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ABSTRACT

INTRODUCTION: Virtual reality (VR) is an advanced technology that creates simulated environments and conditions. By offering the possibil-
ity of combining motor, cognitive, and well-being in conjunction with the potential to manipulate multi-sensorial features in a safe environment,
VR has emerged as a promising powerful rehabilitation tool. Among advanced VR systems, various authors have highlighted promising effects
in the rehabilitation of the computer-assisted rehabilitation environment (CAREN - Motekforce Link; Amsterdam, The Netherlands). In our
scoping review, we aimed to map the existing evidence on the use of CAREN in the rehabilitation of neurological patients.

EVIDENCE ACQUISITION: This scoping review was conducted following the PRISMA guidelines. A search was carried out for all peer-re-
viewed articles published until June 30, 2023, using the following databases: PubMed, Embase, Cochrane Database, PeDro and Web of Science.
The following terms have been used: (“Cognitive Rehabilitation” OR “Motor Rehabilitation” OR “CAREN” or “Computer-Assisted Rehabilita-
tion Environment”) AND (“Virtual Reality” OR “Rehab”).

EVIDENCE SYNTHESIS: From the assessed studies, only seven met the inclusion criteria: 1) one study concerned cognitive rehabilitation in
patients suffering from Parkinson’s Disease (PD); 2) one was on the usability of CAREN in PD patients; 3) two studies related to the influence
of emotional components to CAREN rehabilitation; 4) three studies were related to motor rehabilitation using CAREN, and involved individuals
with PD, Multiple Sclerosis, TBI, respectively. Generally, the few assessed studies demonstrate that CAREN is a safe and potentially effective
tool to treat different symptoms (including gait and vestibular disturbances, executive function, depressive mood, and anxiety) in patients with
different neurological disorders.

CONCLUSIONS: The reviewed literature indicated the potential use of CAREN in improving motor and cognitive skills with conflicting results
on emotional aspects. However, since the data comes from few and small sample size studies, further research is needed to confirm the effective-
ness of the tool in neurorehabilitation.

(Cite this article as: Maggio MG, Cezar RP, Milardi D, Borzelli D, De Marchis C, D’Avella A, et al. Do patients with neurological disorders benefit
from immersive virtual reality? A scoping review on the emerging use of the computer-assisted rehabilitation environment. Eur J Phys Rehabil Med
2024;60:37-43. DOI: 10.23736/S1973-9087.23.08025-5)

KEY woRDs: Virtual reality exposure therapy; Nervous system diseases; Meta-analysis.
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Introduction

creates simulated environments and conditions. VR
allows users to engage in an immersive, multi-sensory,
and interactive simulation of ecological scenarios. Virtual
scenarios reproduce real objects and events in a 3-D way,
providing the users with audio-visual feedback in response
to their movement in front of the screen.!. 2 Additionally,
VR gives the user the illusion of actively interacting with
the scenarios used in training, encouraging not only the
improvement of motor and cognitive functions but also the
well-being and participation of patients. In fact, the subject
becomes the protagonist of the training, abandoning the
passive role in his/her own therapy.3- 4 By offering the pos-
sibility of combining motor, cognitive, and well-being in
conjunction with the potential to manipulate multi-senso-
rial features in a safe environment,> VR has emerged as a
promising powerful rehabilitation tool.

There are two key concepts of VR: immersion and pres-
ence. Immersion is the objective perception of sensory ab-
sorption/immersion in a 3-D computer-generated environ-
ment. The perception of immersion in a VR environment
allows the user to modify and reshape one’s representa-
tions of the world.e:7 The level of immersion experienced
in a VR environment is determined by the quantity and
diversity of sensory and motor channels integrated into the
VR system and the level of accuracy and responsiveness
of sensory inputs and motor outputs to user interactions.8
This process is related to the concept of presence, which
consists of a subjective psychological state in which the
user is consciously involved in the virtual context. Based
on these concepts, it is possible to distinguish three types
of VR: fully immersive VR, non-immersive VR, and
semi-immersive VR. The fully immersive VR absorbs
the user, isolating him from the external environment by
blocking out their perception of the real world (i.e., giving
the full sensation and illusion of being inside the virtual
world). The semi-immersive VR replaces the helmet with
a standard monitor/interactive wall or a series of monitors
(Cave) which allows, thanks to special glasses, a three-
dimensional vision to the patient, who has the impression
of seeing the world through a window or a wall (i.e., it
combines a certain degree of perception of both real and
VR environments). On the contrary, non-immersive VR
elicits in the user the role of external observer of a three-
dimensional reality simply presented on a monitor.6 7

These perceptive and experiential aspects activated by
VR are especially relevant in the rehabilitation field, as

‘ Jirtual reality (VR) is an advanced technology that
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motor awareness and emotional involvement can favor
functional execution methods and control of complex be-
havioral sequences, activating motor functions and cogni-
tive abilities of the patient and boosting their functional
recovery. In fact, VR systems can enhance the neuro-reha-
bilitative processes, through increased sensory feedback,
and induce changes in the processes of neural plasticity,
which allows the re-acquisition of motor and cognitive
functionality.?: 10

Among advanced VR systems, various authors have
highlighted promising effects in motor and cognitive reha-
bilitation of the computer-assisted rehabilitation environ-
ment (CAREN - Motekforce Link; Amsterdam, The Neth-
erlands). The first prototype of the CAREN was developed
in 1998, but it was used in scientific research starting in
2000 by the University of Groningen. Its use was initially
intended for scientific and military organizations due to
the sheer complexity of the instrument. Only in recent
years, the CAREN has also been used for rehabilitation.

CAREN is a dome-simulator equipped with VR
screens (from 180° to 360°) and used for neurological
and orthopedic patients as well as amputees. CAREN is
composed of a series of software and peripherals, such
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Figure 1.—PRISMA 2020 flow diagram for new systematic reviews
which included searches of databases and registers only.
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as a sensorized treadmill with plantar pressure sensors,
high-speed infrared cameras that map the position of the
reflective markers positioned on the patient, and a mobile
platform (Figure 1).

CAREN creates a fully responsive physical and virtu-
al environment for the patient, in which he can feel im-
mersed.!l: 12 Because CAREN was specifically designed
for rehabilitation and therapy, the tool provides a higher
level of customization and control over the simulated en-
vironment and can be relatively easily tailored according
to the patient’s needs. Therefore, understanding the cur-
rent state of the art on the use of CAREN in rehabilita-
tion therapy, as well as its effectiveness in neurological
diseases, could be important. Nonetheless, in our scoping
review, we aimed to map the existing evidence on the use
of CAREN in the rehabilitation of neurological patients.

Evidence acquisition

We performed this review, according to the PRISMA ex-
tension for scoping reviews, to explore the existing evi-
dence on CAREN as a new rehabilitation strategy (both
motor and cognitive) in neurological populations. The use
of a scoping review can be the ideal tool for determining
the scope or coverage of a body of literature on the use of
CAREN in neurorehabilitation, as it provides a clear indi-
cation of the volume of literature and studies available, as
well as summarizing the results of the trials and the extent
of the literature on a topic.!3

Search strategy and selections

A search was conducted for all peer-reviewed articles pub-
lished until June 30, 2023, using the following databases:
PubMed, Embase, Cochrane Database, PEDro, and Web
of Science. The following terms have been used: (“Cog-
nitive Rehabilitation” OR “Motor Rehabilitation” AND/
OR “CAREN” or “Computer-Assisted Rehabilitation En-
vironment”) AND (“Virtual Reality” OR “Rehabilitation”
OR “Neurorehabilitation) AND/OR (“Neurological disor-
ders” OR “disease” OR “neurodegenerative” OR “brain/
spinal cord injury”).

All articles were reviewed based on titles and abstracts
by two investigators (MG.M., R.S.C.), who independently
performed data collection to reduce the risk of bias (i.e.,
missing results bias). These researchers read the full-text
articles deemed suitable for the study and, in case of dis-
agreement on the inclusion and exclusion criteria, the fi-
nal decision was made by a third researcher (A.Q.). The
inclusion criteria were: 1) adult patients with neurologi-
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cal disease; 2) an applied approach to cognitive and motor
rehabilitation; 3) the English language; and 4) published
in a peer-reviewed journal. We excluded articles describ-
ing theoretical models, methodological approaches, algo-
rithms, and basic technical descriptions. Additionally, we
excluded: 1) animal studies; 2) conference proceedings or
reviews; 3) studies involving children, amputees, military,
or healthy subjects; and 4) studies that have focused on
CAREN only as an assessment tool. The list of articles
was then refined for relevance, revised, and summarized,
with the key themes identified from the summary based on
the inclusion/exclusion criteria.

Data extraction and analysis

After full-text selection, the data extraction from the in-
cluded studies was summarized in a table (Microsoft Ex-
cel — Version 2021). Data summarized were considered
for the following information: authors, year, and type of
publication (e.g., clinical studies, pilot study); and type of
participants (i.e. neurological patients or healthy controls)
involved in the study.

Evidence synthesis

The reviewed studies have applied CAREN as an immer-
sive VR tool in the rehabilitation of neurological patients.
Thus, we excluded those studies in which the reference
populations were healthy subjects, amputees, military
without primary neurological disorders, or were related to
single cases. Moreover, studies using the tool for the as-
sessment of gait and balance were also excluded.

The initial search returned 782 articles. After thorough-
ly reviewing the manuscripts, we removed 202 studies
because they are duplicate records. Moreover, 485 were
excluded for ineligibility (published in a peer-reviewed
journal or not in the English language). Then, we excluded
42 studies because they did not have an applied CAREN
approach to cognitive and motor rehabilitation; or they
were not on neurological patients. Finally, we excluded
articles describing theoretical models, methodological
approaches, algorithms, and basic technical descriptions
(N.=12); animal studies, conference proceedings, or re-
views (N.=11); and studies involving children, amputees,
the military, or healthy subjects (N.=23). Finally, we con-
sidered only seven studies (Supplementary Digital Mate-
rial 1: Supplementary Table I) (Figure 2).

From the included studies: 1) one study concerned cog-
nitive rehabilitation in patients suffering from Parkinson’s
Disease (PD);!4 2) one was on the usability of CAREN
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Figure 2.—The CAREN tool consisting of a six-DOF platform, with a
dual belt treadmill and a 180° VR screen.

in PD patients;!5 3) two studies related to the influence
of emotional components on CAREN rehabilitation;1¢. 17
4) two studies were related to motor rehabilitation using
CAREN, one on PD patients,!8 one on patients affected by
Multiple Sclerosis (MS),!% and one on TBI patients.20

Generally, these studies demonstrate that CAREN is a
safe and potentially effective tool to treat different symp-
toms (including gait and vestibular disturbances, execu-
tive function, depressive mood, and anxiety) in patients
with different neurological disorders. In detail, Formica et
al.14 carried out a study on 31 PD patients who underwent
24 training sessions in a computer-assisted rehabilitation
environment. The results highlighted that CAREN could
promote functional recovery of cognitive and emotional
domains, including executive function, anxiety, and de-
pressive symptoms. !4

Impellizzeri et al.!'5 found in a case-control study of
Parkinson’s disease that users experienced no severe dis-
comfort. Cybersickness is a subtype of motion sickness
that arises from immersion in VR, and it may cause many
symptoms, including nausea, vomiting, pallor, eructation,
salivation, drowsiness, dizziness, headaches, an illusion
of movement, and postural instability. The authors have
postulated that walking and moving the CAREN platform
(that adapts to the patient’s gait thanks to its six degrees
of movement and reproduces the movement of the virtual
environment) may have played a role in the reduction of
perceived motion sickness since it reduces the sensory
mismatch.

Kane et al. found in a sample of seventy-five adults with
MS that mood is not affected by the CAREN system,!¢
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whereas Onakomaiya et al.!7 have shown that physical
performance on CAREN can be effectively influenced
by the presence of comorbid emotional disorders, such as
post-traumatic stress disorder (PTSD).

Concerning motor outcomes following CAREN train-
ing, the studies have found an improvement in posture,
gait, and balance.!8-20 Calabro et al.,!8 in their preliminary
study on 22 PD patients, found that after the training with
this tool, patients walked faster and with greater stability,
with wider and longer steps.20 In line with these results,
Kalron et al.!® showed that CAREN could be very useful
in balance training in people with MS, with better results
than patients undergoing conventional training.!® Finally,
Sessoms et al.2 observed in patients with TBI that ves-
tibular physical therapy using CAREN may lead to greater
improvements in gait speed and weight shift than subjects
receiving traditional vestibular therapy (Supplementary
Table I).

Discussion

In our scoping review, we aimed to map the existing evi-
dence on the use of CAREN in the rehabilitation of neu-
rological patients. The few studies included, indicate that
CAREN could be a safe and potentially useful tool to im-
prove different cognitive and motor domains in different
neurological populations, but with conflicting results con-
cerning emotional features. Indeed, the treatment with the
device was feasible and safe, and there were no reported
adverse events, including cybersickness.!” Improving pa-
tient safety (i.e., “avoidance, prevention and amelioration
of adverse outcomes or injuries stemming from the pro-
cess of healthcare”) is a major goal in healthcare systems
worldwide. Then, finding new safe training approaches
in neurorehabilitation is fundamental. Based on the few
available data, CAREN may be safely used to train differ-
ent neurological patients (including PD, TBI, MS) thanks
to the hardware feature of the device (the fall arrest har-
ness, sensorized treadmill, and 3-DOF balance real-time
interaction with the immersive VR) and constant presence
and supervision of the therapist.

The tool seems to improve gait and balance as well as
vestibular dysfunction thanks to the six-DOF treadmill’s
ability to act as a bottom-up sensory-motor stimulation.
Cognition and behavior are instead stimulated by the im-
mersive virtual environment. Reasonably, the potential
effects of CAREN may be due to greater sensory involve-
ment (visual and auditory feedback), which stimulates
patient compliance and treatment motivation.3: 8. 1420 The
observed benefits of CAREN are in line with the effects
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of semi-immersive VR tools, suggesting that rehabilitation
implemented with VR has multiple benefits for neurologi-
cal patients. This is likely due to the effectiveness of VR
training in inducing neural reorganization and promoting
the recovery of motor skills following neurological dam-
age.2! This is very important for the rehabilitation field
and could be useful in various neurological disorders, in
which pharmacological treatments may be of limited ef-
ficacy.4 22-25 Studies using semi-immersive VR tools, such
as BTs Nirvana or Virtual Reality rehabilitation system,
on patients suffering from stroke, TBI, PD, or MS showed
improvements in motor learning, attention, visuoperceptu-
al skills, memory, and executive functions.23-26 This is pos-
sible because VR provides the patient with multi-sensory
feedback, which stimulates neural plasticity processes, fa-
voring/improving functional recovery.2! Furthermore, VR
could affect the cognitive reserve of patients, improving
their response to treatment.2’ Cognitive reserve depends
both on the premorbid stage (years of education, profes-
sion, and social activities) and is stimulated by adulthood
activities.?8: 29 Thus, further studies would be useful to
evaluate the benefit of immersive VR, which could po-
tentially have a greater impact than the semi-immersive
modality, as it could allow for greater motor, perceptual,
and sensorial involvement. This aspect is underlined by
single case studies, highlighting an important functional
outcome through rehabilitation with CAREN, compared
to other types of rehabilitation, in terms of cognitive and
motor enhancement.30-32

Moreover, the reviewed studies support the use of CAR-
EN, which, as an immersive VR tool, can favor not only
the improvement of motor and cognitive functions but also
their degree of well-being and participation.!4-20 Participa-
tion and motivation are fundamental during the training
and are known to be key factors for functional recovery.

In recent years, VR has found numerous applications in
the rehabilitation paths of children and adults affected by
motor, cognitive, behavioral, and sensory disabilities.23 In-
deed, VR has considerable advantages since it allows cali-
bration of the difficulties of the tasks on the capabilities
and potential of the user and monitors the patient’s per-
formance using various feedbacks (visual and auditory).
Furthermore, the systems make it possible to increase the
quality of the intervention, allowing the therapist to pres-
ent rehabilitation activities playfully, with an increase in
the patient’s motivation and involvement. The users can
safely face daily activities otherwise not accessible in hos-
pital settings (such as playing musical instruments, cook-
ing, skating, and driving).3 The experience with VR brings
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the patient to the center of his/her therapeutic program, al-
lowing him/her to modify and remodel his representations
of the world. These perceptive and experiential aspects
activated by VR are particularly relevant in the neuroreha-
bilitation field, as motor awareness and emotional involve-
ment can increase the functional execution modalities and
the control of complex behavioral sequences.® Conse-
quently, these aspects can activate the patient’s motor and
cognitive skills and promote functional recovery.

A key concept in rehabilitation with CAREN and VR
devices is neuroplasticity. Neuroplasticity is the ability of
our brain to modify itself through interactions with the ex-
ternal environment for different mechanisms, such as glial
cell activation, supersensitivity denervation, and metabol-
ic changes.24 Multi-sensory VR feedback and the repeated
execution of cognitive and physical tasks could improve
the patient’s functional outcome, amplifying the processes
of brain plasticity through motor learning and resulting in
profound cortical and subcortical modifications at the cel-
lular level and synaptic.® These effects may be due to the
reactivation/amplification of cerebral neurotransmission
and to the involvement of mirror neurons thanks to the
visuomotor information coming from the observation of
the stimuli presented with VR.33-3¢ This allows integration
between perception, cognition, and action and the recall of
memorized motor plans. This process is due to reinforce-
ment learning, which allows for greater efficiency and
better performance.37: 38 Therefore, the advantage of using
VR, especially with immersive tools such as CAREN, is
to create a positive, fun, and motivating learning experi-
ence for the patient that requires individual control over
several sensory-motor, cognitive, and social domains.3-4.9
The increased feedback obtained through exercises per-
formed in a virtual environment allows for the develop-
ment of the “awareness of the results” of the movements
performed and the “awareness of the quality” of the move-
ments themselves with positive effects on a cognitive and
motor level.14-20

Limitations of the study

The main limitation of this scoping review is that it in-
volves few studies with a small sample size, and this does
not allow for the generalization of the results to the neu-
rological population. However, the aim of this scoping re-
view was to map the existing literature on the role of CAR-
EN in neurorehabilitation, since the body of literature on
this issue has not yet been comprehensively reviewed. In
addition, a systematic review with meta-analysis to state
the efficacy of the tool is still not possible, given the few

EUROPEAN JOURNAL OF PHYSICAL AND REHABILITATION MEDICINE 41



MAGGIO

studies with few neurological patients treated with this in-
novative device. In the near future, whether new studies on
this topic are published, a systematic review is welcomed.

Moreover, we did not focus on a specific neurological
disorder, and this may have biased the results since the re-
covery from neurodegenerative illness and acquired brain
injury is completely different. RCT with a more homoge-
neous sample (e.g., neurodegenerative vs. brain injury) is
needed to confirm the positive effect of CAREN on motor
and cognitive outcomes.

The review also presents publication bias since only one
study by Kalron!® has protocol registration, as well as lan-
guage bias because we did not include articles that have
been written in different languages, but English. Lastly,
we did not register the protocol, although also for scop-
ing review, it is recommended. Nonetheless, as far as we
know, this is the first ever review dealing with such an
important issue.

Nonetheless, given the features of this innovative de-
vice and the encouraging data to date published, CAREN
could be considered as a complementary treatment in the
management of neurological patients. Unfortunately, the
use of the tool in clinical practice is far from being realized
because of the high costs required for purchase and main-
tenance, as well as the need for highly specialized person-
nel for its use. Then, to date, the VR system can be used
only for research purposes.

Conclusions

The current literature indicates that CAREN could be a
valuable tool in the neurorehabilitation field. Indeed, the
few available studies demonstrate the potential role of
CAREN in improving motor and cognitive outcomes, with
conflicting results on the emotional aspects.

Given that our results come from a small and hetero-
geneous sample, future studies should involve larger
samples, short- and long-term follow-up, and more homo-
geneous populations. This is fundamental to confirm the
effectiveness of the tool in neurological patients and bet-
ter understand the neural mechanisms subtending the VR-
related functional recovery.
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