chair and interact with a joystick; the latter used the BTs Nirvana PC system connected to a
projector or a big screen and an infrared sensor for movements. The recent availability of lower-cost
options for immersive VR may change the situation soon, allowing more protocols that fully support
active exploration.

Another important element for the rehabilitation program is the structure and length of the
training protocol. Some studies have already demonstrated that the use of visual cueing, such as
a map as a navigational aid, improved the performance of users performing complex navigational
tasks [66] and in patients with Alzheimer’s disease or mild cognitive impairment [70]. The presence
of an interactive aerial view facilitated the retrieval of stored spatial layout and arrows or salient
landmarks, giving more comprehensive information about the egocentric heading in the environment,
were effective in supporting the navigation [67,68]. Also, the current review underlined the importance
of cues in the tasks, such as maps, guidance arrows, methods of fading cues, and instructions (explicit
or implicit), to support the patient during the training [21,53,54]. It has been demonstrated that a large
visual arrow supports the neurorehabilitation of spatial memory due to the cognitive synchronization
between the allocentric viewpoint-independent representation (including object-to-object information)
and the allocentric viewpoint-dependent representation (i.e., comprising information about the current
egocentric heading in the environment), as suggested by the “mental frame syncing hypothesis” [32,71].
Furthermore, the duration of the protocol [50,60] and time elapsed since damage onset are also
key factors [50,52,54]. The analysis of these studies showed that a short duration—less than four
hours—is insulfficient to provide consistent changes. Concerning the distance from onset, the shorter
the period between the traumatic event and the beginning of treatment, the higher the probability of
better outcomes.

The rehabilitation programs analyzed all focused on spatial memory and navigation abilities
in different neurologic patients, including mild cognitive impairment (MCI), Alzheimer’s disease
(AD), traumatic brain injury (TBI), stroke, epilepsy, prosopagnosia with topographical disorientation
disorders, and neglect. An important aspect to keep in mind is the clear characterization of the
sample of patients to whom the therapeutic procedure is provided. The severity and the qualitative
characteristics of the mnestic deficit are extremely variable from subject to subject. Furthermore,
memory disorders rarely occur in an isolated form, and are often accompanied by an impairment
of other cognitive functions, such as attention, language, reasoning. In this view, the most effective
protocols are the ones that target a specific pathology.

The difficulty in finding homogeneous groups of patients is the reason why most of the experimental
studies reported in the literature are based on the treatment of a single patient or a tiny group of
patients. However, to monitor the improvements due to the treatment, the presence of an adequate
control group is necessary to ensure that the observed improvement is not due to spontaneous
recovery nor is the result of generic cognitive stimulation. In this view, the most reliable control
condition is the repeated evaluation of the same patients receiving the experimental treatment, for
example, through cross-over trials [72]. Another possible approach is the involvement of patients
who, in the immediately preceding period, were followed in the absence of therapy or using another
type of cognitive treatment. Moreover, the studies that used domain-specific assessments (Corsi
Supraspan, Virtual Ttibingen, Route delayed recall RBMT, cognitive maps, or variables extracted
from the supermarket) were more able to demonstrate clear and significant results after the spatial
memory rehabilitation training [21,48,50,53,56], highlighting the crucial role played by the selection
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of the assessment tools. Among the tests used (Corsi Supraspan, Virtual Tiibingen, Route delayed
recall RBMT), only the Virtual Tiibingen can investigate the several aspects (scene recognition, route
continuation/sequence/order/progression/distance, pointing to start/to end, map drawing recognition)
involved in navigation. Thus, the scarcity of tools for spatial memory assessment is evident, particularly
concerning navigation abilities.

This review was subject to certain limitations. Extensive literature research was performed to
deliver these findings; however, only two databased were queried. A second limitation of this review
may be the selection of the keywords in the search strategy. In order to provide a considerable quantity
of studies in the field, the authors decided to use wider keywords. However, the inclusion criteria
reduced the focus to only studies according to the objectives of the review. A final limitation may
be the fact that the discussion on duration and intensity of VR navigational training cannot draw
firm conclusions due to the heterogeneity of interventions. Moreover, the difficulty of finding a
homogeneous group of patients is the reason why most of the experimental studies reported in the
literature are based on the treatment of a single patient or a tiny group of patients. Because our findings
are positive, we hope that the literature could soon be enriched with clinical trials investigating VR’s
effectiveness in more specific and larger clinical populations.

5. Conclusions

In conclusion, the results of this systematic review demonstrate that all studies, although to varying
degrees, suggest that patients improved their spatial memory following treatment. This result highlights
the potential of navigational tasks performed in virtual environments (VEs) for enhancing navigation
and orientation abilities in patients with spatial memory disorders. In neuroscience, researchers have
long faced the challenge of conducting ecologically valid measurements of experimental variables
while maintaining strict experimental control over visual displays. Virtual reality (VR) systems enable
the researchers to design and consequently control dynamic, realistic, and immersive environments,
while closely monitoring behavioral and physiological responses during experimentation [1,73]. In
this view, VR systems offer impressive opportunities as an ecological tool which is currently available
for neuropsychologists to assess and enhance spatial memory, particularly navigation and orientation
abilities using the “affordances” [74] offered to the patients in the virtual environment. One of the
significant advantages of VR is the high degree of experimental control that is afforded to investigate
the cognitive and behavioral components that are involved in spatial navigation [75]. VR training
can facilitate neurorehabilitation, promoting brain plasticity processes through complex mechanisms
related to the reactivation of brain neurotransmitter capacities, maximizing the results compared to
those obtained by conventional treatment [66,76]. Monitoring EEG activities of the patients could
be a suitable practice to assess the biomarkers of neuroplasticity and to measure rehabilitation
progress [67,77]. The results are promising; hence, we encourage researchers to develop new spatial
memory VR-based protocols for neurorehabilitation. However, more research is required to validate
and support this result.

Funding: This work is supported in part by the Italian funded project “High-end and Low-End Virtual Reality
Systems for the Rehabilitation of Frailty in the Elderly” (PE-2013-02355948) and by the research project Tecnologia
Positiva e Healthy Aging (Positive Technology and Healthy Aging) (Grant D.3.2., 2014).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bohil, CJ.; Alicea, B.; Biocca, F.A. Virtual reality in neuroscience research and therapy. Nat. Rev. Neurosci.
2011, 12, 752-762. [CrossRef] [PubMed]

2. Steuer, J. Defining Virtual Reality: Characteristics Determining Telepresence. J. Commun. 1992, 42, 73-94.
[CrossRef]

3. Sanchez-Vives, M.V.; Slater, M. Opinion: From presence to consciousness through virtual reality. Nat. Rev.
Neurosci. 2005, 6, 332-339. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrn3122
http://www.ncbi.nlm.nih.gov/pubmed/22048061
http://dx.doi.org/10.1111/j.1460-2466.1992.tb00812.x
http://dx.doi.org/10.1038/nrn1651
http://www.ncbi.nlm.nih.gov/pubmed/15803164

J. Clin. Med. 2019, 8, 1516 22 of 25

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

Riva, G. From Virtual to Real Body. J. Cyberther. Rehabil. 2008, 1, 7-22.

Riva, G.; Bafios, R.M.; Botella, C.; Mantovani, F.; Gaggioli, A. Transforming Experience: The Potential of
Augmented Reality and Virtual Reality for Enhancing Personal and Clinical Change. Front. Psychol. 2016, 7,
164. [CrossRef] [PubMed]

Slater, M. Place illusion and plausibility can lead to realistic behaviour in immersive virtual environments.
Philos. Trans. R. Soc. B Boil. Sci. 2009, 364, 3549-3557. [CrossRef] [PubMed]

Riva, G.; Waterworth, J.A.; Waterworth, E.L. The Layers of Presence: A Bio-cultural Approach to
Understanding Presence in Natural and Mediated Environments. CyberPsychol. Behav. 2004, 7, 402-416.
[CrossRef] [PubMed]

Riva, G.; Castelnuovo, G.; Mantovani, F. Transformation of flow in rehabilitation: The role of advanced
communication technologies. Behav. Res. Methods 2006, 38, 237-244. [CrossRef] [PubMed]

Riva, G.; Gaggioli, A.; Villani, D.; Preziosa, A.; Morganti, F.; Corsi, R.; Faletti, G.; Vezzadini, L. NeuroVR:
An open source virtual reality platform for clinical psychology and behavioral neurosciences. Stud. Health
Technol. Inform. 2007, 125, 394-399.

Witmer, B.G.; Singer, M.]. Measuring Presence in Virtual Environments: A Presence. Presence 1998, 7, 225-241.
[CrossRef]

Laviola, J.J. A discussion of cybersickness in virtual environments. ACM SIGCHI Bull. 2000, 32, 47-56.
[CrossRef]

Pot-kolder, R.; Veling, W.; Counotte, J.; van der Gaag, M. Anxiety Partially Mediates Cybersickness Symptoms
in Immersive Virtual Reality Environments. Cyberpsychol. Behav. Soc. Netw. 2017, 21, 187-193. [CrossRef]
[PubMed]

Gatica-Rojas, V.; Méndez-Rebolledo, G. Virtual reality interface devices in the reorganization of neural
networks in the brain of patients with neurological diseases. Neural Regen. Res. 2014, 9, 888-896. [CrossRef]
[PubMed]

Riva, G.; Dakanalis, A.; Gaggioli, A. From body dissatisfaction to obesity: How virtual reality may improve
obesity prevention and treatment in adolescents. Stud. Health Technol. Inform. 2011, 184, 356-362.

Slater, M.; Sanchez-Vives, M.V. Enhancing Our Lives with Immersive Virtual Reality. Front. Robot. AI 2016, 3,
1-47. [CrossRef]

Slater, M. Grand Challenges in Virtual Environments. Front. Robot. Al 2014, 1, 1-4. [CrossRef]

Slater, M.; Spanlang, B.; Corominas, D. Simulating virtual environments within virtual environments as the
basis for a psychophysics of presence. ACM Trans. Grapghics 2010, 29, 1-9. [CrossRef]

Slater, M.; Marcos, D.P,; Ehrsson, H.H.; Sanchez-Vives, M.V. Inducing Illusory Ownership of a Virtual Body.
Front. Mol. Neurosci. 2009, 3, 214-220. [CrossRef] [PubMed]

Serino, S.; Baglio, F.; Rossetto, F.; Realdon, O.; Cipresso, P.; Parsons, T.D.; Cappellini, G.; Mantovani, F.;
De Leo, G.; Nemni, R.; et al. Picture Interpretation Test (PIT) 360°: An Innovative Measure of Executive
Functions. Sci. Rep. 2017, 7, 16000. [CrossRef]

Grewe, P; Kohsik, A.; Flentge, D.; Dyck, E.; Botsch, M.; Winter, Y.; Markowitsch, H.J.; Bien, C.G.; Piefke, M.
Learning real-life cognitive abilities in a novel 360 degrees -virtual reality supermarket: A neuropsychological
study of healthy participants and patients with epilepsy. J. Neuroeng. Rehabil. 2013, 10, 42. [CrossRef]
Serino, S.; Pedroli, E.; Tuena, C.; De Leo, G.; Stramba-Badiale, M.; Goulene, K.; Mariotti, N.G.; Riva, G. A
novel virtual reality-based training protocol for the enhancement of the ‘mental frame syncing’ in individuals
with Alzheimer’s disease: A development-of-concept trial. Front. Aging Neurosci. 2017, 9, 1-12. [CrossRef]
[PubMed]

Mishkind, M.C.; Norr, AM.; Katz, A.C.; Reger, G.M. Review of Virtual Reality Treatment in Psychiatry:
Evidence Versus Current Diffusion and Use. Curr. Psychiatry Rep. 2017, 19, 80. [CrossRef] [PubMed]

Zeng, N.; Pope, Z.; Lee, ].E.; Gao, Z. Virtual Reality Exercise for Anxiety and Depression: A Preliminary
Review of Current Research in an Emerging Field. J. Clin. Med. 2018, 7, 42. [CrossRef] [PubMed]
Ferrer-Garcia, M.; Gutiérrez-Maldonado, J.; Pla-Sanjuanelo, J.; Vilalta-Abella, F.; Riva, G.; Clerici, M.;
Ribas-Sabaté, J.; Andreu-Gracia, A.; Fernandez-Aranda, E.; Forcano, L.; et al. A Randomised Controlled
Comparison of Second-Level Treatment Approaches for Treatment-Resistant Adults with Bulimia Nervosa
and Binge Eating Disorder: Assessing the Benefits of Virtual Reality Cue Exposure Therapy. Eur. Eat. Disord.
Rev. 2017, 25, 479-490. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fpsyt.2016.00164
http://www.ncbi.nlm.nih.gov/pubmed/27746747
http://dx.doi.org/10.1098/rstb.2009.0138
http://www.ncbi.nlm.nih.gov/pubmed/19884149
http://dx.doi.org/10.1089/cpb.2004.7.402
http://www.ncbi.nlm.nih.gov/pubmed/15331027
http://dx.doi.org/10.3758/BF03192775
http://www.ncbi.nlm.nih.gov/pubmed/16956100
http://dx.doi.org/10.1162/105474698565686
http://dx.doi.org/10.1145/333329.333344
http://dx.doi.org/10.1089/cyber.2017.0082
http://www.ncbi.nlm.nih.gov/pubmed/29356575
http://dx.doi.org/10.4103/1673-5374.131612
http://www.ncbi.nlm.nih.gov/pubmed/25206907
http://dx.doi.org/10.3389/frobt.2016.00074
http://dx.doi.org/10.3389/frobt.2014.00003
http://dx.doi.org/10.1145/1778765.1778829
http://dx.doi.org/10.3389/neuro.01.029.2009
http://www.ncbi.nlm.nih.gov/pubmed/20011144
http://dx.doi.org/10.1038/s41598-017-16121-x
http://dx.doi.org/10.1186/1743-0003-10-42
http://dx.doi.org/10.3389/fnagi.2017.00240
http://www.ncbi.nlm.nih.gov/pubmed/28798682
http://dx.doi.org/10.1007/s11920-017-0836-0
http://www.ncbi.nlm.nih.gov/pubmed/28920179
http://dx.doi.org/10.3390/jcm7030042
http://www.ncbi.nlm.nih.gov/pubmed/29510528
http://dx.doi.org/10.1002/erv.2538
http://www.ncbi.nlm.nih.gov/pubmed/28804985

J. Clin. Med. 2019, 8, 1516 23 of 25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

Clus, D; Larsen, M.E.; Lemey, C.; Berrouiguet, S. The Use of Virtual Reality in Patients with Eating Disorders:
Systematic Review. J. Med. Internet Res. 2018, 20, 1-9. [CrossRef] [PubMed]

Spreij, L.A.; Visser-Meily, ].M.A.; Van Heugten, C.M.; Nijboer, T.C.W. Novel insights into the rehabilitation of
memory post acquired brain injury: A systematic review. Front. Hum. Neurosci. 2014, 8, 1-19. [CrossRef]
[PubMed]

Valladares-Rodriguez, S.; Perez-Rodriguez, R.; Facal, D.; Fernandez-Iglesias, M.].; Anido-Rifon, L.;
Mourifio-Garcia, M. Design process and preliminary psychometric study of a video game to detect cognitive
impairment in senior adults. Peer] 2017, 5, 1-35. [CrossRef] [PubMed]

Schedlbauer, A.M.; Copara, M.S.; Watrous, A.].; Ekstrom, A.D. Multiple interacting brain areas underlie
successful spatiotemporal memory retrieval in humans. Sci. Rep. 2014, 4, 6431. [CrossRef]

Carrieri, M.; Petracca, A.; Lancia, S.; Moro, S.B.; Brigadoi, S.; Spezialetti, M.; Ferrari, M.; Placidi, G.;
Quaresima, V. Prefrontal Cortex Activation Upon a Demanding Virtual Hand-Controlled Task: A New
Frontier for Neuroergonomics. Front. Hum. Neurosci. 2016, 10, 1-13. [CrossRef]

Zanier, ER.; Zoerle, T.; Di Lernia, D.; Riva, G. Virtual Reality for Traumatic Brain Injury. Front. Neurol. 2018,
9, 1-4. [CrossRef]

Colombo, D.; Serino, S.; Tuena, C.; Pedroli, E.; Dakanalis, A.; Cipresso, P.; Riva, G. Egocentric and allocentric
spatial reference frames in aging: A systematic review. Neurosci. Biobehav. Rev. 2017, 80, 605-621. [CrossRef]
[PubMed]

Serino, S.; Riva, G. Getting lost in Alzheimer’s disease: A break in the mental frame syncing. Med. Hypotheses
2013, 80, 416-421. [CrossRef] [PubMed]

Allison, S.L.; Fagan, A.M.; Morris, ].C.; Head, D. Spatial Navigation in Preclinical Alzheimer’s Disease. J.
Alzheimers Dis. 2016, 52, 77-90. [CrossRef] [PubMed]

Kuehn, E.; Perez-Lopez, M.B.; Diersch, N.; Dohler, J.; Wolbers, T.; Riemer, M. Embodiment in the aging mind.
Neurosci. Biobehav. Rev. 2018, 86, 207-225. [CrossRef] [PubMed]

Lester, A.W.; Moffat, S.D.; Wiener, ]. M.; Barnes, C.A.; Wolbers, T. The Aging Navigational System. Neuron
2017, 95, 1019-1035. [CrossRef] [PubMed]

E Cullen, K.; Taube, ].S. Our sense of direction: Progress, controversies and challenges. Nat. Neurosci. 2017,
20, 1465-1473. [CrossRef]

Bird, C.M.; Burgess, N. The hippocampus and memory: Insights from spatial processing. Nat. Rev. Neurosci.
2008, 9, 182-194. [CrossRef] [PubMed]

Holmes, M.C.; Sholl, M.]J. Allocentric Coding of Object-to-Object Relations in Overlearned and Novel
Environments. |. Exp. Psychol. Learn. Mem. Cogn. 2005, 31, 1069-1087. [CrossRef]

Hartley, T.; Lever, C.; Burgess, N.; O’Keefe, ]. Space in the brain: How the hippocampal formation supports
spatial cognition. Philos. Trans. R. Soc. B Biol. Sci. 2013, 369, 20120510. [CrossRef]

Burgess, N. Spatial cognition and the brain. Ann. N. Y. Acad. Sci. 2008, 1124, 77-97. [CrossRef]

D’Esposito, M.; Aguirre, G.K. Topographical disorientation: A synthesis and taxonomy. Brain 1999, 122,
1613-1628.

Vann, S.D.; Aggleton, ].P.; Maguire, E.A. What does the retrosplenial cortex do? Nat. Rev. Neurosci. 2009, 10,
792-802. [CrossRef] [PubMed]

Doeller, C.F; King, J.A.; Burgess, N. Parallel striatal and hippocampal systems for landmarks and boundaries
in spatial memory. Proc. Natl. Acad. Sci. USA 2008, 105, 5915-5920. [CrossRef] [PubMed]

Borrego, A.; Latorre, J.; Llorens, R.; Alcafiz, M.; Noé, E. Feasibility of a walking virtual reality system for
rehabilitation: Objective and subjective parameters. J. Neuroeng. Rehabil. 2016, 13, 68. [CrossRef] [PubMed]
Mobher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Grp, P. Preferred Reporting Items for Systematic Reviews
and Meta-Analyses: The PRISMA Statement (Reprinted from Annals of Internal Medicine). Phys. Ther. 2009,
89, 873-880. [PubMed]

Higgins, J.; Green, S. Cochrane Handbook for Systematic Reviews of Interventions; Version 5; The Cochrane
Collaboration: London, UK, 2011.

Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Getzsche, P.C.; Vandenbroucke, J.P. The Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) Statement: Guidelines for reporting
observational studies. Lancet 2007, 370, 1453-1457. [CrossRef]


http://dx.doi.org/10.2196/jmir.7898
http://www.ncbi.nlm.nih.gov/pubmed/29703715
http://dx.doi.org/10.3389/fnhum.2014.00993
http://www.ncbi.nlm.nih.gov/pubmed/25566021
http://dx.doi.org/10.7717/peerj.3508
http://www.ncbi.nlm.nih.gov/pubmed/28674661
http://dx.doi.org/10.1038/srep06431
http://dx.doi.org/10.3389/fnhum.2016.00053
http://dx.doi.org/10.3389/fneur.2018.00345
http://dx.doi.org/10.1016/j.neubiorev.2017.07.012
http://www.ncbi.nlm.nih.gov/pubmed/28760627
http://dx.doi.org/10.1016/j.mehy.2012.12.031
http://www.ncbi.nlm.nih.gov/pubmed/23374425
http://dx.doi.org/10.3233/JAD-150855
http://www.ncbi.nlm.nih.gov/pubmed/26967209
http://dx.doi.org/10.1016/j.neubiorev.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29175306
http://dx.doi.org/10.1016/j.neuron.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28858613
http://dx.doi.org/10.1038/nn.4658
http://dx.doi.org/10.1038/nrn2335
http://www.ncbi.nlm.nih.gov/pubmed/18270514
http://dx.doi.org/10.1037/0278-7393.31.5.1069
http://dx.doi.org/10.1098/rstb.2012.0510
http://dx.doi.org/10.1196/annals.1440.002
http://dx.doi.org/10.1038/nrn2733
http://www.ncbi.nlm.nih.gov/pubmed/19812579
http://dx.doi.org/10.1073/pnas.0801489105
http://www.ncbi.nlm.nih.gov/pubmed/18408152
http://dx.doi.org/10.1186/s12984-016-0174-1
http://www.ncbi.nlm.nih.gov/pubmed/27503112
http://www.ncbi.nlm.nih.gov/pubmed/19723669
http://dx.doi.org/10.1016/S0140-6736(07)61602-X

J. Clin. Med. 2019, 8, 1516 24 of 25

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Pugnetti, L.; Mendozzi, L.; Brooks, B.; Attree, E.; Barbieri, E.; Alpini, D.; Motta, A.; Rose, D. Active versus
passive exploration of virtual environments modulates spatial memory in MS patients: A yoked control
study. Ital. J. Neurol. Sci. 1998, 19, S424-5430. [CrossRef]

Akhutina, T.; Foreman, N.; Krichevets, A.; Matikka, L.; Narhi, V.; Pylaeva, N.; Vahakuopus, J. Improving
spatial functioning in children with cerebral palsy using computerized and traditional game tasks. Disabil.
Rehabil. 2003, 25, 1361-1371. [CrossRef]

Caglio, M.; Latini-Corazzini, L.; D’Agata, F; Cauda, F; Sacco, K.; Monteverdi, S.; Zettin, M.; Duca, S.;
Geminiani, G. Virtual navigation for memory rehabilitation in a traumatic brain injured patient. Neurocase
(Psychology Press) 2012, 18, 123-131. [CrossRef]

Kober, S.E.; Wood, G.; Hofer, D.; Kreuzig, W.; Kiefer, M.; Neuper, C. Virtual reality in neurologic rehabilitation
of spatial disorientation. J. Neuroeng. Rehabil. 2013, 10, 1-13. [CrossRef]

Grewe, P; Lahr, D.; Kohsik, A.; Dyck, E.; Markowitsch, H.; Bien, C.; Botsch, M.; Piefke, M. Real-life memory
and spatial navigation in patients with focal epilepsy: Ecological validity of a virtual reality supermarket
task. Epilepsy Behav. 2014, 31, 57-66. [CrossRef] [PubMed]

Claessen, M.H.G.; van der Ham, L.].M.; Jagersma, E.; Visser-Meily, ] M.A. Navigation strategy training
using virtual reality in six chronic stroke patients: A novel and explorative approach to the rehabilitation of
navigation impairment. Neuropsychol. Rehabil. 2016, 26, 822-846. [CrossRef] [PubMed]

Faria, A.L.; Andrade, A.; Soares, L.; I Badia, S.B. Benefits of virtual reality based cognitive rehabilitation
through simulated activities of daily living: A randomized controlled trial with stroke patients. J. Neuroeng.
Rehabil. 2016, 13, 1-12. [CrossRef] [PubMed]

White, PJ.; Moussavi, Z. Neuro-Cognitive Treatment for an Alzheimer’s Patient using a Virtual Reality
Navigational Environment. J. Exp. Neurosci. 2016, 10, 129-135. [CrossRef] [PubMed]

Bate, S.; Adams, A.; Bennetts, R.; Line, H. Developmental prosopagnosia with concurrent topographical
difficulties: A case report and virtual reality training programme. Neuropsychol. Rehabil. 2017, 29, 1-23.
[CrossRef]

De La Torre-Luque, A.; Valero-Aguayo, L.; De La Rubia-Cuestas, E.J. Visuospatial Orientation Learning
through Virtual Reality for People with Severe Disability. Int. ]. Disabil. Dev. Educ. 2017, 64, 420-435.
[CrossRef]

De Luca, R.; Buono, V.L.; Leo, A.; Russo, M.; Aragona, B.; Leonardi, S.; Buda, A.; Naro, A.; Calabro, R.S. Use
of virtual reality in improving poststroke neglect: Promising neuropsychological and neurophysiological
findings from a case study. Appl. Neuropsychol. 2017, 26, 1-5. [CrossRef]

De Luca, R.; Russo, M.; Naro, A.; Tomasello, P.; Leonardi, S.; Santamaria, F.; Desire¢, L.; Bramanti, A.;
Silvestri, G.; Bramanti, P; et al. Effects of virtual reality-based training with BTs-Nirvana on functional
recovery in stroke patients: Preliminary considerations. Int. |. Neurosci. 2018, 7454, 1-6. [CrossRef]
Maresca, G.; Maggio, M.G.; Buda, A.; la Rosa, G. A novel use of virtual reality in the treatment of cognitive
and motor de fi cit in spinal cord injury. Medicine (Baltimore) 2018, 97, €13559. [CrossRef]

Mrakic-Sposta, S.; Di Santo, S.G.; Franchini, F.; Arlati, S.; Zangiacomi, A.; Greci, L.; Moretti, S.; Jesuthasan, N.;
Marzorati, M.; Rizzo, G.; et al. Effects of Combined Physical and Cognitive Virtual Reality-Based Training on
Cognitive Impairment and Oxidative Stress in MCI Patients: A Pilot Study. Front. Aging Neurosci. 2018, 10,
1-11. [CrossRef]

Cipresso, P; Serino, S.; Riva, G. Psychometric assessment and behavioral experiments using a free virtual
reality platform and computational science. BMC Med. Inform. Decis. Mak. 2016, 16, 1-11. [CrossRef]
[PubMed]

Behr, J.; Bockholt, U.; Fellner, D. Instantreality—A Framework for Industrial Augmented and Virtual Reality
Applications. In Virtual Reality & Augmented Reality in Industry; Ma, D., Fan, X., Gausemeier, J., Grafe, M.,
Eds.; Springer: Berlin/Heidelberg, Germany, 2011.

Brotons-Mas, J.R.; O’Mara, S.; Sanchez-Vives, M.V. Neural processing of spatial information: What we
know about place cells and what know about place cells and what they can tell us about presence. Presence
Teleoperators Virtual Environ. 2006, 15, 485-499. [CrossRef]

De Luca, R,; Portaro, S.; Le Cause, M.; De Domenico, C.; Maggio, M.G.; Ferrera, M.C.; Giuffre, G.; Bramanti, A.;
Calabro, R.S. Cognitive rehabilitation using immersive virtual reality at young age: A case report on traumatic
brain injury. Appl. Neuropsychol. Child 2019, 1-6. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/BF00539600
http://dx.doi.org/10.1080/09638280310001616358
http://dx.doi.org/10.1080/13554794.2011.568499
http://dx.doi.org/10.1186/1743-0003-10-17
http://dx.doi.org/10.1016/j.yebeh.2013.11.014
http://www.ncbi.nlm.nih.gov/pubmed/24361763
http://dx.doi.org/10.1080/09602011.2015.1045910
http://www.ncbi.nlm.nih.gov/pubmed/26040931
http://dx.doi.org/10.1186/s12984-016-0204-z
http://www.ncbi.nlm.nih.gov/pubmed/27806718
http://dx.doi.org/10.4137/JEN.S40827
http://www.ncbi.nlm.nih.gov/pubmed/27840579
http://dx.doi.org/10.1080/09602011.2017.1409640
http://dx.doi.org/10.1080/1034912X.2016.1274022
http://dx.doi.org/10.1080/23279095.2017.1363040
http://dx.doi.org/10.1080/00207454.2017.1403915
http://dx.doi.org/10.1097/MD.0000000000013559
http://dx.doi.org/10.3389/fnagi.2018.00282
http://dx.doi.org/10.1186/s12911-016-0276-5
http://www.ncbi.nlm.nih.gov/pubmed/26992890
http://dx.doi.org/10.1162/pres.15.5.485
http://dx.doi.org/10.1080/21622965.2019.1576525
http://www.ncbi.nlm.nih.gov/pubmed/30838889

J. Clin. Med. 2019, 8, 1516 25 of 25

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

Darken, R.P; Sibert, J.L. Navigating Large Virtual Spaces. Int. ]. Hum-Comput. Interact. 1996, 8, 49-72.
[CrossRef]

Serino, S.; Mestre, D.; Mallet, P; Pergandi, ].; Cipresso, P.; Riva, G. Don’t Get Lost in Translation: The Role of
Egocentric Heading in Spatial Orientation; Elsevier: Amsterdam, The Netherlands, 2015.

Cogné, M.; Auriacombe, S.; Vasa, L.; Tison, E; Klinger, E.; Sauzeon, H;; Joseph, P.-A.; N'kaoua, B. Are visual
cues helpful for virtual spatial navigation and spatial memory in patients with mild cognitive impairment or
Alzheimer’s disease? Neuropsychology 2018, 32, 385-400.

Flores-Mateo, G.; Argimon, ]. M. Evidence based practice in postgraduate healthcare education: A systematic
review. BMC Health Serv. Res. 2007, 7, 1-8. [CrossRef] [PubMed]

Chrastil, E.R.; Warren, W.H. Active and passive contributions to spatial learning. Psychon. Bull. Rev. 2012, 19,
1-23. [CrossRef]

Serino, S.; Riva, G. What is the role of spatial processing in the decline of episodic memory in Alzheimer’s
disease? The ‘mental frame syncing’ hypothesis. Front. Aging Neurosci. 2014, 6, 1-7. [CrossRef]

Senn, S. Cross-over Trials in Clinical Research; John Wiley & Sons, Ltd: Hoboken, NJ, USA, 2002.

Loomis, J.M.; Blascovich, J.J.; Beall, A.C. Immersive virtual environment technology as a basic research tool
in psychology. Behav. Res. Methods Instrum. Comput. 1999, 31, 557-564. [CrossRef]

Gibson, J.J. The Theory of Affordances. In The Ecological Approach to Visual Perception; Routledge: Abingdon,
UK, 1979.

Meade, M.E.; Meade, ].G.; Fernandes, M.A. Active Navigation in Virtual Environments Benefits Spatial
Memory in Older Adults. Brain Sci. 2019, 9, 47. [CrossRef]

Maggio, M.G.; Maresca, G.; De Luca, R.; Stagnitti, M.C.; Porcari, B.; Ferrera, M.C.; Galletti, F; Casella, C.;
Manuli, A.; Calabro, R.S. The Growing Use of Virtual Reality in Cognitive Rehabilitation: Fact, Fake or
Vision? A Scoping Review. J. Natl. Med. Assoc. 2019. [CrossRef] [PubMed]

Wen, D.; Lan, X.; Zhou, Y.; Li, G.; Hsu, S.-H.; Jung, T.-P. The Study of Evaluation and Rehabilitation of Patients
with Different Cognitive Impairment Phases Based on Virtual Reality and EEG. Front. Aging Neurosci. 2018,
10, 1-6. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/10447319609526140
http://dx.doi.org/10.1186/1472-6963-7-119
http://www.ncbi.nlm.nih.gov/pubmed/17655743
http://dx.doi.org/10.3758/s13423-011-0182-x
http://dx.doi.org/10.3389/fnagi.2014.00033
http://dx.doi.org/10.3758/BF03200735
http://dx.doi.org/10.3390/brainsci9030047
http://dx.doi.org/10.1016/j.jnma.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30739728
http://dx.doi.org/10.3389/fnagi.2018.00088
http://www.ncbi.nlm.nih.gov/pubmed/29666577
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method 
	Search Methodology 
	Inclusion Criteria 
	Risk of Bias Assessment 
	PRISMA Flow Diagram 

	Results 
	Which Virtual Apparatus Is Recommended for Spatial Memory Rehabilitation? 
	Type of Device and Controllers During Navigation 
	VR Spatial Navigation 

	Which Virtual Training Method Is Suitable for Spatial Memory Rehabilitation? 
	VR Training Duration 
	Time Elapsed Since Damage 
	Training Procedure 
	Visual Cues 

	Which Assessment Method Is Best for Spatial Memory? 
	Spatial Memory Outcomes 
	Traditional and Virtual Assessment 


	Discussion 
	Conclusions 
	References

