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left controller into a shield. Fireworks (find the fireworks number): Three numbers are shown on the
screen when the game starts and fireworks burst in a random order from the numbers. When the
firework display is over, the subjects need to click the numbers in the order of which the firework
exploded. Love house (d: memory object at the house): In this particular game, subjects are placed in a
virtually simulated house where they were given 30 seconds to memorize the location of objects in
the shelf and around the living area. The items are then misplaced, and the subjects are required to
reorganize the objects in the correct location with the help of a VR hand controller.

Figure 2. (A) This figure illustrates the design for the virtual reality (VR) training design and game
contents. The total training duration was 100 minutes (three 20 min VR training sessions, and three
10 min eye massage and stretching sessions) held three times a week for 8 weeks. (B) The contents of
the VR training games: (a) juice making, (b) crow shooting, (c) find the fireworks number, (d) memory
object at the house, (e) and (f) example of subject.

2.3. Cognitive Function

Cognitive assessments were performed by neuropsychologists according to standardized
methods. Global cognitive function was assessed with the Korean version of the Mini-Mental
State Examination-Dementia screening test (MMSE-DS) [26]. From the National Center for Geriatrics
and Gerontology Functional Assessment Tool (NCGG-FAT), the trail making test (TMT) A & B, and
symbol digit substitution test (SDST) in the form of an electronic tablet were used to assess cognitive
function [27]. In TMT A, the subjects were instructed to touch the target number in consecutive order
of 1–15 shown in the tablet as quickly as possible. In TMT B, the subjects were instructed to touch
numbers and letters alternatively in consecutive order. In SDST, 9 pairs of numbers and symbols were
shown in the top half of the tablet display, and the subjects were asked to match the symbols to their
corresponding numbers displayed in the bottom half of the display. TMT and SDST were both timed,
and shorter time taken to complete the test indicated better cognitive function.
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2.4. EEG Recording and Data Acquisition

The EEG was recorded in a dimly lit and quiet room with a Cognionics Quick-20 (Cognionics Inc.,
San Diego, CA, USA) dry EEG headset. The EEG headset had a built-in design based on the international
10–20 system (Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1 and O2) positioned
according to the international 10–20 system [28]. The resting state EEG data of 5 minutes was recorded
with the eyes closed condition. The subjects were instructed to keep their eyes closed but stay awake
during EEG recordings. The EEG was recorded at a sampling rate of 500 Hz and filtered through a
band-pass of 0.53–120 Hz. The electrodes impedance was kept under 500 kΩ. The artifact removal
was conducted with independent component analysis (ICA) individually for each channel. The
EEG brain power ratio-theta/beta ratio (TBR), theta/alpha ratio (TAR) and delta/alpha ratio (DAR)
between baseline and follow-up data (within the VR intervention and control groups) were analyzed in
iSyncBrain software, v.2.1, 2018 (iMediSync, Inc., Seoul, South Korea) and the difference was observed
with paired t-test. The EEG band power was shown in a topographic map (Topo map) plotted with the
built-in sLoreta function in iSyncBrain software v.2.1. The differences were observed with paired t-test.

2.5. Physical Function

Physical function was assessed by gait speed test, mobility test and handgrip strength. The gait
speed test was 7 m long, which included a 1.5 m acceleration distance, a 4 m “preferred walking speed”
followed by a 1.5 m deceleration distance. Only the 4 m walk was timed. The 8-feet Up and Go test of
2.44 m was used to assess mobility. Handgrip strength (HGS) of the non-dominant hand was measured
with a digital hand dynamometer (TKK 5101 Grip-D Takei, Tokyo, Japan). The HGS was measured
twice and the mean value was used for statistical analysis. During the test, participants were instructed
to maintain their shoulders slightly apart from their body, and hold the dynamometer pointing to
the ground.

Socio-demographic variables such as education, age, medication intake and smoking were
acquired through interviews by trained researchers.

2.6. Statistical Analysis

All comparisons were two-sided, with an alpha level of 0.05. All statistical analyses were analyzed
using the IBM SPSS Statistics, version 25.0, 2017 software package for Windows (SPSS Inc., Chicago,
IL, USA). The Shapiro–Wilk test was used to determine the normality of the data distribution. The
independent t-test or the chi-square test was used to assess differences in the baseline (beginning of the
intervention) variables. We used the intention-to-treat approach, and between-group comparisons
of continuous variables were conducted using a repeated measures analysis of variance (ANOVA)
model after adjusting for the potential covariates (age, sex and years of education) for primary and
secondary endpoint outcome. Time was treated as a categorical variable, and the models included
group, time and group-by-time interaction as fixed effects. The conclusions about the effectiveness of
the VR intervention were based on between-group comparisons of change in global and prefrontal
cognitive function (working memory, processing and executive function) from baseline to 8 weeks
after, as assessed with the MMSE, TMT A & B, SDST and other physical function determined by the
time-by-group interaction of the model.

3. Result

In Table 1, the demographics of the study population along with baseline physical functions and
global cognitive functions are described. There are no significant differences in parameters between
the intervention and control groups at the baseline.
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Table 1. Selected anthropometric, cognitive and physical function characteristics of the subjects at
the baseline.

Variables VR Intervention Control

n (male) 34 (6) 34 (10)
Age (years) 72.6 ± 5.4 72.7 ± 5.6

Education (years) 9.3 ± 4.0 8.4 ± 3.5
Height (m) 1.58 ± 0.08 1.58 ± 0.08

No. of medication intake (n) 2.3 ± 1.4 2.12 ± 1.4
Weight (kg) 60.7 ± 9.8 61.3 ± 9.1
BMI (kg/m2) 24.3 ± 3.0 24.5 ± 2.7
SBP (mg/hg) 129.6 ± 15.8 129.6 ± 17.9
DBP (mg/hg) 74.8 ± 11.3 69.5 ± 11.8

Grip strength (kg) 22.2 ± 6.3 23.4 ± 5.7
Gait speed (s) 1.15 ± 0.33 1.18 ± 0.21

8-feet Up and Go (s) 6.27 ± 1.48 7.04 ± 2.02
MMSE (score) 26.0 ± 1.8 26.3 ± 3.3

TMT A (s) 26.3 ± 7.3 27.9 ± 9.2
TMT B (s) 56.6 ± 25.0 58.5 ± 28.1

SDST (score) 33.4 ± 9.0 32.4 ± 8.2

BMI: Body mass index, SPB: Systolic blood pressure, DBP: Diastolic blood pressure, MMSE: Mini mental state
examination, TMT A: Trail making test A, TMT B: Trail making test B, SDST: Symbol digit substitution test. The
values are expressed in mean and standard deviation (mean ± SD). All variables have no significant differences
measured by independent t- test or chi-square test.

In Table 2, TMT B time decreased significantly in the intervention group compared to the control
group (p = 0.03). Similarly, small, but not significant, positive changes were observed in MMSE and
SDST. The physical function such as gait speed (p =0.02) and 8-feet Up and Go were significantly
improved (p = 0.03) in the intervention group.

Table 2. The comparison of physical function and global cognitive function between baseline and post
intervention in the VR intervention and the control groups.

Variables VR Intervention Control
Group x Time

Interaction

Baseline Follow Up p-Value a Baseline Follow Up p-Value a p-Value b Effect
Size

Grip strength (kg) 22.2 ± 6.3 24.4 ± 5.3 0.03 23.4 ± 5.7 23.9 ± 5.7 n.s. n.s. -
Gait speed (m/s) 1.15 ± 0.33 1.19 ± 0.37 0.04 1.18 ± 0.21 1.12 ± 0.26 * 0.01 0.02 0.143
8-feet Up and go (s) 6.77 ± 1.48 6.32 ± 1.92 0.02 7.04 ± 2.02 7.06 ± 1.87 * n.s. 0.03 0.107
MMSE (score) 26.0 ± 1.8 26.9 ± 2.0 n.s. 26.3 ± 3.3 26.4 ± 2.7 n.s. n.s. -
TMT A (s) 26.3 ±7.3 24.2 ± 5.3 0.04 27.9 ± 9.2 27.8 ± 8.1 n.s. n.s. -
TMT B (s) 56.6 ± 25.0 51.3 ± 24.8 0.03 58.5 ± 28.1 63.2 ± 25.1 * 0.01 0.03 0.208
SDST (score) 33.4 ± 9.0 39.6 ± 9.5 0.02 32.4 ± 8.2 21.8 ± 8.2 < 0.01 0.03 0.264

The values are expressed in mean and standard deviation (mean ± SD). a Paired t-test between baseline and
follow-up assessment. b Repeated-measures analysis of variance (ANOVA) testing interaction of intervention
(VR intervention versus control) by time (baseline versus follow-up) for each outcome, adjusted for age, gender and
years of education. Effect size is partial eta squared for group by time. * Represents a significant difference between
the intervention and control group. n.s. = not significant, MMSE: Mini mental state examination, TMT A: Trail
making test A, TMT B: Trail making test B, SDST: Symbol digit substitution test.

3.1. EEG

3.1.1. Band Power

In the elderly, increased Theta wave (>3.5 to <8 Hz) is associated with the risk of developing
cognitive impairment [29,30]. The theta has been observed to be significantly decreased around the
parietal (p = 0.013) and temporal (p = 0.036) regions at follow up (G2) compared to baseline (G1) in the
VR intervention group (Figure 3).
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Figure 3. This figure shows a significant decrease in Theta power in the parietal (p = 0.013) and temporal
areas (p = 0.036) at follow up (G2) compared to baseline (G1) in the VR intervention group.

3.1.2. Power Ratio

The higher TBR is related to mind wandering, which is considered to be associated with reduced
attention [31]. In the VR intervention group, the Theta/Beta ratio (TBR) is decreased in the temporal
(p = 0.035) and parietal (p = 0.027) regions at follow up (Figure 4). In the control group, all power ratios
did not show any changes.

Figure 4. This figure shows a significant decrease in the Theta/Beta power ratio (p = 0.027) at follow up
(G2) compared to baseline (G1) in the VR intervention group.

4. Discussion

Our study examined the effect of a VR game intervention on cognitive and brain activity in older
adults with MCI. Our findings show that the VR game intervention is an effective way to improve
cognitive and frontal brain function in MCI patients. The improvements in the 8-feet Up and Go test
and gait speed were also observed in the intervention group.

Over the past decade, technology-based cognitive interventions have gained immense interest
worldwide. Our study results show positive effects for the VR intervention on key outcome variables,
such as cognitive and physical function. The VR intervention effect in the cognition category is consistent
with the result of a systematic review by Coyle et al. [32]. Coyle and colleagues showed that the VR
intervention moderately improved the cognitive function of participants with cognitive impairment.
A recent VR study has reported improvements in executive functions [33] after the VR intervention,
similar to our study results. TMT is often used as a measure of executive function [34]. TMT A
measures psychomotor speed and visual scanning, while TMT B reflects working memory [35–37].
However, our results showed significant positive improvements in TMT B but not in TMT A. The
contents of our VR training consisted of games such as love home, juice making and fireworks, which
required subjects to memorize objects, recipes and numbers respectively, highly involving use of
working memory along with other cognitive functions, such as attention and processing speed. This
could explain the significant change in TMT B score. In addition, we also measured brain electrical
activity during the resting state of mind. The theta power was observed to be decreased in the VR
intervention at follow up. Increased theta, in the elderly, is associated with the risk of developing

221



J. Clin. Med. 2020, 9, 1283

cognitive impairment [29,30]. Our study also a showed significant decrease in TBR in the temporal and
parietal regions of the brain. The higher TBR was observed to be related to mind wandering, which
is considered to be associated with reduced attention [31]. However, detailed studies over a longer
period on each EEG rhythm are required to draw its strong relationship with VR training.

Studies have also shown that VR intervention is effective to improve physical function and walking
speed of community-dwelling patients who had a stroke [38–40]. Our study results further expand this
data as significant improvements in physical function, especially gait speed and the 8-feet Up and Go
test, in MCI patients were observed after 8 weeks of VR training. Several studies have found physical
functions such as handgrip strength [41–43] and gait speed [44] to be associated with cognitive decline
in older adults. Gait speed has been reported to rely on motor function and cognitive processes, which
includes executive function and attention [45], which may explain the relationship between gait speed
and cognition. Furthermore, improved brain function may be due to health promoting behaviors, such
as physical activity and nutrition, and health literacy [46]. However, further studies are needed in order
to evaluate the bidirectional relationship between the improvement of cognition and physical function.

VR provides an artificial interactive environment closely representing reality. Older adults with
dementia can experience various sensory stimulation in a comfortable and safe virtually simulated
environment, which could lead to a boost in functional learning and transfer of learned functions [47].
Unlike computerized computer training, VR is immersive and closely mimics reality, intensifying
ecological legitimacy, offering greater potential for transfer to activities of daily life (ADL) [48]. We
performed fully immersive VR training in order to examine the effectiveness of using VR intervention
on cognitive, brain and physical function in MCI patients. The VR contents in our study used real
life locations. Fully immersive VR corresponds more to feeling like the individual is experiencing
real-life scenarios [23]. A functional magnetic resonance imaging study showed that the virtual
reality-generated environment activates the associated brain areas, similar to the real environment [49].

Our study yielded a positive effect of fully immersive VR training on cognitive as well as physical
function in older adults with MCI. The subjects in the VR intervention group strongly adhered to the
training and the dropout number was low (n = 1). One of the limitations of our study was that there
was no follow up in the middle of the intervention period or some period after the study was over, due
to which the short- and long-term effect of the VR intervention on cognition and physical function were
not observed. Secondly, the VR intervention program group had more sessions (n = 24) compared
to the control group (n = 8) and hence, the intervention group had more interaction with each other
and their supervising health professionals. The increased social interaction has been associated with
preventing cognitive decline [50,51]. This could have somewhat contributed to positive results in the
intervention group. The participants of our study were predominantly women (n = 52), compared
to men (n = 16), and future studies regarding gender differences on the effect of the VR intervention
are necessary.

5. Conclusions

In summary, our results show that VR-based cognitive training has a positive effect on cognition
in MCI patients. Although the global cognitive function did not change significantly, we observed
significant improvement in executive function, and some physical functions such as gait speed and the
8-feet Up and Go test. Moreover, the EEG test showed a positive change in brain activity related to
attention after the intervention period. Nevertheless, further work is needed in this area to confirm the
long-term effectiveness and feasibility.

Author Contributions: Conceptualization, H.P.; methodology, J.-G.Y., H.J.P. and M.J.; software, N.T., J.-G.Y., S.W.K.
and J.L.; formal analysis, H.S., K.W.P. and N.T.; investigation, N.T., M.J., J.L., H.J.P. and J.-G.Y.; writing—original
draft preparation, N.T. and H.P.; writing—review and editing, N.T., H.P.; visualization, N.T. and H.P.; supervision,
H.P.; project administration, H.P.; funding acquisition, H.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Dong-A University research grant.

222



J. Clin. Med. 2020, 9, 1283

Acknowledgments: The authors would like to thank the CEO Yeanhwa Lee and Sujin Seo of SY Inotech Inc.,
who provided VR contents for this study and helped us in operating the program. We thank the patients for
participating in the Busan Metropolitan HealthCare Center. We also thank Dave (DaeKeun) Kim and other
technical staff of iMediSync Inc. for the support in EEG data analysis and data filtering. We would also like to
thank Hansol Kim for providing the administrative support.

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

References

1. National Collaborating Centre for Mental Health (UK). Dementia. In Dementia: A NICE-SCIE Guideline on
Supporting People With Dementia and Their Carers in Health and Social Care; British Psychological Society: Lester,
UK, 2007.

2. World Health Organization. Dementia. Available online: https://www.who.int/news-room/fact-sheets/detail/
dementia (accessed on 26 February 2020).

3. Livingston, G.; Sommerlad, A.; Orgeta, V.; Costafreda, S.G.; Huntley, J.; Ames, D.; Ballard, C.; Banerjee, S.;
Burns, A.; Cohen-Mansfield, J. Dementia prevention, intervention, and care. Lancet 2017, 390, 2673–2734.
[CrossRef]

4. D’Cunha, N.M.; Georgousopoulou, E.N.; Dadigamuwage, L.; Kellett, J.; Panagiotakos, D.B.; Thomas, J.;
McKune, A.J.; Mellor, D.D.; Naumovski, N. Effect of long-term nutraceutical and dietary supplement use on
cognition in the elderly: A 10-year systematic review of randomised controlled trials. Br. J. Nutr. 2018, 119,
280–298. [CrossRef]

5. Albert, M.S.; DeKosky, S.T.; Dickson, D.; Dubois, B.; Feldman, H.H.; Fox, N.C.; Gamst, A.; Holtzman, D.M.;
Jagust, W.J.; Petersen, R.C. The diagnosis of mild cognitive impairment due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7, 270–279. [CrossRef] [PubMed]

6. Pal, K.; Mukadam, N.; Petersen, I.; Cooper, C. Mild cognitive impairment and progression to dementia
in people with diabetes, prediabetes and metabolic syndrome: A systematic review and meta-analysis.
Soc. Psychiatry Psychiatr. Epidemiol. 2018, 53, 1149–1160. [CrossRef]

7. Gauthier, S.; Reisberg, B.; Zaudig, M.; Petersen, R.C.; Ritchie, K.; Broich, K.; Belleville, S.; Brodaty, H.;
Bennett, D.; Chertkow, H. Mild cognitive impairment. Lancet 2006, 367, 1262–1270. [CrossRef]

8. Daviglus, M.L.; Bell, C.C.; Berrettini, W.; Bowen, P.E.; Connolly, E.S.; Cox, N.J.; Dunbar-Jacob, J.M.;
Granieri, E.C.; Hunt, G.; McGarry, K. National Institutes of Health State-of-the-Science Conference statement:
Preventing Alzheimer disease and cognitive decline. Ann. Intern. Med. 2010, 153, 176–181. [CrossRef]
[PubMed]

9. Park, H.; Park, J.H.; Na, H.R.; Hiroyuki, S.; Kim, G.M.; Jung, M.K.; Kim, W.K.; Park, K.W. Combined
Intervention of Physical Activity, Aerobic Exercise, and Cognitive Exercise Intervention to Prevent Cognitive
Decline for Patients with Mild Cognitive Impairment: A Randomized Controlled Clinical Study. J. Clin. Med.
2019, 8, 940. [CrossRef]

10. Zucchella, C.; Sinforiani, E.; Tamburin, S.; Federico, A.; Mantovani, E.; Bernini, S.; Casale, R.; Bartolo, M. The
multidisciplinary approach to Alzheimer’s disease and dementia. A narrative review of non-pharmacological
treatment. Front. Neurol. 2018, 9, 1058. [CrossRef] [PubMed]

11. Htut, T.Z.C.; Hiengkaew, V.; Jalayondeja, C.; Vongsirinavarat, M. Effects of physical, virtual reality-based,
and brain exercise on physical, cognition, and preference in older persons: A randomized controlled trial.
Eur. Rev. Aging Phys. Act. 2018, 15, 1–12. [CrossRef]

12. Optale, G.; Urgesi, C.; Busato, V.; Marin, S.; Piron, L.; Priftis, K.; Gamberini, L.; Capodieci, S.; Bordin, A.
Controlling memory impairment in elderly adults using virtual reality memory training: A randomized
controlled pilot study. Neurorehabilit. Neural Repair 2010, 24, 348–357. [CrossRef]

13. Baus, O.; Bouchard, S. Moving from Virtual Reality Exposure-Based Therapy to Augmented Reality
Exposure-Based Therapy: A Review. Front. Hum. Neurosci. 2014, 8. [CrossRef]

14. Moreno, A.; Wall, K.J.; Thangavelu, K.; Craven, L.; Ward, E.; Dissanayaka, N.N. A systematic review of the
use of virtual reality and its effects on cognition in individuals with neurocognitive disorders. Alzheimer’s
Dement. Transl. Res. Clin. Interv. 2019, 5, 834–850. [CrossRef] [PubMed]

223



J. Clin. Med. 2020, 9, 1283

15. Manera, V.; Chapoulie, E.; Bourgeois, J.; Guerchouche, R.; David, R.; Ondrej, J.; Drettakis, G.; Robert, P. A
feasibility study with image-based rendered virtual reality in patients with mild cognitive impairment and
dementia. PLoS ONE 2016, 11, e0151487.

16. 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. [CrossRef]
[PubMed]

17. Garcia-Betances, R.I.; Jiménez-Mixco, V.; Arredondo, M.T.; Cabrera-Umpiérrez, M.F. Using virtual reality for
cognitive training of the elderly. Am. J. Alzheimer’s Dis. Other Demen. 2015, 30, 49–54. [CrossRef]

18. Rizzo, A.S.; Kim, G.J. A SWOT analysis of the field of virtual reality rehabilitation and therapy. Presence
Teleoperators Virtual Environ. 2005, 14, 119–146. [CrossRef]

19. Kim, O.; Pang, Y.; Kim, J.-H. The effectiveness of virtual reality for people with mild cognitive impairment or
dementia: A meta-analysis. BMC Psychiatry 2019, 19, 219. [CrossRef]
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Abstract: Objective: the objective of this review is to analyze the advances in the field of rehabilitation
through virtual reality, while taking into account non-immersive systems, as evidence have them
shown to be highly accepted by older people, due to the lowest “cibersikness” symptomatology. Data
sources: a systematic review of the literature was conducted in June 2019. The data were collected
from Cochrane, Embase, Scopus, and PubMed databases, analyzing manuscripts and articles of the
last 10 years. Study selection: we only included randomized controlled trials written in English
aimed to study the use of the virtual reality in rehabilitation. We selected 10 studies, which were
characterized by clinical heterogeneity. Data extraction: quality evaluation was performed based on
the Physioterapy Evidence Database (PEDro) scale, suggested for evidence based review of stroke
rehabilitation. Of 10 studies considered, eight were randomized controlled trials and the PEDro
score ranged from four to a maximum of nine. Data synthesis: VR (Virtual Reality) creates artificial
environments with the possibility of a patient interaction. This kind of experience leads to the
development of cognitive and motor abilities, which usually positively affect the emotional state
of the patient, increasing collaboration and compliance. Some recent studies have suggested that
rehabilitation treatment interventions might be useful and effective in treating motor and cognitive
symptoms in different neurological disorders, including traumatic brain injury, multiple sclerosis,
and progressive supranuclear palsy. Conclusions: as it is shown by the numerous studies in the field,
the application of VR has a positive impact on the rehabilitation of the most predominant geriatric
syndromes. The level of realism of the virtual stimuli seems to have a crucial role in the training
of cognitive abilities. Future research needs to improve study design by including larger samples,
longitudinal designs, long term follow-ups, and different outcome measures, including functional
and quality of life indexes, to better evaluate the clinical impact of this promising technology in
healthy old subjects and in neurological patients.

Keywords: virtual reality; cognitive and physical rehabilitation; oldest old person

1. Introduction

Virtual reality (VR) is a trending, widely accessible, contemporary technology of increasing utility
to biomedical and health applications [1]. VR is the technological experience that allows for a full
immersion in virtual spaces with which you can interact via specific wearable or using only your hand.
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A key feature of all VR applications is interaction. Virtual environments (VE) are created and allow for
the user to interact with not only the VE, but also with virtual objects within the environment. In some
systems, the interaction might be achieved via a pointer operated by a mouse or joystick button. In
other systems, a representation of the user’s hand (or other body part) might be created within the
environment where the virtual hand movement is generated [2].

VR ranges from non-immersive to fully immersive, depending on the degree to which the
user is isolated from the physical surroundings when interacting with the virtual environment.
Non-immersive virtual reality allows for interacting with the environment through mouse or joystick;
immersive virtual reality, instead, uses tools that are connected to the human body in order to perform
the same motor task [3,4]. Non-immersive VR systems have been studied as a therapeutic tool for
improving symptoms in neurological disorders and have shown potential to promote cognitive and
motor improvements even in advanced stages of different neurological diseases (e.g., stroke, Alzheimer
and Parkinson disease (AD, PD), multiple sclerosis (MS), and traumatic brain injury) because of these
characteristics [5–9].

The use of VR technology in rehabilitation derives from research in computational neuroscience
involving motor learning mechanisms [10]. VR provides real-time visual feedback for movements,
thereby increasing engagement in enjoyable rehabilitation tasks [11].

VR provides alternative rehabilitation programs with new and effective therapeutic tools that can
improve the functional abilities in a wide variety of rehabilitation patients in a neurological setting,
offering several features, such as goal-oriented tasks and repetition. The use of VR environments for
virtual augmented exercise has recently been proposed as having the potential to increase exercise
behavior in older adults [12] and it also has the potential to influence cognitive abilities in this
population segment [13]. Therefore, VR represents a real opportunity for the cognitive rehabilitation of
neurological patients with different neuropsychological symptoms, especially in attention, memory,
problem-solving and executive dysfunction, and in behavioral impairments [7–9].

Moreover, VR training has been mostly described for the upper limb [14,15], but also for the lower
limb [16], balance and walking [17,18], as well as for perceptual/cognitive skills [19].

To our knowledge, systematic reviews or meta-analyses have been undertaken to review the
utility of VR technologies in a single arm of rehabilitation (i.e., motor or cognitive rehabilitation, upper
or lower limb rehabilitation), focusing on a specific pathology (stroke, PD, AD, MS) [6,7,9].

Despite the growing evidence of the positive effects of VR in rehabilitation of functional and
cognitive abilities, some systems still raised concerns regarding their acceptability with complex clinical
populations, as, for example, the older people. In particular, during trials with immersive systems, few
adverse events have been described by participants, including headache and dizziness [20]. Finally,
little is known about the perceived effect of the exposure at multisensory input during a complex
activity, such as treadmill walking with VR in patients during post-stroke rehabilitation to improve
balance and gait ability [6,21].

The objective of this review is to analyze the advances in the field of rehabilitation through VR,
while taking non-immersive systems into account, as evidence have shown to be highly accepted by
older people, due to the lowest “cibersikness” symptomatology [20]. For this purpose, Randomized
Controlled Trials (RCTs) were analyzed in order to investigate the effects of rehabilitation programs
integrated with innovative non-immersive VR systems and suggest future clinical applications.

2. Methods

2.1. Literature Search and Study Selection

The methodology of this systematic review was based on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines, as the main aim of this work is mapping
all the available literature in the rehabilitation with non-immersive virtual reality. A systematic review
of the literature was conducted in June 2019. The data were collected from Cochrane, Embase, Scopus,
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PubMed, and Science Direct databases, analyzing manuscripts and articles of the last 10 years (from
June 2009 to June 2019), in order to obtain the latest evidence in the field.

Based on consultation with the multidisciplinary team, non-immersive VR studies and applications
related to rehabilitation intervention were searched while using the following search terms, and the
combination thereof: non-immersive, virtual reality, virtual game, rehabilitation, motor impairment,
and cognitive impairment.

After the preliminary search, 26 articles resulted from PubMed, 19 from Scopus, 283 from Science
Direct, 10 from Embase, and 11 from Cochrane.

The findings were analyzed and screened by four experts of the team, a bioengineer, a clinical
neuropsychologist, a statistician, and a neurologist. In particular, three review authors independently
reviewed titles and abstracts that were retrieved from the search in order to determine whether they met
the predefined inclusion criteria. A fourth review author (a statistician) moderate any disagreement.
The full text articles were subsequently analyzed.

The first screening was based on the analysis of the title and of the abstract, as well as deduplication
of the findings. Another researcher confirmed the accuracy of the papers selection and screened for
any possible omission. After the first step, 11 articles resulted from PubMed, two from Scopus, and 0
from Science Direct, Embase, and Cochrane.

2.2. Study Selection

We included RCTs and reviews written in English that aimed to study the use of non-immersive
virtual reality in rehabilitation. Thus, we selected studies meeting the following criteria:

1. Studies conducted on adult patients aged ≥65 years
2. Studies devoted to use a non-immersive virtual reality in rehabilitation
3. Studies including upper limb rehabilitation, lower limb rehabilitation, or cognitive rehabilitation
4. Randomized clinical trials, with control group that received conventional rehabilitation therapy
5. Before-after comparison of a single group
6. Review articles

On the contrary, we excluded studies that met the following criteria:

1. Conference proceedings
2. Studies for which the full text was not found
3. Studies written in languages other than English
4. Technical papers
5. Qualitative studies

All case-report studies and case-control studies were excluded for a lack of sustainability of results,
as well as works concerning the development of new technologies.

2.3. Data Collection

After the screening based on the inclusion/exclusion criteria, conducted on the full text articles,
the studies were selected as follows: 0 from Scopus, 10 from PubMed, and no one from Cochrane,
Science Direct and Embase, and one from other sources. The countries of the selected studies are:
Spain (2), France (2), Italy (2), Israel (1), United State of America (1), Canada (2), and Brazil (1). The fact
that the studies have been performed in different countries shows that the topic is of general interest.
Figure 1 shows the flowchart search strategy applied.
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Figure 1. Flow diagram of the study selection process.

3. Results

A total of 10 papers were included. Studies are both reviews [22,23] and clinical papers [24–31].

3.1. Study Quality Evaluation

Quality evaluation was performed based on the PEDro scale and on the Cochrane’s Risk of Bias
(RoB) tool, suggested for evidence based review of rehabilitation while using non-immersive virtual
reality [32,33]. The final score was settled when three authors reached agreement after repeated review
and analysis. Of eight studies considered, five were randomized controlled trials and the PEDro score
ranged from four to a maximum of nine, and the RoB score ranges from one to five (Table 1).
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3.2. General Characteristics of the Study Population

All of the studies were focused on older people with a mean age of 65.2 (±9.4) years for the
experimental group and 69.2 (±9.4) years in the control group. The number of participants that were
involved in all the studies is 1008 ranged from 6 to 376.

To our knowledge, of the older people involved in the trials, 586 were males and 392 females.
The majority of the patients suffered from stroke (n = 593), followed by older people at high risk

of falls, with more than two falls in six months (n = 182), patients with amyotrophic lateral sclerosis
(n = 30), AD (n = 24), or PD (n = 24).

3.3. Descriptive Analysis and Outcome Measures

Table 2 shows the characteristics of the studies. The outcome could not be pooled into meta-analysis
due to the following reasons. Clinical heterogeneity (Table 2) can be clearly observed from the
participant, intervention, exercise mode, and outcome measures of the included studies. Diversity is
seen in patient conditions and pathology, frequency, and duration of VR intervention, whether the
impairment concerns the upper or the lower limb, whether the experiment conducted was pure VR
(only VR) or VR mixed with traditional physical therapy or with exercise therapy, and whether the
outcome measure contains follow-up.
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3.4. Intervention Effects

Eight papers report the results of clinical trials involving a group of patients that performed
a training with VR system versus a control group that performed a traditional physiotherapy
training [25–29,31], or a comparison within the same group performing a VR training while using
different exercise control modalities [30].

The period of VR training ranged from four to six weeks, each day of the week or three training
sessions per week, while the duration of each single session with VR system ranged from 15 to
60 minutes. Only in one study [27] the duration of intervention was two weeks. Generally, all
the experimental groups (EGs) in the studies have received both therapies with VR and traditional
physiotherapy, while the control groups (CGs) have only received traditional physiotherapy. Two
studies have a follow up after eight and 12 weeks [29] or six months [28].

The study of Walker et al. [24] reported the lowest number of subjects (n = 6) within one-year
post-stroke. It is a before-after study and all the subjects performed training with a treadmill equipped
with a VR system. All the participants made significant improvements in their ability to walk, increasing
the over ground walking speed and the Berg Balance Scale (BBS) scores.

The study of Turolla et al. [25] involves 376 post-stroke patients randomized into two groups,
receiving combined VR and upper limb conventional therapy or traditional therapy alone. VR
rehabilitation seems more effective than conventional interventions in restoring upper limb motor
impairments and motor related functional abilities.

The study of Allain et al. [26] involves 24 Alzheimer’s disease patients as compared with 32
healthy elderly controls on a task designed to assess their ability to prepare a virtual cup of coffee,
comparing the performance with an identical daily living task. Significant relations are found between
virtual and real coffee-making scores, and between virtual score and Instrumental activities of daily
living (IADL) scale, which supports the validity of the virtual reality training.

In a study of Saposnik et al. [27], 141 post-stroke patients were randomized into two groups: the
first received the VR therapy and the second received recreational therapy. The results show that
within each group the performance time improves from baseline to the end of treatment, whereas no
differences are found between groups.

The objective of Mirelman et al. [28] was to verify whether an intervention combining treadmill
training with non-immersive virtual reality (to target both cognitive aspects and mobility) would lead
to fewer falls than treadmill training alone would. To do this, the authors recruited 282 older people
at high risk of falls and randomized them into two groups to receive treadmill training plus VR or
treadmill training alone. In the six months after training, the incident rate was significantly lower in
the experimental group.

The study of Segura-Ortì et al. [29] involves 18 patients on hemodialysis: nine performed 30
minutes of non-immersive virtual reality training and nine performed 30 minutes of aerobic training.
Both interventions improved physical function, such as gait speed and no significant differences, were
found between groups.

In the study of Trevizan et al. [30], the performance on a computer task in patients with amyotrophic
lateral sclerosis while using three (motion tracking, finger motion control, or touch screen) different
commonly used non-immersive devices was evaluated. The control and experimental group both
showed better performance on the computer task when using the touch screen device.

Pelosin et al. [31] analyzed 39 patients with Parkinson’s disease, assigned to treadmill training
group or treadmill training with non-immersive virtual reality intervention group to assess cholinergic
activity. The results showed that the experimental group improved obstacle negotiation performance,
and reduced the number of falls as compared with control group.

4. Discussion

A review of the evidence on VR efficacy in patients affected by a neurological disease is mandatory
due to the rapid development of VR programs in the last years and the increasing literature on VR
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application in neurological conditions, in order to enable clinicians to have an up-to-date understanding
of the potential clinical beneficial effects of these techniques.

Therefore, the aim of this paper was to systematically evaluate the evidence of the effectiveness of
VR compared to conventional therapies. It must be stressed that few studies summarize the current
best evidence on the effectiveness, user compliance, feasibility, and safety of VR interventions for
rehabilitation treatment in neurological disorders.

VR creates artificial environments with the possibility of a patient interaction. This kind of
experience leads to the development of cognitive and motor abilities, which usually positively affect
the emotional state of the patient, increasing collaboration and compliance.

Moreover, the VR rehabilitative treatment might be personalized according to the specific abilities
and needs of the subject.

Parkinson disease is one of the most common age-related brain disorders with both
dopamine-related motor symptoms and nonmotor symptoms due to other neurotransmitter circuits
involvement, such as the cholinergic, noradrenergic, and serotonergic pathways.

The cognitive decline is among the most common and relevant nonmotor symptoms in PD and
it affects different cognitive domains, in particular attentional, visuospatial and executive domains,
and also memory. VR in the cognitive PD treatment could be useful in improving, in particular, the
visuospatial and executive abilities, which represent the most compromised aspects of cognitive decline
in PD patients [7].

Moreover, falls are frequent in ageing and PD patients, due to an impairment in the
cholinergic-mediated gait pathway. A rehabilitation approach using treadmill training combined with
non-immersive VR seems to induce changes in cortical cholinergic activity, which enables functional
gait improvements and reduces the fall rate in comparison to a traditional rehabilitation method [31].

A reduction in static and dynamic balance is a major risk factor for falls also in stroke survivors [34].
In fact, the majority of the individuals with stroke who have fallen usually develop fear of falling again
(88%). Fear of falling is related to balance and gait deficits [35], and it often leads to reduced physical
activity and deconditioning. In fact, 44% of stroke fallers report restriction of activity after the fall.
Given the very low physical activity and cardiovascular fitness levels already near the lower limit of
those required for basic ADL, further activity reduction and deconditioning due to the fear of falling
can easily lead to a loss of independence in individuals with stroke.

A recent review on post-stroke rehabilitation therapy [6] provided evidence for a moderate
beneficial effect in balance improvement of VR combined with conventional therapy, as compared to
conventional therapy alone.

More promising effects seem to be evident in the case of upper limb motor impairments in stroke
rehabilitation [25], but further studies are needed on this subject. In fact, the trial described in [27]
found that non-immersive VR as an add-on therapy to conventional rehabilitation was not superior
to a recreational activity intervention in improving motor function, which suggested that the added
intensity of training only induces early motor recovery of the upper limb, and that this can be achieved
with VR or with other simple and inexpensive arm activities.

VR technology has considerable potential for detecting functional limitations in IADL performance
in AD patients, beyond that of current neuropsychological measures, as shown by Allain et al. [26].
Moreover, studies were carried out to assess the effectiveness of a VR cognitive training program on
cognition in mild cognitive impairment (MCI) and AD patients [36].

VR cognitive training for individuals with MCI and dementia has proven to result in improvements
in the cognitive domains of attention, executive function, and visual and verbal memory. Moreover,
significant reductions in depressive symptoms and anxiety were evident, with a delay in the progression
of cognitive impairment [37].

Additionally, the VR format might help in training adherence, as individuals with MCI and
dementia patients seem to prefer the VR format of a task over the paper version, as confirmed by
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a feasibility study with image-based rendered VR in patients with mild cognitive impairment and
dementia [38].

Some recent studies have suggested that rehabilitation treatment interventions might be useful
and effective in treating motor and cognitive symptoms in different neurological disorders, including
traumatic brain injury [8], multiple sclerosis [9], and progressive supranuclear palsy [39].

Finally, VR represents an effective tool that could improve the traditional cognitive and motor
rehabilitation in patients that are affected by a neurological disease. Moreover, home-based VR might
offer a promising addition or alternative to existing rehabilitation programs, and a chance to provide
and/or prolong the required therapy after discharge in a more accessible setting, potentially improving
clinical outcomes.

Future research needs to improve the study design by including larger samples, longitudinal
designs, long term follow-ups, and different outcome measures, including functional and quality of
life indexes, to better evaluate the clinical impact of this promising technology in healthy old subjects
and in neurological patients. In particular, the next challenge for the research on VR and rehabilitation
can be summarized in the following questions:

1. Does an innovative intervention enriched with VR provide a significant improvement in
mobility, compared to traditional physiotherapy?

2. Is the intervention cost-effective for the health management systems?
To answer to these questions, it is crucial to understand how to improve the rehabilitation path of

older people, through multidisciplinary multicomponent and person-centered intervention, integrated
with VR.

The evidence reported in the paper are in line with the aims that were expressed by the National
Plan for Health Research, whose priorities are defined in accordance with the indications contained in
the regulation of the European Parliament and of the Council on the establishment of the “Health for
growth” program, which pursues as a goal the achievement of a strong potential for economic growth
thanks to the improvement of the state of health, through the facilitation of innovation in health care,
the improvement of skills and information on specific diseases, and the identification of good practices
for effective prevention [40]. In line with what has been expressed, the role of health technology
assessment is of crucial importance. In this perspective, the available services must necessarily be
enriched with adequate equipment of proven efficacy, as the promising sector of VR, to be able to
advance at both the methodological and assistance level.

5. Conclusions

As it is shown by the numerous studies in the field, the application of VR has a positive impact
on the rehabilitation of the most predominant geriatric syndromes. The level of realism of the
virtual stimuli seems to have a crucial role in the training of the cognitive abilities. Nevertheless,
semi-immersive or non-immersive VR systems have the advantage of being more accepted by the
users, as they experienced less cybersickness after the training. Moreover, the integration of these
devices in the health management systems are still lacking despite the evidence and the peculiarity of
VR technologies with different level of immersivity. A tentative explanation can be found, not only
in the cost of technology that seems to be more affordable in the recent years, but, most of all, in the
absence of a standardized protocol and procedure, to harmonize traditional rehabilitation therapies
and innovative VR systems. For this reason, it will be necessary to improve the research in the field,
adopting RCTs study design as well as indicators of health technology assessment, to understand the
effectiveness and efficacy also in terms of optimization of the clinical pathways. In addition, as VR
systems can be easily adopted at home, it can be considered to be useful for the continuity of care.
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Abbreviations

VR Virtual Reality
AD Alzheimer disease
PD Parkinson disease
MS Multiple sclerosis
RCTs Randomized Controlled Trials
EGs experimental groups
CGs control groups
BBS Berg Balance Scale
IADL Instrumental activities of daily living
MCI Mild cognitive impairment
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34. Savović, J.; Weeks, L.; Sterne, J.A.C.; Turner, L.; Altman, D.G.; Moher, D.; Higgins, J.P.T. Evaluation of the
Cochrane Collaboration’s tool for assessing the risk of bias in randomized trials: Focus groups, online survey,
proposed recommendations and their implementation. Syst. Rev. 2014, 3, 37. [CrossRef] [PubMed]

35. Weerdesteyn, V.; de Niet, M.; van Duijnhoven, H.J.R.; Geurts, A.C.H. Falls in individuals with stroke. JRRD
2008, 45, 1195–1214. [CrossRef]

36. Botner, E.M.; Miller, W.C.; Eng, J.J. Measurement properties of the Activities-specific Balance Confidence
Scale among individuals with stroke. Disabil. Rehabil. 2005, 27, 156–163. [CrossRef]

37. Coyle, H.; Traynor, V.; Solowij, N. Computerized and virtual reality cognitive training for individuals at high
risk of cognitive decline: Systematic review of the literature. Am. J. Geriatr. Psychiatry 2015, 23, 335–359.
[CrossRef]

38. Manera, V.; Chapoulie, E.; Bourgeois, J.; Guerchouche, R.; David, R.; Ondrej, J.; Drettakis, G.; Robert, P. A
feasibility study with image-based rendered virtual reality in patients with mild cognitive impairment and
dementia. PLoS ONE 2016, 11, e0151487. [CrossRef]

39. Maggio, M.G.; Maresca, G.; Scarcella, I.; Latella, D.; De Domenico, C.; Destro, M.; De Luca, R.; Calabro, R.S.
Virtual reality-based cognitive rehabilitation in progressive supranuclear palsy. Psychogeriatr. Soc. 2019.
[CrossRef]

40. Regulation (EU) No 282/2014 of the European Parliament and of the Councilof 11 March 2014 on the
Establishment of a Third Programme for the Union’s Action in the Field of Health (2014–2020) and Repealing
Decision No 1350/2007/EC. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=
CELEX:32014R0282&from=EN (accessed on 23 October 2019).

© 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/).

240



Journal of

Clinical Medicine

Review

Neurorehabilitation of Spatial Memory Using Virtual
Environments: A Systematic Review

Jessica Isbely Montana 1,*, Cosimo Tuena 2, Silvia Serino 3, Pietro Cipresso 2,4 and

Giuseppe Riva 2,4

1 Department of Human Sciences for Education, University of Milano-Bicocca, Piazza dell’Ateneo Nuovo 1,
20126 Milano, Italy

2 ATN-P Lab, Department of Psychology, IRCSS Auxologico Italiano, Via Magnasco 2, 20149 Milano, Italy;
cosimotuena@gmail.com (C.T.); p.cipresso@auxologico.it (P.C.); giuseppe.riva@unicatt.it (G.R.)

3 MySpace Lab, Department of Clinical Neurosciences, University Hospital Lausanne-CHUV,
CH-1011 Lausanne, Switzerland; silvia.serino@chuv.ch

4 Department of Psychology, Catholic University of the Sacred Heart, Largo Gemelli,1, 20100 Milan, Italy
* Correspondence: jessica.montana@unimib.it; Tel.: +39-345-605-5281

Received: 29 July 2019; Accepted: 19 September 2019; Published: 20 September 2019

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.
A virtual camera controls the viewpoint from which the subject experiences the computer-generated
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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
parieto-occipital sulcus allow both types of representation to interact with each other [37,39,41,42].
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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
methodological design. We excluded articles which lacked necessary information for review in the
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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.

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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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 × 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 Tübingen [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
40–45 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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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 Tübingen 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; ŋ2 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 Tübingen, 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 insufficient 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 Tübingen, 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 Tübingen, Route delayed
recall RBMT), only the Virtual Tübingen 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.
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Abstract: Previous studies on obsessive–compulsive disorder (OCD) showed impairments in executive
domains, particularly in cognitive inhibition. In this perspective, the use of virtual reality showed
huge potential in the assessment of executive functions; however, unfortunately, to date, no study
on the assessment of these patients took advantage of the use of virtual environments. One of the
main problems faced within assessment protocols is the use of a limited number of variables and
tools when tailoring a personalized program. The main aim of this study was to provide a heuristic
decision tree for the future development of tailored assessment protocols. To this purpose, we
conducted a study that involved 58 participants (29 OCD patients and 29 controls) to collect both
classic neuropsychological data and precise data based on a validated protocol in virtual reality for
the assessment of executive functions, namely, the VMET (virtual multiple errands test). In order to
provide clear indications for working on executive functions with these patients, we carried out a
cross-validation based on three learning algorithms and computationally defined two decision trees.
We found that, by using three neuropsychological tests and two VMET scores, it was possible to
discriminate OCD patients from controls, opening a novel scenario for future assessment protocols
based on virtual reality and computational techniques.

Keywords: Obsessive–compulsive disorders; virtual reality; multiple errands test; cognitive
assessment; executive functions; computational models; decision tree; cross-validation

1. Introduction

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) [1],
patients with obsessive–compulsive disorder (OCD) usually show obsessions and/or compulsions that
reduce quality of life because of interference with daily routines, as well as work, social, or family life.
This disorder affects about 2% of the population, and the World Health Organization highlighted that
OCD is one of the 20 causes of disability in subjects within the 15–44 age range [2]. Moreover, OCD
patients show dysfunctions in executive domains, particularly in cognitive inhibition [3], probably
caused by a serotoninergic and dopaminergic dysfunction [4]. A deficit in executive functions may
give problems when responding to both internal and external requirements, by inhibiting the ability
to manage and orient the necessary cognitive resources. Specifically, the term “executive function”
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indicates a complex domain that includes a large number of cognitive processes and behavioral
capabilities such as problem-solving, planning, sequencing, ability to sustain attention, resisting
interference, utilizing feedback, cognitive inhibition, multitasking, cognitive flexibility, etc. [5–7].
Despite this abnormality, research on neuropsychological impairments in OCD produced unclear
results [8]. Analyzing this specific syndrome, we can find some symptoms strongly related to
dysexecutive deficits, such as checking behaviors. It is important to understand which one has a causal
role in OCD and which one is a consequence of the syndrome [9]. Some articles showed deficits in
planning abilities and nonverbal memory, while other studies reported deficits in cognitive flexibility
and inhibition, and others displayed no neuropsychological deficits [10–14]. There are many possible
explanations, e.g., differences in the methodology, in the instruments used, or in the characteristics
of the samples. Specifically, the diversity of tools used during the assessment phase is related to an
unsolved debate: the difference between paper-and-pencil and ecological tests [15]. Classic tasks in
a classic setting analyze single aspects of complex domains and request simple responses to single
events. Conversely, tasks in naturalistic settings may analyze cognitive functions in a complete way,
requiring complex answers and, sometimes, the inhibition of inappropriate or irrelevant actions within
several subtasks [6]. Therefore, it is critical to increase the ecological validity of a neuropsychological
battery, especially for a complex cognitive domain such as an executive function. The assessment
procedure has to become more sensitive to different aspects of patient behavior reflecting real-life
situations [16]. However, it is too difficult to create a feasible assessment of executive functions during
real-life situations because of implementation problems and the difficulty in involving patients in the
procedure [17].

Virtual reality (VR) represents a valid solution to address the problems of classical assessment
protocols. VR is a new technology that allows users to actively interact in a computer-generated
tridimensional environment that simulates the real world [18]. This technology allows subjects to
explore and manage several situations inspired by daily experiences using real correspondent behaviors
in a more controlled, safe, and low-cost setting than real-life situations [19]. In the last few years, VR was
applied for the assessment and rehabilitation of several psychological diseases such as post-traumatic
stress disorder [20–22], anxiety [23,24], and eating disorders [25], as well as for neuropsychological
domains such as neglect [26,27], executive functions [28,29], decision-making [30], spatial memory and
orientation [31–33], and cognitive rehabilitation of schizophrenia [34].

In the current study, we proposed a computational approach based on classification learning
algorithms to discriminate OCD patients from a control group. There were many studies that
highlighted the usefulness of a VR-based approach for the assessment of executive functions in OCD
patients [35–37]. These patients showed a specific pattern of symptoms that could be easily detected
with the use of VR or an integrated assessment. Our purpose was to provide a heuristic decision tree
for a more precise but simple diagnosis, giving evidence-based indications for a possible rehabilitation
protocol using virtual reality tailored to these patients. The assessment of the OCD disorder was based
on a clinical interview, integrated with a questionnaire, as well as neuropsychological assessment in
rare cases. This last aspect is important because it may highlight a particular pattern of functioning in
OCD patients [38]. We tried providing indications of the most useful assessment tools for the analysis
of these specific aspects.

2. Materials and Methods

2.1. Participants

The 58 participants consisted of 29 OCD patients (mean age: 33.07; SD: 9.91), diagnosed by a
clinical psychologist or psychiatrist as meeting the DSM-5 [1] criteria for OCD, and 29 healthy and
partially matched controls (mean age: 40.48; SD: 15.59). The mean value for years of education (y.o.e.)
of patients was 12.03 (SD: 3.2) and that for the healthy control group was 12.03 (SD: 3.2). In the
OCD group, there were 14 females and 15 males, and, in the healthy control group, there were 14
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females and 15 males. In Table 1, the descriptive statistics of both groups are presented. In Table 2,
a comparison between age and y.o.e. and between the cognitive level of control and patient groups
is presented. According to the results, the two groups were matched for both age and y.o.e. but not
for cognitive level. The general exclusion criteria were as follows: (1) presence of sensory and/or
motor limitation; (2) presence of deficit in general cognitive level (Mini Mental State Examination <19);
(3) deficit in perception (Street Test <2.25); (4) deficit in language comprehension (Token Test <26.5);
(5) anxiety (State Trait Anxiety Inventory - STAI >40); (6) depression (Beck Depression Inventory >16).
We did not control the level of OCD symptoms with quantitative methods; however, all patients were
currently undergoing treatment and, according to a clinician, in partial remission. Furthermore, OCD
patients with comorbidities and healthy controls with any psychiatric diagnosis were excluded. The
subjects involved were treated with both drugs and psychotherapy according to the standard. All
participants were experienced with the use of personal computers (PCs) and came from the hospital’s
area. Participants were asked not to drink caffeine or alcohol and not to smoke prior to the experimental
test to avoid any effects of these substances on test execution and performance.

Table 1. Descriptive statistics of the two groups. SE—standard error; y.o.e.—years of education;
MMSE—Mini Mental State Examination.

Group N Mean SD SE

Age
1 29 33.07 9.906 1.840
2 29 40.48 15.588 2.895

y.o.e. 1 29 12.03 3.201 0.594
2 29 12.03 3.029 0.563

MMSE
1 29 26.56 2.675 0.497
2 29 28.53 1.028 0.191

Table 2. Independent sample Mann–Whitney U test.

W p

Age 312.5 0.094
y.o.e. 425.5 0.936

MMSE 194.0 <0.001

2.2. Ethics Statement

The study was approved by the scientific review board of the “U.O. di Psichiatria dell’Azienda
Universitaria Ospedaliera Policlinico ‘Paolo Giaccone’ di Palermo”, in accordance with the Declaration
of Helsinki. All participants gave written informed consent to the experimental procedure according
to the rules of the scientific review board. All participant data were stored in encrypted and password
protected files, following the criteria to protect personal health information [39].

2.3. Protocol

Participants were selected from the outpatient Unit of Psychiatry of Palermo University Hospital.
The subject who met the experimental criteria were contacted, and a meeting was scheduled at the
University Hospital. The experimental session was held by a specialized psychiatrist of the University
of Palermo. At the beginning of the session, the examiner explained the general goals of the clinical
protocol and the procedures to be used, and discussed the patient’s doubts and concerns. During
the experimental session, two parts were planned: the classical neuropsychological assessment and
the VR-based assessment. The presentation order was counterbalanced; half of the patients started
the assessment with the VR test, and the other half started with the classic neuropsychological
battery. Before the VR-based assessment, patients were trained for the use of a joypad within a
virtual environment.
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2.4. Neuropsychological Battery

To understand the cognitive profile of the participants, a complete neuropsychological battery
was administered. A Mini Mental State Evaluation (MMSE) [40] was administered to assess the general
cognitive level. To assess verbal memory, the Digit Span (Digit S) Test [41] was used to assess short-term
memory, the Short Story Recall Test and the Paired-Associate Learning Test (PALT) [42] were used to
assess long-term memory, and the Corsi Span (Corsi S) and the Corsi Block Task (Corsi BT) [41] were
used for the assessment of short- and long-term spatial memory. For analysis of the executive domain,
several tests were used: the Frontal Assessment Battery (FAB) [43], a general battery to assess frontal
lobe functions, the Trail Making Test (TMT, forms A, B, and B-A) [44] for the assessment of selective
attention, and the Tower of London (TOL) Test [45] for the assessment of planning abilities. Also, a
Phonemic Fluency (PF) Test and a Semantic Fluency (SF) Test [46] were used. All scores of the tests
were corrected for age, education level, and gender where appropriate.

2.5. VMET

The assessment protocol was created with NeuroVR (Version 2.0, Istituto Auxologico Italiano,
Milan, Italy), a free software where the user can modify a pre-existing virtual environment by selecting
contents from a database of objects (both two- and three-dimensional (2D and 3D)) and videos [47],
expanded with NeuroVirtual 3D [48]. The scene was visualized in the player using non-immersive
displays. The task took place in a virtual supermarket shown on a laptop screen, and the patient had to
use a joypad to move around the environment. All users were trained for virtual reality use in another
smaller shop, specifically designed for training purposes. In the virtual supermarket, all products were
organized in categories such as beverages, fruits and vegetables, breakfast foods, hygiene products,
frozen foods, garden products, and animal products.

2.6. VMET Scoring

Before starting the task, the participants received a shopping list, a sheet with the rules, a map of
the supermarket, information about the supermarket (opening and closing times, products on sale,
etc.), a pen, and a wristwatch. The examiner read and explained all the information relative to the
subject in order to guarantee complete understanding. The VMET test was composed of four main
tasks. The first involved purchasing six items (e.g., one product on sale). The second involved asking
the examiner information about one item to be purchased. The third involved writing the shopping
list 5 min after beginning the test. The fourth involved responding to some questions at the end of the
virtual session by using the given materials (e.g., the closing time of the virtual supermarket). The
rules that the patients had to follow to complete the task were as follows: (1) they had to execute all
the proposed tasks; (2) they could execute all tasks in any order; (3) they could not go to a place unless
it was a part of a task; (4) they could not pass through the same passage more than once; (5) they
could not buy more than two items per category (looking at the chart); (6) they had to take as little
time as possible to complete the exercise; (7) they could not talk to the researcher unless this was a
part of the task; (8) they had to go to their “shopping cart” 5 min after the beginning of the task and
make a list of all their products. After the explanation of the material, the clinician measured the time,
stopping it when the participant said they finished the task. During the assessment, the examiner
recorded all the participant’s behaviors in the virtual environment according to a predefined form.
To better understand the patient’s work, the following items were recorded [49]: task failures (total
and partial), inefficiencies, strategies, rule breaks, and interpretation failures. When a subtask was not
totally completed, a task failure occurred, and the scoring range for total errors was from 11 (all 11
subtasks were correctly done) to 33 (all 11 subtasks were incorrectly done). To calculate the scoring
for each task, the scale ranged from 1–3 (1 = the task was performed correctly; 2 = the participant
performed part of the task; 3 = the participant totally omitted the task). An inefficiency was deemed a
behavior that could prevent the correct execution of the tasks, such as not grouping similar tasks when
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possible. The general scoring range was from eight (several inefficiencies) to 32 (no inefficiencies),
and the scoring scale for each inefficiency was from 1–4 (1 = always; 2 = more than once; 3 = once;
4 = never). To analyze the strategies, 13 behaviors that facilitated carrying out the tasks were evaluated,
such as accurate planning before starting a specific subtask. The scoring scale for each strategy was
from 1–4 (1 = always; 2 =more than once; 3 = once; 4 = never), and the total score ranged from 13 (good
strategies) to 52 (no strategies). A rule break occurred when patients violated one or more of the eight
rules listed (e.g., talking with the examiner when not necessary). The scoring scale for each rule break
was from 1–4 (1 = always; 2 =more than once; 3 = once; 4 = never) and the total score ranged from eight
(a large number of rule breaks) to 32 (no rule breaks). Finally, an interpretation failure occurred when
the requirements of particular tasks were misunderstood, for example, when a participant thought
that the subtasks all had to be done in the order presented on the information sheet. The general score
ranged from three (a large number of interpretation failures) to six (no interpretation failures), and the
score for each interpretation failure ranged from 1–2 (1 = yes; 2 = no). Furthermore, for every subtask,
we analyzed the following variables: (1) sustained attention; (2) maintaining the correct sequence
of the task; (3) remembering the instructions; (4) divided attention; (5) correct organization of the
materials; (6) self-corrections; (7) absence of perseverations. The general score ranged from seven (no
errors) to 14 (a large number of errors), and the score for each interpretation failure ranged from 1–2
(1 = yes; 2 = no). According to the analysis prosed by Cipresso and colleagues [35], we analyzed three
subtasks that they recognized as particularly crucial in the OCD patients’ performance: (1) “going to
the shopping chart after 5 min”; (2) “buying two products instead of just one”; (3) “going into a specific
place and asking the examiner what to buy”. These tasks represented a break during the normal task
execution because they required a different, confusing, or stopping behavior, which required attention
and the elaboration of different information at the same time. These tasks represented a “break in
time”, a “break in choice”, and a “break in social rules”, respectively.

2.7. Data Analysis

Data were analyzed with the aid of the statistical software STATA MP-Parallel Edition (Release
14.0, StataCorp LP, College Station, Texas) Orange (Version 3.3.5, Universitas Labacensis, Ljubljana and
Portorož, Slovenia) with Python (Version 3.4, Python Software Foundation, Beaverton, OR, USA), JASP
(Version 0.7.1.4, University of Amsterdam, Nieuwe Achtergracht, Amsterdam, The Netherlands) [50].
Comparisons between patients and controls were done by using a series of independent sample t-tests.
To classify data, we used the following approaches [51,52]:

• Logistic regression classification algorithm with ridge regularization;
• Random forest classification using an ensemble of decision trees;
• Support vector machine (SVM), to map inputs to higher-dimensional feature spaces that best

separated different classes.

Specifications about the algorithms used for computational data analyses can be found in
the seminal article recently published by Zhou and colleagues (https://bmcmedinformdecismak.
biomedcentral.com/track/pdf/10.1186/s12911-019-0890-0)

3. Results

Table 3 shows the results of OCD patients compared with normative data. The results showed
intact cognitive levels in these patients.

Tables 4 and 5 report the sample descriptive statistics for the neuropsychological battery and the
VMET scores, respectively. Table 6 indicates the independent sample t-tests comparing OCD patients
with controls, for both the executive function domain and the other cognitive domains. On the other
hand, Table 7 reports the independent sample t-tests for the VMET scoring.
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Table 3. Neuropsychological battery in obsessive–compulsive disorder (OCD) patients compared to
deficit level in normative sample.

Test Mean Standard Deviation Normative Data

MMSE 26.56 2.68 >18
Frontal Assessment Battery (FAB) 14.97 1.4 >13.5

Trail Making Task A (TMTA) 63.07 23.58 <93
Trail Making Task B (TMTB) 191.93 112.04 <282

Trail Making Task B-A (TMTBA) 129.93 100.27 <186
Phonemic Fluency (PF) 27.38 9.42 >16
Semantic Fluency (SF) 33.69 8.43 >24

Tower of London (TOL) 22.72 a 5.45 Not available
Digit Span (Digit S) 5.28 1.09 >3.5

Paired-Associate Learning Test (PALT) 10.84 4.04 >6
Corsi Span (Corsi S) 4.51 0.78 >3.5

Short Story 12.62 5.24 >7.5
Corsi Block Task (Corsi BT) 16.09 8.21 >5.5

a Normally considered non-pathological level.

Table 4. Classical neuropsychological battery descriptive statistics (Group 1: OCD patients; Group 2: controls).

Test Group N Mean SD SE

MMSE
1 29 26.565 2.675 0.497
2 29 28.532 1.028 0.191

FAB
1 29 14.965 1.403 0.261
2 20 16.274 0.849 0.190

TMTA
1 29 63.069 23.584 4.379
2 29 37.632 15.624 2.901

TMTB
1 29 191.310 112.041 20.806
2 29 95.448 46.144 8.569

TMTBA
1 29 129.931 100.269 18.619
2 29 58.616 45.439 8.438

PF
1 29 27.379 9.420 1.749
2 29 41.138 11.192 2.078

SF
1 29 33.690 8.431 1.566
2 29 48.172 10.275 1.908

TOL
1 29 22.724 5.450 1.012
2 29 28.448 3.582 0.665

Digit S 1 29 5.284 1.087 0.202
2 29 6.010 0.847 0.157

PALT
1 29 10.845 4.036 0.749
2 20 13.072 4.759 1.064

Corsi S
1 29 4.508 0.778 0.144
2 29 6.345 2.660 0.494

Short Story 1 29 12.621 5.242 0.973
2 29 14.491 4.454 0.827

Corsi BT
1 29 16.091 8.208 1.524
2 29 21.239 5.843 1.085
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Table 5. Virtual multiple errands test (VMET) descriptive analysis.

VMET Group N Mean SD SE

Errors
1 29 17.276 2.840 0.527
2 29 13.897 1.633 0.303

Break in time
1 29 13.379 2.821 0.524
2 29 11.655 2.844 0.528

Break in choice
1 29 9.655 1.951 0.362
2 29 8.379 0.979 0.182

Break in social rules
1 29 10.517 2.181 0.405
2 29 8.793 1.544 0.287

Inefficiencies
1 29 22.552 4.733 0.879
2 29 24.379 6.439 1.196

Rule break
1 29 21.172 3.733 0.693
2 29 22.897 5.453 1.013

Strategies 1 29 36.414 7.238 1.344
2 29 31.793 6.298 1.170

Interpretation failures 1 29 5.207 0.940 0.175
2 29 5.241 0.872 0.162

Time
1 29 649.448 320.076 59.437
2 29 595.759 266.793 49.542

Sustained attention
1 29 8.345 1.610 0.299
2 29 7.759 0.830 0.154

Sequence 1 29 8.241 1.640 0.305
2 29 7.828 0.805 0.149

Instructions
1 29 8.276 1.623 0.301
2 29 7.517 0.634 0.118

Divided attention
1 29 10.448 2.667 0.495
2 29 8.276 1.556 0.289

Organization 1 29 10.483 3.158 0.586
2 29 8.000 1.282 0.238

Self-corrections
1 29 9.241 1.902 0.353
2 29 7.759 0.786 0.146

Perseverations
1 29 8.724 1.830 0.340
2 29 7.414 0.682 0.127

Clearly, both the neuropsychological battery and the VMET scores were able to differentiate
patients from healthy controls; however, the mean scores of the neuropsychological battery for both
patients and healthy controls were situated in the normal range (Table 3). Because of this fact, it is
important to define classification models able to identify mutual information among the variables to
make predictions based on a limited number of tests in a clinical setting. To pursue this aim, we ran three
different learning algorithms for a cross-validation based on logistic regression, random forest, and
support vector machine. Two different models were built: one based on classical neuropsychological
tests for executive functions (FAB, TMTA, TMTB, TMTBA, TOL, PF, and SF) and the other one by also
adding the previously defined VMET scores. Results of the two cross-validations can be seen in Table 8.
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Table 6. Independent sample t-Test comparing OCD patients vs. controls for neuropsychological
battery. df—degrees of freedom.

Test t df p Mean Difference SE Difference Cohen’s d

Executive Function Domain↓
FAB −4.061 46.36 <0.001 −1.309 0.322 −1.082

TMTA 4.842 48.61 <0.001 25.437 5.253 1.272
TMTB 4.260 37.23 <0.001 95.862 22.501 1.119

TMTBA 3.489 39.04 0.001 71.315 20.442 0.916
PF −5.065 54.42 <0.001 −13.759 2.717 −1.330
SF −5.868 53.94 <0.001 −14.483 2.468 −1.541

TOL −4.726 48.38 <0.001 −5.724 1.211 −1.241

Other Cognitive Domains↓
MMSE −3.696 36.10 <0.001 −1.967 0.532 −0.971
Digit S −2.836 52.84 0.006 −0.726 0.256 −0.745
PALT −1.712 36.44 0.095 −2.228 1.301 −0.513

Corsi S −3.568 32.75 0.001 −1.837 0.515 −0.937
Short Story −1.465 54.58 0.149 −1.871 1.277 −0.385

Corsi BT −2.752 50.58 0.008 −5.149 1.871 −0.723

Note. For all tests, variances of groups were not assumed equal.

Table 7. Independent sample t-test for VMET index.

VMET t df p Mean Difference SE Difference Cohen’s d

Errors 5.555 56.00 <0.001 3.379 0.608 1.459
Break in time 2.318 56.00 0.024 1.724 0.744 0.609

Break in choice 3.148 56.00 0.003 1.276 0.405 0.827
Break in social rules 3.474 56.00 <0.001 1.724 0.496 0.912

Inefficiencies −1.232 56.00 0.223 −1.828 1.484 −0.323
Rule break −1.405 56.00 0.166 −1.724 1.227 −0.369
Strategies 2.593 56.00 0.012 4.621 1.782 0.681

Interpretation failures −0.145 56.00 0.885 −0.034 0.238 −0.038
Time −0.033 56.00 0.974 −2.117 64.666 −0.009

Sustained attention 1.743 56.00 0.087 0.586 0.336 0.458
Sequence 1.220 56.00 0.228 0.414 0.339 0.320

Instructions 2.344 56.00 0.023 0.759 0.324 0.616
Divided attention 3.789 56.00 <0.001 2.172 0.573 0.995

Organization 3.923 56.00 <0.001 2.483 0.633 1.030
Self-corrections 3.879 56.00 <0.001 1.483 0.382 1.019
Perseverations 3.613 56.00 <0.001 1.310 0.363 0.949

Note. For all tests, variances of groups were assumed equal.

Table 8. Classification table. Three learning algorithms were compared, namely, logistic regression
(LogReg), random forest, and support vector machine (SVM). In the first analysis (Panel A), the
classifications were run referring to the classic neuropsychological test used for executive functions. In
the second analysis (Panel B), VMET scores were added to the classic test for the classification learning
algorithm [53–55].

Panel A: Classification with classic neuropsychological test for executive functions.

Features: FAB, TMTA, TMTB, TMTBA, TOL, PF, SF
Sampling type: Stratified 10-fold cross-validation

Target class: Average over classes

Method AUC CA F1 Precision Recall

LogReg 0.742 0.741 0.746 0.733 0.759
Random forest 0.817 0.810 0.800 0.846 0.759

SVM 0.783 0.776 0.787 0.750 0.828
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Table 8. Cont.

Panel B: Classification with classic neuropsychological test for executive functions and the VMET.

Features FAB, TMTB, TMTA, TMTBA, TOL, PF, SF, ERRORS, break in time, break in choice, break in
social rules, inefficiencies, rule break, strategies, interpretation failures, sustained attention,
sequence, instructions, divided attention, organization, self-corrections, perseverations

Sampling type Stratified 10-fold cross-validation
Target class Average over classes

Method AUC CA F1 Precision Recall

LogReg 0.700 0.707 0.702 0.714 0.690
Random forest 0.850 0.845 0.852 0.812 0.897

SVM 0.775 0.776 0.772 0.786 0.759

AUC (area under the receiver operating characteristic (ROC) curve) is the area under the classic receiver operating
characteristic curve. CA (classification accuracy) represents the proportion of examples correctly classified. F1
represents the weighted harmonic average of precision and recall (see below). Precision represents the proportion
of true positives among all instances classified as positive. In our case, this was the proportion of OCD patients
correctly identified as patients and not controls. Recall represents the proportion of true positives among the positive
instances in our data, i.e., the number of OCD patients diagnosed as patients instead of controls.

Finally, a classification tree for both models was built based on feature selection, choosing entropy
as a measure of homogeneity [56–58] for split selection (Figures 1 and 2). Small circles indicate the
ratio of classifications reported inside the rectangle in terms of percentage of correctness in recognizing
the specific characteristics. The colors indicate classification as one of the two groups: blue for OCD
patients, red for control participants.

Figure 1. Classification tree using classic neuropsychological test for executive functions.

275



J. Clin. Med. 2019, 8, 1975

Figure 2. Classification tree using the classic test for executive functions and the virtual multiple
errands test (VMET).

4. Discussion

The general aim of this study was twofold. Firstly, we investigated executive functions in OCD
patients and controls. To this purpose, we used the virtual version of the multiple errands test and a
classic neuropsychological battery. On the other hand, our purpose was to find a method to discriminate
the two groups in a better way. Indeed, the goal was scaled on the minimal number of variables
possible to pursue an ecological assessment of executive functions with these patients. VMET was
demonstrated to be effective in the assessment of several patients, such as for OCD [35], Parkinson’s
disease [28], and stroke [49]; however, previous studies focused on single scores, such as time, total
and partial errors, inefficiencies, and others. In this study, we exploited the multivariate nature of
the VMET for the assessment of a particular patient sample (i.e., OCD), where dysfunction is slightly
higher than or equal to a normative sample. Thus, this aim shed new light on using multidimensional
scaling for understanding the deficits of executive functions.

The results showed a clear difference between OCD patients and the control group, particularly in
executive functions, as highlighted in Table 4 for the classic neuropsychological test and Table 5 for
most of the VMET scores. However, the complexity of a complete neuropsychological battery with the
complete execution of VMET hindered the assessment of these patients. With this limitation in mind,
we used computational techniques, which are also used in VR settings [59], to advance our knowledge
based on consistent and relevant data from the sample presented. The first strategy was to understand
the classification ability within the sample with a supervised machine learning approach. The results
showed precision levels between 71.4% and 84.6%, making us confident of the goodness of fit of the
model to data. This result is important since, on the one hand, it allowed discriminating OCD patients
from healthy subjects (see Table 6, where results are all related to such a domain). On the other hand,
at the clinical level, we need to reduce complexity and, consequently, the number of used tests. To
this purpose, we opted for a visual classification tree to provide clear indications (based on data) of
heuristic choice (Figures 1 and 2). The main and most encouraging result was that, by using both
the classic neuropsychological battery and the VMET scores, we obtained a tree based on only five
variables (Figure 2), two of which are VMET-based and, not surprisingly, particularly related to OCD
patients (errors and divided attention).

Even if the tree based on classic neuropsychological battery (Figure 1) could provide a useful tool
for patient evaluation, it does not represent a simple tool to be used for the assessment of executive
functions as a whole. On the other hand, the tree based on semantic and phonemic fluency, as well
as the TOL and the two VMET scores (Figure 2), can be very useful as a shortened model for the
assessment of executive functions in OCD patients.
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During the assessment process of OCD, the clinician has many variables to take into account, and
deficits of executive function could be one of them. A method which provides clinicians with a simple
and complete indication of the best assessment process may have great impact on the clinical process
and on rehabilitation.

In clinical neuropsychological assessment, there is always the necessity of integrating different
types of information, such as psychometric and ecological data [60,61] in order to better understand
the patient’s cognitive functioning. VMET is able to play a crucial role in integrating classical
neuropsychological tests with ecological settings, especially for executive function assessment in
different type of patients.

Making a guided diagnosis for a specific cognitive domain in a specific target of patients is an
important goal for both the assessment and the rehabilitation process because it could be able, on one
hand, to reduce the time and effort expended by patients and clinicians. On the other hand, a virtual
rehabilitation program developed for a targeting assessment would potentially be more personalized
and efficient.

This study also had some limitations that could be overcome in future studies. Firstly, the sample
size was limited; in a future study, an accurate sample size calculation could be done. Also, adding a
clinical control group could be interesting in order to understand the potential of our algorithm for
differential diagnosis.

According to our algorithm, the important test for discrimination between OCD patients and
controls are fluency, both semantic and phonological, Tower of London, and VMET. This setting would
require a minimum amount of time and reduced effort for the clinician during the assessment procedure.
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Abstract: Background: Spatial cognition is a critical aspect of episodic memory, as it provides the
scaffold for events and enables successful retrieval. Virtual enactment (sensorimotor and cognitive
interaction) by means of input devices within virtual environments provides an excellent opportunity
to enhance encoding and to support memory retrieval with useful traces in the brain compared to
passive observation. Methods: We conducted a systematic review with Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) guidelines concerning the virtual enactment
effect on spatial and episodic memory in young and aged populations. We aim at giving guidelines
for virtual enactment studies, especially in the context of aging, where spatial and episodic memory
decline. Results: Our findings reveal a positive effect on spatial and episodic memory in the young
population and promising outcomes in aging. Several cognitive factors (e.g., executive function,
decision-making, and visual components) mediate memory performances. Findings should be taken
into account for future interventions in aging. Conclusions: The present review sheds light on the
key role of the sensorimotor and cognitive systems for memory rehabilitation by means of a more
ecological tool such as virtual reality and stresses the importance of the body for cognition, endorsing
the view of an embodied mind.

Keywords: spatial memory; episodic memory; virtual reality; enactment; memory rehabilitation;
embodied cognition; aging

1. Introduction

When we think of an event, we commonly see with our mind’s eye where this event occurred
and what temporal, perceptual, and affective details were associated with it; indeed, this spatial
scaffold influences the specificity, richness, and vividness of events we retrieve from the memory [1].
When not defined in its schematic representation of the topography, this ability is considered as
the ability to visualize the detailed spatial context (e.g., street, room, park) of specific episodes [2].
In its topographical definition, spatial memory [3] is a complex ability devoted to the encoding
and storage of different types of information from our surroundings for successful orientation and
navigation. Spatial information is represented and used in our brain with two frames of reference [4]:
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egocentric (self-to-object) and allocentric (object-to-object), respectively located in the parietal and
medial temporal regions with the retrosplenial cortex, playing a critical role in switching between these
representations [5]. Spatial information can be divided into survey (e.g., maps, wayfinding, and pointing
task), route (e.g., dynamic sequencing of landmarks), and landmark knowledge (e.g., landmark
recognition) [6]. Survey knowledge refers to an allocentric map of the spatial layout, whereas route
and landmark knowledge are based on an egocentric representation of the space.

On the other hand, episodic memory is a neurocognitive system that allows people to remember
the what, where, and when of a personally experienced event [7]. Binding [8–10] is a key feature of
this system; it is the process that binds the what with the other contextual features (i.e., when, where,
and details such as perceptual and affective details). These elements are crucial for the so-called
“autonoetic consciousness”, or the feeling of mentally travelling back to the spatiotemporal and
phenomenal features of the experienced event [7,11,12].

The hippocampus is known to play a crucial role in spatial cognition [4,13,14], episodic
memory [15,16], and recognition [17]; this structure binds cognitive, bodily and emotional
information [18–20] and connects to cortical representations facilitating the retrieval of episodes [21].
In particular, according to Nadel and colleagues [13,22] the hippocampus provides the allocentric
spatial scaffold for episodes binding neocortial representations of the event (i.e., Multiple Trace
Theory). The link between spatial cognition and episodic memory is also highlighted by the fact that
egocentric spatial updating with self-motion cues (i.e., path integration of dynamic bodily signals)
plays a critical role during retrieval (recall and recognition) of dynamically encoded scenes [23],
confirming the role of egocentric information in manipulating and translating allocentric long-term
representations of events [24,25]. Despite the crucial role of medial temporal lobes during encoding,
storage, and retrieval [26], the parietal and frontal lobes have been also identified as a crucial substrate
of episodic memory, absolving different declarative memory functions such as encoding, retrieval,
storage, and monitoring [27–30] (for a meta-analysis of navigation and episodic memory brain network,
see [31]).

Recent insights from philosophy, psychology, and neuroscience have drawn attention to the
essential role of the body in cognition [32,33]. The framework known as the “embodied cognition”
theory provided a fresh and innovative way to conceptualize the relationship between these two
long-debated components of human psychology. Indeed, psychological processes are influenced
by body morphology and sensorimotor systems [34]. There is growing interest and evidence on
how the body affects several cognitive domains, including memory [35,36]. However, the concept
of memory can be expanded to take into account the whole body as crucial in encoding, storage,
and retrieval [37]. These assumptions have great relevance in the context of normal and pathological
aging, where physiological changes modify regions of the brain involved in memory formation,
leaving primary cortices spared [38–40].

Indeed, sensorimotor involvement may leave traces that are useful for memory retrieval [41–43],
and encoding strategies are among the most effective methods to enhance memory [8]. The encoding
specificity principle states that recollection is facilitated when an overlap occurs between the elements
of the retrieval context and those of the encoding context [44]. Retrieval is possible thanks to a cue,
and a memory trace is mediated by the same cognitive operations that occurred during encoding [45].
From a neuroanatomical point of view, there is growing theoretical and empirical evidence indicating
how retrieval may be considered an overlapping process [46,47] that reactivates the same brain regions
at encoding [21,48,49], including primary cortices [50–52].

Interestingly, active navigation in virtual environments (VEs) by means of input tools can be
considered a form of enactment able to enhance spatial [41] and episodic [8] performance. According
to Wilson and colleagues [53], active navigation in VEs can be divided into physical activity (motor
control) and psychological activity (decision-making). More precisely, the manipulation of spatial
information is not the only process involved in navigation; rather, motor commands, proprioceptive
information, vestibular information, decision-making, and allocation of attentional resources are all also
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essential parts of what is called “active spatial learning” in everyday life, whereas passive navigation
involves visual information only [6]. We define the virtual enactment effect as the effect provided by
one or more of these components on memory retrieval compared to the virtual passive observation
of the environment. Virtual reality (VR) allows individuals to interact with the environment thanks
to multimodal stimulation, providing a rich embodied experience [54] that can be used to enhance
memory in elders [55]. Indeed, technological devices (e.g., joysticks or 3D visors) require the subject
to process psychological information, as well as idiothetic (i.e., motor commands, proprioception,
and vestibular information) and allothetic information (e.g., landmarks and boundaries). The aim of
this work is to review the potential of the virtual enactment effect (i.e., the role of active components of
virtual navigation compared to passive observation) in order to contribute to a better understanding
of its beneficial effect on spatial and episodic memory. This contribution will provide research and
clinical guidelines for future studies within the context of VR memory rehabilitation and enhancement.
In order to provide a complete overview of the results, we will cluster findings according to spatial
memory (survey and route and landmark knowledge; respectively allocentric and egocentric frames)
and episodic memory tasks (episodic features, such as what, where, when, details, and binding; episodic
functioning, like learning, forgetting, and strategic processing; and item recognition).

2. Method

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were
followed [56].

2.1. Search Strategy

Two high-profile databases (PubMed and Web of Science) were used to perform the computer-based
research on the 25 January 2019. The string used to carry out the search (Title/Abstract for PubMed
and Topic for Web of Science) was as follows: (“active” OR “enactment”) AND (“spatial memory” OR
“spatial knowledge” OR “episodic memory”) AND (“virtual reality” OR “environment*). The search
resulted in 647 articles for Web of Science and 94 for PubMed (total of 741). We made a first selection
by reading titles and abstracts after removing duplicates. Four papers were identified through other
sources. A total of 35 manuscripts were chosen for full-text screening. This procedure resulted in
31 experimental studies. See the flow diagram (Figure 1) for the paper selection procedure.

 
Figure 1. PRISMA flow chart.

283



J. Clin. Med. 2019, 8, 620

2.2. Selection Criteria

Studies on the role of active navigation and enactment on spatial and episodic memory in young
and aged populations (healthy and pathological) were included. We also included studies in languages
other than English and excluded studies which did not follow our aims (non-age-related diseases,
developmental studies, active- or passive-only conditions, active vs. passive conditions not related
to the context of active navigation and action). We excluded articles for which the full text was not
available or for which the abstract lacked basic information for review. Reviews, meeting abstracts,
notes, case reports, letters to the editor, research protocols, patents, editorials and other editorial
materials were also excluded. Five studies [57–61] did not appear during our search but were in line
with our inclusion criteria; therefore, they were added to the included studies.

2.3. Quality Assessment and Data Abstraction

PRISMA guidelines were strictly followed; search results found by the first author (C.T.) were
shared with the review authors for individual selection of papers in order to reduce the risk of
bias, and disagreements were resolved through consensus. The data extracted from each included
study were as follows: reference, year, sample(s), conditions, design (for the navigation condition),
virtual apparatus, memory assessment, and primary outcomes.

3. Results

Several studies have been conducted to assess the role of active navigation in human memory.
However, the growing interest in virtual reality (VR) has led researchers to question how the different
aspects of navigation interact with the virtual environment. In particular, sensorimotor involvement,
which is known for its positive effect on memory enhancement, seems to be one of the most investigated
virtual enactment form. In our review, we aim at discovering whether this beneficial effect could also
be observed when the subjects interact with technology devices.

To satisfy our aim, six clusters will be discussed: (1) the target population; (2) virtual apparatus;
(3) conditions manipulated during navigation; (4) memory tasks; (5) the role of action and its effects
on memory; and (6) cognitive domains underlying active navigation and memory performances.
A synthesis of the results is reported in Table 1. Nine studies in Table 1 are reported with each
sub-experiment; among these, only the experiments (e.g., Exp. 1, Exp. 2) that aim specifically at
studying spatial or episodic memory appear in the table.
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3.1. What Populations Have Been Included?

From our systematic search, it emerged that the majority of the experiments included healthy
participants, mainly young adults (YA), but also older adults (OA). Studies focused on spatial
domain; however, a cluster of seven studies investigated episodic memory and its subcomponents
in healthy populations (YA and OA). Nevertheless, age ranges varied across the studies for YA and
OA, and for the “student” samples the age information was vague. Importantly, in six studies no
gender information [53,63,68,71] or matching [58,82] were reported. Only one study recruited clinical
populations of Alzheimer’s disease (AD) pathology: 15 AD patients and 15 amnestic mild cognitive
impairment (aMCI) patients compared to 21 healthy OA were included in the study of Plancher and
colleagues [70] to assess the effect of active and passive virtual navigation on episodic performance.
A synthesis of populations (YA, OA, AD, and aMCI), with mean age and standard deviation and
number of males/females, is reported in Table 1.

3.2. What Virtual Apparatus Have Been Used?

For the purposes of our review, it is essential to summarize the apparatus been used in each
experiment. Ecological virtual environments (VEs) have been used to assess the virtual enactment
effect regardless of the domain (spatial or episodic memory); specifically, cities or apartments were
used to evaluate the effect of active interaction (e.g., input device interaction)—namely, the “virtual
enactment effect”—on memory recall, while four experiments [9,53,67,74] used basic virtual scenarios
with poor ecological validity (e.g., virtual arenas). Concerning the input devices, researchers mainly
used joysticks and keyboards to navigate the VEs, whereas five studies used a steering wheel and
pedals to control a virtual car. The use of these controllers is linked to the type of immersion;
indeed, the vast majority of the experiments’ apparatus were non-immersive (PC screen or projectors).
Only six experiments [57,58,61,73,79,80] used head-mounted display (HMD) to assess the role of active
navigation on spatial performances and only one study used immersive virtual reality to assess the
effect of full body involvement during encoding on episodic retrieval.

3.3. What are the Navigation Conditions in the Included Studies?

In the following paragraph, studies will be discussed in terms of navigation condition, degree of
decision-making, and type of encoding. Active navigation studies used classic dynamic navigation,
whereas non-dynamic navigation (e.g., snapshots or teleporting) were added as the comparison
condition [62,67,80]. The former might be more suitable compared to static navigation if we consider
the role of constant mapping provided by the hippocampus (i.e., place cells) in building the map of the
environment [83]. Passive navigation in the studies included in the review consisted of a yoked condition
or pre-recorded navigations. Navigational decision-making, or free exploration, is another crucial aspect
of active navigation and spatial knowledge [84]; however, in 17 experiments [9,59–65,70–72,77–79],
researchers gave a predetermined route or instructions to follow. Moreover, decision-making is a crucial
aspect of the virtual enactment effect when older participants are involved in active navigation [8]
due to overload on the frontal lobes and the executive functions capacity on memory encoding [68],
which are known to decline with aging [85]. Indeed, Jebara and colleagues [8] found that navigational
decision-making, intended as a form of virtual enactment effect, is more effective in OA compared to
the active motor condition due to executive function overload at encoding [8,63,68]. Another aspect
to consider is the point of view (areal vs. egocentric). The egocentric point of view along combined
with the active motor condition improves allocentric and egocentric memory, whereas the areal point
of view with passive navigation improves allocentric memory only [60]. Graphic realism when
building VEs should take into account the fact that a detailed environment positively affects memory
performances [77]. Other elements that neuroscientists in the field of VR and memory should consider
are the type of encoding (incidental vs. intentional); although the authors of [62] showed no effect
of encoding, in our review intentional encoding leads to better performance across the populations
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and the type of memory assessed [8,9,43,58,59,67–70,75,80]. Crucially, only one study [72] compared
active VR vs. passive VR vs. real-world navigation, with real-world navigation and active VR leading
to better spatial recall, in this order, compared to passive VR. Lastly, from a methodological point of
view, researchers are encouraged to evaluate the consequences of using between or within condition.
In our review, the majority of the studies included between navigation conditions, while only five
studies [57,61,62,67,79] used within conditions. Researchers should consider strengths and weaknesses
of within and between designs with potential biases in the light of the objectives of their study [86],
as explained in the discussion paragraph.

3.4. How Has Memory Performance Been Measured?

Several VEs (cities, rooms, mazes, and arenas) were used in the reviewed experiments in order to
test two main memory clusters: spatial memory and episodic memory (event and object memory).
The evaluation included for spatial memory tasks involved survey knowledge (maps, pointing
and wayfinding tasks), route knowledge (chronological order tasks), and item recognition/recall for
landmark knowledge (see Table 1 for a summary of these tasks).

To investigate the role of active navigation in episodic memory, six studies used a similar navigation
paradigm in a virtual city in which events occurred [10,43,57,70,71]. Participants were tested on events
encountered, landmarks and spatial layout of the cities. These paradigms aim at assessing what,
where (egocentric and allocentric), when, details, and binding among elements in ecological VEs with free
recall, delayed recall, and recognition. Laurent et al. [9] studied the different components of episodic
memory; a variation of the WWW (what–when–where) task was used in order to study the binding
of contextual aspects to objects. Finally, Sauzéon and colleagues [68,69] used free recall (learning,
proactive interference, semantic clustering based on the California Verbal Learning Test (CVLT) [87])
and a recognition task (recognition hits and false recognitions); object recognition memory was also
used to assess event memory in Pettijohn and Radvansky [82]. Interestingly, Pacheco and Verschure [81]
assessed their samples on an immediate and delayed free recall task of images semantically associated
with an object they found in the virtual town. For a summary of these tasks, see Table 1.

3.5. Do “Virtual” Actions Have a “Real” Effect on Spatial and Episodic Memory?

In the following subsection, memory performance will be clustered by the different components
taken into consideration in the included study of the review: spatial memory, episodic memory,
and recognition memory of both spatial and episodic studies (Figure 2). The Primary Outcomes
column in Table 1 provides in detail the virtual enactment effect on each task/measure. Using the
correct task to target specific sub-components is crucial for the researchers; we suggest future research
to put effort into designing and conceptualizing the task and test method to tap memory processes.
In the present review, we found a general positive effect of virtual enactment in young adults for
spatial memory; however, further studies need to assess this in older adults as spatial enhancement
in OA is controversial [61,63]. In particular for spatial scores in aging, active navigation involving
an overloading task during encoding affected retrieval [63]; decision-making in active navigation
appeared to be more suitable in this sample [8].

Similarly, experiments investigating episodic memory showed initial support for a virtual
enactment effect in young adults (Figure 2); although findings are few, encouraging results come
from studies of neurodegenerative conditions that may benefit from virtual enactment, whereas
non-spatial features of episodic memory are influenced by demanding tasks during encoding (Figure 2).
These findings could also confirm the embodied nature of episodic memory as a cognitive and bodily
experience [18,20,35,88–90].

Initial recognition scores in spatial and memory performance results are controversial and need
further investigation. Although past research on enactment showed a positive effect on recognition
memory [91], recognition scores in spatial and memory performance results are controversial. A possible
explanation for this could be that recognition occurs in the brain at different degrees [92,93] such as
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visual recognition, guessing (Guess responses), familiarity (Know responses), and source recognition
and recollection (Remember responses); the latter, with source memory, is thought to be related
to recollective aspects of episodic memory linked with autonoesis and full detailed recall. As a
consequence, it is important to adopt a recognition paradigm that is able to grasp perceptual and
sensory elements of the memory traces at retrieval.

No effect was found in these spatial studies [53,66,74,78,79], and on episodic memory scores
(what, verbal where, visuospatial where, when, and details in the works of Plancher et al. [71] and Tuena
and colleagues [57]), or on object recognition memory in the work of Pacheco and Verschure [81].
Finally, although results are encouraging, some studies showed passive enhancement (see Figure 2);
therefore, results of the review are preliminary, and future studies need to deepen the virtual enactment
effect in order to confirm the enhancing effect from which different populations might benefit.

It is well known that active navigation promotes better learning performance [6]. We found
confirmations of how the body shapes memories and how it can be used as a medium to enhance
learning by means of input tools as an extension of previous research on the enactment effect with
ecological scenarios and items [42,88,94,95].

293



J. Clin. Med. 2019, 8, 620

F
ig

u
re

2
.

Su
m

m
ar

y
of

vi
rt

u
al

en
ac

tm
en

t
eff

ec
t

an
d

p
as

si
ve

en
ha

nc
em

en
t

in
th

e
sa

m
p

le
s.

YA
:y

ou
ng

ad
u

lt
s;

O
A

:o
ld

er
ad

u
lt

s;
aM

C
I:

am
ne

st
ic

m
ild

co
gn

it
iv

e
im

pa
ir

m
en

t;
A

D
:A

lz
he

im
er

’s
di

se
as

e.

294



J. Clin. Med. 2019, 8, 620

3.6. What Are the Cognitive Factors Mediating Active Navigation and Memory Performance?

Among the included studies, cognitive factors underlying navigation have been studied in
the same healthy population [74], whereas neuropsychological factors were used to evaluate the
effect of active navigation on memory in YA vs. OA [8,63]. In particular, visuospatial abilities and
especially executive function seem to be crucial for spatial memory [63,74] and for episodic memory
functioning [68] and features [70,71]; in particular, executive function and attention appear to influence
performance [8,69].

Cutmore et al. [74] conducted four experiments in order to evaluate the effect of gender, visuospatial
abilities, cognitive style, and cerebral asymmetry during static active navigation (teleporting).
Males showed faster results in finding the exit of the virtual maze compared with females, while both
groups benefited from a landmark cue condition (landmark associated with a room). Moreover,
males were more accurate; in this case, a compass cue condition (compass heading cue) led to better
performance compared to a landmark condition. Visuospatial abilities were evaluated with the Wechsler
Adult Intelligence Scale—Revised (WAIS-R) [96]. The high visuospatial group was better at Euclidean
(survey knowledge) distance estimation compared with the low group. Participants’ cognitive styles
(verbal-sequential vs. visuospatial) were evaluated with the same test. The visuospatial group
showed better navigation performance; moreover, this effect was shown for static navigation when
compared with verbal-sequential participants. The visuospatial group was also better in navigating
the maze backward. Finally, Cutemore and colleagues [74] used electroencephalography to observe
cerebral asymmetry: the verbal-sequential group showed a greater right hemisphere activation (effort
computing spatial problem solving) compared with the visuospatial group. However, only females
were recruited for the last three experiments, since a gender effect was found in the second experiment.
The authors wanted to evaluate whether navigation is related to superior spatial skills in a sample
of females, but von Stülpnagel [88] found that sense of orientation abilities affected false alarms and
route navigation performance regardless of gender.

Taillade et al. [63] found that YA were better than OA in terms of executive function, visuospatial
abilities, and memory. In particular, wayfinding tasks (survey knowledge) seemed to be affected by
executive function. Jebara et al. [8] correlated the binding scores with age and neuropsychological
tests. An effect of age was found in all the navigation conditions. Binding score was significantly
correlated with visual memory and working memory in high navigation control (HNC; motor trace
and decision-making), low navigation control (LNC; motor trace only), and itinerary condition (IC;
decision-making only) conditions. Shifting (executive function) negatively affected the VR binding
scores for LNC and HNC but not for the passive condition and IC. When controlling for age, the scores
in HNC were still significantly affected by executive function. Verbal memory correlated positively
only with the IC condition. Similarly, Sauzéon and colleagues found a positive correlation between
recognition hits and episodic memory (CVLT [87]) and executive function (mental rotation and Stroop
color-word task; [97,98]) in the active but not the passive navigation condition. Total false recognitions
(source-based and gist-based) were correlated with episodic memory and executive function tests.
An age effect on false recognition was also found. In particular, executive function, after partial
correlation between age and false recognitions, contributed to recognition performance under the
active navigation condition [68].

It is also worth reporting that cognitive differences among the populations emerged in terms of
gender, age and pathology. Plancher and colleagues [70] found differences among individuals with
AD, aMCI, and OA in their episodic memory task. The same performance pattern (AD < aMCI < OA)
emerged for what, details, egocentric and allocentric where, and recognition. AD and aMCI individuals
had less recollection compared to controls. AD patients’ binding was lower than that of aMCI patients
and OA, whereas aMCI patients had a delayed recall deficit compared to OA. When scores were lower
for the AD group compared with the aMCI group and OA, while AD and aMCI individuals presented a
difference between immediate and delayed recall. Moreover, the authors found better what recognition
in OA, aMCI, and AD compared to other episodic recognitions. Plancher and colleagues found that
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AD and aMCI patients had worse recognition than OA; similarly, OA performed better in terms of
recollection rates than aMCI and AD.

Tasks revealed an age effect in different studies [8,61,63,71,80] as well as a gender effect [43,65,80].
The findings of Jebara and co-authors [8] revealed an age effect for what (immediate and delayed),
binding (immediate and delayed), visuospatial recall, and recognition total score. An age effect on
spatial memory and recognition was found by other studies. Sauzéon and co-authors [68] showed that
OA have worse learning, proactive interference, and false recognition compared with YA. Taillade
and colleagues [63] found that YA fared better in a wayfinding task than OA, but this pattern did
not emerge for spatial memory tasks. An age effect emerged in the first study of Plancher and
colleagues [71]. Young participants were better compared to OA in terms of verbal and visuospatial
where, when, and details. Moreover, findings showed a main effect of intentional encoding for what,
verbal where, visuospatial where, when, and details. In an active navigation condition, OA had better
what recall in incidental encoding, while YA had better recognition, when, verbal where, and visuospatial
where on intentional encoding compared with OA. Finally, Plancher and co-authors [56] found that
women performed better (statistical tendency) on the recognition task, whereas men had better scores
for the cued visuospatial task. No effect of condition emerged. Von Stülpnagel and Steffens [65]
showed that women had more false alarms than men, who were faster in a route navigation task;
moreover, women revealed a lower sense of orientation and computer experience than men. Findings
of Dalgarno et al. [64] were not affected by gender. Lastly, recall decreased with age [68] for both
immediate and delayed recall [6]. Taillade et al. [63] highlighted an age effect for a wayfinding task but
not for a spatial memory task. Recognitions decreased with age [8], but the same was not found by
Sauzéon and co-authors [68], who showed more false recognition for OA.

The following neuropsychological tests were correlated with memory tasks [71]. Trail Making Test
(TMT) A and B [99] was used to evaluate executive functions and attention in OA and was negatively
correlated with what and where and sustained attention scores were associated with where responses;
lastly, the Cognitive Difficulties Scale [70,71] was significantly associated with episodic scores in normal
and pathological aging.

Von Stülpnagel and Steffens [65] found different interactions with the movement (self-contained
vs. observed) condition. In the second experiment, providing layout and landmark information along
with self-contained movement led to better route knowledge (tour integration task), whereas for the
route navigation task better scores were obtained when self-contained movements were associated
with reading instructions. In the last of their experiments, recognition performance was enhanced
when any allocentric map was given, whereas the tour integration task benefited by a map with path
to follow and not by self-contained condition. Finally, in the route navigation, the map with a path to
follow worsened the scores, whereas the active map helped participants in the observed movement
condition. Farrell and colleagues [76], in their first experiment, found that active navigation with or
without an allocentric map led to better virtual to real world transfer of spatial knowledge compared to
control (real-world wayfinding) and this is true also for active virtual exploration with a path to follow
(no decision-making). In their second experiment, virtual exploration with the map did not lead to
better transfer compared to the allocentric map studying condition without real or virtual exploration.

Other relevant effects that interact with cognition are reported. In particular, dynamic active
navigation generally led to better results, as noted by three studies [62,67,80]; however contradictory
(path shape but not orientation and recognition; [62]) were also reported. Some authors [62,64,80] have
highlighted the importance of optic flow for spatial learning in VE. Visual fidelity is also crucial for both
survey and route knowledge [77], and the first-person perspective of the virtual environment boosted
wayfinding and route knowledge, whereas an aerial-view improved allocentric representation [60].
Three-dimensional virtual reality seems to stimulate memory due to higher body involvement but
also reduced energy consumption [74]; however, Palermo and co-authors [79] found that immersive
interaction with a gyroscope, although reported as interesting, could be frustrating and showed a
minor degree of engagement compared to classic active interaction with a mouse. Finally, a trial
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effect emerged confirming the positive effect of repetition on performance (e.g., [59]). Interestingly,
exposure times led to better survey representation for passive participants, as noted by Sandamas and
Foreman [59]. Wallet et al. [72] found better delayed recall, but not Pacheco and Verschure [81], in their
24-h delayed recall, for active participants after 48 h for spatial memory. Similarly, Jebara et al. [6] found
YA, but not OA, had better delayed (20-min) as compared to immediate recall for episodic recall (item
information and binding). No effect of condition emerged in the latter study. With regard to expertise,
Sandamas and Foreman [75] found that drivers, regardless of the navigation condition, were better in
the map task (survey knowledge). Moreover, different studies aimed at balancing driving [6,43,75] and
technology experience (e.g., [60,65]), since these could influence the performance.

In addition to age, gender, skills, and cognitive functioning, it is crucial for neuropsychology
research to consider the roles of consolidation, repetition, and dynamic changes in order to build
effective and ergonomic training for memory rehabilitation and enhancement.

4. Discussion

In the present review, we provided initial positive results concerning the virtual enactment effect on
spatial and episodic memory performance, highlighting the embodied potential of virtual reality (VR).
For each of the questions presented (see Section 3 subsection headings), we provided theoretical and
practical solutions to guide future studies within the context of the virtual enactment effect and its use
in aging. To summarize, the virtual enactment effect on memory is: (1) present in the young population;
(2) possible in aging but needs further investigation; (3) mediated by neurocognitive factors, especially
in aging; and (4) dependent on the use of technological devices and their interaction characteristics.

In general, we suggest that future research should aim at designing experiments for older people
and pathological aging, in both spatial and episodic memory in order to test the virtual enactment
effect. Moreover, we encourage further research on episodic memory involving young participants
to consolidate or extend the findings we reported in this systematic review. Innovative cognitive
rehabilitative systems are needed to slow down or prevent memory decline in neurodegenerative
conditions, and VR provides a powerful tool to stimulate brain plasticity in Alzheimer’s disease and
aging [100,101].

We highly recommend that researchers take into account these elements and consider the use of
immersive apparatus by means of head-mounted display (HMD). The main limits of non-immersive
studies reported in the review are that they do not grasp the full experience of active navigation,
since they do not involve bodily-based (e.g., idiothetic) components [6], and the motor traces used
while using controllers might be too weak to have an impact on memory traces [71]. Therefore,
researchers should consider the use of a HMD. For instance, with an HMD it is possible to walk
around a small area with trackers detecting movements and interact with the scenario with controllers.
Moreover, VR enables the user to experience an “egocentric space” [102], which is a critical aspect
of spatial processing as it occurs in everyday life [4]. Researchers should not forget the role of
interaction (e.g., intentions and actions) on the sense of presence, which is considered to impact more
on presence rather than graphic realism [103]. Another critical aspect of memory performance is
the type of encoding of virtual scenarios. In real-life situations, episodic memory encoding occurs
non-intentionally [10], whereas with spatial learning a certain amount of information is encoded
incidentally and with procedural memory [104,105]. However, when planning interventions that
exploit the virtual enactment effect, clinicians and neuroscientists are encouraged to design instructions
according to the sample; for instance, aging is known to affect incidental rather than intentional
encoding, with attentional and executive components playing a critical role in encoding and storage in
the former [106]. Lastly, from a methodological point of view, we encourage the use of within-interaction
conditions: first, within-subject studies have greater statistical power compared to between-subjects
designs; second, they allow the researcher to control variables (e.g., gender) that may affect memory
performance (e.g., gender effect on spatial memory [80]), thus providing balanced groups; finally,
within-subject designs permit the researcher to assess source memory by asking the participants to
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recall the context in which an event occurred (see [57]). However, within-subjects studies might
overload or confound memory traces if the tasks are too complex or numerous. Researchers should
consider the strengths and weaknesses of within and between subjects designs with potential biases in
light of the objectives of their studies [86].

Assessment of performance is a critical aspect of research and clinical practice in order to evaluate
and analyse what the researcher really wants to achieve. We highly recommend defining tasks based
on strong theoretical and empirical considerations when assessing the complexity of memory within
the context of virtual enactment. In the context of spatial memory, we suggest using egocentric
and allocentric measures to tap spatial cognition features [4]; this can be achieved using landmarks,
boundaries and maps with paper-and-pencil, computerized or VR tasks. However, in the present review,
this is especially true when the spatial layout is considered within the context of episodic memory
(e.g., [8,57]). When research focused on schematic/topographical representation [2], papers mainly
used spatial levels of knowledge of the space (survey, route and landmark); therefore, we applied these
levels to the cluster spatial task (Figure 2). Nevertheless, recent discoveries in cognitive neuroscience
and clinical neuropsychology support the crucial role of spatial frames of reference in representing
the space [5,14,83]; moreover, survey knowledge and landmark knowledge resemble, respectively,
allocentric and egocentric representation, whereas route knowledge appears to be related to procedural
memory due to landmark-based navigation [105,107]. For episodic memory, we strongly encourage
the paradigms that tap the elements described by Tulving [7] as central aspects of this type of memory
(i.e., event, spatiotemporal details, and emotional and perceptual details). The advent of VR enables
neuroscientists to study in an ecological, standardized, and realistic way a complex function such as
episodic memory [8,108].

Concerning the virtual enactment effect on spatial memory, the young population reported more
positive outcomes on survey knowledge compared to route and landmark knowledge; nevertheless,
findings in general are promising. Young adults and both the healthy and pathological aged population
showed improvements on episodic item memory, spatial context and binding. However, further
studies need to evaluate this effect on aging and neurodegenerative disorders in the domains of both
spatial and episodic memory. It might be of interest to deepen our understanding of in which situations
passive enhancement is present and why (Figure 2). Moreover, we suggest that future studies include
real-world navigation conditions; while all of the studies had a passive control condition, only one [72]
used a real-world control condition. Finally concerning mediating factors, although visuospatial
abilities are crucial for spatial memory [74], executive functions have a great impact on spatial and
episodic performances, and this is especially true for older people [8,63,68]. Other variables such as
age, gender, expertise (e.g., videogames, driving), dynamic navigation, virtual realism, and delayed
testing influence memory performance.

Findings are promising in the light of memory decline in aging. An age-dependent decrease is
normally observed in these crucial cognitive domains [109], and the decline in spatial and episodic
memory is accompanied by neural changes in the medial temporal lobe, hippocampus and prefrontal
cortex in the aged population [110–112]. Aging is accompanied by spatial memory decline [113].
Indeed, Colombo and colleagues [114] recently shown that older people have specific allocentric
impairments and difficulty in switching between the egocentric and the allocentric frame of reference;
the translation from the allocentric to the egocentric frame of reference is possible thanks to the activity
of the retrosplenial cortex, which converts neural representations of the medial temporal lobe to parietal
and vice versa [5,115].

In particular, spatiotemporal details, along with associative (i.e., medial temporal binding
processes) and strategic (i.e., frontal monitoring during encoding and retrieval) information, decline
with aging [8]. Aging is also accompanied by differences in the encoding and retrieval of episodic
memories [10,11]. Piolino and colleagues [11] showed that this was particularly true for autobiographical
events in recent periods, with more responses (less spatiotemporal information, details, familiarity
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and third-person perspective) associated with reduced autonoesis for older adults (OA) compared to
young adults (YA).

Memory impairments due to medial temporal lobe degeneration are classic features of Alzheimer’s
disease (AD) [116], mild cognitive impairment (MCI) [117], and amnestic mild cognitive impairment
(aMCI) [118], which are considered part of the prodromal stage of dementia and in particular AD [119].
Deactivation and decreased functional connectivity of the default mode network is shown in healthy
aging, MCI, and AD [120–122]. Retrosplenial cortex hypoactivity occurs in both AD and MCI and may
explain episodic and navigation deficits in these patients [5]. Spatial disorientation in AD and aMCI is
thought to be the result of degenerative processes taking place in the hippocampus and in deficient
spatial frame synchronization [123]. Indeed, early markers of AD can be the switching abilities in
aMCI and AD individuals [124]: allocentric impairments are present in aMCI and AD patients and
moreover a deficit in the switch from egocentric to allocentric was found in these groups. Concerning
episodic memory, these neurological conditions lead to deficits in the spatiotemporal and binding
components of episodic recall [70], as well as autonoetic consciousness [125,126].

Finally, the present findings stress the essential role of the body in cognition, and memory in
particular, as claimed by embodied cognition researchers. The virtual enactment effect could be used
to study how the different levels of active and passive virtual navigation contribute to spatial and
episodic performance and could potentially be used as a way to enhance memory in aging.
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