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Abstract

The use of immersive technologies in conjunction with conventional rehabilitation methods holds potential for alleviat-
ing symptoms of Parkinson’s disease. Recent research has highlighted the positive effects of multisensory stimuli within
virtual immersive environments on maintaining motor function, as well as ways to mitigate the risks of and slow down
undesired outcomes. However, existing reviews have primarily focused on the specific links between a single immersive
technology and a particular set of symptoms. Such a restricted approach has led to a limited understanding of how dif-
ferent technology configurations and experiences can improve motor functions from a holistic perspective. To address
this gap, this scoping review provides a comparative description and critical discussion of rehabilitation programmes and
their outcomes across extended reality, including virtual reality, augmented reality and mixed reality, covering the full
range of symptoms. The review emphasises the lower-limb motor functions and the benefits for individuals with Parkin-
son’s disease engaging in tasks that simultaneously require motor and cognitive abilities. A set of design considerations
and opportunities has been structured based on the review to guide future virtual immersive environments that enhance
the overall rehabilitation experience by promoting social interaction while addressing issues of feasibility, safety and the
effectiveness of physical exercise.

Keywords Parkinson’s disease (PD) - Immersive technologies - Extended reality (XR) - Virtual reality (VR) -
Augmented reality (AR) - Mixed reality (MR) - Rehabilitation - Physical therapy - Lower-limb motor functions

1 Introduction

Neurological diseases are one of the main sources of human
disability worldwide and the disease with the fastest-grow-
ing prevalence is Parkinson’s disease (PD) (Dorsey et al.
2018). Globally, PD has become the second most common
neurodegenerative disease, affecting 2-3% of the global
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population over the age of 65 (Poewe et al. 2017). Since
the disease was first characterised by James Parkinson in
1817, the emphasis in clinical research has been on under-
standing and mitigating motor symptoms, including brady-
kinesia, muscle rigidity, resting tremor, postural instability
and the disruption of gait (Goetz 2011; Balestrino and Scha-
pira 2020). Research has shown that the loss of neurons in
the substantia nigra section of the brain, associated with
Lewy body pathology, correlates strongly with the severity
of motor features of the disease, particularly bradykinesia
(Greffard et al. 2006) and muscle rigidity (Vingerhoets et al.
1997). In addition to motor manifestations, PD is often asso-
ciated with different neurological dysfunctions (Dickson
2018), including cognitive impairment, psychiatric symp-
toms, sleep disturbance, autonomic dysfunction, olfactory
dysfunction, fatigue and pain (Khoo et al. 2013).

Most pharmacological interventions, especially those
relying on levodopa, are effective in the management of PD.
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Nonetheless, individuals with PD often still exhibit impair-
ments, both motor and cognitive in nature (Lees et al. 2009;
Sprenger and Poewe 2013). Such impairments include pos-
tural instability, freezing of gait (FoG) (Lees et al. 2009),
speech disturbances, psychosis and emotional problems
(Seppi et al. 2011). The impact of such symptoms extends
throughout the disease cycle, from early to advanced stages
(Goetz and Pal 2014), and negatively affect individuals’
social activities and quality of life (Moore et al. 2007). Non-
pharmacological treatment modalities should therefore be
increasingly pursued to help manage both motor and non-
motor manifestations of the disease (Bloem et al. 2015).
Among such modalities, the most widely used is rehabili-
tation. The World Health Organisation (WHO) has defined
rehabilitation as “a set of interventions designed to optimise
functioning and reduce disability in individuals with health
conditions, in interaction with their environment” (Mills et
al. 2017). The application of rehabilitation to individuals
with PD is regarded as adjunct to pharmacological treat-
ment and surgery. Rehabilitation can help maximise motor
and cognitive functions, thereby reducing and postponing
the impact of disease complications such as panic attacks,
anxiety, depression, dopamine dysregulation syndrome and
impulse-control disorders (Van Der Kolk et al. 2019; Sim-
onet et al. 2019).

Physical rehabilitation methods for individuals with PD
relying on immersive technologies have been utilised for
some time (Asadzadeh et al. 2021). ‘Immersion’ is typi-
cally achieved by combining different technologies in a
way that allows individuals to receive real-time feedback
(e.g., visual, auditory and tactile) reflecting their body
movements within a virtual environment. This mechanism
often enables natural user interactions resembling those that
would occur in a physical environment (Tieri et al. 2018).
The systems used for immersive rehabilitation include: (1)
2D interactive renderings of 3D virtual environments on a
digital screen (usually providing a lower degree of immer-
sion); (2) immersive virtual reality (VR) systems where
interaction with the virtual environment is typically enabled
via the use of handheld and wearable controller devices;
(3) augmented reality (AR) where users can use a broader
range of body movements (Tieri et al. 2018). The evaluation
of the effectiveness of interventions developed using such
systems has often relied on empiricist approaches with the
emphasis on observed improvements in terms of behaviour
and experience (Petzinger et al. 2013). More recent research
has focused on generating evidence around the neurological
basis of changes induced in individuals with PD (Droby et
al. 2020; Maidan et al. 2018). This research has highlighted
that rehabilitation methods based on immersive technolo-
gies can activate specific brain regions in individuals with
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PD, thereby enhancing neural functional connectivity
(Abbruzzese et al. 2016).

Published review articles in this field so far support the
positive effects of the application of immersive technolo-
gies for the rehabilitation of individuals with PD with ref-
erence to: (1) rehabilitation using specific repetitive and
task-oriented training that have been shown to be effective
neurorehabilitation methods (Abbruzzese et al. 2016); (2)
enriched immersive environments permitting individuals
with PD to perform cognitive and motor activities simulta-
neously (Maidan et al. 2017); (3) immersive rehabilitation
environments simulating real-world activities and provid-
ing enhanced ecological validity compared to conventional
therapy (Camara Lopez et al. 2016; Lange et al. 2012); (4)
activities that are unsafe to practice during training sessions
in physical environments, which can instead be safely per-
formed using immersive technologies (Pazzaglia et al. 2020)
and (5) additional benefits for individuals with PD practic-
ing over longer periods, as they often perceive immersive
rehabilitation as more interesting and more enjoyable than
conventional approaches (Pazzaglia et al. 2020).

However, most review studies to date focus on the spe-
cific rehabilitation effects of a single technology (VR or AR)
in relation to a particular PD symptom or a limited combina-
tion of symptoms (Canning et al. 2020; Cikajlo and Peter-
lin Potisk 2019). The primary aim of this paper is therefore
to address the need for a holistic review of research on the
effects of immersive motor rehabilitation techniques in indi-
viduals with PD. To achieve this aim, the paper analyses
the differences, advantages and disadvantages of the full
range of immersive technologies (XR: VR, AR and MR)
and relevant experiences for alleviating lower-limb motor
symptoms of PD across the entire symptom spectrum.
Additionally, the paper examines the differences between
immersive technology-augmented rehabilitation methods
and conventional approaches in terms of the benefits they
present to individuals with PD.

There has been significant development in immersive
PD rehabilitation methods and researchers have suggested
that newly developed immersive PD rehabilitation methods
should be specifically designed with the behavioural patterns
and needs of individuals with PD in mind (Ehgoetz Martens
et al. 2015b). Still, no review study so far has compared
and analysed rehabilitation programmes and implementa-
tion plans. As a result, current immersive PD rehabilitation
methods and programmes have not been the focus of user-
centred design research addressing the issues of training
task design as well as training duration and frequency.

To fill this gap, this review article has identified differ-
ences in the design and implementation of rehabilitation
programmes across experimental studies, as well as advan-
tages and disadvantages in terms of rehabilitation effects.
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The article also provides a unified list and systematic dis-
cussion of the rehabilitation effects of different immersive
technologies on the management of lower-limb PD symp-
toms. This perspective has enabled the identification of
variations across lower-limb immersive PD rehabilitation
approaches and highlighted relevant design opportunities.
The insights generated by this review study hold potential
to inform future user-centred design research focusing on
innovative immersive PD rehabilitation programmes.

2 Immersive technologies

This review has highlighted a frequent misconception about
the very nature of “VR’ applications, in that simpler video
games in which virtual objects are rendered on a 2D screen
are sometimes confused with proper VR applications. VR
typically involves the use of handheld controllers and/
or hand gestures, providing the user with a much higher
degree of immersion and interactivity within the experi-
ence (losa et al. 2012; Tieri et al. 2018). However, with
the increasingly mature and widespread application of 3D
visual technology in video games, the boundaries between
proper VR and methods of projecting 3D virtual objects
onto 2D screens have gradually become blurred (Iosa et al.
2012). Systems relying on 2D displays for providing visual
stimulation, sometimes referred to as ‘non-immersive VR’
(Mirelman2016; Pelosin et al. 2020), typically include one
or more cameras to detect user movements in real-time and
create interactive computer-generated simulations. Such
systems often allow users to “project themselves within
computer-generated environments complete with real-time
interactive features” (Pelosin et al. 2020). Relevant devices
include Nintendo Wii (Kashif et al. 2022a; Lee 2018) and
Kinect X-Box (Barbosa et al. 2018; Palacios-Navarro et
al. 2015; Pelosin et al. 2020), which can project 3D virtual
environments onto 2D displays.

Fully immersive VR systems typically include more
advanced interfaces permitting participants to experience
self-contained, computer-generated 3D virtual environ-
ments. Users can typically use their entire body to interact
with the virtual world, performing actions such as exploring
the virtual space and moving within it, as well as grasping
and reshaping 3D virtual objects (Tieri et al. 2018; Wang et
al. 2020) The users’ experience of real-time interaction with
the virtual environment typically relies on multiple sensory
channels, including auditory, visual, tactile and—in some
cases—taste and smell (Tieri et al. 2018). In the context of
these VR experiences, participants are completely immersed
in the virtual environment and have no understanding of the
physical environment they are in Tieri et al. (2018).

As a distinct approach to VR, AR focuses on overlaying
virtual objects onto the user’s view of the physical environ-
ment, which enables users to interact with both real and vir-
tual objects simultaneously (Tieri et al. 2018; Wang et al.
2020). The advantage is that sensory cues originating from
the virtual environment are experienced by users within
familiar scenes, which makes the experiences, including
the users’ reactions and feelings, more natural (Tieri et al.
2018; Wang et al. 2020). Both VR and AR require the use of
displays. VR is typically accessed through Head-Mounted
Displays (HMDs) (i.e., headsets) and AR through HMDs
or screen-based analogues (e.g., smartphones and tablets).
Both technologies often rely on additional handheld con-
trols and wearable devices to enhance the user’s interaction
with the environment (Tieri et al. 2018).

More advanced immersive systems typically combine
specialised glasses with high-resolution rear projection
screens, providing users with a constant projection surface
(Tieri et al. 2018). Examples include immersive VR projec-
tion systems that consist of infrared motion-capture cam-
eras combined with Powerwall screens. Powerwall screens
are interactive visualisation tools featuring multiple inter-
connected display screens to support workflow integration
and collaboration (ST Engineering ANTYCIP | Simulation
& Virtual Reality Company n.d.; Oh et al. 2018). Another
example is the Cave Automatic Virtual Environment
(CAVE) (Cano Porras et al. 2019; Cruz-Neira et al. 1993),
a 360° room composed of multiple interconnected rear pro-
jection screens with an ultrasonic system for tracking the
user’s perspective and for generating real-time images that
are projected on the room’s walls, floor and ceiling.

The term ‘Mixed Reality’ (MR) is often used in relation
to a range of immersive technologies with varying degrees
of integration between virtual and physical environments
(Milgram et al. 1995; Milgram and Kishino 1994; Speicher
et al. 2019), although consensus on a precise definition of
MR has not been reached (Speicher et al. 2019). Examples
of views about MR from published research include the
following: (1) MR is defined as a “reality-virtuality con-
tinuum” that connects the completely virtual world with
the entirely physical world (Milgram et al. 1995; Milgram
and Kishino 1994) and is sometimes seen as an incarnation
of VR; (Speicher et al. 2019); (2) MR is understood as a
combination of VR and AR using the same hardware and
software equipment (Rokhsaritalemi et al. 2020; Speicher
et al. 2019); (3) MR is treated as an enhanced version of
AR enabling richer experiences with physical environments
using dedicated hardware (Rokhsaritalemi et al. 2020;
Speicher et al. 2019); (4) MR is seen by some as a synonym
for AR (Speicher et al. 2019). Examples of MR implemen-
tation rely on Microsoft HoloLens 2 (Microsoft HoloLens
| Mixed Reality Technology for Business n.d.), which has
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been extended to a range of MR devices suitable for Win-
dows systems, as well as MR toolkits and applications that
support these devices (Speicher et al. 2019).

Extended reality (XR) is a general term referring to
immersive technologies that enable combined physical and
virtual experiences as well as human—machine interactions,
generated by the combination of wearable devices and com-
puter technologies (Colman et al. 2024; Lareyre et al. 2024;
Ota et al. 2024). Recently, the term XR has been used as
an umbrella term for all immersive technologies, including
AR, VR, MR and everything in between (Jiang et al. 2024).
XR, as an innovative technology, is considered the future of
mobile computing. It has the potential to integrate smart-
phones, AR glasses and VR headsets into a single mobile
device, thereby becoming a disruptive and ubiquitous tech-
nology like smartphones previously did (Qualcomm n.d.).

3 Method
3.1 Literature review

This review article follows the Scoping Review (ScR)
framework outlined by Arksey and O’Malley (2005) and
refined by Levac et al. (2010), Colquhoun et al. (2014) and
Daudt et al. (2013). The review also adheres to the Preferred
Reporting Items for Systematic Review (Moher et al. 2009),
which focuses primarily on helping authors clearly report
the reasons for the review, what they did (the ‘interven-
tions’) and what they found (the effects of the ‘interven-
tions’) (Page et al. 2021).

3.2 Scoping review

Compared to systematic reviews, which often address spe-
cific questions, scoping reviews are exploratory in nature
and better suited for understanding the breadth of a concept
or field of study. They are frequently used to generate more
specific recommendations for future research (Peters 2020).
This review has employed the first five steps in the overall
process of the scoping review, namely: (1) identification of
the research questions; (2) identification of relevant litera-
ture; (3) study selection; (4) charting the data and (5) col-
lecting, summarising and reporting the results (Arksey and
O’Malley 2005).

3.3 Literature search
Suitable databases of scholarly publications were identi-
fied. The databases used for this review study, includ-

ing clinical medicine, neurology and psychology
publications, are the following: MEDLINE (via PubMed),
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the Cumulative Index to Nursing and Allied Health Litera-
ture (also known as CINAHL, PsycINFO or EBSCOhost),
the Cochrane Central Register of Controlled Trials (also
known as CENTRAL or Cochrane Library), Physiotherapy
Evidence Database Score (PEDro), Web of Science or Web
of Knowledge, IEEEXplore and Scopus. The literature
search was designed to include journal articles, books and
conference proceeding papers. Papers written in English
and published between 01/01/2002 and 31/12/2024 were
considered. The article title, keywords and abstract were
searched using relevant keywords, as detailed below.

At the beginning of the study, the authors jointly
defined the details of the search strategy based on find-
ings from previous research on applications of immer-
sive technologies to alleviate PD symptoms. The initial
search keywords were defined according to their relevance
to three key aspects of the study, namely: (1) the disease
itself (“Parkinson’s disease” OR “Parkinson disease” OR
“PD” OR “parkinsons disease” OR “parkinsonism” OR
“parkinsons”); (2) immersive technologies (“virtual real-
ity” OR “VR” OR “immersive technologies”) and (3) the
evaluation of rehabilitation effectiveness (“rehabilitation”
OR “therapy” OR “intervention” OR “physiotherapy” OR
“physical therapy”). These groups of keywords were com-
bined using AND operators in the search to ensure the rel-
evance of the results to all three aspects.

The literature search returned several review studies
on immersive technologies. Several recent systematic
reviews and meta-analyses have discussed the application
of VR to PD rehabilitation with reference to both motor
and cognitive symptoms (Chuang et al. 2022; Lu et al.
2022; Sevcenko and Lindgren 2022). However, a knowl-
edge gap needs to be addressed in relation to the use of
different immersive technologies, including AR and MR,
for PD rehabilitation and for alleviating PD symptoms.
This review study was conducted to fill this gap, with an
emphasis on lower-limb motor symptoms that negatively
affect daily activities, such as those influencing walking
speed, stride length, gait stability and balance, risk of falls,
posture control, difficulty turning and freezing of gait. The
coverage of immersive technologies for the purpose of this
review was subsequently expanded to include AR and MR,
considering the scope of the publications returned by the
initial search. The query used for the database search is the
following: (“Parkinson’s disease” OR “Parkinson disease”
OR “PD” OR “parkinsons disease” OR “parkinsonism”
OR “parkinsons”) AND (“virtual reality” OR “augmented
reality” OR “mixed reality” OR “immersive technology’)
AND (“rehabilitation” OR “therapy” OR “intervention”
OR “physiotherapy” OR “physical therapy”).
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3.4 Study selection

Article selection involved two steps. In the first step,
inclusion and exclusion criteria were applied based on the
occurrence of keywords in the title and abstract. In the sec-
ond step, articles were required to document a PD-related
lower-limb rehabilitation programme using immersive
technologies, to present a clear implementation plan for
the programme and to include a detailed discussion of the
programme’s effectiveness based on a qualitative and/or
quantitative clinical evaluation trial. Articles not written in
English were excluded, as were those exclusively present-
ing research plans without reporting results in relation to
lower-limb motor improvement. In addition, the authors
jointly decided to exclude all articles not immediately rel-
evant to the research topic of this review, based on full-text
analysis. Finally, the full text of all articles retained after
this initial filtering stage was analysed.

3.5 Charting the data

An information extraction protocol was defined based on a
full-text analysis of the articles (including research materi-
als, methods and results). A pilot analysis was conducted
on seven articles to assess the suitability of the protocol.
Relevant information was collected, particularly with ref-
erence to hardware technologies and the design of differ-
ent software solutions for rehabilitation within immersive
environments, as well as information about the effects of
varying rehabilitation programmes on individuals affected
by PD. The information included: author(s) and year of
publication; rehabilitation hardware equipment and soft-
ware; experimental methods (including whether a control
group was involved); rehabilitation protocol; number of
subjects involved in the study; their age range; their gen-
der ratio; subject disease severity, evaluated as discussed
further in the text; inclusion and exclusion criteria for
participant recruitment; rehabilitation outcomes in terms
of balance, gait, risk of falling and perceived quality of
life, among others. Where there was uncertainty about the
information extracted from the articles, consensus was
reached following discussions among the authors. Please
refer to the Table S1, Appendix: Supplementary Material
in the online resource for details about the extraction form.

3.6 Collating, summarising and reporting the
results

Publications were categorised and a narrative for the review
was developed based on the Preferred Reporting Items for
Systematic Reviews and the scoping review framework
(Thomas and Harden 2008). Intervention types, intervention

designs and rehabilitation outcomes were analysed and
compared to identify opportunities for further development
in relation to the application of immersive technologies for
alleviating lower-limb PD symptoms.

4 Results

A total of 7 databases of scholarly publications were
searched and 1493 articles that met the inclusion criteria
were identified 106 of these articles were relevant to the
research topic of this review. An overview of the search
strategy is presented in Fig. 1, which outlines all steps in
the article selection process, including the search keywords
used across different databases, additional inclusion and
exclusion criteria and the number of articles retained at each
stage of the selection.

4.1 Characteristics of the selected studies

90 international peer-reviewed journal articles, 15 con-
ference proceedings papers and one book chapter were
included, i.e., 106 publications in total. The geographic
regions where the studies were conducted include Europe,
Asia, North America, Latin America, Oceania and Africa
(Mirelman et al. 2016). The number of published studies
focusing on applications of immersive technologies to PD
rehabilitation has increased in recent years, reflecting a
higher degree of maturity of the technologies. In particular,
the number of relevant studies from 2019 onwards (n=62)
is significantly greater than the total number of studies pub-
lished from 2002 to 2018 (n=44).

A summary of the key information extracted from the
reviewed studies is provided in Table 1 and in Table S1,
Appendix: Supplementary Material in the online resource.
The appendix summarises all 106 studies, while Table 1
provides a “preview” by featuring only the first nine studies
from the appendix. Both Table 1 and Appendix A list the
studies in alphabetical order by study title. The summarised
information primarily relates to the study characteristics
such as the design of the rehabilitation programmes, the
characteristics of the study participants and the outcomes of
the studies in terms of benefits to individuals with PD.

4.2 Participant characteristics

Groups of 20-60 individuals with PD were typically
involved in the studies reviewed, with sample size lower than
10 reported in 13 studies (Brandin De La Cruz et al. 2020;
Bosch-Barcel6 et al. 2024; Cornejo Thumm et al. 2021; Di
Biagio et al. 2014; Kashif et al. 2022c; Krieger et al. 2013;
Lee et al. 2023; Loureiro et al. 2012; Palacios-Navarro et
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Initial three sets of terms (keywords):

(1) Based on the disease itself: ("Parkinson's disease" OR "Parkinson disease" OR "PD" OR "parkinsons disease" OR "parkinsonism" OR "parkinsons");
(2) Use of rehabilitation methods: ("virtual reality” or "VR");

(3) Evaluation of the purpose and level of rehabilitation: ("rehabilitation” OR "therapy" OR "intervention" OR "physiotherapy" OR "physical therapy").
Each group is connected through "And".

Databases searched:

“MEDLINE (via PubMed)”, “the Cumulative Index to Nursing and Allied Health Literature (CINAHL or PsycINFO or EBSCOhost)”, “the Cochrane
Central Register of Controlled Trials (CENTRAL or Cochrane Library)”, “Physiotherapy Evidence Database Score (PEDro)”, “Web of Science / Web of
knowledge”, “I[EEEXplore” and “Scopus”.

S S

The basis for determining keywords and databases:

Search for "the results of rehabilitation training based on virtual reality technology in various symptoms of
Parkinson's disease" in databases primarily focused on medicine, neurolo

Stage 1:

The ultimately determined search keywords include:

(1) ("Parkinson's disease" OR "Parkinson disease" OR "PD" OR "parkinsons disease" OR "parkinsonism" OR "parkinsons");

(2) ("virtual reality" OR "augmented reality" OR "mixed reality" OR "immersive technology");

(3) Evaluation of the purpose and level of rehabilitation: ("rehabilitation” OR "therapy" OR "intervention" OR "physiotherapy” OR "physical therapy").

S S

Search criteria:

Search for "application status of immersive technology in rehabilitation exercises for lower limb symptoms of
Parkinson's disease" in medical, neurological, and psychological-focused databases.

Stage 2:

Add other restrictions:

Article types include journal papers, books, and conference proceedings papers.

The content of the reviewed article includes titles and abstracts, and may involve keywords, which will be determined by the search methods supported
by different databases.

The publication date of the article is between January 1, 2002 and December 31, 2024.

Language of the article: English.

No. 1493
: ...... screenmgcntena .................................................................................................................................................
—0 In the title and abstract of the article, there is no indication that the study is related to the rehabilitation application of
immersive techniques in lower limb features of Parkinson's disease, which will be excluded.
\/
Stage 3:

Number of articles related to this study: 423

Screening criteria:

—0 Exclude duplicate articles in different databases and further read the entire content of these articles. The
: inability to find in the article that "the rehabilitation effect of immersion based rehabilitation methods in lower
limb manifestations of Parkinson's disease" is also excluded.

Stage 4:
Number of articles included in this study: 106
Screening criteria:

These articles are divided into two groups, and analyzed and evaluated in different ways.

Group 1: Group 2:
In the research results, the lower limb rehabilitation effect is directly In the research results, achievements related to lower limb rehabilitation
listed through data-driven experimental data. have been provided, but there is no exact experimental data available.
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{ Fig. 1 Overview of the search strategy and selection criteria adopted
for the inclusion of published articles into this review study

al. 2015; Pompeu et al. 2014; Sadek et al. 2024; Tunur et al.
2020; Wang et al. 2020) and sample size above 100 reported
in 5 studies (Bekkers et al. 2020; Del Din et al. 2020; Mirel-
man et al. 2016; Van Der Kolk et al. 2019). The two stud-
ies with the largest sample size involved 130 participants
each (Mirelman et al. 2016; Van Der Kolk et al. 2019). The
participants’ age ranged from 50 to 85 years (Kashif et al.
2022a; Mirelman et al. 2016). No gender bias was reported
in relation to the recruitment and grouping of study sub-
jects and established randomisation methods were applied
(Ogundele et al. 2018; Pazzaglia et al. 2020).

The studies focused on the effects of physical therapy on
lower-limb PD symptoms; participants were able to walk
independently (Ehgoetz Martens et al. 2015b; Hajebrahimi
et al. 2022; Pelosin et al. 2020) and did not suffer from
severe cognitive impairment (Mini-Mental State Examina-
tion score>24) (Palacios-Navarro et al. 2015; Suarez et al.
2011). Participant exclusion criteria differed across studies,
depending on the study setting and purpose. Exclusion cri-
teria were typically based on the presence of orthopaedic,
cardiovascular or neurological diseases affecting postural
stability, severe movement disorders (Amprimo et al. 2022;
Goh et al. 2021), visual impairments and a history of PD
surgery (Kashif et al. 2022a). Some studies also excluded
participants with recent experience of immersive physical
therapy (Brachman et al. 2021; Kashif et al. 2022a; Pala-
cios-Navarro et al. 2015).

Standard criteria for clinical diagnosis of PD disease
severity are the Hoehn and Yahr (H+Y) scale (Gilbert and
Khemani 2022) and the Unified Parkinson’s disease rating
scale (UPDRS) (Martinez-Martin et al. 1994; Movement
Disorder Society Task Force on Rating Scales for Parkin-
son’s disease 2003). These methods were typically used to
screen for disease severity in individuals with PD who met
the study inclusion criteria (Julio et al. 2022; Kashif et al.
2022b; Nuic et al. 2018; Tunur et al. 2020). The H+Y scale
primarily focuses on PD motor symptoms. The scale cat-
egorises the disease’s development into five stages (Gilbert
and Khemani 2022), as outlined in Table 2. Compared to the
H+Y scale, the UPDRS also considers non-motor PD mani-
festations (Martinez-Martin et al. 1994; Movement Disor-
der Society Task Force on Rating Scales for Parkinson’s
Disease 2003). Most studies selected individuals with PD
at early or medium stages of the disease (Campo-Prieto et
al. 2021; Julio et al. 2022; Kashif et al. 2022b), correspond-
ing to stages 0—3 of the H+Y scale. At the time this review
study was conducted, only five studies focused on the out-
comes of immersive lower-limb rehabilitation involving
individuals with advanced PD (scores greater than three on
the H+Y scale) (Badarny et al. 2014; Feng et al. 2019; Hara

et al. 2024; Nuic et al. 2018; Pullia et al. 2023). Instead of
relying on the X+Y and UPDRS scales for assessing dis-
ease severity, other studies have inferred disease severity
from disease duration, namely the time elapsed from disease
onset to diagnosis (Albiol-Pérez et al. 2017; Severiano et al.
2018; Zeigelboim et al. 2021). Given the significant degree
of variability in the relationship between disease duration
and symptom severity (Gilbert and Khemani 2022), the use
of the X+Y and UPDRS scales should be preferred for esti-
mating disease severity.

4.3 Immersive technologies and immersive
rehabilitation programmes

The immersive technologies and hardware devices applied
in the studies included in this review are presented in Table 3.
The table includes information about devices and interven-
tions used in co-interventions, as well as the interventions
used as comparisons. Ninety-six studies applied VR tech-
nology. Specifically, fifteen studies used VR HMDs by vari-
ous manufacturers (Krieger et al. 2013), including Oculus
Rift DK2 (Gémez-Jordana et al. 2018): VR Box (Schuch et
al. 2020); Oculus Go (Goh et al. 2021); Oculus/Meta Quest
IT (Rodriguez-Fuentes et al. 2024); Meta Quest I1I (Cancela-
Carral et al. 2024); HTC Vive (Besharat et al. 2022; Janeh et
al. 2019; Lheureux et al. 2020; Yamagami et al. 2023); HTC
Vive Pro (Yun et al. 2023); Sensics zSight (Ehgoetz Mar-
tens et al. 2015a, b); Motigravity (Brandin De La Cruz et
al. 2020) and MediVR KAGURA (Hara et al. 2024). Seven
studies used VR devices and technologies based on the
Computer Assisted Rehabilitation Environment (CAREN),
such as CAREN Dome, CAREN Base, V-Gait and C-Mill
(Calabro et al. 2020; Cano Porras et al. 2019; Formica et
al. 2023; Impellizzeri et al. 2022, 2024; Pullia et al. 2023;
Wang et al. 2022). One study combined neurologic music
therapy with CAREN (Impellizzeri et al. 2024).

Fifteen studies used other technologies and hardware
devices for VR rehabilitation. Two of these studies used VR
based on the Neuromotor Rehabilitation System NIRVANA
(Imbimbo et al. 2021; Pazzaglia et al. 2020). One study used
VR based on Lokomat (Fundaro et al. 2019). The remaining
twelve studies did not specify the VR technology and hard-
ware devices used (Bekkers et al. 2018; De Lima et al. 2021;
Feng et al. 2019; Gemin et al. 2017; Huang et al. 2020; Lee
2019; Mirelman et al. 2011; Shih et al. 2011; Simcsik et
al. 2021; Suarez et al. 2011; Van Der Kolk et al. 2019; van
Wegen et al. 2015). Among these studies, three combined
treadmill training (TT) (Bekkers et al. 2018; Brandin De La
Cruz et al. 2020; Mirelman et al. 2011) and two combined
transcranial direct current stimulation (tDCS) (De Lima et
al. 2021; Simesik et al. 2021).

@ Springer
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The immersive virtual reality experiences in 59 trials
were enabled by delivering visual stimuli through two-
dimensional displays, commonly referred to as non-immer-
sive VR or semi-immersive VR (Goffredo et al. 2023a, b;
Maranesi et al. 2022). The hardware devices involved were
mainly Nintendo Wii (Albiol-Pérez et al. 2017; Di Biagio et
al. 2014; Fearon et al. 2017; Killane et al. 2015; Lee 2018;
Loureiro et al. 2012; Mendes et al. 2012; Severiano et al.
2018; Zeigelboim et al. 2021), usually used with Nintendo
Wii balance board (adopted in 26 studies), Microsoft X-Box
Kinect (Amprimo et al. 2022; Nuic et al. 2018; Palacios-
Navarro et al. 2015; Pompeu et al. 2014; Ribeiro Bacha et
al. 2021; Souza et al. 2018) (used in 24 studies) and other
unspecified 2D screen-based VR devices and technologies
(Sadek et al. 2024; Su et al. 2014). Ten of these studies
combined the immersive hardware devices with TT (Bek-
kers et al. 2020; Bosch-Barcel6 et al. 2024; Cornejo Thumm
et al. 2021; Droby et al. 2020; Del Din et al. 2020; Lau et
al. 2022; Maidan et al. 2018; Mirelman et al. 2016; Pelosin
et al. 2020, 2022) and three combined Wii-based VR with
motor imagery (Kashif et al. 2022a, b, c¢). One study used
both Kinect-based VR and Wii-based VR for a comparison
(Alves et al. 2018).

Thirteen studies focused on AR. The technologies and
hardware devices used included HMD-based AR (Badarny
et al. 2014; Krieger et al. 2013), such as Google Glass (Lee
et al. 2023; Tunur et al. 2020), HTC Vive Pro in AR mode
(Wang et al. 2020), Magic Leap 2 and Microsoft HoloLens
2 (Alberts et al. 2023; Hardeman et al. 2024; Janssen et al.
2020; Rosenfeldt et al. 2025), as well as other unspecified
AR devices (Aragjo et al. 2023; Bell Boucher et al. 2013;
Pisano et al. 2024; Smaili et al. 2019). One study combined
tDCS with AR training (Pisano et al. 2024). Another study
combined AR intervention with HMD-based VR training
(Krieger et al. 2013). In addition, two studies compared the
rehabilitation effects of AR and Nintendo Wii-based VR
(Aratjo et al. 2023; Smaili et al. 2019).

From the perspective of immersive training programme
design, among the ninety-two immersive rehabilitation
outcome evaluation trials targeting PD lower-limb symp-
toms, twenty-one trials used customised or specialised
immersive rehabilitation software solutions developed and
designed specifically for PD lower-limb movement symp-
toms (Alberts et al. 2023; Badarny et al. 2014; Bekkers et
al. 2020; Bosch-Barcel6 et al. 2024; Cornejo Thumm et al.
2021; Del Din et al. 2020; Droby et al. 2020; Goh et al.
2021; Isernia et al. 2020; Lau et al. 2022; Lee et al. 2023;
Maidan et al. 2018; Mirelman et al. 2011, 2016; Pelosin et
al. 2020, 2022; Rosenfeldt et al. 2025; Tunur et al. 2020;
Van Der Kolk et al. 2019; Wang et al. 2020; Yun et al. 2023).
The remaining studies mostly used other commonly used
serious games on the market (Barbosa et al. 2018; Loureiro

@ Springer

et al. 2012; Ribeiro Bacha et al. 2021; Santos et al. 2019;
Souza et al. 2018) and other immersive training applications
designed for general physical therapy, including those suit-
able for improving a wider range of movement disorders,
training and recovery of physical fitness or physical func-
tions (Brandin De La Cruz et al. 2020; Calabro et al. 2020;
Cancela-Carral et al. 2024; Hardeman et al. 2024; Pisano et
al. 2024; Wang et al. 2022), as well as more specific neuro-
logical disorders (Goffredo et al. 2023a, b; Imbimbo et al.
2021; Maranesi et al. 2022; Pazzaglia et al. 2020).

4.4 Rehabilitation outcome measures

Ninety-two studies demonstrated the specific rehabilitation
outcomes of different immersive interventions on various
PD lower-limb symptoms. Table 4 presents the detailed out-
come measures used to evaluate the effectiveness of immer-
sive PD lower-limb rehabilitation interventions across
different studies. The most frequently used test indicators
were balance (41 studies), gait (26 studies), gait speed (22
studies), quality of life (17 studies), falls (16 studies), gait
performance under dual-task conditions (10 studies) and
motor function (9 studies). The key symptoms that were
least tested were resting tremors (Kashif et al. 2022b), rigid-
ity (Kashif et al. 2022b), body bradykinesia (Kashif et al.
2022b) and turning (Rosenfeldt et al. 2025), all of which
were only studied in one study. The other less frequently
evaluated test indicators included postural control (7 stud-
ies), postural stability (6 studies), freezing of gait (5 studies)
and muscle strength (3 studies). These studies are listed in
Table 4.

The remaining fourteen studies have revealed key mech-
anisms as well as positive and negative responses by which
immersive technology-based rehabilitation experiences and
virtual environments may affect PD lower-limb rehabilita-
tion and exercise training (Bell Boucher et al. 2013; Besharat
et al. 2022; Ehgoetz Martens et al. 2015a, b; Gémez-Jor-
dana et al. 2018; Imbimbo et al. 2021; Impellizzeri et al.
2022; Janeh et al. 2019; Janssen et al. 2020; Lheureux et
al. 2020; Mendes et al. 2012; Su et al. 2014; Suarez et al.
2011; Yamagami et al. 2023). For example, in immersive
VR experiences, the high-quality motion field of the virtual
environment played a more significant role in the balance
ability of individuals with PD than stable visual information
(Suarez et al. 2011). Moreover, individuals with PD exhib-
ited more cautious gait patterns when walking in virtual
environments, characterised by significantly reduced speed
and stride length, increased stride variability and longer
steps (Ehgoetz Martens et al. 2015b).

Assessing and demonstrating the effectiveness of immer-
sive-based interventions for the rehabilitation of lower-
limb symptoms in PD through controlled trials with other
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Table 2 The stages and overview of the Hoehn and Yahr Scale and the
Modified Hoehn and Yahr Scale

Stage Hoehn and Yahr Scale Modified Hoehn and
Yahr Scale
1 Unilateral involvement only,  Unilateral involvement
usually with minimal or no only
functional disability
1.5 - Unilateral and axial
involvement
2 Bilateral or midline involve-  Bilateral involvement
ment without impairment of  without impairment of
balance balance
2.5 - Mild bilateral disease

with recovery on pull test
3 Bilateral disease: mild to mod- Mild to moderate
erate disability with impaired  bilateral disease; some
postural reflexes; physically postural instability;
independent physically independent
4 Severe disability; still able to ~ Severely disabling dis-
walk or stand unassisted ease; still able to walk or
stand unassisted
Wheelchair bound or
bedridden unless aided

5 Confinement to bed or a
wheelchair unless aided

interventions is an appropriate research approach. This
approach has been arranged in fifty-nine studies, including
fifty-six studies focusing on VR, five studies focusing on AR
(Alberts et al. 2023; Araujo et al. 2023; Pisano et al. 2024;
Rosenfeldt et al. 2025; Smaili et al. 2019) and two studies
involving both AR and VR (Araujo et al. 2023; Smaili et al.
2019). These studies are included in Table 3. The most fre-
quently used intervention for comparison was conventional
/ traditional rehabilitation (Goffredo et al. 2023a, b; Lau et
al. 2022; Maranesi et al. 2022; Pazzaglia et al. 2020; Pul-
lia et al. 2023), such as conventional gait training (Fundaro
et al. 2019), traditional balance training (Brachman et al.
2021; Yen et al. 2011), conventional activity-based gait and
balance training (Ogundele et al. 2018, 2019), traditional
dual-task training (Alberts et al. 2023; Rosenfeldt et al.
2025) and traditional sitting balance training (Shih et al.
2011). The second most frequently used intervention for
comparison was TT (Bekkers et al. 2018, 2020; De Melo et
al. 2018; Del Din et al. 2020; Droby et al. 2020; Liao et al.
2015a, b; Maidan et al. 2018; Melo et al. 2018; Mirelman et
al. 2016; Pelosin et al. 2020).

More specialised comparative studies have focused on
the differences in rehabilitation effects of VR rehabilitation
combined with TT relative to different training durations
(Pelosin et al. 2022), VR interventions with varying needs
of training (Barbosa et al. 2018), VR interventions based
on different technologies and hardware devices (Alves et al.
2018), AR interventions versus VR interventions (Aratjo et
al. 2023; Smaili et al. 2019) and whether VR and AR com-
bined with tDCS (De Lima et al. 2021; Pisano et al. 2024;
Simcsik et al. 2021).

In addition, thirty-seven studies have conducted follow-
up studies to clarify the potential positive and sustained
effects of immersive technology-mediated interventions
on PD lower-limb symptoms, including thirty-three stud-
ies using VR experiences (Alves et al. 2018; Bekkers et al.
2018, 2020; Calabro et al. 2020; De Melo et al. 2018; Del
Din et al. 2020; Di Biagio et al. 2014; Gandolfi et al. 2017,
Gemin et al. 2017; Huang et al. 2020; Isernia et al. 2020;
Kashif et al. 2022a, b, ¢, 2024; Liao et al. 2015a, b; Melo et
al. 2018; Mendes et al. 2012; Mirelman et al. 2011, 2016;
Nuic et al. 2018; Pelosin et al. 2020, 2022; Piemonte et al.
2017; Pompéu et al. 2016; Ribeiro Bacha et al. 2021; Shih
et al. 2011; Souza et al. 2018; van Wegen et al. 2015; Wang
et al. 2022; Yang et al. 2016; Yen et al. 2011) and four stud-
ies using AR interventions (Alberts et al. 2023; Badarny et
al. 2014; Pisano et al. 2024; Rosenfeldt et al. 2025). The
shortest follow-up period in one AR PD intervention study
has been recorded as one week (Badarny et al. 2014). The
longest follow-up study period was six months, among mul-
tiple follow-up studies (Bekkers et al. 2018, 2020; Del Din
et al. 2020; Mirelman et al. 2016; Pelosin et al. 2020, 2022).

4.5 Thematic analysis of the findings

This scoping review focuses on two core themes. The first
theme is the outcomes of immersive rehabilitation in rela-
tion to lower-limb PD symptoms, which are key manifesta-
tions of the disease affecting the daily living standards of
individuals with PD. The second theme is the differences in
the effectiveness of various immersive rehabilitation soft-
ware solutions used in conjunction with different hardware
equipment. The outcomes of lower-limb rehabilitation for
individuals with PD are discussed in the following sections,
including those relating to gait, balance, risk of falls and
freezing of gait. The safety and feasibility of interventions
based on different technologies are elaborated upon, as are
the participants’ experiences and perceptions of the technol-
ogy. Finally, the use of various types of hardware equip-
ment and software solutions for implementing rehabilitation
strategies is discussed, along with remarks on the benefits
achieved and key factors to consider when designing inter-
ventions for individuals with PD.

4.6 Overall outcomes of lower-limb rehabilitation

Several studies have shown that immersive rehabilitation
has the ability to achieve significant rehabilitation outcomes
in the overall lower-limb symptoms of PD, mainly mani-
fested as follows: resting tremors in one study (Kashif et
al. 2022b); rigidity in one study (Kashif et al. 2022b); body
bradykinesia in one study (Kashif et al. 2022b); gait in 26
studies (Hajebrahimi et al. 2022; Hardeman et al. 2024;
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Table 4 Overview of outcome measures used by the selected studies to assess the rehabilitation effectiveness of Parkinson’s disease (i.e., lower-
limb symptoms of Parkinson’s disease), including positive outcomes and unimproved symptoms

Result evaluation

Number of  Authors and year

measures studies

Actively responding

Resting tremors 1 Kashif et al. (2022b)

Rigidity 1 Kashif et al. (2022b)

Body bradykinesia 1 Kashif et al. (2022b)

Gait 26 Anwar et al. (2021) Bekkers et al. (2018), Calabro et al. (2020) Feng et al. (2019),Goffredo et al.
(2023a, b), Hajebrahimi et al. (2022), Hardeman et al. (2024), Huang et al. (2020), Kashif et al.
(2022b), Krieger et al. (2013), Lau et al. (2022), Lee et al. (2023), Melo et al. (2018), Mirelman et
al. (2016), Ogundele et al. (2019), Piemonte et al. (2017), Pompeu et al. (2014), Pullia et al. (2023),
Rodriguez-Fuentes et al. (2024), Sadek et al. (2024), Santos et al. (2019), Wang et al. (2020, 2022),
Yang et al. (2016), Yun et al. (2023)

Gait performance under 6 Alves et al. (2018), Alberts et al. (2023), Barbosa et al. (2018), Cano Porras et al. (2019), Fearon et al.

single- and dual-tasks (2017), Killane et al. (2015)

Gait performance under 10 Alves et al. (2018), Alberts et al. (2023), Barbosa et al. (2018), Bosch-Barcel¢ et al. (2024), Cano Por-

dual tasks ras et al. (2019), Fearon et al. (2017), Killane et al. (2015), Lee et al. (2023), Mirelman et al. (2011),
Pelosin et al. (2022)

Gait speed (velocity) 22 Alberts et al. (2023), Badarny et al. (2014), Brandin De La Cruz et al. (2020), Calabro et al. (2020),
Cano Porras et al. (2019), Cornejo Thumm et al. (2021), De Melo et al. (2018), Di Biagio et al. (2014),
Droby et al. (2020), Formica et al. (2023), Gandolfi et al. (2017), Lau et al. (2022), Liao et al. (2015b),
Maidan et al. (2018), Mirelman et al. (2011), Mirelman et al. (2016), Nuic et al. (2018), Ogundele et al.
(2018), Palacios-Navarro et al. (2015), Pelosin et al. (2022), Sadek et al. (2024), Schuch et al. (2020)

Gait speed variability 1 Pelosin et al. (2022)

Gait variability 2 Mirelman et al. (2016), Pelosin et al. 2020)

Gait distance 1 Brandin De La Cruz et al. (2020)

Step length 4 Alberts et al. (2023), Nuic et al. (2018), Ogundele et al. (2018), Pelosin et al. (2020)

Stride length 7 Badarny et al. (2014), Droby et al. (2020), Liao et al. (2015b), Maidan et al. (2018), Mirelman et al.
(2011), Ogundele et al. (2018), Pelosin et al. (2022)

Stride time 1 Mirelman et al. (2011)

Cadence 3 Alberts et al. (2023), Droby et al. (2020), Ogundele et al. (2018)

Walking capacity 1 Ferraz et al. (2018)

Walking adaptability 1 Hardeman et al. (2024)

Walking distance 2 De Melo et al. (2018), Lau et al. (2022)

Walking endurance 1 Cornejo Thumm et al. (2021)

(duration of walking

time)

Obstacle negotiation 5 Mirelman et al. (2011, 2016), Pelosin et al. (2020, 2022), Wang et al. (2022)

(avoidance)

Obstacle crossing 1 Liao et al. (2015a)

velocity and crossing

stride length

Rapid alternating 1 Kashif et al. (2022b)

movements

Stand-up time and sit- 1 Melo et al. (2018)

down time

Ability to stand up 1 Ferraz et al. (2018)

and sit

Arising from a chair 1 Kashif et al. (2022b)

Gait ability to adaptto 1 Pazzaglia et al. (2020)

complex walking tasks

Balance 41 Anwar et al. (2021), Bekkers et al. (2018), Calabro et al. (2020), Cancela-Carral et al. (2024), Di

Biagio et al. (2014), Droby et al. (2020), Feng et al. (2019), Formica et al. (2023), Goffredo et al.
(2023a, b), Hajebrahimi et al. (2022), Isernia et al. (2020), Kashif et al. (2022a, c, 2024), Krieger et
al. (2013), Lee (2015, 2016a, b, 2018, 2019), Lee Geun-Ho (2015), Loureiro et al. (2012), Maranesi
et al. (2022), Mirelman et al. (2016), Nuic et al. (2018), Ogundele et al. (2018, 2019), Pazzaglia et

al. (2020), Piemonte et al. 2017), Pompeu et al. (2014), Pullia et al. (2023), Rodriguez-Fuentes et al.
(2024), Santos et al. (2019), Severiano et al. (2018), Shih et al. (2011), van Wegen et al. (2015), Wang
et al. (2020), Yang et al. (2016), Yun et al. (2023), Zeigelboim et al. (2021)
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Table 4 (continued)

Result evaluation

Number of  Authors and year

measures studies

Dynamic balance 7 Brachman et al. (2021), Calabro et al. (2020), Goffredo et al. (2023a, b), Hardeman et al. (2024), Liao
et al. (2015a), Cano Porras et al. (2019)

Balance confidence 5 Cornejo Thumm et al. (2021), Kashif et al. (2022a, c, (2024), Lee Geun-Ho (2015)

Posture 1 Kashif et al. (2022b)

Postural stability 6 Bekkers et al. (2020), Brachman et al. 2021), Calabro et al. (2020), Kashif et al. (2022b), Pisano et al.
(2024), Rosenfeldt et al. (2025)

Postural control 7 Albiol-Pérez et al. (2017), Aratjo et al. (2023), Gandolfi et al. (2017), Pompéu et al. (2016), Ribeiro
Bacha et al. (2021), Smaili et al. (2019), Yen et al. (2011)

Stability 1 Tunur et al. (2020)

Turning 1 Rosenfeldt et al. (2025)

Falls 16 Bekkers et al. (2018, 2020), Cano Porras et al. (2019), Del Din et al. (2020), Gandolfi et al. (2017),
Hardeman et al. (2024), Maidan et al. (2018), Maranesi et al. (2022), Mirelman et al. (2016), Nuic et
al. (2018), Pelosin et al. (2020, 2022), Pullia et al. (2023), Rodriguez-Fuentes et al. (2024), Severiano
et al. (2018), Tunur et al. (2020)

Fear of falling 3 Formica et al. (2023), Krieger et al. (2013), Pelosin et al. (2022)

Freezing of gait 5 Fearon et al. (2017), Goh et al. (2021), Killane et al. (2015), Lee et al. (2023), Nuic et al. (2018)

Motor function 9 Fundaro et al. (2019), Hajebrahimi et al. (2022), Hara et al. (2024), Kashif et al. (2022a, ¢, 2024), Pul-

(UPDRS-IIT) lia et al. (2023), Sadek et al. (2024), Van Der Kolk et al. (2019)

Functional mobility 7 Cano Porras et al. (2019), Cancela-Carral et al. (2024), Gemin et al. (2017), Isernia et al. (2020),
Rosenfeldt et al. (2025), Santos et al. (2019), Tunur et al. (2020)

(Functional) 3 Fundaro et al. (2019), Hara et al. (2024), Zeigelboim et al. (2021)

independence

Executive functions 7 Aratijo et al. (2023), Bekkers et al. (2020), Formica et al. (2023), Impellizzeri et al. (2024), Maidan et
al. (2018), Pelosin et al. (2022), Yun et al. (2023)

Lower-limb (muscle) 3 Cancela-Carral et al. (2024), Hardeman et al. (2024), Liao et al. (2015b)

strength

Trunk function 1 Shih et al. (2011)

Feeling handicapped 1 Krieger et al. (2013)

Accuracy and precision 1 De Lima et al. (2021)

of movement

Subjective stability 1 Di Biagio et al. (2014)

perception

Activities of daily 7 Calabro et al. (2020), Kashif et al. (2022a, c, 2024), Lee (2018), Lee et al. (2015), Souza et al. (2018)

living

Quality of life 17 Brandin De La Cruz et al. (2020), Cancela-Carral et al. (2024), Gandolfi et al. (2017), Gemin et al.
(2017), Hajebrahimi et al. (2022), Isernia et al. (2020), Krieger et al. (2013), Lee (2019), Lee Geun-Ho
(2015), Ogundele et al. (2018, 2019), Pazzaglia et al. (2020), Pompeu et al. (2014, (2016), Santos et al.
(2019; Severiano et al. (2018), Yang et al. (2016)

Self-confidence 5 Cano Porras et al. (2019), Gandolfi et al. (2017), Goh et al. (2021), Severiano et al. (2018), Zeigelboim
et al. (2021)

Cardiopulmonary 1 Pompeu et al. (2014)

aptitude

Anxiety 3 Alves et al. (2018), Goh et al. (2021), Lee (2018)

Fatigue 1 Sadek et al. (2024)

Depressive symptoms 3 Formica et al. (2023), Lee (2019), Lee et al. (2015)

Aerobic capacity 1 Cancela-Carral et al. (2024)

Sensory integration 1 Liao et al. (2015b)

ability

No responding

Motor function 1 Alberts et al. (2023)

(UPDRS-III)

Gait speed 1 Maranesi et al. (2022)

Balance confidence 1 Tunur et al. (2020)

Postural stability 1 Yen et al. (2011)

Freezing of gait 2 Bekkers et al. (2018, 2020)

Action or postural 1 Kashif et al. (2022b)

tremor
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Table 4 (continued)

Result evaluation Number of  Authors and year

measures studies
Leg agility 1 Kashif et al. (2022b)
Quality of life 2 Souza et al. (2018), Tunur et al. (2020)

Depressive symptoms 1 Tunur et al. (2020)

Huang et al. 2020); gait performance under dual-tasks in 10
studies (Alves et al. 2018; Alberts et al. 2023; Barbosa et al.
2018); balance in 41 studies (Anwar et al. 2021; Bekkers et
al. 2018; Calabro et al. 2020; Cancela-Carral et al. 2024);
postural stability in 6 studies (Brachman et al. 2021; Calabro
et al. 2020); postural control in 7 studies (Aratijo et al. 2023;
Gandolfi et al. 2017); turning in one study (Rosenfeldt et al.
2025); risk of falls in 16 studies (Cano Porras et al. 2019;
Del Din et al. 2020); fear of falling in 3 studies (Formica
et al. 2023; Krieger et al. 2013; Pelosin et al. 2022); freez-
ing of gait in 5 studies (Killane et al. 2015; Lee et al. 2023;
Nuic et al. 2018); motor function in 9 studies (Fundaro et al.
2019; Hajebrahimi et al. 2022; Hara et al. 2024); functional
mobility in 7 studies (Rosenfeldt et al. 2025; Santos et al.
2019); lower-limb muscle strength in 3 studies (Cancela-
Carral et al. 2024; Hardeman et al. 2024; Liao et al. 2015b);
executive functions in 7 studies (Bekkers et al. 2020; For-
mica et al. 2023); activities of daily living (ADL) in 7 stud-
ies (Kashif et al. 2024; Lee 2018) and quality of life in 17
studies (Pompéu et al. 2016; Santos et al. 2019).

Current research has shown that both VR and AR can
bring about improvement in the rehabilitation outcomes
for PD lower-limb symptoms. However, it is worth noting
that, to date, only eleven trial-based studies were conducted
using AR technology in lower-limb rehabilitation for people
with PD. Further improved PD symptoms and their relation-
ship with the interventions of immersive technologies are
detailed in Table 5.

Improved balance ability and gait performance are often
among the most notable effects associated with the use of
immersive technologies for lower-limb PD rehabilitation
(Wang et al. 2020). For example, after receiving CAREN
training (Home—motekmedical.com n.d.), individuals
with PD walked faster, with improved stability (under both
single-task and dual-task conditions) and with longer steps,
and their functional mobility under cognitive load was sig-
nificantly enhanced (Calabro et al. 2020; Cano Porras et al.
2019). Similarly, a significant improvement was observed
in terms of single-leg standing score (Tunur et al. 2020),
stride length (the distance between successive initial con-
tact points of the same foot during walking), cadence (num-
ber of steps per unit time) (Ogundele et al. 2018) and the
asymmetry of arm swing during walking (Amprimo et al.
2022). In addition, the improvement of balance ability also

included dynamic balance (Brachman et al. 2021; Calabro
et al. 2020) and balance confidence (Cornejo Thumm et al.
2021).

Moreover, immersive rehabilitation has been shown to
improve postural control (Bacha et al. 2021; Brachman et al.
2021) in terms of the following: ‘limits of stability’ (Bacha
et al. 2021; Brachman et al. 2021), defined as “the outmost
range in any direction a person can lean from the vertical,
without changing the original base of support (i.e., step-
ping, reaching for support or falling) ” (Ragnarsdottir 1996:
page 368); average ‘centre of pressure’ velocity (Brachman
et al. 2021), defined as “the point of location of the vertical
ground reaction force vector” (Jamshidi et al. 2010: page
33) and balance ability (Bacha et al. 2021).

Freezing of gait (FoQ) is defined as “a brief, episodic
absence or marked reduction of forward progression of the
feet despite the intention to walk” (Rahimpour et al. 2021:
page 829). FoG and reduced postural control are important
motor manifestations of the disease in its later stages, for
which improvement has rarely been reported following
conventional rehabilitation. Immersive rehabilitation can
alleviate FoG, including when pharmacological treatment is
discontinued (Goh et al. 2021). The use of immersive VR
HMDs and of physical therapy based on personally tailored
movement strategies is a feasible and acceptable method of
addressing FoG in individuals with PD (Goh et al. 2021).
It is worth noting that there is a degree of variability in the
benefits observed for individuals with PD across studies
using immersive technologies, which may reflect differ-
ences in the rehabilitation methods employed. For example,
one experiment (Bekkers et al. 2020) showed that, although
TT combined with VR reduced the frequency of falls com-
pared to TT alone, no improvement was observed in FoG.

Rehabilitation methods using immersive technologies
are often more effective than conventional rehabilitation
in improving lower-limb motor function (Pazzaglia et al.
2020). Compared to physical therapy alone, the inclusion of
immersive virtual elements in the rehabilitation experience
can significantly reduce resting tremor, rigidity and body
bradykinesia and improve posture and posture stability (i.e.,
static balance) (Kashif et al. 2022¢). The addition of vir-
tual immersive elements to treadmill training (TT) has been
associated with a significant reduction in the number of falls,
with improvement in obstacle negotiation performance,
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increased step length (the distance the foot can be moved
forward during the step) (Pelosin et al. 2020), increased
gait speed (the time required to walk a specified distance)
and reduced gait variability (Mirelman et al. 2016). Such
improvements are often retained following rehabilitation,
from 16 weeks (Kashif et al. 2022b) to 6 months (Mirelman
et al. 2016; Pelosin et al. 2020). More detailed information
about the benefits of including immersive technologies in
lower-limb rehabilitation methods is provided in Table S1,
Appendix: Supplementary Material in the online resources.

4.7 Dual-task motor and cognitive training

The combination of traditional rehabilitation approaches
with the use of immersive technologies can enable indi-
viduals with PD to enhance their motor performance during
dual-task training, i.e., training that requires the simultane-
ous execution of two distinct tasks. Such training typically
enables individuals with PD to exercise their cognitive
abilities while performing motor training tasks (Pelosin et
al. 2022), which often rely on standard training methods
that involve obstacle avoidance and games played within
a maze (Killane et al. 2015). Training methods that focus
simultaneously on motor and cognitive function are typi-
cally designed to combine motor training tasks with varying
degrees of cognitive load, such as gradually increasing or
decreasing the frequency of obstacle appearance in obstacle
avoidance training. This approach is designed to facilitate
the adaptation of training sessions to an individual’s disease
severity and needs, particularly when the person is at more
advanced stages of the disease. (Amprimo et al. 2022). A
notable improvement was observed in individuals with FoG
in terms of increased dual-task performance and a reduced
frequency of FoG episodes following interventions deliv-
ered within immersive virtual environments (Killane et al.
2015). Other studies have shown that immersive dual-task
training can result in significant, long-term positive effects
on the motor performance of individuals with PD, with
changes persisting for up to 6 months after rehabilitation
(Mirelman et al. 2016; Pelosin et al. 2022). The benefits of
dual-task training for individuals with PD can be under-
stood in consideration of the disease’s pathophysiology, as
most physical PD manifestations are associated with inter-
actions between cognitive deficits and motor impairments
(Mirelman et al. 2016).

The clinical potential of immersive rehabilitation meth-
ods relying on dual tasks, as opposed to single-task meth-
ods, has been recognised (Mirelman et al. 2013). Immersive
dual tasks require individuals with PD to exercise cogni-
tive functions, such as action execution (including attention,
response selection and action planning) while process-
ing multisensory stimuli from the environment, including

visual, auditory and haptic cues. (Krieger et al. 2013; Mirel-
man et al. 2016). Studies have suggested that strengthening
multimodal sensory stimulation within realistic immersive
environments can lead to improved task execution perfor-
mance, enhanced self-reported well-being and further alle-
viation of PD symptoms, including those affecting cognitive
functions (Krieger et al. 2013). Individuals with PD who
report a stronger sense of body and presence in the vir-
tual environment often achieve better rehabilitation results
(Krieger et al. 2013). Moreover, with reference to dual-task
training, the need for higher degrees of concentration, plan-
ning ability and executive function can help individuals
with PD negotiate obstacles more effectively in complex
environments. This multitasking often results in improved
motor performance over longer periods, as evidenced by
better gait adjustment for obstacle avoidance during walk-
ing and by enhanced motor control during falls (Mirelman et
al. 2016). It is essential to recognise that excessive cognitive
load, which occurs when individuals with PD execute tasks
within immersive environments, such as those associated
with the presence of virtual inanimate objects not directly
related to the task, may negatively impact the motivation
to engage in training (Amprimo et al. 2022). For this rea-
son, cognitive load needs to be carefully considered when
designing PD interventions relying on immersive digital
environments.

It is assumed that individuals with PD often face more
challenges than mainstream users when engaging with com-
plex immersive systems (Kashif et al. 2022a, 2022c). Nev-
ertheless, there is also a growing recognition of the safety
of immersive virtual environments for most individuals
with PD when it comes to dual-task training (Dantas et al.
2018; Killane et al. 2015; Maggio et al. 2018; Pelosin et al.
2022). Recent studies have highlighted that the additional
cognitive demands associated with dual-task training are
unlikely to be linked to adverse events or safety issues for
most individuals with PD (Tunur et al. 2020). However, in
almost all studies reviewed, individuals with PD with cog-
nitive impairment and at advanced stages of the disease
were excluded from participant recruitment (Kashif et al.
2022c; Palacios-Navarro et al. 2015; Suarez et al. 2011).
This exclusion has led to a gap in knowledge regarding the
safety of virtual immersive rehabilitation methods for this
subgroup of individuals with PD. In other studies focusing
on cognitive functions, there was almost unanimous agree-
ment that rehabilitation based on immersive technologies
can promote cognitive abilities of individuals with PD in
addition to motor function (Kashif et al. 2022c; Pelosin et
al. 2022; Pezzi et al. 2022; Zhu et al. 2021). The engagement
in immersive rehabilitation programmes of individuals with
PD affected by cognitive impairment and at more advanced
stages of the disease should therefore be encouraged. Further
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research should provide additional evidence relating to this
user group, emphasising dual-task training, while also mak-
ing sure that the immersive experiences used are designed
for safety and to meet the users’ needs.

4.8 Immersive rehabilitation with other
interventions

Research indicates that integrating immersive technolo-
gies with other rehabilitation methods is often beneficial for
individuals with PD, leading to improved perceived well-
being compared to physical therapy alone (Brandin De La
Cruz et al. 2020; Kashif et al. 2022a, b, c). Successful inter-
ventions have been developed using VR systems in combi-
nation with TT (Bekkers et al. 2020; Brandin-De la Cruz et
al. 2020; Droby et al. 2020; Mirelman et al. 2016; Pelosin et
al. 2020), as well as delivering auditory cues within virtual
immersive environments, including the use of music in rela-
tion to dance-based tasks (Lee et al. 2015, 2023; Tunur et al.
2020). Studies comparing the outcomes of individuals with
PD following TT with and without the use of immersive
technologies (with emphasis on VR) suggest that immersive
rehabilitation benefits both motor and cognitive function
(Mirelman et al. 2013).

In several studies, VR has been used in combination with
motor imagery (MI) training (Kashif et al. 2022a, b, c). As
a psychological simulation process, MI training involves
the systematic use of imagination to rehearse movements
covertly without executing them (Moran and O’Shea 2020).
Embedding MI in physical therapy can enable VR rehabili-
tation programmes to deliver greater improvements for indi-
viduals with PD in all-around motor functions. Examples
relate to the management of rigidity, resting tremor, gait dis-
orders and bradykinesia, improving movement when rising
from a chair, enhancing rapid alternating movements and
posture stability (Kashif et al. 2022b), as well as increas-
ing balance ability, balance confidence and performance in
activities of daily living. Improvements have been observed
to last for up to 16 weeks after rehabilitation (Kashif et al.
2022b). Moreover, balance and gait training in dual-task
mode, combined with MI, can promote executive function
in individuals with PD (Sarasso et al. 2021). The inclusion
of MI in rehabilitation has also been reported to enhance
participant motivation, attention, concentration and—ulti-
mately—motor learning ability and task execution perfor-
mance (Kashif et al. 2022b).

VR has been combined with tDCS into a hybrid treat-
ment approach (Harris et al. 2018; Simcesik et al. 2021). The
experiment documented in Simcsik et al. (2021) indicates
that tDCS might not necessarily add value to VR training.
However, this indication could be a result of the interven-
tion having been delivered only for one day, which might
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not have given the experiment participants enough time to
familiarise themselves with the tasks. A recent study com-
bining tDCS with C-Mill-based AR has demonstrated that
this combination effectively improves posture stability in
individuals with PD (Pisano et al. 2024). Finally, neuromo-
tor rehabilitation interventions have been documented based
on a combination of robot-assisted therapy and VR. Such
interventions have been observed to improve the motor
and cognitive function of individuals with PD, as well as
their perceived well-being and quality of life (Zanatta et al.
2023). For example, equipment such as the Lokomat System
(Hocoma n.d.), a robotic device consisting of a treadmill,
body weight support and an exoskeleton, holds promise
for supporting rehabilitation programmes delivered within
immersive virtual environments (Fundaro et al. 2019).

4.9 Safety and feasibility

This section discusses the safety and feasibility, covering
affordability and convenience, of using immersive technol-
ogies in PD rehabilitation.

4.9.1 Safety issues

Several technology-augmented PD rehabilitation methods
rely on commercial entertainment equipment such as Xbox
Kinect (Xbox Kinect n.d.) and Nintendo Wii (Nintendo Wii
n.d.; Campo-Prieto et al. 2021; Severiano et al. 2018), which
are typically characterised by good usability (Severiano et
al. 2018). Research has generally highlighted the safety
of such rehabilitation methods (Campo-Prieto et al. 2021;
Jalio et al. 2022; Mirelman et al. 2016; Palacios-Navarro
et al. 2015; Tunur et al. 2020; Van Wegen et al. 2015) and
their suitability for elderly individuals with PD as well as
for those with mild-to-moderate PD symptoms (Campo-
Prieto et al. 2021; Muioz et al. 2022). Adverse effects, such
as anxiety, confusion and dizziness, have been reported
occasionally (Campo-Prieto et al. 2021; Julio et al. 2022;
Mirelman et al. 2016; Palacios-Navarro et al. 2015; Tunur
etal. 2020; Van Wegen et al. 2015). Furthermore, it has been
observed that individuals with PD participating in interven-
tions within virtual immersive environments experience
almost no falls (Severiano et al. 2018; Tunur et al. 2020),
balance and posture problems, FoG episodes (Impellizzeri
et al. 2022; Severiano et al. 2018) and peripheral symptoms
besides occasional gastrointestinal symptoms (Impellizzeri
et al. 2022).

Some studies have highlighted that prolonged exposure
to virtual immersive environments can lead to eye fatigue
and cybersickness, particularly with VR (Mittelstaedt
et al. 2019). Cybersickness typically manifests as dizzi-
ness, lightheadedness and/or nausea, often resulting from
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a misalignment between visual stimuli and proprioceptive
feedback (Tunur et al. 2020). However, cybersickness is rel-
atively rare (Impellizzeri et al. 2022; Tunur et al. 2020) and
the negative impact on rehabilitation benefits for individuals
with PD is limited. Risks can be mitigated by controlling the
duration of exposure to the immersive environments. This
control often requires a balance to be struck, considering the
need for interventions to provide individuals with PD with
sufficient time to adapt to new environments (Impellizzeri et
al. 2022). VR is more likely to have adverse effects on study
subjects compared to other immersive modalities, if the
intervention is not appropriately designed (Goh et al. 2021).
For example, prolonged use of HMDs is not recommended,
as individuals with PD might exhibit lower tolerance to
the equipment due to movement impairments around their
head and neck, combined with dizziness. The use of vari-
ous immersive technologies, such as AR, can mitigate these
risks.

Motor impairment in individuals with PD often has
a limited impact on sensitivity to stimuli within virtual
immersive environments and on the outcomes of interven-
tions (Saredakis et al. 2020). For those individuals with PD
who are more sensitive to enriched environments or who are
concerned about the possibility of suffering from cybersick-
ness during immersive rehabilitation, it is recommended
that they start with training programmes and devices that are
simpler to operate and use. Tasks requiring fewer skills and
fewer elements within the virtual environment are recom-
mended, as opposed to tasks executed in environments con-
taining a larger number of more detailed virtual elements
(Impellizzeri et al. 2022). Overall, cybersickness within VR
environments is more likely to occur than with 360° video
games and with immersive experiences that consist of pure
scenery or enable simpler user interaction (Saredakis et al.
2020). Ease of use and personalised design have been identi-
fied as key features of immersive devices and environments
on which the rehabilitation of individuals with PD should
be based, to improve user comfort and experience and to
reduce the incidence of cybersickness (Zhao et al. 2015).

4.9.2 Feasibility: affordability and convenience

With recent technology advancement, commercial enter-
tainment equipment often used for immersive PD rehabilita-
tion has become increasingly price-competitive (Severiano
et al. 2018). The availability of low-cost devices that enable
interactive experiences within virtual immersive environ-
ments, combined with the design of interventions based on
immersive technologies, makes immersive PD rehabilita-
tion more cost-effective than methods based on other tech-
nologies, including those that require real-time monitoring
systems and robots to control specific body movements

(Palacios-Navarro et al. 2015). The additional cost of
embedding VR equipment and systems in a typical TT inter-
vention has been estimated at less than €4,000, making the
equipment price-competitive for residents of middle- and
high-income countries (Mirelman et al. 2016). The study
documented in Cornejo Thumm et al. (2021) has suggested
a lower additional cost of approximately US$2,000. The
equipment used included a treadmill, a depth camera (Micro-
soft Kinect) with a Microsoft High-Definition camera, a TV
screen and a personal computer to run the VR software. The
feasibility of active-balance immersive rehabilitation train-
ing for individuals with PD, utilising a Nintendo Wii Bal-
ance Board with a unit cost of less than US$100, has also
been documented, with additional advantages in terms of
device ease of use and portability (Albiol-Pérez et al. 2017).
Nonetheless, a more detailed cost-benefit analysis of the
use of immersive technologies for PD rehabilitation will
be required as these technologies continue to develop and
additional detailed knowledge of the associated benefits to
individuals with PD is acquired.

Some individuals with PD experience difficulties with
balance and can be at risk of falling during traditional inter-
ventions, which is why the presence of a professional care-
giver to guide and assist them is often recommended. This
preference adds to the cost of the interventions and can limit
the scalability of their deployment when a limited number
of professionals is available. Some PD interventions rely-
ing on immersive technologies are suitable for delivery in
domestic environments (Tunur et al. 2020). The domestic
delivery is particularly convenient for clinical professionals
to track the progress of individuals with PD over time with-
out having physical access to them, considering the possi-
bility for caregivers to monitor and control the intervention
remotely (Amprimo et al. 2022). Although the presence of a
professional caregiver is often recommended, relatives who
have undergone basic training can, in some cases, provide
appropriate guidance and help to the individuals with PD
during the interventions (Mirelman et al. 2016; Palacios-
Navarro et al. 2015). On the other hand, most interventions
based on immersive technologies, especially those relying
on AR (Tunur et al. 2020), are likely to require little to no
external assistance, which reduces associated costs (Kashif
et al. 2022a, b; Tunur et al. 2020).

4.10 User experience of immersive rehabilitation
This section focuses on the user experience (UX) of immer-

sive rehabilitation in the context of PD, summarising its
advantages and limitations.
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4.10.1 Advantages

Participants’ perceptions of devices and software used for
rehabilitation, including acceptability and ease of use, play
a crucial role in establishing the feasibility of technology-
augmented interventions (Lee et al. 2023). Individuals
with PD have generally provided positive feedback on
their experience with technology-augmented rehabilitation
(Brachman et al. 2021; Campo-Prieto et al. 2021; Mufioz
et al. 2022), including interventions relying on AR (Lee
et al. 2023; Tunur et al. 2020; Wang et al. 2020) and VR
(Campo-Prieto et al. 2021; Cano Porras et al. 2019; Muiioz
et al. 2022). In studies on VR rehabilitation, participants
with PD often found that experiencing VR environments
within the context of their rehabilitation was interesting,
enjoyable and motivating and that the interactive features
of these environments were intuitive (Campo-Prieto et al.
2021; Cano Porras et al. 2019). As for immersive reha-
bilitation that requires wearing an HMD, participants have
reported that it typically takes only a few minutes for them
to adapt to the equipment, although they may feel uncom-
fortable when wearing the HMD for the first time (Wang
et al. 2020).

In a qualitative study using Google Glass as part of PD
rehabilitation, almost all participants expressed their inter-
est in purchasing a pair of smart glasses that supported
rehabilitation programmes after training and highlighted
their willingness to recommend the equipment to others
(Lee et al. 2023). Another study suggested that participants
using AR devices for dance practice reported additional
positive feelings, including a self-perception of better
coordination and reduced rigidity, as well as a sense of
‘elegance’ in movement (Tunur et al. 2020). Studies have
generally shown a consensus among subjects participat-
ing in immersive rehabilitation that such interventions are
more pleasant and enjoyable than conventional rehabilita-
tion (Brachman et al. 2021; Wang et al. 2020).

4.10.2 Limitations

Participants are generally satisfied with the use of immer-
sive technologies in rehabilitation interventions. Never-
theless, a degree of concern has been expressed at times,
for example, regarding the level of comfort provided by
the equipment (Mufioz et al. 2022). Moreover, subjects
have sometimes reported anxiety regarding the use of new
technologies (Lee et al. 2023) and difficulties completing
tasks within immersive virtual environments (Cano Porras
et al. 2019), which can prevent them from completing the
rehabilitation tasks as required (Lee et al. 2023). In two
studies using Google Glass in the context of rehabilitation,
a small number of subjects reported difficulties operating
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the hardware due to limited ease of use of controls (Lee et
al. 2023), insufficient volume of audio feedback, limited
screen size (Lee et al. 2023; Tunur et al. 2020) and physi-
cal discomfort while wearing smart glasses (Tunur et al.
2020). Subjects also provided negative feedback about the
interactive properties of the software, including unclear
on-screen instructions that led to confusion and the fact
that using devices in the presence of ambient noise would
distract them from the rehabilitation (Lee et al. 2023). In
another study using the HTC Vive Pro (HTC VIVE n.d.), a
VR device, participants in a rehabilitation context reported
complaints about the weight of the HMD (Wang et al.
2020). Some subjects reported a reduced sense of accom-
plishment after completing tasks in immersive environ-
ments compared to how they would have felt in a physical
environment (Cano Porras et al. 2019). This reduction may
be because virtual scenarios and activities are set and take
place within controlled environments and are therefore not
equivalent to real-world environments and experiences
(Cano Porras et al. 2019; Julio et al. 2022).

4.11 Effectiveness and user preferences across
immersive rehabilitation programmes

This section analyses the effectiveness of immersive reha-
bilitation for PD, including the specification of user prefer-
ences for different available options.

4.11.1 Variability in the effectiveness of immersive
rehabilitation across training programmes

PD rehabilitation plans developed using different equip-
ment, software solutions and training protocols are likely
to achieve different rehabilitation outcomes, for example,
due to the impact of varying rehabilitation procedures on
specific PD motor symptoms. Rehabilitation programmes
focusing on gait can improve motor performance in con-
junction with dual tasks. In contrast, those programmes
focusing on balance have produced improved gait under
both single- and dual-task conditions, with longer-last-
ing rehabilitation effects in controlled studies (Barbosa et
al. 2018). Regarding different immersive technologies,
improvements in motor performance and cognitive abili-
ties have been reported with reference to the use of both
VR and AR in the context of PD rehabilitation programmes.
However, no consensus has been reached regarding signifi-
cant differences between the two technologies in terms of
benefits to individuals with PD (Aratjo et al. 2023). With
reference to VR, a comparative study of the Nintendo Wii
and Xbox Kinect has shown that individuals with PD using
the Nintendo Wii for rehabilitation can achieve better motor
function performance than those using the Xbox Kinect.
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This improvement has been interpreted as a consequence of
Xbox Kinect being more difficult to use for individuals with
PD due to the increased complexity of the user interface
associated with richer graphical detail (Alves et al. 2018).

Studies using different immersive rehabilitation soft-
ware solutions have highlighted that rehabilitation plans for
individuals with FoG should prioritise cognitive training
over gait-specific training (Lee et al. 2023). For example,
the immersive experience ‘Walk with Me’, developed by
the Mark Morris Dance Group, a dance training centre that
develops targeted community programmes for individuals
with PD, aims to address both cognitive and motor mani-
festations of PD, whereby rhythmic auditory cues are used
to increase cognitive load during the execution of walk-
ing tasks. A detailed description is shown in Table 6. After
receiving rehabilitation with the software solution, individ-
uals with FoG showed improved gait performance, as mea-
sured by both single and dual tasks and a reduced incidence
of FoG, except for tasks requiring them to turn (Lee et al.
2023).

Compared to immersive rehabilitation programmes
designed for other diseases, such as stroke (Bekkers et
al. 2020), those specifically designed for PD appear to
lead to more significant improvements in motor function,
particularly in FoG, which is often not achievable using
conventional rehabilitation methods (Griffin et al. 2011).
Immersive digital experiences, such as ‘Walk with Me,’
contain features that can divert attention from the task, as
well as others that can strengthen visuospatial function and
help individuals with PD suppress stimuli and behavioural
responses that are not relevant to the task. These features
have been observed to enhance dual-task performance and
decrease the frequency of FoG episodes in individuals with
PD (Lee et al. 2023).

Results achieved through rehabilitation programmes, as
documented in selected studies, are provided in Table 6.
The table includes information about the immersive tech-
nologies and devices used, the design of the programmes,
the training goals and the rehabilitation outcomes. Results
corresponding to all studies considered for this review are
reported in Table S2, Appendix: Supplementary Material in
the online resource.

4.11.2 User preferences

Participants in rehabilitation programmes relying on the
use of immersive technologies have expressed differ-
ent preferences regarding the choice of devices and soft-
ware solutions, depending on their individual experiences
and emotional reactions to the virtual environments. This
variability is illustrated by a recent study involving mul-
tiple immersive rehabilitation programmes and different

@ Springer

devices (Cano Porras et al. 2019). The VR rehabilitation
programmes used in this study were all generated using
CAREN. CAREN (motekmedical.com n.d.) is a biome-
chanics lab that combines a high-performance split-belt
treadmill, a 6-degree-of-freedom motion base and AR and
VR technologies to provide individuals with PD with flex-
ible balance and gait training programmes. CAREN Base
and CAREN Dome, compared to 2D immersive systems
such as V-Gait (Home—motekmedical.com n.d.) and
C-Mill (Home—motekmedical.com n.d.), attracted more
positive feedback from individuals with PD due to higher
levels of perceived immersion, for example, thanks to the
Dome’s 360-degree, room-size, shaped screen. The feed-
back by individuals with PD about virtual environments and
the nature of the tasks to be executed within them varied
across software solutions. Environments that replicate phys-
ical settings and focus on actions to be performed within
them (such as avoiding obstacles when walking on a road
and riding a boat) are often preferred. This choice is likely
to reflect personal predispositions and preferences of indi-
viduals with PD. It is worth investigating in depth as part of
future research, considering the fast-paced evolution of the
relevant technologies. An overview of training objectives
and outcomes corresponding to different rehabilitation pro-
grammes is provided in Table S2, Appendix: Supplementary
Material in the online resource.

5 Discussion

The discussion section presents the overall advantages and
disadvantages of using immersive technologies in PD reha-
bilitation and relevant future research, suggests the direc-
tions for the design of future immersive PD rehabilitation
programmes and analyses the strengths and limitations of
this review.

5.1 Advantages and limitations of immersive
rehabilitation for PD and future research

Compared to 2D rehabilitation based on serious games and
other conventional physical therapy methods, 3D immersive
rehabilitation often yields more significant improvements
in performance, as measured by game-specific parame-
ters such as performance and engagement scores, as well
as kinematic parameters, particularly motor performance
(Pazzaglia et al. 2020). This finding suggests a consider-
able potential for 3D immersive rehabilitation methods to
alleviate PD lower-limb motor symptoms, including reduc-
tion of resting tremors, rigidity, body bradykinesia, rapid
alternating movements (Kashif et al. 2022b), risk of falls
(Cano Porras et al. 2019; Mirelman et al. 2016), fear of falls
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(Krieger et al. 2013) and gait disorders (Cano Porras et al.
2019; Feng et al. 2019; Mirelman et al. 2016); improved
static balance, i.e., postural stability (Brachman et al. 2021),
dynamic balance (Brachman et al. 2021; Cano Porras et al.
2019; Lee 2018; Mirelman et al. 2016), balance confidence
(Kashif et al. 2022a) and postural control and reduced FoG
severity (Goh et al. 2021). More generally, 3D immersive
rehabilitation has been proposed for improving performance
on activities of daily life for individuals with PD (Kashif et
al. 2022c¢; Lee 2018), considering the benefits for individu-
als with PD observed regarding the execution of dual tasks
in 3D immersive environments (Killane et al. 2015; Mirel-
man et al. 2016; Pelosin et al. 2022).

Neurological research has confirmed that interven-
tions based on immersive technologies can have a positive
impact on functional connectivity in various brain regions
of individuals with PD, consistent with the observed ben-
efits on motor function and cognitive performance (Droby
et al. 2020). Different immersive technologies and software
solutions can affect different brain regions. For example, TT
combined with VR rehabilitation has been shown to result
in more efficient activation of subjects’ frontal-striatal cir-
cuits than TT alone (Maidan et al. 2017). Frontal-striatal
circuits are neural pathways connecting the striatum and
frontal lobe regions that modulate motor, behavioural and
cognitive functions of the brain and receive inputs from
dopaminergic cell populations regulating information pro-
cessing (Morris et al. 2016). Another study has compared
the EEG power spectra of individuals with PD undergoing
VR and AR rehabilitation. The results suggest that the use
of AR as opposed to VR can lead to different EEG power
spectra in individuals with PD: lower activity in the alpha
frequency band (8—12 Hz) has been observed with AR in the
right frontal and right temporal regions and higher activity
in the beta frequency band (13-30 Hz) has been reported
with AR in the right frontal and right temporal regions
(Seyedebrahimi et al. 2019). Activity in the alpha frequency
band is typically associated with a relaxed state of wakeful-
ness, characterised by decreased visual fixation, stimulation
and attention. Activity in the beta frequency band is usually
associated with sensorimotor behaviour and therefore typi-
cally decreases with sleepiness and increases with alertness
(Xavier et al. 2020). It is anticipated that additional research
will help clarify the clinical significance of the observed dif-
ferences in EEG activity patterns associated with the use of
VR and AR in PD rehabilitation.

Immersive technologies for rehabilitation have been
increasingly accepted by individuals with PD and clini-
cians in recent years, thanks to the associated benefits of
increased security, increased efficiency in the implementa-
tion of rehabilitation interventions, ease of use in relation
to data collection and analysis, affordability, flexibility at

the deployment stage and the ability to simulate realistic
environments. According to typical manufacturer recom-
mendations and observations from the studies included in
this review, a surface area of 5 m? is often sufficient for most
individuals with PD to complete immersive rehabilitation
interventions (Campo-Prieto et al. 2021; Wang et al. 2020).
However, tasks within immersive environments are not
entirely equivalent to activities in physical settings (Jalio
et al. 2022).

The use of immersive technologies is not recommended
for all individuals with PD. For example, it has been sug-
gested that the technologies should be avoided by those
individuals with PD who wear glasses or are prone to visual
fatigue (Cikajlo and Peterlin Potisk 2019). These consider-
ations are important because, in the context of immersive
rehabilitation, individuals with PD may face greater psy-
chological and physical pressure than healthy individuals
when it comes to coping with complex environments and
executing tasks in the presence of time constraints and the
prolonged use can cause a significant visual strain (Cika-
jlo and Peterlin Potisk 2019). However, many of the HMDs
that have been released to the market over the past few years
now come with the design features that accommodate the
needs of users with hyperopia and myopia (e.g., ZEISS
optical (lens) inserts for Apple Vision Pro (Zeiss n.d.) and
“glasses spacer” and prescription lens inserts for Meta Quest
devices (Meta n.d.a; Meta n.d.b) and it would therefore be
essential to review the above recommendation on glasses-
wearing individuals with PD empirically.

Individuals with PD can also suffer from tremor and
movement disorders, which can make it more difficult for
them to access and operate immersive hardware and soft-
ware equipment. The interface control can be especially
challenging for visually impaired individuals with PD (Goh
et al. 2021). Such obstacles can reduce the enthusiasm of
individuals with PD about participating in immersive reha-
bilitation, which, in turn, can reduce compliance and learn-
ing benefits in terms of improved motor function (Goh et al.
2021). The use of high visual contrast and easily identifi-
able colours in digital interfaces can help elderly individuals
with PD distinguish between the virtual and physical envi-
ronments in the context of AR-augmented PD rehabilita-
tion. Similarly, reliance on high visual contrast and carefully
selected colours in VR environments can make it easier for
individuals with PD to distinguish between background
features of the environment (for which user interaction is
not supported) and interactive features, including those that
provide real-time user instructions and prompts (Wang et
al. 2020).

Individuals with PD often feel more comfortable using
immersive equipment and rate experiences in virtual immer-
sive environments as more enjoyable when they can avoid

@ Springer
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using wearable devices, including HMDs, wearable sensors
and markers used to monitor and evaluate task performance
(Liao et al. 2023; Palacios-Navarro et al. 2015; Smith
2013). For this reason, recent research has focused on the
development of ‘natural’ user interfaces that enable users
to interact with digital systems without physical encum-
brances, such as using voice, gestures and body movements
(Liao et al. 2023; Nanjappan et al. 2017; Smith 2013). With
such interfaces, often combined with motion-sensing input
devices such as Kinect (Smith 2013) and Intel RealSense
(Intel RealSense n.d.), individuals with PD can directly
access real-time metrics reflecting their performance on
the training tasks without reliance on wearable monitoring
devices, which can enhance motivation and engagement
(Palacios-Navarro et al. 2015). More advanced immersive
systems that do not require users to wear any devices, such
as systems including voice and gesture-based interfaces and
equipment such as CAREN Base and CAREN Dome, may
be more attractive to a broader range of individuals with
PD. Advanced gesture and voice-based MR systems have
also started becoming available. For example, the recently
launched Apple Vision Pro (Apple n.d.) and Meta Quest 3
HMDs (Meta n.d.c) both include highly intuitive gesture
and voice interfaces enabling the use of the HMD without
physical controllers.

5.2 Design considerations relevant to future
immersive rehabilitation programmes for PD

The future immersive rehabilitation for PD should con-
sider the personalisation and structuring of rehabilitation
programmes, the standardisation of immersive training and
assessment protocols, the optimisation of somatosensory
information flow and a more strategic use of multisensory
cues and interactive elements.

5.2.1 Personalised and structured design

Individual PD symptom profiles and disease severity can
significantly impact rehabilitation outcomes (Wang et al.
2020). Moreover, different PD rehabilitation programmes
can lead to different outcomes in terms of alleviating dif-
ferent symptoms, due to the nature of the training tasks.
For example, immersive tasks focusing on road obstacle
avoidance during walking have been reported to improve
the performance of individuals with PD in terms of obsta-
cle negotiation and tasks associated with boat riding and
surfing have been observed to facilitate weight shifting
(Cano Porras et al. 2019). Several studies have pointed
out that effective rehabilitation strategies should rely on
interventions carefully selected by clinicians (Harris et al.
2018). Customisation has been recommended to align each

@ Springer

intervention with the specifications of the immersive equip-
ment, the nature of the virtual environments and personal
symptomatic profiles and needs of individuals with PD
(Brachman et al. 2021; Cano Porras et al. 2019). For this
reason, the design of immersive rehabilitation programmes
should follow a structured approach to deliver personalised
experiences (Wang et al. 2020). Different immersive envi-
ronments and tasks should be considered when developing
customised and personalised programmes, ideally based
on the observation of daily activities of individuals with
PD (Klinger et al. 2013). Immersive rehabilitation pro-
grammes should be designed for scalability — for example,
by building on a set of basic software training modules
combined with additional performance assessment tasks
(Amprimo et al. 2022), in a way that stimulates a broader
range of motor functions.

Recent research suggests that immersive rehabilitation
programmes designed to deliver personalised and struc-
tured training experiences can be more attractive to indi-
viduals with PD and can improve rehabilitation outcomes
(Cano Porras et al. 2019; Kashif et al. 2022a; Wang et
al. 2020). If carefully designed, immersive rehabilitation
programmes can, in fact, deliver experiences customised
individually in terms of both content and task difficulty
(Wang et al. 2020). This flexibility can enable the selec-
tion of training interventions relative to disease severity,
whereby task difficulty can be gradually increased based
on performance and tasks can be refined as individuals
with PD progress through their rehabilitation programme
(Brachman et al. 2021; Cano Porras et al. 2019; Kashif
et al. 2022a). The inclusion of auxiliary activities can
enhance the familiarity of individuals with PD with the
execution of specific motor functions and improve their
abilities (Palacios-Navarro et al. 2015). For example,
the combination of specific dynamic and static balance
training within immersive virtual environments has been
observed to improve balance function and posture control
(Kashif et al. 2022a, b, c¢). This observation further high-
lights the importance of developing diversified rehabilita-
tion training programmes customised to fulfil individual
requirements.

5.2.2 Standardised immersive training and assessment
protocols

Recent research has highlighted a scarcity of standardised
training protocols for immersive PD rehabilitation (Bar-
bosa et al. 2018; Cano Porras et al. 2019) and there are
calls for more rigour, controls and standardisation in the
XR-related healthcare research in general, for example,
in Vlake et al. (2024). This scarcity and the calls are
likely due to a diversification of immersive rehabilitation
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experiences and to the resulting availability of multiple
options with varying degrees of complexity in terms of
both virtual environments and training tasks. Additional
research is therefore required to achieve a balance between
the need to develop structured and personalised rehabilita-
tion experiences that can meet the needs of a heterogeneous
population of individuals with PD and the requirement
for standardised evaluation. Regarding training dura-
tion and intervention frequency, studies have shown that
a 10- to 20-min VR-based intervention does not signifi-
cantly enhance motor performance and cognitive abilities
(Schuch et al. 2020). Other studies have identified three
30-min sessions per week as the minimum requirement to
achieve positive results in PD, with an optimal range of
more demanding sessions ranging from 7 to 10 sessions
per week (O’Neil et al. 2018). In terms of the training
cycle, 6 weeks of intervention is enough to maximise the
improvement in dual-task gait performance of individuals
with PD and the benefits last for 6 months. In contrast, the
12-week intervention has a more prominent effect on falls
and fear of falling than the 6-week intervention (Pelosin et
al. 2022). However, some studies have suggested that there
is no clear relationship between the improvement of the
condition of individuals with PD and the specific number
of sessions or treatment duration (Navarro-Lozano et al.
2022). Therefore, developing specific intervention models
and training guidelines for immersive rehabilitation of PD
remains a core issue. In the future, standardised training
and evaluation protocols should be established—for exam-
ple, by developing and designing more precise and scien-
tific rehabilitation protocols after clarifying the impact of
the exact training cycle, frequency, intensity and timing
(Brachman et al. 2021). In addition, further usability and
user experience surveys on devices and software should
be conducted to maximise the engagement of individu-
als with PD and rehabilitation effectiveness (Zanatta et al.
2023; Zhao et al. 2015).

5.2.3 Somatosensory information flow

Individuals with PD often have impaired ability to process
somatosensory cues. For example, it has been documented
that their balance and posture control can be impaired
when they are stimulated by continuous flows of visual
information associated with changes in open-space envi-
ronments (Suarez et al. 2011). Individuals with PD often
exhibit sensory perception deficits that can lead to more
severe judgment errors under faster visual flows (Ehgoetz
Martens et al. 2015a; Goh et al. 2021). The executive func-
tions of individuals with PD are often slowed down com-
pared to those of mainstream individuals, in such a way
that good executive accuracy can be maintained during

task implementation. Impaired functions include the fol-
lowing: planning; organisation; sequencing (the ability to
arrange events in order, including processing serial order,
feedforward control and detecting repetitive patterns);
set-shifting (the ability to move across mental sets or dif-
ferent tasks, often used as a measure of cognitive flexibil-
ity); attentional control; inhibitory control; completing
and monitoring task execution; multi-task processing;
decision-making; judgement. This slowing down is con-
sistent with a well-documented trade-off between speed
and accuracy (Julio et al. 2022). Moreover, both the degree
of executive function impairment and the response times
of individuals with PD to environmental stimuli are posi-
tively correlated with disease severity (Julio et al. 2022).
For this reason, virtual environments for immersive PD
rehabilitation programmes should be designed to accom-
modate slower visual information flows, thereby allow-
ing for longer reaction times. It is also recommended that
more straightforward and intuitive display systems be
relied upon, in a way that the immersive equipment can
provide clear and easily identifiable visual information and
cues to action. Moreover, the time between consecutive
operations to be performed by individuals with PD within
virtual environments should be programmable to accom-
modate the different needs of individuals with PD.

5.2.4 Strategic use of multisensory cues

The design of immersive virtual environments providing
multisensory feedback to individuals with PD (for example,
by relying on changing environmental cues) can have sig-
nificant benefits for individuals with PD. Examples include
improvements in motor skill learning ability (Cano Porras
et al. 2019), increased motivation to engage in training and
learning (Lee et al. 2015), as well as enhanced motor coor-
dination, spatial perception and proprioception (Severiano
et al. 2018). Visual and auditory stimuli have been success-
fully combined within virtual immersive environments in
the context of vestibular rehabilitation, the aim of which is
“to modify the postural control system by means of specific
and repetitive physical exercises in different conditions”
(Severiano et al. 2018: p. 79). Such exercises are typically
designed to improve muscle and joint proprioception, to
increase movement coordination of the head, eyes and the
rest of the body (Lee et al. 2015; Severiano et al. 2018) and
to enhance gait performance (Lee et al. 2015) and balance
ability (Van Wegen et al. 2015). These benefits can be attrib-
uted to external cues and multisensory feedback accelerating
and strengthening the natural mechanisms of neuroplasti-
city by triggering neurophysiological reward mechanisms,
including the dopaminergic reward system. This system
responds to the cues and feedback by facilitating the release
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of dopamine, which, in turn, results in the improved pro-
prioception and other benefits as above (Campo-Prieto et al.
2021; Marsh et al. 2010; Severiano et al. 2018). Addition-
ally, another study has specifically explored reward-based
VR rehabilitation experiences, including the role of visual
input and haptic feedback. This study has suggested that
feedback and cues based on errors and rewards can provide
insights into the rehabilitation of dopaminergic nervous sys-
tem function (Nardi et al. 2023).

It has been observed that visual stimulation can increase
cognitive load and distract individuals with PD during
exercises carried out within virtual environments, thereby
triggering FoG (Lee et al. 2023). Humanoid virtual charac-
ters, combined with the provision of multiple sensory cues
from the virtual environment, have been successfully used
to mitigate such risks (Lee et al. 2023). Examples relate to
rehabilitation software that incorporates walking and danc-
ing tasks, involving the presence of humanoid virtual char-
acters combined with rhythmic auditory stimuli (Lee et al.
2023). Further research should lead to the identification of
a broader range of design options for mitigating the risk of
FoG in the context of immersive PD rehabilitation.

Similarly, further research is required to elucidate the
implications of neurophysiological research findings on
the design of personalised immersive PD rehabilitation
experiences. One EEG study focusing on the effect of envi-
ronmental cues on cerebral cortex activity in individuals
with PD during tasks performed within virtual immersive
environments has pointed to increased activity in the alpha
frequency band in the temporal and frontal lobes, with acti-
vation detected in the beta frequency band in all cerebral
lobes (Mufioz et al. 2022). This study elucidated the neuro-
physiological effects of different virtual environment cues
on individuals with PD. Activity in the alpha frequency
band is typically associated with decreased visual fixation,
stimulation and attention. Activity in the beta frequency
band is usually associated with sensorimotor behaviour
(Xavier et al. 2020). Studying the neurophysiological per-
formance of individuals with PD during task execution in
immersive experiences containing different virtual cues can
help define, summarise and select personalised immersive
rehabilitation experience design styles, including catego-
ries of virtual environment cues. Such benefits can often
be interpreted as a result of external cues and multisensory
feedback.

5.2.5 Strategic use of interactive elements
Several studies have introduced innovative elements of
interaction between individuals with PD and virtual immer-

sive environments in the context of PD rehabilitation
(Fearon et al. 2017; Julio et al. 2022; Pelosin et al. 2020;
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Wang et al. 2020). However, in such studies, interaction
often occurs between participants and immersive systems—
for example, via real-time interactive features of the virtual
environments—and is not extended to social interaction.
For this discussion, ‘social interaction’ is defined as any
form of behavioural or otherwise conscious relationship
between two or more individuals (Kringelbach and Rolls
2003). It has been noted that individuals with PD who
engage in more frequent social interactions are often able to
achieve higher social returns, for example, in terms of a self-
reported strengthened sense of connectedness with others
and society (Baumeister and Leary 1995). A link has been
observed between increased activation of the dopaminergic
system (Kawamichi et al. 2016; Straulino et al. 2016a) and
enhanced self-reported intention to engage in social inter-
action, as well as a reduced occurrence of communication
impairments (Straulino et al. 2016b). Notably increased
dopaminergic activity has been reported in the striatum,
which plays a vital role in reward mechanisms (O’Doherty
2004). Correspondingly, reducing the frequency of social
behaviours can be associated with impaired secretion of
dopamine (Liu et al. 2017) and of dopamine D1 receptors
(Liu et al. 2017; Plavén-Sigray et al. 2014). For this rea-
son, the definition of design directions for the development
of future PD virtual immersive rehabilitation programmes
should consider the inclusion of elements of social interac-
tion among individuals with PD, drawing on the emerging
technological platforms for Social VR (IxDF - Interaction
Design Foundation 2023). Enabling multiple participants to
immerse themselves in the same virtual scene at the same
time can encourage social interaction within digital environ-
ments. Whereas the potential to elicit and facilitate social
interaction among individuals is relevant to different types
of immersive technologies, including VR, AR and MR, AR
and MR have been identified as more promising, consider-
ing the possibility afforded for participants to interact both
with virtual characters and with other individuals with PD in
physical space (Tieri et al. 2018; Wang et al. 2020).

5.3 Strength and limitations

This review study has provided a comprehensive in-depth
summary and discussion of recent research on rehabilita-
tion methods relying on immersive technologies to alleviate
lower-limb PD symptoms. Information has been presented
regarding the hardware and software involved, experimen-
tal techniques, as well as results in terms of rehabilitation
outcomes and self-reported experience. By including infor-
mation about the perspectives of individuals with PD on
immersive rehabilitation, including positive and negative
feedback about experiences with immersive digital environ-
ments, this study has addressed a gap in previous review
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studies regarding the quality of immersive rehabilitation
programmes from a user perspective. Crucially, this review
study has provided the first overview and comparison of PD
rehabilitation programmes based on different immersive
technologies with reference to the associated symptoms and
outcomes. Attention has been paid to differences between
rehabilitation programmes and to benefits to individuals
with PD in terms of impact on different PD symptoms and
on quality of life more broadly. The insights have high-
lighted design opportunities towards the development of
future personalised virtual immersive experiences for indi-
viduals with PD.

A few limitations may affect the universality of state-
ments regarding the effectiveness of immersive digital reha-
bilitation methods for alleviating lower-limb PD symptoms.
Firstly, the scope of the review has been restricted to articles
written in English, which might have led to the exclusion
of beneficial results published in other languages. Secondly,
almost all studies reviewed had exclusion criteria in place at
the subject screening stage regarding individuals with PD
with cognitive impairment and only five studies focused
on the individuals at more advanced stages of the disease.
Although there may be safety concerns in exposing such
individuals with PD to virtual immersive rehabilitation,
benefits have been reported in terms of improved cognitive
abilities (Kashif et al. 2022a; Pelosin et al. 2022; Pezzi et al.
2022; Zhu et al. 2021). This improvement highlights a need
for additional research involving individuals with PD with
different symptomatic profiles, including those with more
severe cognitive impairment. Finally, only thirteen out of
106 studies reviewed focused on AR and none focused on
MR. Therefore, a similar review study should be conducted
in the future, once additional evidence has been gathered
regarding the use of AR and MR in the context of immersive
PD rehabilitation. Expanding the knowledge base on the
experiences of individuals with PD and the rehabilitation
outcomes, thereby covering broader groups of individuals
with PD as well as different immersive technologies, will
be an essential step forward towards the design of future
personalised virtual environments and experiences for PD
rehabilitation.

6 Conclusion

Rehabilitation based on immersive technologies holds
potential for alleviating lower-limb PD motor symptoms.
The studies reviewed for this article have highlighted ben-
efits in terms of reduced tremor, rigidity, bradykinesia, risk
of falls, gait impairment and FoG, as well as improved
static and dynamic balance and posture control. Moreover,
immersive digital interventions relying on dual tasks have

been observed to promote motor performance and execu-
tive function in individuals with PD. The use of virtual
immersive systems in combination with one or more differ-
ent rehabilitation techniques holds potential to achieve bet-
ter outcomes compared to a single task-based intervention.
Neurological research has, so far, highlighted that the brain
regions stimulated during virtual immersive rehabilitation
are typically consistent with those affected in individuals
with PD and that rehabilitation involving the use of immer-
sive technologies often results in strengthened functional
connectivity across brain regions. Studies focusing on user
experience in relation to virtual immersive PD rehabilitation
have generally reported positive user feedback with refer-
ence to ease of use, acceptability, safety, affordability of the
technology, intuitive interactive virtual environments lead-
ing to enjoyable immersive experiences, as well as motiva-
tion and willingness to engage in the training programmes.

This review of PD research studies involving the use of
different immersive devices and software has highlighted
that rehabilitation effects often depend on individual dis-
ease progression and symptomatic profiles. For this reason,
the design of structured and personalised rehabilitation
programmes is recommended with a view to maximising
individual benefits. The design of virtual immersive envi-
ronments for PD rehabilitation should consider different
factors, including individual reaction times to changes in the
environments and the time required for operation feedback.
Slower visual flows should be preferred, in line with the
personal characteristics of individuals with PD, with a view
to achieving better training fluency and higher satisfaction.
The use of multisensory cues in the context of immersive
PD rehabilitation often has a positive effect on individu-
als with PD in terms of rehabilitation outcomes and user
experience. Similarly, the use of intuitive interactive fea-
tures within virtual immersive environments can improve
the efficacy of immersive PD rehabilitation and encourage
individuals to engage with rehabilitation. A knowledge gap
has been identified in relation to virtual environments that
provide opportunities for social interaction during PD reha-
bilitation. Further design research is therefore needed for
the development of structured personalised PD rehabilita-
tion experiences. Emphasis should be placed on the use of
multisensory cues within virtual environments designed for
encouraging the execution of tasks in pairs or small groups,
with a view to enabling the delivery of personalised immer-
sive experiences.
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