
ORIGINAL RESEARCH
published: 27 July 2017

doi: 10.3389/fnagi.2017.00240

Frontiers in Aging Neuroscience | www.frontiersin.org 1 July 2017 | Volume 9 | Article 240

Edited by:

Mohammad Amjad Kamal,

King Abdulaziz University, Saudi Arabia

Reviewed by:

Xiaomeng Li,

Northeast Normal University, China

Valerio Rizzo,

University of Palermo, Italy

*Correspondence:

Silvia Serino

s.serino@auxologico.it

Received: 20 February 2017

Accepted: 10 July 2017

Published: 27 July 2017

Citation:

Serino S, Pedroli E, Tuena C, De

Leo G, Stramba-Badiale M,

Goulene K, Mariotti NG and Riva G

(2017) A Novel Virtual Reality-Based

Training Protocol for the Enhancement

of the “Mental Frame Syncing” in

Individuals with Alzheimer’s Disease: A

Development-of-Concept Trial.

Front. Aging Neurosci. 9:240.

doi: 10.3389/fnagi.2017.00240

A Novel Virtual Reality-Based
Training Protocol for the
Enhancement of the “Mental Frame
Syncing” in Individuals with
Alzheimer’s Disease: A
Development-of-Concept Trial
Silvia Serino 1, 2*, Elisa Pedroli 2, Cosimo Tuena 1, Gianluca De Leo 3,

Marco Stramba-Badiale 4, Karine Goulene 4, Noemi G. Mariotti 2 and Giuseppe Riva 1, 2

1Department of Psychology, Università Cattolica del Sacro Cuore, Milan, Italy, 2 IRCCS Istituto Auxologico Italiano, Applied

Technology for Neuro-Psychology Lab, Milan, Italy, 3Department of Clinical and Digital Health Sciences, College of Allied

Health Sciences, Augusta University, Augusta, GA, United States, 4Department of Geriatrics and Cardiovascular Medicine,

IRCCS Istituto Auxologico Italiano, Milan, Italy

A growing body of evidence suggests that people with Alzheimer’s Disease (AD) show

compromised spatial abilities. In addition, there exists from the earliest stages of AD

a specific impairment in “mental frame syncing,” which is the ability to synchronize an

allocentric viewpoint-independent representation (including object-to-object information)

with an egocentric one by computing the bearing of each relevant “object” in the

environment in relation to the stored heading in space (i.e., information about our

viewpoint contained in the allocentric viewpoint-dependent representation). The main

objective of this development-of-concept trial was to evaluate the efficacy of a novel

VR-based training protocol focused on the enhancement of the “mental frame syncing”

of the different spatial representations in subjects with AD. We recruited 20 individuals

with AD who were randomly assigned to either “VR-based training” or “Control Group.”

Moreover, eight cognitively healthy elderly individuals were recruited to participate in

the VR-based training in order to have a different comparison group. Based on a

neuropsychological assessment, our results indicated a significant improvement in

long-term spatial memory after the VR-based training for patients with AD; this means

that transference of improvements from the VR-based training to more general aspects

of spatial cognition was observed. Interestingly, there was also a significant effect of

VR-based training on executive functioning for cognitively healthy elderly individuals. In

sum, VR could be considered as an advanced embodied tool suitable for treating spatial

recall impairments.
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INTRODUCTION

It is traditionally accepted that humans are able to represent
space and recall spatial information with two fundamental spatial
representations: one comprising information about the position
of the individual in relation to the surrounding objects (i.e.,
egocentric), and the other one including information about the
position of the objects relative to each other in the environment
(i.e., allocentric). For example, to recall the spatial position of
a supermarket, individuals may simply refer to turning “left”
or “right” since these directions strictly depend first of all on
the spatial position of their own body (i.e., egocentric reference
frame). However, since the position of an object “changes”
according to the spatial position of our own body in the space,
individuals, in order to refer to the supermarket, also need to have
a stored spatial layout that includes the relationships between
two external landmarks (i.e., allocentric reference frame). A
neurocognitive model was recently advanced to explain how
spatial recall works (Burgess et al., 2001; Byrne et al., 2007).
Burgess and his colleagues explained that, in the presence of
a spatial cue, allocentric representation is retrieved through a
process of pattern completion. Though initially allocentric, this
representation is translated to egocentric for navigation purposes
in the medial parietal areas via information provided by other
cells (Hartley et al., 2014). More specifically, the retrosplenial
cortex (RSC) is responsible for the transformation of long-term
hippocampal allocentric representations into egocentric parietal
representations to account for the rotational offset between the
different spatial coordinates (Maguire, 2001; Vann et al., 2009).
While parahippocampal regions are involved in processing the
visuo-spatial structure of the spatial scene, RSC supports the
process of spatial recall thanks to the retrieval of reference
that allows the scene to be localized within the wider spatial
environment (Epstein et al., 2007; Ekstrom et al., 2014).

Studies on spatial recall provide a unique opportunity to
better understand topographical disorientation that may occur
in both physiological and pathological aging (Moffat, 2009;
Gazova et al., 2012), especially in Alzheimer’s Disease (AD;
Lithfous et al., 2013; Serino et al., 2014b). In patients with AD,
there is a main impairment in episodic memory functioning
due to neurodegeneration in medial temporal structures (e.g.,
entorhinal cortex, hippocampal formation, parahippocampal
gyrus; for review, see Tromp et al., 2015). This episodic
memory disorder is temporally and spatially related to both
the distribution of neurofibrillary tangles within the medial
temporal lobe and the volumetric loss of the hippocampus
(Braak and Braak, 1995; Dubois et al., 2007). However, due
to these neurodegenerative processes, episodes of topographical
disorientation are also common since they are related to an
early deficit in allocentric recall both in patients with amnestic
mild cognitive impairment (aMCI) and with AD (for review, see
Serino et al., 2014b). In addition, there exists from the earliest
stages of AD the presence of a specific impairment in the ability
to encode and store an allocentric hippocampal representation
and then to translate it into an egocentric parietal representation.
Serino and Riva (2013, 2014) proposed that there is a specific
cognitive process (i.e., the “mental frame syncing”) underlying

this egocentric-allocentric transformation that may be useful
in supporting the recall of spatial scenarios. The mental frame
syncing may be conceived as a cognitive process that permits the
transformation from a stored allocentric viewpoint-independent
representation (including the above mentioned object-to-object
information) to an egocentric one by computing the bearing
of each relevant “object” in the environment in relation to the
stored heading in space (i.e., information about our viewpoint
contained in the viewpoint-dependent representation). Serino
and Riva (2013, 2014) argued that patients with AD might
experience a break in the “mental frame syncing” due to
neurodegenerative processes that affect the medial temporal lobe
and the hippocampus in particular. Indeed, neurofibrillary tangle
deposition leads to degeneration of hippocampal subfields, first
the CA1 and then the subiculum, CA2, CA3, and CA4 (Bartsch
and Wulff, 2015). Padurariu et al. (2012) found neuronal loss
especially in the CA1 and CA3, which elaborates allocentric
representations containing pure object-to-object information
of the spatial scene and those containing information about
the individual’s viewpoint within the spatial scene, respectively
(Behrendt, 2013).

In this context, Virtual Reality (VR) could be considered a
new advanced tool for specifically assessing and treating spatial
recall impairment (Burgess et al., 2002; Bohil et al., 2011; García-
Betances et al., 2015; Serino et al., 2015b).

A virtual town center where subjects can wander around,
find an object and memorize its spatial position using an HMD
and a gamepad is an example of how a VR environment can
be used to assess and treat spatial recall deficiencies among
subjects with AD. Indeed, in virtual environments it is possible
to easily implement a “reorientation task,” which is characterized
by two phases. In the encoding phase, participants are instructed
to memorize the position of an object. Then, in the retrieval
phase, participants have to indicate the position of the object,
starting from another position. As suggested by Bosco et al.
(2008), this strategy induced interference in the egocentric
representation of the object with respect to the participants’
view (i.e., “virtual disorientation”). To indicate the position of
the object, this technique forced the participants to refer to
their allocentric viewpoint-independent representation and sync
it with the allocentric viewpoint-dependent representation. In a
recent study, Serino et al. (2015b) used a virtual task based on
this paradigm and found that patients with AD have specific
impairment in the synchronization of allocentric viewpoint-
independent and viewpoint-dependent representation. In this
study, participants were asked to memorize the position of
an object after having entered a virtual room. Then they
were asked to recall its position in two different tasks. The
first task involved an aerial map of the room (i.e., a task
that measures the ability to store an allocentric viewpoint-
independent representation); the second task involved entering
the empty version of the virtual room again, but this time
from another starting point (i.e., a task that measures the
ability to sync the stored allocentric viewpoint-independent
representation with the viewpoint-dependent one). Results
revealed that while aMCI patients showed a deficit only in the
first task, a more profound deficit was found for patients with
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AD; namely, they were not able to synchronize the two different
representations.

As concerns rehabilitation, some recent systematic reviews
and meta-analyses have provided support for the efficacy of
cognitive training in improving the quality of life and careers
of patients with AD. However, conclusions drawn from existing
studies must be viewed with caution due to the limited
number of randomized controlled trials and their methodological
limitations (Clare andWoods, 2004; Olazarán et al., 2010; Bahar-
Fuchs et al., 2013).

As reviewed by García-Betances et al. (2015), VR can also be
used as a rehabilitative tool for patients with AD, but very little
work has been done on this topic so far. In general terms, the first
great advantage offered by VR is its possibility to develop tailored
cognitive exercises within meaningful environments (Riva et al.,
2006), which is particularly relevant since cognitive training
might be particularly demanding for patients with AD. More
specifically, in virtual environments it is possible to implement
cognitive training based on specific rehabilitative mechanisms.
For example, in our cognitive training we exploited the technique
known as “virtual disorientation” (as described before), which is
difficult to set up in a real-life situation.

An interesting example was offered by Kober et al. (2013),
who found that VR can be a useful tool to implement a cognitive
training program for spatial abilities when also used with passive
navigation. In a study in which eleven neurologic patients with
focal brain lesions and topographical disorientation performed
a route finding task, results showed that a VR-based verbally
guided passive navigation training program was able to improve
general spatial abilities in neurologic patients. Caglio et al. (2012)
showed that a virtual navigation task led to improvements in
memory function in a 24-year-old man with a traumatic brain
injury; this improvement corresponded to increased activity in
cerebral structures crucial for both navigation and memory, such
as the hippocampus and parahippocampus. However, no studies
have explored the potentiality of VR for training the cognitive
ability to synchronize different spatial representations in patients
with AD.

Based on these premises, the main objective of this
development-of-concept trial1(Dobkin, 2009) is to evaluate
if a VR-based training protocol specifically focused on the
enhancement of the “mental frame syncing” between allocentric
viewpoint-dependent and viewpoint-independent representation
would be able to improve general spatial abilities in a sample of
patients with AD. In order to preliminarily evaluate the efficacy of
the novel VR-based training, two groups of patients with AD (i.e.,
“VR-based training” vs. “Control Group”) will be compared using
a traditional neuropsychological battery before and after both
training programs. Moreover, eight cognitively healthy elderly
individuals were recruited to participate in the VR-based training
in order to have a different comparison group.

1The development-of-concept trial (which is in Phase I in the context of the Food

and Drug Administration’s classification of clinical trials for the pharmaceutical

industry to test drugs) was aimed at preliminarily testing the efficacy of new

interventions in randomized and masked pilot studies with control groups. In this

kind of study, small groups of patients were usually recruited.

MATERIALS AND METHODS

Participants
We recruited 20 elderly subjects (age> 65 years old) from a social
senior center located in Milan (Italy) from individuals referred as
meeting the NINCDS-ARDRA criteria (McKhann et al., 1984).
They were evaluated with the Milan Overall Dementia Scale
(Brazzelli et al., 1994) and only individuals who had a score
under 85.5 (i.e., the clinical cut-off for probable dementia) were
included in the study. Participants were randomly assigned to
“VR-based training” (“VR Group-AD”; n = 10) or “Control
Group” (“Control Group-AD”; n = 10). We also recruited eight
cognitively healthy elderly subjects (age > 65 years old) from the
same setting (i.e., a social senior center located in Milan, Italy)
to participate in the VR-based training (“VR Group-Normal
Aging”; n = 8). They were evaluated with the Milan Overall
Dementia Scale (Brazzelli et al., 1994) and only individuals who
had a score over 85.5 were included in the study.

Exclusion criteria for the three groups were: (1) presence of
visual and balance deficits which may interfere with the use of
VR technology; and (2) the additional presence of psychiatric
disorders or other neurological conditions, such as traumatic
brain injuries or strokes.

The VR Group-AD included nine women and one man, while
the Control Group-AD included eight women and two men
(χ2 = 0.392; p = 0.531). The mean age for the VR Group-AD
was 86.60 (SD = 6.13), with mean years of education of 9.80 (SD
= 3.97); the mean age for the Control Group-AD was 88.70 (SD
= 3.59), with mean years of education of 7.00 (SD= 5.00). There
were no significant differences between two groups in terms of
age [t(18) = 1.675; p = 0.111] or education [t(18) = −0.934; p
= 0.362]. The VR Group-Normal Aging comprised four women
and four men. The mean age for this group was 86.62 (SD =

6.19), with mean years of education of 9.12 (SD = 5.05). There
were no significant differences between the VR Group-AD and
VR Group-Normal Aging in terms of age [t(16) = 0.318; p =

0.755] or education [t(16) = −0.009; p = 0.993]. All participants
provided written informed consent, which was approved by the
Ethical Committee of IRCCS Istituto Auxologico Italiano. The
study was conducted in compliance with theHelsinki Declaration
of 1975, as revised in 2008.

VR-Based Training Program
A Virtual Reality (VR)-based protocol was developed to train
the ability in syncing between allocentric viewpoint-dependent
and allocentric viewpoint-independent representations (Serino
and Riva, 2013, 2014). The training program consisted of 10
sessions for 3–4 consecutive weeks, with approximately three
sessions a week. Each session contained an “encoding phase”
and a “retrieval phase” (see Supplementary Material). The first
and last sessions were also devoted to the administration of a
neuropsychological assessment (see Figure 1).

Each VR-based treatment session had the same structure.
All the sessions were carried out in a quiet room in the social
senior center; participants were invited to enter and take a seat
in front of a table where the PC was positioned (see the Section
Procedure for other technical details). They were then asked to
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take a gamepad and to navigate inside the virtual environment,
thus starting the session. After initial training in VR technology
(i.e., a different virtual city where participants were assisted
in learning how to navigate within virtual environments using
the gamepad), the encoding phase started. A virtual city had
been developed as the rehabilitation environment. It was built

around a central square with a fountain and a bar with some
tables, which represents the starting point of the navigation (see
Figure 2). There were buildings and shops spread out in the city;
no human characters were present in order to avoid possible
interference in the rehabilitation process. The neuropsychologist
asked participants to enter this virtual city starting from its center

FIGURE 1 | Timeline of the VR-based training program. The training consisted of 10 sessions for 3–4 consecutive weeks, with approximately three sessions a week.

After brief training in VR technology (about 2 min), each session comprised two parts: an “encoding” and a “retrieval phase.” Participants were assessed with a

comprehensive neuropsychological assessment before and after participation in the training.

FIGURE 2 | The map of the virtual city. The city was built around a central square with a fountain and a bar with some tables, which represents the starting point of

the navigation. There were buildings and shops spread out in the city. In the northern part of the city, there was a large street surrounded by trees with some cars,

whereas the southern part was more residential.
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to discover one, two or three hidden objects (i.e., a bottle of
milk, a plant in a vase and a trunk; see Figure 3). Participants
were specifically instructed to memorize the positions of these
objects, which were placed at different parts of the city (see
Table 1).

The number of the 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 objects were not presented. There
was no time limit in the encoding phase, but all participants
found the object(s) in ∼10–15 min. Next, in the retrieval phase,
they were asked to retrieve the position of the objects identified
in the first phase (which were now absent) once they entered the
virtual city from another starting point. There was no time limit
in the retrieval phase. Also in this case, all participants retrieved
the position of the object(s) in∼10–15 min; they were instructed
to stop and tell the neuropsychologist when they thought they
had reached the correct position. If participants were not able to
retrieve the correct position of the object, the neuropsychologist
helped them by guiding them in the virtual environment in order
to strengthen the amnestic trace.

FIGURE 3 | One of the objects to be found during the VR-based training

program. During the encoding phase, participants were asked to locate one,

two or three hidden objects (i.e., a bottle of milk, a plant in a vase and a trunk).

They received the specific instruction of memorizing the position of these

objects, which were positioned at different parts of the city since in the retrieval

phase they were asked to retrieve their spatial positions. The training was

personalized according to the level reached by each participant, so that if a

patient was not able to locate the first object, the other objects were not

presented.

The entire VR-based session treatment lasted about 20
min. For each session, the neuropsychologist filled in a grid
indicating which object(s) was/were found and briefly describing
the progress reached during the session. It was essential to
record the number of objects to be included in each session
because, as previously explained, if patients were not able to find
the first object, the other objects were not presented. Because
patient response to VR-based training can vary greatly, cognitive
exercises should be personalized according to a patient’s specific
needs.

In the first five VR treatment sessions, an interactive aerial
view of the virtual city was displayed during the retrieval
phase; its display was oriented depending on the participant’s
movement. The aerial view of the city was on the left part of the
screen of the PC, and the participants could see in every direction
for a distance of 25 m, which was the maximum distance at which
any object could be seen (see Figure 4).

Moreover, when needed, the neuropsychologist helped
patients with the gamepad used to navigate in the virtual city or
provided little clues in order to avoid errors. Indeed, de Werd
et al. (2013) underlined the importance of “errorless learning” in
people with AD and severe memory impairments.

This VR-based training was developed using the open-source
based software NeuroVirtual 3D, a recent extension of the
software NeuroVR (Riva et al., 2011; Cipresso et al., 2014).
The software (http://www.neurovr3.org/) is composed of two
main modules: the Editor, which permits the customization of
pre-designed virtual environments (e.g., a city, an apartment, a
supermarket, etc.) to the specific needs of an experimental setting;
and the Player, which allows the administration of the configured
virtual environments. Thanks to the Editor, researchers can
customize virtual environments by choosing the appropriate
stimuli from a database of objects (both 2D and 3D objects,
videos, and sounds). No programming skills are necessary
since there is a user-friendly icon-based interface that allows
researchers to easily put the stimuli in the pre-designed virtual
environments. When ready, the configured virtual environments
can be visualized via the Player both in immersive or not-
immersive modalities.

Outcome Measures
To obtain detailed information across a wide range of cognitive
domains before and after both training programs, all participants
underwent a detailed neuropsychological assessment conducted

TABLE 1 | The objects with their spatial location in the virtual city in the encoding phase and the starting point of the participants, after the virtual disorientation, in the

retrieval phase.

Session 1 Session 2 Session 3 Session 4 Session 5 Session 6 Session 7 Session 8 Session 9 Session 10

ENCODING PHASE

Objects’ Position West West; East West; East West; East South; North;

East

West; East West; East West; East North; South;

West

South; East; West

RETRIEVAL PHASE

Starting point East North South East West South North South East Center

After the fifth session, the number of possible objects to be memorized remains fixed to two for three sessions (which means that there was not an increase of difficulty) because of the

absence of the facilitation offered by the interactive aerial view during the retrieval phase.
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FIGURE 4 | During the retrieval phase, to facilitate the retrieval of spatial information, an interactive aerial view of the virtual city was presented during the navigation

and the display was oriented depending on the participant’s movement in the virtual world.

by an experienced neuropsychologist. These measures included
(1) the phonemic verbal fluency and categorical verbal fluency
test (Novelli et al., 1986) and Frontal Assessment Battery (FAB;
Appollonio et al., 2005) for the evaluation of executive functions;
(2) the Attentional Matrices Test (Spinnler and Tognoni, 1987)
for measuring selective attention; (3) the Digit Span Test
(Monaco et al., 2012) for assessing short-term memory abilities;
(4) and the Corsi Block Test (Corsi, 1973; Monaco et al., 2012)
in both its versions (i.e., Corsi Span and Corsi Supraspan)
for the assessment of short and long-term spatial memory
abilities. All scores obtained from the neuropsychological battery
were corrected for age and education level according to Italian
normative data.

Procedure
After participants gave their informed consent to be included
in the study, one group of patients with AD was randomly
assigned to the “VR-based training” (“VR Group-AD”), while the
other group of patients with AD was randomly assigned to the
“Control Group-AD” (“Control Group-AD”). Control Group-
AD underwent the traditional cognitive rehabilitative activities
with the neuropsychological staff at the social senior center (i.e.,
cognitive stimulation programs, such as cards games, naming,
fluency, and music listening). A group of cognitively healthy
individuals were recruited to participate in the VR-based training
(“VR Group-Normal Aging”).

All participants were then given the Mini-Mental
State Examination (MMSE; Folstein et al., 1983) and the
neuropsychological battery in order to obtain an overview
of their general cognitive functioning. As specifically regards
the VR group, participants were asked to sit in front of
a portable computer (ACER ASPIRE with CPU Intel R©

CoreTMi5 and graphic processor Nvidia GeForce GT 540M,
1024 × 768 resolution). The participants were also given

a gamepad (Logitech Rumble F510) that allowed them to
explore and interact with the environment. After the training
phase in VR technology (∼2 min), the VR-based treatment
session started. Both training programs consisted of 10
sessions for 3–4 consecutive weeks, with approximately three
sessions a week. At the end of both training programs, the
same neuropsychological assessment was administered to all
participants.

Data Analysis
To evaluate the efficacy of the novel VR-based training, we
first compared the performances on the neuropsychological
assessment between the two groups of patients with AD. To
ensure that there were not differences in performance on
the neuropsychological tests before the participants underwent
the training programs, a series of Mann–Whitney U-tests
were carried out on participants in the “VR Group-AD” and
“Control Group-AD” on these variables. Then we computed
the differences between pre- and post-test scores on the
neuropsychological assessment (delta scores). Then, a Mann–
Whitney U-test between the “VR group-AD” and “Control
Group-AD” on each computed delta score was carried out.

Moreover, we compared the performances on the
neuropsychological assessment between the patients with AD
who participated in the VR-based training program with those
of cognitively healthy elderly individuals. After the comparison
between the two groups on the neuropsychological assessment
before participating in VR-based training, a Mann–Whitney
U-test between “VR group-AD” and “VR Group-Normal Aging”
on computed delta scores for each neuropsychological test was
carried out.

Given the small sample sizes, comparisons between groups
were most suited to non-parametric testing for all our analyses
(Siegel and Castellan, 1988). All statistical analyses were
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performed using the Statistical Package for the Social Sciences for
Windows (SPSS Inc., Chicago, IL, USA), version 23. A p < 0.05
was considered statistically significant.

RESULTS

Comparison between the Two Groups of
Patients with AD—Baseline Characteristics
Participants’ scores obtained from the neuropsychological
assessment and the statistical comparisons are shown in Table 2.

Results from the Mann–Whitney U-test indicated no
significant differences between the two groups of patients
with AD on the neuropsychological tests administered before
the beginning of both training programs. Accordingly, the VR
Group-AD and Control Group-ADwere comparable as concerns
the baseline characteristics.

Comparison between the Two Group of
Patients with AD—Pre- And
Post-Neuropsychological Assessment
To investigate the efficacy of the novel VR-based training,
the differences between pre- and post-test scores on the

neuropsychological assessment (delta scores) between the two
groups were evaluated using the Mann–Whitney U-Test.

As shown in Table 3, VR Group-AD scores were significantly
better than Control Group-AD scores on the Corsi Block
Test—Supraspan. Regarding all of the other neuropsychological
measures administered, VR group-AD performance did not
differ significantly from that of Control Group-AD. Although
not significant, a great improvement for VR Group-AD was
noticeable in attentional abilities, as underlined by the higher
delta score on the Attentional Matrices Test.

Comparison between Patients with AD and
Cognitively Healthy Controls Assigned to
VR-Based Training- Baseline
Characteristics
Cognitive abilities evaluated with the neuropsychological
assessment before participation in the VR-based training and
the statistical comparisons between the two groups are shown in
Table 4.

Results from the Mann–Whitney U-test showed that patients
with AD manifested greater difficulties in general cognitive
functioning and in long-term spatial memory, as measured

TABLE 2 | Baseline characteristics.

VR group-AD Control group-AD zc pd re

MMSEa 22.05 (1.62) 20.79 (1.80) −1.592 0.111 0.355

Verbal fluency test 19.90 (4.86) 15.90 (5.84) −1.290 0.197 0.288

Verbal categorical test 23.20 (3.22) 19.90 (5.90) −1.367 0.172 0.306

FABb 11.18 (2.75) 10.36 (3.34) −0.832 0.406 0.186

Attentional matrices test 20.80 (8.19) 18.38 (3.90) −0.756 0.406 0.169

Digit span test 6.30 (1.51) 5.57 (0.57) −0.683 0.495 0.153

Corsi block test—span 3.91 (1.02) 4.08 (0.57) −0.456 0.648 0.102

Corsi block test—supraspan 6.83 (1.71) 7.97 (1.89) −0.756 0.450 0.169

Scores obtained from the first neuropsychological assessment for patients with AD assigned to the VR-based training (“VR Group- AD”) and for patients with AD assigned to the “Control

Group-AD” (“Control Group-AD”). Data are shown as means and standard deviations (SD).
aMMSE, Mini Mental State Examination.
bFAB, Frontal Assessment Battery.
cMann–Whitney U testing.
dp-value.
eeffect size (|r| > 0.40 can be considered as a medium effect size, Cohen, 1988).

TABLE 3 | Pre-post assessment.

VR group-AD Control group-AD zb pc rd

Verbal fluency test −1.60 (4.00) 0.20 (4.21) −0.836 0.403 0.187

Verbal categorical test 0.70 (4.71) 0.50 (4.21) −0.038 0.970 0.008

FABa 0.84 (4.26) −0.66 (1.94) −0.725 0.468 0.162

Attentional matrices test 4.71 (9.52) 0.70 (2.89) −1.067 0.286 0.239

Digit span test 0.01 (0.82) −0.33 (0.90) −0.728 0.466 0.162

Corsi block test—span 0.17 (1.20) 0.14 (1.21) −0.084 0.933 0.019

Corsi block test—supraspan 1.56 (2.53) −0.01 (1.43) −2.120 0.035 0.474

Delta scores obtained from the pre-post neuropsychological assessment for patients with AD assigned to the VR-based training (“VR Group-AD”) and for patients with AD assigned to

the “Control Group-AD” (“Control Group-AD”). Data are shown as means and standard deviations (SD).
aMMSE, Mini Mental State Examination.
bMann-Whitney U testing.
cp-value.
deffect size (|r| > 0.40 can be considered as a medium effect size, Cohen, 1988).
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TABLE 4 | Baseline characteristics.

VR group-AD VR group-normal aging zc pd re

MMSEa 22.05 (1.62) 27.73 (2.02) −3.560 <0.001 0.839

Verbal fluency test 19.90 (4.86) 22.87 (10.16) −0.801 0.423 0.189

Verbal categorical test 23.20 (3.22) 25.75 (9.42) −0.490 0.624 0.155

FABb 11.18 (2.75) 13.12 (3.34) −1.422 0.155 0.335

Attentional matrices test 20.80 (8.19) 29.42 (10.11) −1.599 0.110 0.379

Digit span test 6.30 (1.51) 5.63 (0.55) −0.489 0.625 0.115

Corsi block test—span 3.91 (1.02) 4.62 (0.60) −1.780 0.075 0.419

Corsi block test—supraspan 6.83 (1.71) 9.25 (1.89) −2.577 0.010 0.607

Scores obtained from the first neuropsychological assessment for patients with AD assigned to the VR-based training (“VR group- AD”) and for cognitively healthy elderly individuals

assigned to the VR-based training (“VR Group-Normal Aging”). Data are shown as means and standard deviations (SD).
aMMSE, Mini Mental State Examination.
bFAB, Frontal Assessment Battery.
cMann–Whitney U testing.
dp-value.
eEffect size (|r| > 0.40 can be considered as a medium effect size, Cohen, 1988).

by MMSE and Corsi Block Test—Supraspan, respectively. It
is important to note that although there were not significant
differences between the two groups in the other cognitive
domains, the mean scores of the cognitively healthy elderly
individuals appeared above the clinical cut-off (Verbal fluency
test: 17; Verbal categorical test: 25; Corsi Block Test—Span:
3.75; Digit: 3.75) or near the clinical cut-off (FAB: 13.50 and
Attentional Matrices: 30).

Comparison between Patients with AD and
Cognitively Healthy Controls Assigned to
VR-Based Training—Pre- and
Post-Neuropsychological Assessment
Differences between pre- and post-test scores on all
neuropsychological tests (delta scores) were evaluated using the
Mann–Whitney U-Test (Table 5).

Findings indicated a significant improvement in Verbal
Fluency Test scores for cognitively healthy elderly individuals
after the VR-based training. As concerns the other cognitive
domains measured, although it is possible to note a general
increase in the other tests evaluating executive functioning (i.e.,
Verbal Categorical Test and FAB), there were no other significant
differences.

DISCUSSION

In this study, the efficacy of a novel VR-based training protocol
to train the ability to sync allocentric viewpoint-dependent and
viewpoint-independent representation in a sample of patients
with Alzheimer’s disease (AD) was evaluated. A group of
cognitively healthy elderly individuals also participated in the
VR-based training in order to have a different comparison group.
Our results indicated a clear improvement in long-term spatial
memory (as measured by the Corsi Block Test—Supraspan)
after VR-based training for patients with AD; this means
that transference of improvements from the VR-based training
to more general aspects of spatial cognition was observed.

Interestingly, VR-based training also had a significant effect on
executive functioning (as measured by the Verbal Fluency Test)
in cognitively healthy elderly individuals.

The first possible interpretation of our findings is that
the improvement in long-term spatial memory for patients
with AD may have resulted from the information provided
by the interactive aerial view of the virtual city during the
first phase of the training. Indeed, a recent study has found
that the recall of spatial information is facilitated by the
presence of an interactive aerial view of the experienced
virtual environments because it provides a real-time allocentric
viewpoint-dependent representation that helps individuals to
place the current egocentric heading in space to compute
the bearing of each relevant stored object (Serino and Riva,
2015). This “external aid” may help patients with AD improve
their compromised ability to synchronize allocentric viewpoint-
dependent and viewpoint-independent representation. Both
active navigation and goal-directed spatial decision-making
have a beneficial effect on spatial performance. In our VR-
based training, participants were asked to use a gamepad to
actively navigate in the virtual environments and complete a
task. There was a virtual world where patients could perform
actions at concrete objectives. Several studies have demonstrated
the benefit of active navigation on memory performance
(Brooks, 1999; Gaunet et al., 2001; Péruch and Wilson, 2004;
Plancher et al., 2012). For instance, Plancher et al. (2012) asked
older adults, patients with amnestic mild cognitive impairment
and patients with AD to memorize a series of elements in
two experimental conditions: as the driver of a virtual car
(i.e., active exploration) and as the passenger of that car
(i.e., passive exploration). Interestingly, for all groups, active
exploration led to an enhanced recall of allocentric spatial
information.

These results were generally interpreted as suggesting
the role of action in enriching memory trace thanks to
reinforcement of item-specific processing (Engelkamp, 1998).
However, interacting with a complex environment provided
participants not only with a sensorimotor trace essential for
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TABLE 5 | Pre-post assessment.

VR group-AD VR group-normal aging zb pc rd

Verbal fluency test −1.60 (4.00) 3.50 (3.89) −2.240 0.025 0.527

Verbal categorical test 0.70 (4.71) 3.87 (5.03) −1.206 0.228 0.284

FABa 0.84 (4.26) 1.49 (2.13) −0.670 0.503 0.157

Attentional matrices test 4.71 (9.52) 1.25 (8.53) −0.357 0.721 0.084

Digit span test 0.01 (0.82) −0.12 (0.83) −0.369 0.466 0.086

Corsi block test—span 0.17 (1.20) −0.12 (0.84) −0.272 0.712 0.064

Corsi block test—supraspan 1.56 (2.53) 1.88 (4.21) −0.267 0.790 0.059

Delta scores obtained from the pre-post neuropsychological for patients with AD assigned to the VR-based training (“VR group-AD”) and for cognitively healthy elderly individuals-

assigned to the VR-based training (“VR Group-Normal Aging Data are shown as means and standard deviations (SD).
aMMSE, Mini Mental State Examination.
bMann–Whitney U testing.
cp-value.
dEffect size (|r| > 0.40 can be considered as a medium effect size, Cohen, 1988).

memory recall, but also with the opportunity to implement
goal-directed spatial decision-making, which is another key
element of active navigation. Planning spatial routes in a complex
environment to achieve different objectives and, consequently,
accomplish different intentions improved memory performance
and appeared to be supported by the hippocampus (Viard et al.,
2011).

These theoretical considerations on goal-directed spatial
decision-making may offer an interesting explanation for
the other findings of our work. Indeed, we also found
an improvement in executive functioning of cognitively
healthy elderly subjects after participation in VR-based
training. By “executive function,” we refer to a complex set
of cognitive abilities that includes planning, sequencing,
problem-solving, and monitoring (Chan et al., 2008), strictly
dependent on frontal lobe activity. According to the so-
called “frontal aging hypothesis,” frontal lobes are particularly
vulnerable to age-related decline (Greenwood, 2000), which
leads to consequent and progressive decreases in executive
functioning.

The role of frontal lobes has been demonstrated in other
high-level cognitive functions, such as episodic memory (Lepage
et al., 2000; Habib et al., 2003) and spatial memory (Maguire
et al., 1998). In particular, as anticipated, the prefrontal cortex
contribution was shown in spatial learning (Dahmani and
Bohbot, 2015), and its involvement in navigation is thought to
be linked to decision-making, planning and working memory
(Spiers and Maguire, 2006; Moffat et al., 2007; Viard et al., 2011).
For instance, Korthauer et al. (2017) found that performance on
the virtual version of the Morris Water Task was associated with
better verbal fluency, set switching, response inhibition, and the
ability to mentally rotate objects.

It is possible that our VR-based training stimulated the two
groups in different ways. In patients with AD, the training
specifically stimulated the “mental frame syncing,” leading to
a better spatial performance. For cognitively healthy subjects,
the training enhanced frontal functioning, stimulating the
implementation of goal-directed spatial decision-making to solve
the proposed task.

These findings are particularly promising for AD patients
because they provide support for the feasibility of VR as an
effective medium for delivering spatial training programs on
specific spatial skills that can be generalized to general aspects of
spatial processing, which appear to become compromised early
in this population. As such, VR-based interventions could be
included in the wider panorama of non-pharmacological and
non-invasive treatments for AD (Olazarán et al., 2010; Bahar-
Fuchs et al., 2013) that promote neuroplasticity and neural
reorganization through environmental enrichment (Durlach
et al., 2000; Rose et al., 2005; Bohil et al., 2011; García-
Betances et al., 2015; Morganti, 2015; Repetto et al., 2016). It
has been demonstrated that mice exposed to environmental
enrichment have shown improvements in hippocampal long-
term potentiation and changes in the neuroplasticity in cerebral
regions associated with learning and memory (Alwis and Rajan,
2014). More specifically, it was observed that hippocampal place
cell activity was present during a virtual navigation (Harvey et al.,
2009). In addition, Clemenson and Stark (2015) have recently
found that 3D video games were able to improve performance on
memory tasks known to be dependent on hippocampal activity.

On the other hand, our results indicated that our training
also led to improvements in executive functioning, allowing the
possibility to set up specific protocols for healthy elderly people
aimed at improving the traditional cognitive empowerment
approaches for this population (Serino and Pedroli, 2016).

Limitations must be taken into account when considering
our findings. First of all, although this is a development-of-
concept trial and small groups of patients are usually sufficient
for this type of study, the small sample size of may limit the
generalizability of our findings. Another limit of the current
study is that a measure of the ability to synchronize the two
described allocentric representations was not included as an
outcome measure, which prevents us from investigating the
relationship between neuropsychological assessments and the
ability to conduct the “mental frame syncing” and from showing
the progress of the patients throughout training in a graph.
Indeed, only two studies introduced novel VR-based tests aimed
at evaluating the presence of a deficit in “mental frame syncing,”
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and neither of those tests was standardized (Serino et al., 2014a,
2015b). However, it is interesting to note that preliminary results
from these studies showed that general cognitive functioning
(measured with MMSE) was associated with the ability to
conduct the “mental frame syncing” (Serino et al., 2014a).

In sum, our results concerning the efficacy of a novel VR-
based training program to improve synchronization of different
spatial representations for AD are surely encouraging, but
also preliminary. We have demonstrated the feasibility of our
approach, but this study should be viewed as a proof-of-concept
that requires further development. Summarizing researches
conducted so far on patients with AD using VR technologies,
García-Betances and colleagues noted that the majority of works
in this field had privileged not-immersive VR-based solutions
(García-Betances et al., 2015). This is not only a “technological
issue,” but as future step of our approach it would be crucial
to investigate its efficacy using a computer-assisted virtual
environment (CAVE). In this system, virtual environments are
usually projected onto the screen of a small room completely
surrounding the users, thus enhancing the sense of presence (i.e.,
the sense of “being there;” Riva et al., 2014) and the possibility
of interacting with the objects in the scene. Although there
are more user-friendly, immersive and low-cost rehabilitative
technologies (e.g., Oculus Rift, for a review see Castelvecchi,
2016), it is possible to develop a training program in which the
interactive aerial view rotates according to the orientation of the
participants’ heading direction. In our previous study carried out
in a CAVE, we found that the presence of a small interactive
aerial view of a virtual city, including a visualized larger arrow
indicating the heading direction, was able to facilitate spatial
recall (Serino et al., 2015a). These outcomes emphasized the
crucial role of a larger visualized arrow in order to retrieve the
correct path; this arrow worked as a “external aid” in reinforcing
participants’ “mental frame syncing” by giving them information
about their heading direction in the environment. These findings
were compatible with studies elucidating the role of retrosplenial
cortex in heading retrieval (Epstein, 2008; Vann et al., 2009;
Marchette et al., 2014), a specific cognitive process dissociable by
place recognition (Julian et al., 2015).

With these developments, controlled clinical trials involving a
greater number of participants are required to provide adequate
support to our proposal. Other future challenges include the
inclusion of a follow-up to provide more consistent results and
the elaboration of a more complex cognitive training program
focusing on other cognitive skills beyond the spatial one (Clare
and Woods, 2004; Bahar-Fuchs et al., 2013). Indeed, current
increasing evidence on the efficacy of non-pharmacological
approaches in patients with AD is sufficiently encouraging to
justify additional clinical studies on this population.

AUTHOR CONTRIBUTIONS

SS, EP, and GR developed the study concept. All authors
contributed to the study design. EP, CT, and NM were involved
in the data collection. SS performed the data analysis and
interpretation under the supervision of GR. SS, EP, and CT wrote
the first draft of the manuscript. GD, MS, KG, and GR were
involved in the critical revision of the manuscript for important
intellectual content. All the authors approved the final version of
the manuscript for submission.

ACKNOWLEDGMENTS

SS and GR were supported by the research project Tecnologia
Positiva e Healthy Aging (Positive Technology and Healthy
Aging) (Grant D.3.2., 2014) and by the research project “Ageing
and Healthy Living: A Human Centered Approach in Research
and innovation as Source of Quality Life,” funded by Fondazione
Cariplo. EP, MS, KG, and GR were supported by the Italian
funded project “High-end and Low-End Virtual Reality Systems
for the Rehabilitation of Frailty in the Elderly” (PE-2013-
02355948).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnagi.
2017.00240/full#supplementary-material

REFERENCES

Alwis, D. S., and Rajan, R. (2014). Environmental enrichment and the sensory

brain: the role of enrichment in remediating brain injury. Front. Syst. Neurosci.

8:156. doi: 10.3389/fnsys.2014.00156

Appollonio, I., Leone, M., Isella, V., Piamarta, F., Consoli, T., Villa, M., et al.

(2005). The Frontal Assessment Battery (FAB): normative values in an

Italian population sample. Neurol. Sci. 26, 108–116. doi: 10.1007/s10072-005-

0443-4

Bahar-Fuchs, A., Clare, L., andWoods, B. (2013). Cognitive training and cognitive

rehabilitation for persons with mild to moderate dementia of the Alzheimer’s

or vascular type: a review. Alzheimers Res. Ther. 5: 35. doi: 10.1186/alzrt189

Bartsch, T., and Wulff, P. (2015). The hippocampus in aging and

disease: from plasticity to vulnerability. Neuroscience 309, 1–16.

doi: 10.1016/j.neuroscience.2015.07.084

Behrendt, R. P. (2013). Conscious experience and episodic memory: hippocampus

at the crossroads. Front. Psychol. 4:304. doi: 10.3389/fpsyg.2013.00304

Bohil, C. J., Alicea, B., and Biocca, F. A. (2011). Virtual reality in neuroscience

research and therapy. Nat. Rev. Neurosci. 12, 752–762. doi: 10.1038/nrn3122

Bosco, A., Picucci, L., Caffo, A., Lancioni, G. E., andGyselinck, V. (2008). Assessing

human reorientation ability inside virtual reality environments: the effects of

retention interval and landmark characteristics. Cogn. Process. 9, 299–309.

doi: 10.1007/s10339-008-0210-6

Braak, H., and Braak, E. (1995). Staging of Alzheimer’s disease-

related neurofibrillary changes. Neurobiol. Aging 16, 271–278.

doi: 10.1016/0197-4580(95)00021-6

Brazzelli, M., Capitani, E., Della Sala, S., Spinnler, H., and Zuffi, M. (1994).

A neuropsychological instrument adding to the description of patients with

suspected cortical dementia: the Milan overall dementia assessment. J. Neurol.

Neurosurg. Psychiatry 57, 1510–1517. doi: 10.1136/jnnp.57.12.1510

Brooks, B. M. (1999). The specificity of memory enhancement during interaction

with a virtual environment.Memory 7, 65–78. doi: 10.1080/741943713

Burgess, N., Becker, S., King, J. A., and O’Keefe, J. (2001). Memory for events and

their spatial context: models and experiments. Philos. Trans. R. Soc. Lond. B

Biol. Sci. 356, 1493–1503. doi: 10.1098/rstb.2001.0948

Burgess, N., Maguire, E. A., and O’Keefe, J. (2002). The human

hippocampus and spatial and episodic memory. Neuron 35, 625–641.

doi: 10.1016/S0896-6273(02)00830-9

Frontiers in Aging Neuroscience | www.frontiersin.org 10 July 2017 | Volume 9 | Article 240

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00240/full#supplementary-material
https://doi.org/10.3389/fnsys.2014.00156
https://doi.org/10.1007/s10072-005-0443-4
https://doi.org/10.1186/alzrt189
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.3389/fpsyg.2013.00304
https://doi.org/10.1038/nrn3122
https://doi.org/10.1007/s10339-008-0210-6
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1136/jnnp.57.12.1510
https://doi.org/10.1080/741943713
https://doi.org/10.1098/rstb.2001.0948
https://doi.org/10.1016/S0896-6273(02)00830-9
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Serino et al. Virtual Reality Space Alzheimer Disease

Byrne, P., Becker, S., and Burgess, N. (2007). Remembering the past and imagining

the future: a neural model of spatial memory and imagery. Psychol. Rev. 114,

340-375. doi: 10.1037/0033-295X.114.2.340-375

Caglio, M., Latini-Corazzini, L., D’Agata, F., Cauda, F., Sacco, K., Monteverdi, S.,

et al. (2012). Virtual navigation for memory rehabilitation in a traumatic brain

injured patient. Neurocase 18, 123–131. doi: 10.1080/13554794.2011.568499

Castelvecchi, D. (2016). Low-cost headsets boost virtual reality’s lab appeal.Nature

533, 153–154. doi: 10.1038/533153a

Chan, R. C. K., Shum, D., Toulopoulou, T., and Chen, E. Y. H. (2008). Assessment

of executive functions: review of instruments and identification of critical

issues. Arch. Clin. Neuropsychol. 23, 201–216. doi: 10.1016/j.acn.2007.08.010

Cipresso, P., Serino, S., Pallavicini, F., Gaggioli, A., and Riva, G. (2014).

“NeuroVirtual 3D: a multiplatform 3D simulation system for application

in psychology and neuro-rehabilitation,” in Virtual, Augmented Reality and

Serious Games for Healthcare 1, eds M. Ma, L. C. Jain, P. Anderson (Berlin;

Heidelberg: Springer), 275–286.

Clare, L., and Woods, R. T. (2004). Cognitive training and cognitive rehabilitation

for people with early-stage Alzheimer’s disease: a review.Neuropsychol. Rehabil.

14, 385–401. doi: 10.1080/09602010443000074

Clemenson, G. D., and Stark, C. E. L. (2015). Virtual environmental enrichment

through video games improves hippocampal-associated memory. J. Neurosci.

35, 16116–16125. doi: 10.1523/JNEUROSCI.2580-15.2015

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences, 2nd Edn.

Hillsdale, MI: Lawrence Erlbaum Associates.

Corsi, P. (1973). Human Memory and the Medial Temporal Region of the Brain,

Vol. 34. McGill University Montreal.

Dahmani, L., and Bohbot, V. D. (2015). Dissociable contributions of the prefrontal

cortex to hippocampus-and caudate nucleus-dependent virtual navigation

strategies. Neurobiol. Learn. Mem. 117, 42–50. doi: 10.1016/j.nlm.2014.07.002

de Werd, M. M., Boelen, D., Rikkert, M. G. M. O., and Kessels, R. P. C. (2013).

Errorless learning of everyday tasks in people with dementia. Clin. Interv. Aging

8, 1177–1190. doi: 10.2147/CIA.S46809

Dobkin, B. H. (2009). Progressive staging of pilot studies to improve phase

III trials for motor interventions. Neurorehabil. Neural Repair 23, 197–206.

doi: 10.1177/1545968309331863

Dubois, B., Feldman, H. H., Jacova, C., DeKosky, S. T., Barberger-Gateau, P.,

Cummings, J., et al. (2007). Research criteria for the diagnosis of Alzheimer’s

disease: revising the NINCDS–ADRDA criteria. Lancet Neurol. 6, 734–746.

doi: 10.1016/S1474-4422(07)70178-3

Durlach, N., Allen, G., Darken, R., Garnett, R. L., Loomis, J., Templeman,

J., et al. (2000). Virtual environments and the enhancement of spatial

behavior: towards a comprehensive research agenda. Presence 9, 593–615.

doi: 10.1162/105474600300040402

Ekstrom, A. D., Arnold, A. E. G. F., and Iaria, G. (2014). A critical review

of the allocentric spatial representation and its neural underpinnings:

toward a network-based perspective. Front. Hum. Neurosci. 8:803.

doi: 10.3389/fnhum.2014.00803

Engelkamp, J. (1998). Memory for Actions. Hove: Psychology Press/Taylor and

Francis.

Epstein, R. A. (2008). Parahippocampal and retrosplenial contributions to human

spatial navigation.Trends Cogn. Sci. 12, 388–396. doi: 10.1016/j.tics.2008.07.004

Epstein, R. A., Parker, W. E., and Feiler, A. M. (2007). Where am I now? Distinct

roles for parahippocampal and retrosplenial cortices in place recognition. J.

Neurosci. 27, 6141–6149. doi: 10.1523/JNEUROSCI.0799-07.2007

Folstein, M. F., Robins, L. N., and Helzer, J. E. (1983). The mini-

mental state examination. Arch. Gen. Psychiatry 40, 812–812.

doi: 10.1001/archpsyc.1983.01790060110016

García-Betances, R. I., Arredondo Waldmeyer, M. T., Fico, G., and

Cabrera-Umpiérrez, M. F. (2015). A succinct overview of virtual reality

technology use in Alzheimer’s disease. Front. Aging Neurosci. 7:80.

doi: 10.3389/fnagi.2015.00080

Gaunet, F., Vidal, M., Kemeny, A., and Berthoz, A. (2001). Active, passive

and snapshot exploration in a virtual environment: influence on scene

memory, reorientation and path memory. Brain Cogn. Res. 11, 409–420.

doi: 10.1016/S0926-6410(01)00013-1

Gazova, I., Vlcek, K., Laczo, J., Nedelska, Z., Hyncicova, E., Mokrisova, I.,

et al. (2012). Spatial navigation—a unique window into physiological and

pathological aging. Front. Aging Neurosci. 4:16. doi: 10.3389/fnagi.2012.00016

Greenwood, P. M. (2000). The frontal aging hypothesis evaluated. J. Int.

Neuropsychol. Soc. 6, 705–726. doi: 10.1017/S1355617700666092

Habib, R., Nyberg, L., and Tulving, E. (2003). Hemispheric asymmetries

of memory: the HERA model revisited. Trends Cogn. Sci. 7, 241–245.

doi: 10.1016/S1364-6613(03)00110-4

Hartley, T., Lever, C., Burgess, N., and O’Keefe, J. (2014). Space in the brain: how

the hippocampal formation supports spatial cognition. Phil. Trans. R. Soc. B

Biol. Sci. 369, 20120510. doi: 10.1098/rstb.2012.0510

Harvey, C. D., Collman, F., Dombeck, D. A., and Tank, D. W. (2009). Intracellular

dynamics of hippocampal place cells during virtual navigation. Nature 461,

941–946. doi: 10.1038/nature08499

Julian, J. B., Keinath, A. T., Muzzio, I. A., and Epstein, R. A. (2015).

Place recognition and heading retrieval are mediated by dissociable

cognitive systems in mice. Proc. Natl. Acad. Sci. U.S.A. 112, 6503–6508.

doi: 10.1073/pnas.1424194112

Kober, S. E., Wood, G., Hofer, D., Kreuzig, W., Kiefer, M., and Neuper, C. (2013).

Virtual reality in neurologic rehabilitation of spatial disorientation. J. Neuroeng.

Rehabil. 10:17. doi: 10.1186/1743-0003-10-17

Korthauer, L. E., Nowak, N. T., Frahmand, M., and Driscoll, I. (2017).

Cognitive correlates of spatial navigation: associations between executive

functioning and the virtual Morris Water Task. Behav. Brain Res. 317, 470–478.

doi: 10.1016/j.bbr.2016.10.007

Lepage, M., Ghaffar, O., Nyberg, L., and Tulving, E. (2000). Prefrontal cortex and

episodic memory retrieval mode. Proc. Natl. Acad. Sci. U.S.A. 97, 506–511.

doi: 10.1073/pnas.97.1.506

Lithfous, S., Dufour, A., and Després, O. (2013). Spatial navigation in normal

aging and the prodromal stage of Alzheimer’s disease: insights from imaging

and behavioral studies. Ageing Res. Rev. 12, 201–213. doi: 10.1016/j.arr.2012.

04.007

Maguire, E. (2001). The retrosplenial contribution to human navigation: a

review of lesion and neuroimaging findings. Scand. J. Psychol. 42, 225–238.

doi: 10.1111/1467-9450.00233

Maguire, E. A., Burgess, N., Donnett, J. G., Frackowiak, R. S., Frith, C. D., and

O’Keefe, J. (1998). Knowing where and getting there: a human navigation

network. Science 280, 921–924. doi: 10.1126/science.280.5365.921

Marchette, S. A., Vass, L. K., Ryan, J., and Epstein, R. A. (2014). Anchoring the

neural compass: coding of local spatial reference frames in human medial

parietal lobe. Nat. Neurosci. 17, 1598–1606. doi: 10.1038/nn.3834

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., and Stadlan,

E. M. (1984). Clinical diagnosis of Alzheimer’s disease report of the NINCDS-

ADRDA Work Group under the auspices of Department of Health and

Human Services Task Force on Alzheimer’s Disease. Neurology 34, 939–939.

doi: 10.1212/WNL.34.7.939

Moffat, S. D. (2009). Aging and spatial navigation: what do we know and

where do we go? Neuropsychol. Rev. 19, 478–489. doi: 10.1007/s11065-009-

9120-3

Moffat, S. D., Kennedy, K. M., Rodrigue, K. M., and Raz, N. (2007).

Extrahippocampal contributions to age differences in human spatial navigation.

Cereb. Cortex 17, 1274–1282. doi: 10.1093/cercor/bhl036

Monaco, M., Costa, A., Caltagirone, C., and Carlesimo, G. A. (2012). Forward

and backward span for verbal and visuo-spatial data: standardization and

normative data from an Italian adult population. Neurol. Sci. 34, 749–754.

doi: 10.1007/s10072-012-1130-x

Morganti, F. (2015). “Embodied space in natural and virtual environments:

implications for cognitive neuroscience research,” in Pervasive Computing

Paradigms for Mental Health: 5th International Conference, MindCare 2015,

Milan, Italy, September 24-25, eds S. Serino, A. Matic, D. Giakoumis, J. Lopez,

and P. Cipersso (Cham: Springer International Publishing), 110–119.

Novelli, G., Papagno, C., Capitani, E., and Laiacona, M. (1986). Tre test clinici di

ricerca e produzione lessicale. Taratura su sogetti normali. Arch. Psicol. Neurol.

Psichiatria 47, 477–506.

Olazarán, J., Reisberg, B., Clare, L., Cruz, I., Peña-Casanova, J., Del Ser,

T., et al. (2010). Nonpharmacological therapies in Alzheimer’s disease: a

systematic review of efficacy. Dement. Geriatr. Cogn. Disord. 30, 161–178.

doi: 10.1159/000316119

Padurariu, M., Ciobica, A., Mavroudis, I., Fotiou, D., and Baloyannis, S. (2012).

Hippocampal neuronal loss in the CA1 and CA3 areas of Alzheimer’s disease

patients. Psychiatr. Danub. 24, 152–158.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 July 2017 | Volume 9 | Article 240

https://doi.org/10.1037/0033-295X.114.2.340-375
https://doi.org/10.1080/13554794.2011.568499
https://doi.org/10.1038/533153a
https://doi.org/10.1016/j.acn.2007.08.010
https://doi.org/10.1080/09602010443000074
https://doi.org/10.1523/JNEUROSCI.2580-15.2015
https://doi.org/10.1016/j.nlm.2014.07.002
https://doi.org/10.2147/CIA.S46809
https://doi.org/10.1177/1545968309331863
https://doi.org/10.1016/S1474-4422(07)70178-3
https://doi.org/10.1162/105474600300040402
https://doi.org/10.3389/fnhum.2014.00803
https://doi.org/10.1016/j.tics.2008.07.004
https://doi.org/10.1523/JNEUROSCI.0799-07.2007
https://doi.org/10.1001/archpsyc.1983.01790060110016
https://doi.org/10.3389/fnagi.2015.00080
https://doi.org/10.1016/S0926-6410(01)00013-1
https://doi.org/10.3389/fnagi.2012.00016
https://doi.org/10.1017/S1355617700666092
https://doi.org/10.1016/S1364-6613(03)00110-4
https://doi.org/10.1098/rstb.2012.0510
https://doi.org/10.1038/nature08499
https://doi.org/10.1073/pnas.1424194112
https://doi.org/10.1186/1743-0003-10-17
https://doi.org/10.1016/j.bbr.2016.10.007
https://doi.org/10.1073/pnas.97.1.506
https://doi.org/10.1016/j.arr.2012.04.007
https://doi.org/10.1111/1467-9450.00233
https://doi.org/10.1126/science.280.5365.921
https://doi.org/10.1038/nn.3834
https://doi.org/10.1212/WNL.34.7.939
https://doi.org/10.1007/s11065-009-9120-3
https://doi.org/10.1093/cercor/bhl036
https://doi.org/10.1007/s10072-012-1130-x
https://doi.org/10.1159/000316119
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Serino et al. Virtual Reality Space Alzheimer Disease

Péruch, P., and Wilson, P. N. (2004). Active versus passive learning and

testing in a complex outside built environment. Cogn. Process. 5, 218–227.

doi: 10.1007/s10339-004-0027-x

Plancher, G., Tirard, A., Gyselinck, V., Nicolas, S., and Piolino, P.

(2012). Using virtual reality to characterize episodic memory profiles

in amnestic mild cognitive impairment and Alzheimer’s disease:

influence of active and passive encoding. Neuropsychologia 50, 592–602.

doi: 10.1016/j.neuropsychologia.2011.12.013

Repetto, C., Serino, S., Macedonia, M., and Riva, G. (2016). Virtual reality as an

embodied tool to enhance episodic memory in elderly. Front. Psychol. 7:1839.

doi: 10.3389/fpsyg.2016.01839

Riva, G., Castelnuovo, G., and Mantovani, F. (2006). Transformation of flow in

rehabilitation: the role of advanced communication technologies. Behav. Res.

Methods 38, 237–244. doi: 10.3758/BF03192775

Riva, G., Gaggioli, A., Grassi, A., Raspelli, S., Cipresso, P., Pallavicini, F., et al.

(2011). NeuroVR 2–a free virtual reality platform for the assessment and

treatment in behavioral health care. Stud. Health Technol. Inform. 163, 493–495.

Riva, G., Waterworth, J., and Murray, D. (eds.). (2014). Interacting with Presence:

HCI and the Sense of Presence in Computer-mediated Environments. Berlin: de

Gruyter Open.

Rose, F. D., Brooks, B. M., and Rizzo, A. A. (2005). Virtual reality in

brain damage rehabilitation: review. Cyberpsychol. Behav. 8, 241–262.

doi: 10.1089/cpb.2005.8.241

Serino, S., Cipresso, P., Gaggioli, A., and Riva, G. (2014a). Assessing the mental

frame syncing in the elderly: a virtual reality protocol. Stud. Health Technol.

Inform. 199, 153–157. doi: 10.3233/978-1-61499-401-5-153

Serino, S., Cipresso, P., Morganti, F., and Riva, G. (2014b). The role of egocentric

and allocentric abilities in Alzheimer’s disease: a systematic review. Ageing Res.

Rev. 16, 32–44. doi: 10.1016/j.arr.2014.04.004

Serino, S., Mestre, D., Mallet, P., Pergandi, J. M., Cipresso, P., and Riva, G.

(2015a). Do not get lost in translation: the role of egocentric heading in spatial

orientation. Neurosci. Lett. 602, 84–88. doi: 10.1016/j.neulet.2015.06.057

Serino, S., Morganti, F., Di Stefano, F., and Riva, G. (2015b). Detecting

early egocentric and allocentric impairments deficits in Alzheimer’s disease:

an experimental study with virtual reality. Front. Aging Neurosci. 7:88.

doi: 10.3389/fnagi.2015.00088

Serino, S., and Pedroli, E. (2016). Technology and cognitive empowerment for

healthy elderly: the link between cognitive skills. Integr. Technol. Posit. Psychol.

Pract. 193, 21. doi: 10.4018/978-1-4666-9986-1.ch008

Serino, S., and Riva, G. (2013). Getting lost in Alzheimer’s disease: a

break in the mental frame syncing. Med. Hypotheses 80, 416–421.

doi: 10.1016/j.mehy.2012.12.031

Serino, S., and Riva, G. (2014). What is the role of spatial processing in

the decline of episodic memory in Alzheimer’s disease? The “mental frame

syncing” hypothesis. Front. Aging Neurosci. 6:33. doi: 10.3389/fnagi.2014.

00033

Serino, S., and Riva, G. (2015). How different spatial representations interact in

virtual environments: the role of mental frame syncing. Cogn. Process. 16,

191–201. doi: 10.1007/s10339-015-0646-4

Siegel, S., and Castellan, N. J. (1988). Nonparametric Statistics for the Behavioral

Sciences. 2nd Edn. New York, NY: McGrawHill.

Spiers, H. J., and Maguire, E. A. (2006). Thoughts, behaviour, and brain

dynamics during navigation in the real world. Neuroimage 31, 1826–1840.

doi: 10.1016/j.neuroimage.2006.01.037

Spinnler, H., and Tognoni, G. (1987). Italian Group on the Neuropsychological

Study of Ageing: Italian standardization and classification of

neuropsychological tests. Ital. J. Neurol. Sci. 6(Suppl. 8), 1–120.

Tromp, D., Dufour, A., Lithfous, S., Pebayle, T., and Després, O. (2015). Episodic

memory in normal aging and Alzheimer disease: insights from imaging and

behavioral studies. Ageing Res. Rev. 24, 232–262. doi: 10.1016/j.arr.2015.08.006

Vann, S. D., Aggleton, J. P., and Maguire, E. A. (2009). What does the

retrosplenial cortex do? Nat. Rev. Neurosci. 10, 792–802. doi: 10.1038/

nrn2733

Viard, A., Doeller, C. F., Hartley, T., Bird, C. M., and Burgess, N. (2011).

Anterior hippocampus and goal-directed spatial decision making. J. Neurosci.

31, 4613–4621. doi: 10.1523/JNEUROSCI.4640-10.2011

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Serino, Pedroli, Tuena, De Leo, Stramba-Badiale, Goulene,

Mariotti and Riva. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 12 July 2017 | Volume 9 | Article 240

https://doi.org/10.1007/s10339-004-0027-x
https://doi.org/10.1016/j.neuropsychologia.2011.12.013
https://doi.org/10.3389/fpsyg.2016.01839
https://doi.org/10.3758/BF03192775
https://doi.org/10.1089/cpb.2005.8.241
https://doi.org/10.3233/978-1-61499-401-5-153
https://doi.org/10.1016/j.arr.2014.04.004
https://doi.org/10.1016/j.neulet.2015.06.057
https://doi.org/10.3389/fnagi.2015.00088
https://doi.org/10.4018/978-1-4666-9986-1.ch008
https://doi.org/10.1016/j.mehy.2012.12.031
https://doi.org/10.3389/fnagi.2014.00033
https://doi.org/10.1007/s10339-015-0646-4
https://doi.org/10.1016/j.neuroimage.2006.01.037
https://doi.org/10.1016/j.arr.2015.08.006
https://doi.org/10.1038/nrn2733
https://doi.org/10.1523/JNEUROSCI.4640-10.2011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	A Novel Virtual Reality-Based Training Protocol for the Enhancement of the ``Mental Frame Syncing'' in Individuals with Alzheimer's Disease: A Development-of-Concept Trial
	Introduction
	Materials and Methods
	Participants
	VR-Based Training Program
	Outcome Measures
	Procedure
	Data Analysis

	Results
	Comparison between the Two Groups of Patients with AD—Baseline Characteristics
	Comparison between the Two Group of Patients with AD—Pre- And Post-Neuropsychological Assessment
	Comparison between Patients with AD and Cognitively Healthy Controls Assigned to VR-Based Training- Baseline Characteristics
	Comparison between Patients with AD and Cognitively Healthy Controls Assigned to VR-Based Training—Pre- and Post-Neuropsychological Assessment

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


