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Abstract—The rapid growth of the aged population has stim-
ulated research directed at designing interventions to support
the associated social, economic and health challenges in an
elderly population. Environmental interventions, like cognitive
rehabilitation, stimulation and training can significantly improve
cognitive functioning, so mitigating the cognitive decline. In this
area, the adoption of state-of-the-art virtual reality technologies
can provide a cost-effective, flexible and comprehensive solution
for realizing complex cognitive training environments. With the
aim of preserving mnestic and logical-praxic functions of patients
with MCI or Alzheimer’s disease at the early stages, in this
paper we describe our ongoing work in designing a novel, fully-
equipped virtual reality cognitive training system. The system is
characterized by a high degree of realism and interactivity, to
provide the patient with an adequate sense of presence within
the virtual environment. Moreover, it is able to monitor the
patient’s biomedical signals and collect quantitative data on the
training sessions, so allowing the therapist to analyze and tailor
the training strategies to the patient.

I. INTRODUCTION
As in other countries, the aged population in Italy is growing

as a percentage of the total, rising from 20.8% in 2012 to
22.3% in 2017, the population’s mean age increasing from
43.8 in 2012 to 44.9 in 2017 [1]. This rapid growth has stim-
ulated research directed at designing interventions to support
the associated social, economic and health challenges in an
elderly population. A decline in various cognitive abilities,
particularly executive control functions, has been observed in
older adults [2]. For the majority of older people the extent of
any cognitive decline is relatively small, but some individuals
experience more extensive difficulties and are at greater risk
of developing a form of dementia.
Cognitive function is a specific target area and relates to

the reduced independence, impaired well-being and increased
need for care associated with cognitive decline [3]. Literature

on this topic has demonstrated that environmental interven-
tions can significantly improve cognitive functioning [4], [5].
In the literature, multiple terms have been used for such in-

terventions, including cognitive rehabilitation, cognitive stimu-
lation and cognitive training. Cognitive rehabilitation, and cog-
nitive stimulation are the most popular approaches, referring
to an involvement in activities designed to increase cognitive
and social function [6].
Cognitive training (CT) involves standardized training in

tasks designed to optimize cognitive function [7]. The rationale
for CT intervention is found in the concept of “plasticity”,
which encompasses the latent cognitive potential of individuals
and the capacity of the brain for reactive changes in cognitive
flexibility [8]. Plasticity has been measured by using observ-
able behavioral indicators [9] or through neuroimaging [10].
Research into plasticity undertaken with older people has
challenged the assumption that cognition remains fixed or
declines and has demonstrated the potential for interventions
to stimulate cognition [11].
A recent review of the literature on cognitive decline has

shown that CT has improved cognition in different studies by
up to 5 years [11], and has thereby delayed cognitive and
functional decline [12]. The growth in CT for healthy older
populations has corresponded with an increase in scientific
research into the efficacy of CT for individuals including
also those living with Mild Cognitive Impairment (MCI) and
dementia [13].
Systematic reviews and meta analyses [14], [12], [15],

[16], [17], [18] have demonstrated that individuals living
with MCI have shown improvements in cognitive domains
following CT. However, in studies where an active control
condition was included, these improvements were no longer
significant. These mixed results, small effect sizes and the
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unspecified influence of an active vs no contact control in
these populations [19] means a majority of studies call for
further research.
Traditionally, CT has been administered in groups by a psy-

chologist or therapist. Technological innovations have resulted
in computerized cognitive training (CCT) and virtual reality
cognitive training (VRCT), which provide more cost effective,
accessible, flexible and comprehensive interventions.
In this paper, the design of a novel VRCT system is

detailed. The goal is to provide a complete cognitive training
solution for patients with MCI or Alzheimer’s disease (AD)
at the early stages, with the aim of preserving their mnesic
and logical-praxic faculties for as long as possible through
exercise and cognitive stimulation. The system comprises two
cognitive training environments, together with customization,
monitoring and analysis tools. Moreover, the proposed VRCT
system is characterized by a high degree of realism and
interactivity, to provide the patient with an adequate sense of
presence within the virtual environment.
The rest of the paper is structured as follows. In Section II,

related work on the use of VR in cognitive training is briefly
introduced. In Section III, the VRCT system is detailed in
terms features and components, whereas in section IV the
design of the user study is discussed. Finally, Section V,
concludes the paper.

II. RELATED WORK

In the last few years, several VR systems for CT have been
designed and evaluated. The first type of system targets naviga-
tion skills, making the patient perform a navigation task within
a virtual environment. In [20], a training system, where people
at the early stages of AD had to navigate within a virtual
building to measure and to improve their spatial navigation
abilities, is presented; the proposed VR configuration includes
a head-mounted display (HMD) and a custom wheelchair used
to navigate within the virtual environment. In [21], a real-
world navigation test used with subjects with recognized or
incipient AD was compared with a virtual reality simulation
of the same environment, the study providing evidence of a
correlation between the two approaches. Similar VR systems
focusing on navigation skills are described in [22], [23].
A second type of VR system is aimed at impeding cognitive

decline and improving memory functions. In [24], the authors
show that the VR system can, after a six month memory train-
ing, improve memory function by enhancing focused attention.
Man et al. investigated in [25] the effectiveness of a VR-based
memory training for older adults with questionable dementia,
demonstrating a generally positive training effect and a specific
improvement in objective memory performance if compared
with a non-VR group. Studies on the relation between VR
and age-related differences and the effect of AD on executive
functioning and episodic memory are presented in [26], [27].
In [28] a diagnosis and assessment system that uses an HMD,
gaming and low-cost sensors to generate an interactive and
panoramic scenario for the assessment of executive functions
and memory is presented; a pilot study also shows a general

acceptance of the technology by the user. In [29], patients
with MCI and dementia were involved in an attentional task,
the goal of which was to evaluate acceptability, interest and
usability problems.
A different type of system simulates activities of daily

living (ADL) with the aim of improving a person’s ability
to live independently. To achieve this objective, Foloppe et al.
explore in [30] whether it is possible to increase autonomy
in AD patients during cooking activities using interventions
based on error-less learning, vanishing-cue, and techniques;
the data collected show that the recruited patients could
relearn some cooking activities using VR techniques, and
transfer them into real life. In [31] and [32], the cognitive and
psychomotor problems associated with functional impairments
of AD patients in activities of daily living are also investigated.
In [33], in order to assess and train the cognitive abilities of
brain-injured patients, a virtual supermarket is presented; the
study highlights the difficulties in using the joystick because of
its weight and its instability but also due to physical problems,
suggesting the use of more comfortable interfaces for this kind
of user.

III. THE VIRTUAL REALITY COGNITIVE TRAINING
SYSTEM

This section presents an overview of the system architecture,
also highlighting requirements and activities of the main
actors.

A. Overview
The system has been realized as a VR based environment

applied to the CT of MCI and AD patients, which has been
conceived to be used at the same time by therapists and
patients. The VR domain has allowed us to combine in a
single system the different needs of therapists and patients.
In fact, while therapists need more support during the training
sessions, including the possibility of monitoring the patient’s
actions and vital signs in real time, the patient requires a per-
sonalized training environment, able to facilitate the training
process while keeping her/him engaged.
In the proposed system, the patient is immersed in a

synthetic environment having the possibility of enjoying differ-
ent scenarios and consequently different experiences without
moving from a safe area. At the same time, the therapist is able
to observe the behavior of the patient in that environment and
to intervene when necessary. The training sessions proposed

Fig. 1. Conceptual design of the system.

664

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on March 22,2022 at 11:34:29 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 2. The high-level system architecture.

to the patient have been designed in the form of a serious
game that involves two players, the patient and therapist,
characterized by different points of view, abilities and goals.
As depicted in fig. 1, the system comprises two subsystems,

which expose two different interfaces: one is used by the
patient to complete an assigned task; the other by the ther-
apist to control the training session and monitor the patient’s
behavior. In more detail, the patient subsystem allows her/him
to perform the training session while being immersed in a
virtual environment that requires the carrying out of everyday
tasks. The aim is to enhance the patient’s engagement through
gaming, so encouraging her/him to perform the tasks with
minimal assistance.
The system provides several serious games for the CT of

patients in the very earliest stages of dementia, which can be
tailored to a specific patient by setting the level of difficulty,
where different levels corresponding to different cognitive
loads. Some of them simulate ADL (e.g., a cooking activity,
see figure 3), others are focused on memory training (e.g,
autobiographical memory [34], which is often impaired in
early stages of AD [35], see figure 4). All the elements inside
the virtual environments are interactable, using interaction
metaphors similar to those used in real life. To enhance
the degree of realism, specific physical features have been
designed for each virtual element (e.g., a plate breaks if it falls
to the ground). Furthermore, directional audio is used to attract
the patient’s attention. All the exercises have a difficulty level
that can be configured through parameters set by the therapist
before starting the exercise.
The therapist subsystem provides the therapist with a sup-

port tool, which enables her/him able to monitor the patient’s
exercises. The subsystem also provides the therapist with a
complete and detailed report, so improving her/his knowledge
on the patient’s training progress. The therapist subsystem
has been realized as a stand-alone application that provides
instruments for profiling the patients and customizes the
selected exercises based on training goals and performances
achieved during the previous sessions. The therapist subsystem
is connected with that of the patient to start the execution
of a session or to interrupt it in the case of a dangerous

situation, considering the patient’s behavior in the virtual
environment [36] or her/his vital parameters. The therapist
can check all the patient’s actions during the game execution,
monitoring in real time her/his vital signs, and, if necessary,
providing more explicit instructions, supporting the patient in
the achievement of the goal. Finally, this subsystem collects all
the session measures, making them available to the therapist.
The technical equipment comprises an HTC Vive HMD,

which allows a full immersion in a virtual environment in-
volving both sight and hearing and a multimodality interaction
with the virtual world and its 3D entities performed through
the tracking of the user’s head and hand movements in a
room-scale environment. Moreover, the equipment includes
a Microsoft Band v2 bracelet, which tracks the patient’s
biomedical signals. Finally, for the development of the VR-
based serious games, Unity 3D, a game-creation platform, is
used.

B. Software components

As shown in fig. 2, the system is organized in different
components, which communicate with each other, sharing
common repositories.
The Patient Manager is the primary point of access for

the therapist, where she/he can profile each patient, collect
an initial assessment, monitor her/his training and collect the
follow-up assessment. In the Patient Profile & Clinical Assess-
ment repository, further information is collected in relation to,
for example, drugs taken, support treatments, sight problems,
head pains, physical activity, diet followed, and the presence
of a caregiver. For assuring data privacy, techniques for the
formal verification of the requirements [37] are used. The
Patient Manager component is also used by the therapist to
control the patient’s performances, which are stored in the
Session Results repository.
The Session Game Configurator component is used by the

therapist to define the daily training sessions. The therapist
chooses the type of game to propose to the patient together
with the difficulty level. Next, this configuration is used to
initialize the virtual environment managed by the VR Game
Manager. The latter is the component in charge of executing
the immersive game, in which the patient’s movements are

Fig. 3. A virtual environment for cooking activities.
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Fig. 4. A virtual environment for memory training.

transformed into interactions with the synthetic elements of
the scene. All the interactions, involving multiple degrees
of freedom [38] and target selection techniques [39], are
evaluated in relation to the game logic and the training goals.
The VR Game Manager component receives its input from

the Motion Tracker component, which tracks the patient’s
movement by using the embedded sensors of the devices
employed. Moreover, during the therapy session, the patient’s
vital signals are collected by the Biomedical Monitoring
component.
All the session data produced by both the VR Game

Manager and the Biomedical Monitoring are handled by the
Session Recorder. This component is in charge of elaborating
the data to send a real-time summary of everything to the
Session Monitoring component. This component shows the
therapist the data elaborated by the Session Recorder including
the patient’s point-of-view in the scene; the action that she/he
is performing; the distance traveled within the scene while
executing an action; and the biomedical signals, the latest
measurements acquired and the averages computed to the last
minute. Thus, the therapist can check the patient’s activities
to identify any possible uncomfortable or stressful situations.
Furthermore, the therapist can actively intervene in the

training session of the patient to guide her/him to accomplish
the task assigned and prevent her/him from feeling too iso-
lated when immersed in the virtual environment. To achieve
this aim, the component features some special functions to
manipulate the objects in the scene or to launch a directional
vocal message.

IV. STUDY DESIGN
In the following, we briefly introduce the design of the

controlled trial that will be carried out in order to evaluate
the outcome deriving from the use of the proposed solution.
The VR cognitive training will be implemented as a ran-

domized controlled trial, with a cross-over design, two groups
comparison (intervention group vs control group). Inclusion
criteria will comprehend subjects aged between 18 and 70,
with MCI or dementia diagnosis. Exclusion criteria will com-
prehend subjects with epilepsy, diabetes, addictions, physical
disabilities. Each participant will be randomly assigned to a
VR treatment or to a standard of care treatment. Participant

will be recruited by their doctors and informed about pos-
sibility of virtual reality treatment and/or standard of care
treatment. The administration of the cognitive intervention will
last totally 60 mins, with one session of treatment per week,
for a total of four months of treatments.
A set of cognitive tests will be used in order to verify

the efficacy of the treatments in terms of decline, no decline,
improving in different cognitive domains, with three timing of
administration: pre-test, post-test and follow up 2 months later.
Neuro-phisiological measures, taken during the treatment, will
be considered, too.

• Attention and memory: prose memory test, digit symbol,
digit span forward and backword, delay recall of Rey
figure, selecting reminding test [40], [41];

• Executive functions: Trail making test A B; Tower of
London, Stroop test [42], [43];

• Verbal fluency: verbal letter fluency and verbal semantic
fluency, Boston naming test [44];

• Global cognition: Mini Mental, ADAS-cog [45], [46];

V. CONCLUSION
In this paper, the first steps in the design of a novel

VR system for the CT of patients with MCI or AD in the
first stages are presented. The aim has been to design and
implement a highly realistic and interactive system in which to
stimulate patients to learn and practice some real-life activities.
In relation to other state-of-the-art VR systems for CT,

the proposed solution differs due mainly to its high degree
of realism. It is based on a totally wireless VR solution, so
making it possible for the patient to move without consid-
ering physical obstacles. Additionally, thanks to the realistic
rendering, illumination, and audio, the sense of the presence
of the patient while performing the training exercises can be
increased. Moreover, rather than employing joysticks or other
interaction devices that could be difficult to use, the system
makes it possible to interact with digital objects by using
movements and actions similar to those used in real life.
Our future work will focus on designing a testing protocol

with clinicians, carrying out a pilot study, in which cognitive
progress or decline can be monitored over an adequate time
interval, and the motivation and engagement of the patients
using the system can be estimated and compared with that
achieved by adopting traditional training methods.
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