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Abstract: Background: This systematic literature review aims to explore the impact of rehabilitation
in post-stroke patients, particularly highlighting the roles of virtual reality (VR) technology and
functional electrical stimulation (FES). Methods: To ensure all relevant studies were included, a
thorough search was conducted in PubMed and Web of Science databases using keywords such as
‘post-stroke’, ‘FES’, ‘functional electrical stimulation’, ‘virtual reality’, and ‘VR'’. Studies on rehabili-
tating upper limb function through VR and FES in post-stroke patients were included, regardless
of publication year. Studies had to compare this combination therapy with conventional methods
and report outcomes related to upper limb coordination, functional mobility, and daily activities.
Studies not meeting these criteria were excluded. The selection process involved screening titles,
abstracts, and full texts by four independent reviewers. The quality and risk of bias of the included
studies were assessed using the PEDro scale and Robvis tool. Results: The review included four
studies involving 135 post-stroke patients. Two articles examined the effectiveness of an approach
involving virtual reality, robotic therapy, and functional electrical stimulation in rehabilitating upper
limbs in post-stroke patients, showing significant improvements in motor function and quality of
life. The other two studies explored the effects of rehabilitation therapy using virtual reality com-
bined with functional electrical stimulation on upper limb function in stroke patients, finding that
combined therapy (FES with VR) was superior to functional electrical stimulation or robotic therapy.
Discussion: The review was limited by the small number of studies and participants, which may
affect the generalizability of the results. Variations in intervention protocols and outcome measures
across studies posed challenges in synthesis. Integrating these technologies brings benefits and
increases the potential for personalizing and optimizing the rehabilitation process, enhancing patient
engagement and satisfaction, and promoting a holistic approach to post-stroke management. Future
research should focus on larger, more standardized trials to confirm these findings and optimize

intervention protocols.

Keywords: stroke rehabilitation; virtual reality; functional electrical stimulation; upper extremity;
motor function; physical therapy modalities; systematic review

1. Introduction
1.1. Stroke-Rehabilitation Treatment

Stroke is a major global health issue, leading to significant disability for millions
each year. Approximately 15 million people suffer a stroke annually, with 5 million of
these cases resulting in permanent neurological and motor deficits, according to the World
Health Organization [1]. This substantial burden underscores the urgent need for effective
rehabilitation strategies to improve patient outcomes. Post-stroke rehabilitation often
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requires an extended period, depending on the severity of the stroke, associated pathologies,
the patient’s age, and the time elapsed since the stroke when rehabilitation began [2].
Rehabilitation is recommended for most patients to assist individuals with disabilities in
regaining independence and improving their quality of life by restoring lost functions or
increasing their functional level [3].

Medical rehabilitation plays a critical role in the recovery process following a stroke.
It emphasizes physical therapy and personalized physiotherapy programs tailored to the
individual rather than directly targeting the affected brain regions [4]. The rehabilitation
of patients who have suffered a stroke is based on several principles; the most important
is represented by the early intervention of the rehabilitation program [5]. Conventional
rehabilitation emphasizes therapeutic exercises, and occupational therapy exercises aim
to reintegrate the patient into daily activities (ADLs) and enhance communication skills
through speech therapy [6-8].

Neurological rehabilitation should begin as soon as possible when the medical con-
dition is considered stable [9]. The rehabilitation program should be customized for each
patient, starting during early hospitalization, continuing long-term, and concluding af-
ter discharge.

Stroke symptoms depend on the affected area of the central nervous system. Pri-
mary motor deficits such as spasticity and paralysis pose challenges for treatment. Other
symptoms include sudden, severe headaches, lack of movement coordination (ataxia),
reduced sensitivity, impairments of the optic system, and speech disorders. The most
severe symptom is the functional deficit, significantly reducing the patient’s quality of
life [4,10]. Most rehabilitation occurs within the first three months after the stroke, primarily
through spontaneous restoration of blood flow. In the acute stage, motor function rehabili-
tation is faster as the brain has a greater capacity to respond to external stimuli due to its
remodeling characteristics, essentially relearning what it knew before the stroke. However,
rehabilitation is slower and more challenging in the subacute and chronic stages [11].

Following a stroke, the upper extremities commonly experience various degrees of
impairment, impacting functional abilities and quality of life. These impairments typically
include motor deficits, sensory disturbances, and altered muscle tone. Motor deficits
often involve weakness or paralysis, affecting the ability to initiate or control movements
and reducing dexterity, coordination, and precision in upper limb tasks. Additionally,
sensory disturbances such as numbness, tingling, or loss of proprioception can further
compromise motor function and contribute to difficulties in manipulation and spatial
awareness. Changes in muscle tone, including spasticity or flaccidity, frequently accompany
upper extremity impairment post-stroke, further complicating functional rehabilitation
efforts [12].

However, despite the conventional methods described, many stroke survivors still
experience residual functional disability that affects their ability to perform activities
involved in daily living. The lack of significant improvement in motor function may be due
to inadequate therapy dosage, poor patient engagement and motivation, and a shortage of
objective feedback [13].

Various technology-based rehabilitation interventions have been developed in recent
decades, showing promising results in improving functional mobility and independence in
patients with such conditions [14]. Technology promotes the repetitive execution of specific
movements affected by the pathology, physical and psychological rehabilitation of patients
through environmental modifications, integration of constructive feedback, creation of
personalized exercises, and daily monitoring of the patient’s progress [15].

Rehabilitation after a stroke can be improved through interventions focused on en-
hancing deficits and functional limitations [16].

1.1.1. Virtual Reality

VR has emerged as a new treatment approach in stroke rehabilitation, involving
exercise programs designed to simulate real-life objects and events through a computer
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interface. VR systems are classified into three immersion levels: fully immersive (which
completely obstructs real-world perception), non-immersive (enabling simultaneous real
and virtual environment experiences), and semi-immersive (utilizing screens or headsets
for partial immersion) [17]. The potential benefits of VR are significant, as rehabilitation
programs are often designed to be more engaging and enjoyable than traditional therapy
tasks, encouraging more repetitions and concurrently addressing the patient’s mental
well-being. Physical exercise can improve health by reducing the risk of various health
issues. Engaging in movement while enjoying virtual activities can help individuals stay
motivated to adopt a healthier lifestyle, build confidence, and prevent hopelessness [18].
However, it is crucial to acknowledge the challenges, such as the necessary technological
skills, expense, and cyber-sickness [19].

1.1.2. FES

The rehabilitation of stroke patients is a comprehensive process that involves im-
proving muscle strength and training gait using various methods and devices, including
functional electrical stimulation (FES) [20].

FES is a supplementary therapy in rehabilitation guidelines. It benefits patients
suffering from central motor neuron pathologies by leveraging brain plasticity to restore the
ability to perform voluntary movements [21]. FES is an integral part of stroke rehabilitation
guidelines, serving as an adjunct technology with significant benefits for patients with such
conditions [22]. It is widely recognized and utilized in medical rehabilitation [23], and FES
sessions entail the precise application of electrical stimuli to the muscle at motor points.
These stimuli are often synchronized with specific physical activities tailored to the patient’s
needs, such as walking, cycling, or arm exercises [24]. The current can be delivered to the
muscles through various types of electrodes that can operate on the surface, percutaneously,
or subcutaneously, thus producing muscle contraction through the depolarization of motor
units. Functional electrical stimulation is divided into two distinct categories: assistive FES,
which is used for the complete replacement of motor function, and therapeutic FES, which
is used for rehabilitation purposes [21].

Therapeutic FES has a wide range of applications, mainly benefiting the rehabilitation
of patients with central motor neuron damage. Additionally, it plays a crucial role in pre-
venting muscle atrophy and maintaining the health of the muscular system. Assistive FES,
however, is designed to restore motor function in patients with central neuron syndrome
by completely replacing motor signals [22].

Nerve stimulation is the preferred method for FES due to its significantly lower
electrical charge. This reduces the risk of burns or other tissue damage and instills trust in
the procedure’s safety [23].

Percutaneous FES, a technique involving intramuscular electrodes, offers unparalleled
precision and control, even of deeper muscle structures. While it requires surgical proce-
dures with risks such as postoperative infection and higher costs, it also provides several
advantages. Implantable electrodes are more efficient and reliable, and their configuration
is more precise compared to systems using surface electrodes. However, it is important to
note that surface electrodes, while easier to configure, may be less accurate. This compre-
hensive view allows the audience to make informed decisions about the best approach for
their patients [25].

Implementing the most effective rehabilitation program is a significant challenge for
individuals who have had a stroke. However, effective therapeutic strategies, especially
those incorporating new rehabilitation approaches, have not been thoroughly explored.
The combination of VR and FES in stroke rehabilitation is grounded in their complementary
strengths, offering a promising approach to addressing stroke survivors’ persistent chal-
lenges. The necessity for this study arises from the need to enhance rehabilitation outcomes
by leveraging the benefits of both VR and FES, particularly for upper limb rehabilitation,
where motor deficits, sensory disturbances, and altered muscle tone significantly impact
functional abilities and quality of life. With its immersive and engaging environments,
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VR encourages greater patient engagement and motivation by making repetitive exercises
more enjoyable and mentally stimulating, which is crucial for long-term rehabilitation
success. However, VR alone may not be sufficient for restoring motor function, especially in
severe cases where muscle activation is compromised. Conversely, FES directly stimulates
muscle contractions through electrical impulses, promoting muscle strength and neuroplas-
ticity, which are essential for regaining voluntary movement. Combining VR and FES, the
study aims to create a synergistic effect where VR enhances the patient’s psychological and
cognitive engagement while FES ensures effective muscle activation and motor recovery.
The decision to focus on VR and FES, rather than combining them with other treatment
methods, is driven by the need to systematically explore and evaluate the efficacy of this
specific combination, as it holds significant potential for creating more personalized and
effective rehabilitation programs. This focused approach allows for a clearer understanding
of how these technologies can be integrated and optimized, potentially leading to more
impactful and targeted interventions in stroke rehabilitation.

The current understanding of the effectiveness, potential challenges, and facilitators
of using VR and FES for upper limb rehabilitation in stroke patients is limited. Despite the
growing interest in physical approaches, there is still a notable gap in the literature regard-
ing identifying effective rehabilitation methods and interventions for the most effective
treatment following a stroke. We believe that combining VR and FES could offer a more
effective rehabilitation approach for helping post-stroke patients recover upper extremity
motor function compared to conventional therapies or using VR or FES alone. Specifically,
we expect that integrating these technologies will enhance motor function, increase patient
engagement, and improve outcomes in upper limb rehabilitation.

This systematic literature review aims to address this research gap by examining the
characteristics and clinical outcomes of studies focusing on rehabilitation through VR and
FES and by identifying the current state of research and rehabilitation systems that use
customized exercises for each patient, combining virtual reality technology with functional
electrical stimulation devices. The potential impact of this research on stroke rehabilitation
is significant, as it could lead to the development of more effective and personalized
treatment methods.

2. Materials and Methods

This study follows and meets the standards of the essential elements of PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analysis) [26].

2.1. Search Strategy

The search for publications in scientific databases, such as PubMed and Web of Science
Core Collection, was meticulously conducted in English. The following databases have
been carefully chosen: MEDLINE, PsychINFO, EMBASE, CENTRAL, ISRCTN, and ICTRP
from the WOS platform for their extensive coverage of medical specialties, particularly
rehabilitation, as previously reviewed by Zieliniski et al. [27] and Mat Rifin et al. [28]. The
search was conducted from 22nd May to 3rd June 2024, followed by a thorough study
refinement process from 4th June to 15th June 2024.

A comprehensive search strategy was employed, incorporating a combination of
MeSH terms such as “stroke” AND “FES” AND “VR”—23 results, “stroke” AND “func-
tional electrical stimulation” AND “VR”—63 results, “stroke” AND “FES” AND “vir-
tual reality”—41 results, “stroke” AND “functional electrical stimulation” AND “virtual
reality”—140 results. Studies were included regardless of publication year to ensure a
comprehensive and up-to-date perspective.

The eligibility criteria identified (1) the population, (2) interventions, (3) comparisons,
(4) outcomes, and (5) study designs. The PICOS strategy [29] was followed during the
preliminary search. Criterion (1) included patients who have suffered a stroke, both men
and women, with a focus on those experiencing upper limb impairments. Criterion (2)
interventions were studies examining the use of VR combined with FES as a rehabilita-
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tion intervention for upper extremity function. Criterion (3) comparison consisted of the
intervention on VR and FES intervention against conventional therapy, other forms of reha-
bilitation, or no intervention at all. Criterion (4) outcome was related to improving upper
limb coordination, functional mobility, and the ability to perform daily activities, including
enhanced fine motor skills. Criterion (5) study design consisted of randomized clinical
trials (RCTs) (without group limitation) that used VR (immersive and non-immersive), and
FES were included. Review and meta-analysis papers, case reports, pilot, and validation
studies were excluded.

Irrelevant to the research were studies not conducted on human subjects or adults,
investigations employing multiple types of electrostimulation simultaneously without
distinct patient groups or lacking virtual reality exercise rehabilitation, studies exclusively
focused on patient evaluation without implementing a rehabilitation program or inter-
vention, studies with fewer than ten rehabilitation sessions, studies comparing healthy
individuals to those with post-stroke lesions, research unrelated to the subject matter,
and studies with fewer than eight participants. Finally, studies that did not have the text
published in English were excluded.

2.2. Selection Process

The titles and abstracts of eligible studies were analyzed for selection by four inde-
pendent reviewers (D.M., AILM., LC.C.B,, E.B.B.). Potentially eligible studies were then
studied in full text. Articles that did not meet the eligibility criteria were excluded from
the research. The quality of the included studies in the systematic review was assessed
using the PEDro scale (Table 1) [30]. This tool assesses the external and internal validity of
randomized controlled trials using 11 criteria to help readers understand the confidence
level they should have in a study’s findings [30].

Table 1. The quality of the studies included in the review.

Section D. Montoya S. Hyeyoung M. Sebastian- N. Norouzi-Gheidari
et al. [23] Lee et al. [24] Romagosa et al. [25] et al. [26]
1 YES YES YES YES
2 - YES NO NO
3 - YES - -
4 - YES YES YES
5 - - NO -
6 - NO NO YES
7 - NO NO YES
8 YES YES YES YES
9 YES YES YES YES
10 YES YES YES YES
11 - YES YES YES
Total score 3/10 7/10 5/10 7/10

In addition to the PEDro scale, the Robvis tool (Table 2) was employed to generate
risk-of-bias plots for this systematic review [31]. The Robvis tool is a widely recognized
instrument designed to visually represent the risk of bias across domains within included
studies. It provides a comprehensive overview of potential biases, allowing for a more
precise assessment of the quality and reliability of the evidence [31]. The decision to use the
PEDro and Robvis scales was made to ensure a more thorough evaluation of study quality.
While the PEDro scale offers a structured approach to assess the methodological rigor of
randomized controlled trials, Robvis complements this by offering a visual summary of
potential biases, enhancing the ability to appraise and interpret the results of the systematic
review critically. Utilizing both tools allows for a more nuanced and robust assessment of
the studies, ensuring higher confidence in the findings presented.
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Table 2. The Robvis tool of assessing risk of bias for methodological assessment.
Random . Blinding of Blinding of Incomplete . Other
Study Sequence Cﬁl!llcoec:ltrlr?;t Participants Outcome Outcome I?:Ii’)crttli;e Sources of Overall
Generation and Personnel  Assessment Data p & Bias
Montoya et al. . .
[32], 2022 Unclear Unclear High Unclear Low Low Unclear High
Hyeyoung Lee Low Low Low High Low Low Unclear Low
etal. [33], 2018 &
Sebastian-
Romagosa et al. Unclear Unclear High High Low Low Unclear High
[34], 2020
Norouzi-
Gheidari et al. Low Unclear High Low Low Low Unclear Low
[35], 2021
3. Results

3.1. Study Selection

The initial screening based on the key terms yielded 267 papers, out of which 189
were excluded following refinement based on the type of document analyzed and the
identification of duplicates. The resulting 78 articles were analyzed and reviewed based
on their titles, leading to the identification of 11 studies for further assessment based on
their abstracts. Four studies, each of significant importance, were read in full and included
in this literature review, as seen in Figure 1 (diagram). These studies focus on functional
electrical stimulation in combination with virtual reality therapy for patients with limb
sequelae following a stroke, providing valuable insights into this area of research.

l Identification of studies via databases and registers.

Figure 1. PRISMA diagram flow.

= Records removed before screening:
S _ -
E Records identified from WOS Document type (n = 135)
= and PubMed databases: Duplicate records (n=54)
E (n=267)
=
Records excluded after title analysis (1 = 67)
() - not intervention of interest (n=30)
- the studies were not conducted on human and adult
subjects; (1=3)
the studies did not focus on treating post-stroke lesions
(n=5)
Records remaining for analysis > the studies were not RCT (1= 15): review papers (n=5),
by title: (n=78) pilot studies (1=6), meta-analysis papers (n=4)
the studies did not primarily aim at post-stroke functional
deficit recovery using FES and VR (#=13)
the studies did not exceed a recovery period of at least ten
sessions (n=1)
g
4 Studies remaining for abstract . e
8 analysis after title screening — Atrticles excluded after abstract analysis (1=5):
32 (= 11) reviews (n=5)
— Reports excluded after full-text evaluation (n=2)
Reports assessed for eligibility )
(n=6) E— the study did not exceed a rehabilitation period of at least
ten sessions (1=2)
l
=
g Studies included in review
= (n=4)
g
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3.2. Main Characteristics of Included Studies

In the research, a total of 135 participants diagnosed with stroke were evaluated across
4 studies. The studies, published between 2018 and 2022, included various interventions
for stroke rehabilitation. One study used multiple stimulation channels to the affected
upper extremity. At the same time, the patient pedaled with the affected upper extremity
on a bicycle and engaged in exercises through immersive virtual reality [32]. Another study
utilized the RAPAEL Smart Glove gaming VR system, where patients interacted in a VR
environment using a wearable glove-like device at the wrist joint. Each training session
in this study involved three different VR training scenarios while the therapist manually
operated the FES device [33].

Similarly, patients in another study underwent robotic therapy combined with VR
intervention [34]. In a separate study, all patients underwent EEG during the rehabilitation
session. Electrodes were applied to the extensor muscles of both hands for electrical
stimulation, and patients were required to perform hand extension movements based on
indications from a virtual reality system [35]. The researchers presented various options
in their articles regarding comparison group interventions. Some studies did not include
control groups, while others used electric stimulation through automatic cycling to induce
muscle contraction or combinations of rehabilitation programs based on the upper limb’s
ability to function. The essential data, characteristics, and results from the studies have
been carefully extracted for easy reference in Table 3.
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Table 3. Characteristics of the randomized controlled trials.

Study, Year,
and Design

No. of Participants

Interventions/Comparison Supervision

Assessment Methods

Key Results

Montoya et al. [32], 2022

-N=13

- Age (years):
S5G:56.61 £ 14.16

-sex:4F,9M

- Time since Stroke: 1-4 years

16 therapy sessions, 2/week, for 60 min/
session

During each session, two types of activities
were performed:

(1) Application of multi-channel FES in the
paretic upper limb (wrist flexors, elbow
extensors, shoulder flexors, and extensors
using hydrogel electrodes) for 30 min. The
FES therapy used a motorized upper limb
cycle ergometer (MOTOMED Viva2 REck)
and a 6-channel functional electrical
stimulator (TRAINFES 6 channels) for
active exercise;

(2) Exercises through immersive VR (VR
goggles) for 30 min, during which muscle
groups of the affected upper extremity were
trained;

A VICON system was used to assess
movement on the following scales:

(1) Sit-to-Stand Functional Reach Test;
(2) Apley Scratch Test/Dawbarn
Test—for evaluating the range of
motion of the shoulder joint;

(3) FMT;

Furthermore, a comprehensive analysis
was conducted, encompassing
maximum joint angles (°), angular
velocity (rad/s), and execution time (s)

The affected limb’s movement
consistently increased after therapy
when the p-values were below 0.05
in the Wilcoxon test, with significant
improvements noted in the:

- maximum angles

- range of motion

- and angular velocities

Hyeyoung Lee et al. [33],
2018

-N=41

- Age (years):
5G:49.5 £13.7
CG:46.1 £13.0

-sex: 18 E, 23M.

20 therapy sessions X 5 times/week X 30
min.

Study Group (VR-FES):

The therapist used the RAPAEL Smart
Glove gaming VR system on the wrist joint
for 10-min training sessions. They manually
operated the FES device to provide
stimulation during wrist extension in the
game.

Control Group (FES):

Electric stimulation through automatic
cycling was provided to induce muscle
contraction using biphasic pulsation
(frequency 50 Hz, pulse duration 200 ps) for
6s.

- EMT—UE;

- WMFT—focuses on motor deficits
assessed during ADLs; [20]

- BBT;

- JTT—for assessing distal upper limb
ability; [21]

- SIS—a questionnaire assessing
disability and health-related quality of
life after stroke; [22]

- compared to FES alone, VR-FES
resulted in a more significant
increase in FMA—distal score

(p =0.011) and a marginal
improvement in JTT-gross score

(p = 0.057);

- VR-FES also led to more
pronounced improvements in all
other outcome measures, except in
the SIS-ADL/IADL score;

- VR-FES can improve specific gross
motor functions by targeting the
wrist and hand without requiring
finger individuation;
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Table 3. Cont.

Study, Year,
and Design

No. of Participants

Interventions/Comparison Supervision

Assessment Methods

Key Results

Sebastian-Romagosa
et al. [35], 2020

-N=51
- Age (years): 60.52 + 16.7
-sex: 23 F,, 28M.

25 therapy sessions X 2 times/week X 30
min

All patients underwent EEG during the
rehabilitation session. Electrodes were
applied for electrical stimulation on the
extensor muscles of both hands (frequency
of 50 Hz and a rectangular pulse width of
300 ps), and patients were required to
imagine performing the hand extension
movement based on the indications of the
virtual reality system.

- FMT—UE;

- N-HPT;

- BBT;

- MAS;

- Barthel Index;

- Fahn Tremor Rating Scale;

- Two-point Discrimination Test for
evaluating sensitivity;

- SCWT and MOCA to assess
cognitive ability;

- Self-assessment questionnaire of global
post-stroke conditions;

- FMA-UE showed a significant
increase in upper limb motor
function by 4.68 points (SD = 4.92);
- Improvements in finger and wrist
spasticity were observed, correlating
with performance in motor
assessments like BBT and 9HPT,

- There was no increase in spasticity
in the months after completing

the therapy;

Norouzi-Gheidari et al.

[34], 2021

-N=30

Group with low potential for
rehabilitation: N = 18;

Group with good potential for
rehabilitation: N = 10;

12 therapy sessions X 3 times/week X 1
h/session

The group with low rehabilitation
potential/Group performing movements
only from the shoulder joint received 60
min. of robotic therapy, and those who
could mobilize their arm against gravity
also received VR intervention (30 min. of
robot therapy + 30 min. of VR therapy).
Group with good rehabilitation
potential/Group performing movements
from the entire upper limb received
approximately 30 min. of robotic therapy,
followed by 30 min. of combined VR
therapy with NMES. Electrodes were used
to activate finger and wrist extensions
during VR activities. Muscle stimulation
was triggered when participants attempted
to grasp objects on the computer screen.

- FMA-UE;

- Abilhand Questionnaire;

- MAL—a subjective test measuring the
functional performance of an
individual’s upper limbs in real-life
situations; [24]

- BBT;

- Gross hand grip strength of the
affected hand, measured with a
dynamometer;

- The results showed that the
intervention was safe and
well-received by participants;

- The study underlines that both
robotics and VR activities are
enjoyable and potentially beneficial;

SG: study group; CG: comparison group; F: feminine; M: masculine; VR: virtual reality; FES: functional electrical stimulation; FMT: Fugl-Meyer Test; WMFT: Wolf Motor Function Test;
ADLs: activities of daily living; BBT: Box and Block Test; JTT: Jebsen Taylor Test; SIS: Stroke Impact Scale; N-HPT/9HPT: Nine-Hole Peg Test; MAS: Modified Ashworth Scale; SCWT:
The Stroop Color-Word Test; MOCA: Montreal Cognitive Assessment; EEG: Electroencephalography; FMA-UE: Fugl-Meyer Test for upper extremity; MAL: Motor Activity Log; NMES:
Neuromuscular Electrical Stimulation.
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3.3. The Quality of the Studies

Our research, which has explored the integration of VR and FES into standard reha-
bilitation, has the potential to revolutionize patient care. Despite the lack of standardized
protocols and the inclusion of a small number of patients in the studies, one of the aims has
been to enhance patient engagement. This, in turn, could lead to higher commitment rates
and potentially better outcomes. The immediate feedback provided by VR, coupled with
the muscle re-education and strength improvement facilitated by FES, has shown promise.

The risk of bias assessment for the four studies included in this systematic review shows
considerable heterogeneity in their methodological quality (Table 2). Two studies [32,35]
exhibit a high risk of bias, particularly in critical areas such as blinding of participants and
personnel and outcome assessment. This raises concerns about the internal validity of their
findings, potentially limiting the generalizability of their results. In contrast, the other two
studies [33,34] demonstrate a low risk of bias across most domains, suggesting a more reliable
methodology and potentially stronger evidence.

The significant variation in study quality complicates the ability to draw definitive
conclusions from the collective data. The high risk of bias in half of the studies could
potentially skew the overall findings. Therefore, while the results provide some insights,
it is crucial to interpret them with caution. Further research with more consistent and
rigorous methodologies is essential to validate the effectiveness of virtual reality combined
with functional electrical stimulation in rehabilitation.

3.4. Assessment Methods

Assessment tools, such as assessment scales, have consistently demonstrated sub-
jective enhancements in outcomes following targeted treatments. In the selected studies,
numerous assessment scales were used to identify and quantify the degree of motor deficit,
providing valuable insights into the effectiveness of treatment interventions. Except for one
study, all used the Fugl-Meyer Assessment for Upper Extremity (FMA-UE), developed by
Axel Fugl-Meyer and his colleagues in 1975 [36]. This standardized method assesses stroke
recovery through direct performance observation, determining disease severity, describing
motor deficits, and planning and evaluating treatment. The FMA-UE is a widely accepted
and validated tool in the field of stroke rehabilitation, making its consistent use in studies a
significant factor in the reliability of the findings [37].

Montoya et al.’s [32], 2018, study involved 13 post-stroke patients in 16 therapy
sessions with multi-channel FES and immersive VR exercises. The intervention significantly
improved upper limb motor function, with FMA scores increasing by an average of 15
points (p < 0.05). Despite some limitations, such as a small sample size and a short follow-
up period, which hindered the assessment of long-term effects, the study’s findings are
valuable. Similarly, the study by Hyeyoung Lee et al. [33], 2018, showed that VR-FES led
to a more significant increase in FMA—distal score (p = 0.011) compared to FES alone. The
other two studies also significantly increased upper limb motor function, expanding our
knowledge about using the right assessment tool in stroke rehabilitation.

Hyeyoung Lee et al. [33], 2018, used the RAPAEL Smart Glove system and manual
FES to demonstrate improvements in daily living activities by assessing the dexterity
and coordination of the upper limb. Similar assessment tools were also used in studies
conducted by Sebastian-Romagosa et al. [35], 2020, and Norouzi-Gheidari et al. [34], 2021.
The studies presented a wide array of assessment tools, including the WMFT for upper
extremity function, BBT for gross manual dexterity, the JTT for hand function, 9-HPT for
finger dexterity, the Barthel Index for activities of daily living, the Abilhand Questionnaire
for hand function, and the MAL for quality of movement, to develop the efficiency of
the rehabilitation program. These diverse and comprehensive assessment tools across
the reviewed studies have proven effective in evaluating the outcomes of VR and FES
interventions. Each tool demonstrated significant statistical improvements, providing
robust evidence of the efficacy of these combined rehabilitation approaches.
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All these assessments aim to highlight the progression of motor and functional status
and to correlate the results obtained based on the evaluation of motor deficits while
performing tasks related to daily activities. Although the presented studies vary in the
number of patients, period, type, and intervention method, they all share a common goal:
integrating VR and FES in upper limb rehabilitation for stroke patients.

3.5. Limitations and Effectiveness of Combining VR and FES
3.5.1. Effectiveness of Combining VR and FES

L. Enhanced Motor Function and Dexterity

Integrating VR and FES has proven highly effective in enhancing motor function
and dexterity in stroke patients. Notably, studies by Hyeyoung Lee et al. [33], (2018),
Sebastidn-Romagosa et al. [35], (2020), and Norouzi-Gheidari et al. [34], (2021) have reported
significant improvements in clinical assessments such as WMFT, BBT, and 9 HPT. These
improvements underscore the potential of the combined VR and FES approach to enhance
gross and fine motor skills, making it a potent tool in neurorehabilitation.

II. Increased Patient Engagement and Motivation

VR’s immersive nature creates an engaging and motivating environment for patients,
which is critical for successful rehabilitation [38]. Montoya et al. [32], 2022, and Hyeyoung
Lee et al. [33], 2018, highlighted high levels of patient engagement and adherence to
rehabilitation programs. The interactive and adaptive VR systems kept patients motivated
and committed to their therapy, which is essential for achieving significant functional gains.

II.  Neuroplasticity and Brain Function Improvements

Sebastidan-Romagosa et al. [35], (2020) demonstrated that integrating EEG with VR and
FES improved motor function and enhanced neuroplasticity. EEG data showed significant
changes in brain activity patterns, indicating that this combined approach could facilitate
recovery. These results support other work that indicates that BCI can play an essential
role in cortical reorganization underlying functional improvement [39-41].

3.5.2. Limitations of Combining VR and FES
I.  Small Sample Sizes and Study Designs

One common area of improvement across the studies we reviewed is the small sample
sizes. These limited sample sizes make applying the findings to a broader population
difficult. For example, Montoya et al. [32], 2022, only included 13 participants, while
Norouzi-Gheidari et al. [34], 2021, had 30 participants. The small sample sizes reduce the
statistical power and the ability to make general conclusions. To address this issue, future
research should focus on larger, multi-center, randomized controlled trials to validate
these findings and gain a more comprehensive understanding of the effectiveness of the
combined VR and FES approach.

II. Long-term Efficacy and Follow-up

Another significant limitation is the need for long-term follow-up data. The studies
reviewed primarily focused on short-term outcomes, with few providing insights into the
sustainability of improvements. Longitudinal studies are necessary to determine whether
the benefits of VR and FES are maintained over time and to assess the long-term impact on
functional independence and quality of life.

III. Standardization of Protocols

The VR systems and FES parameters used across different studies vary considerably.
For example, the VR scenarios, frequency, intensity, and pulse width of FES varied sig-
nificantly between Montoya et al. [32], 2022, and Hyeyoung Lee et al. [33], 2018. This
lack of standardization makes comparing results and drawing definitive conclusions diffi-
cult. Developing standardized intervention protocols would enhance the reliability and
reproducibility of research findings. Integrating VR and FES into standard rehabilitation
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protocols could potentially transform post-stroke rehabilitation by providing engaging and
effective therapy options.

IV.  Potential for Cybersickness and Discomfort

It is important to note that VR can sometimes lead to cybersickness, characterized
by symptoms such as nausea, dizziness, and visual discomfort. This potential discomfort
can be a limiting factor for patient participation and engagement [42]. While not exten-
sively reported in the reviewed studies, it is crucial to acknowledge that designing more
user-friendly and comfortable VR systems remains a potential challenge that needs to be
addressed to ensure the successful implementation of the combined VR and FES approach.
It is essential to highlight that those researchers did not observe any adverse reactions or
dropouts attributed to challenges in using VR technology devices. These issues can be
effectively alleviated with appropriate design and diligent patient monitoring.

4. Discussion

This review concisely summarizes the effects of integrating FES with VR treatments
for stroke patients compared to conventional or no interventions. It is important to note
that VR training for stroke patients has been integrated with traditional methods, including
conventional exercises and more advanced approaches like robotic-assisted gait training
and functional electrical stimulation, all aimed at enhancing motor function. Further
examination of the integration of these various approaches is needed, underscoring the
importance of additional research in this field.

This study reviewed four studies investigating rehabilitation systems using exercises
tailored to each patient through the combination of virtual reality technology with func-
tional electrical stimulation devices in motor rehabilitation enhancement. The studies
conducted on stroke patients included a varied number of subjects, ranging from 13 to 51.
The duration of these studies ranged from 12 to 25 therapy sessions, depending on the
objectives pursued.

The selected studies utilized various assessment scales to evaluate motor deficits
meticulously. The FMA-UE scale serves as a critical index for assessing sensorimotor defi-
ciency in individuals with a stroke history [43]. Furthermore, the WMFT, BBT, JTT, 9-HPT,
Barthel Index, Abilhand Questionnaire, and MAL were employed as additional evaluation
methods to craft a comprehensive rehabilitation program. In the studies conducted by
S. Hyeyoung Lee et al. [33], 2018, and M. Sebastian-Romagosa et al. [35], 2020, passive
movement resistance was also evaluated using the modified Ashworth scale, which is
an essential factor in assessing the degree of disability, with a significant impact on the
rehabilitation process [44]. These rigorous assessments aim to meticulously monitor the
progression of motor and functional status during activities of daily living.

Despite using different functional tests and scales, Christine Smith et al. [45], 2019,
and Thomas Schick et al. [46], 2022, focus on upper limb rehabilitation for stroke patients.
Their shared objective is to evaluate the effectiveness of functional electrical stimulation
(FES) in restoring upper limb ability. This can involve achieving a more comprehensive
range of movements, enhancing existing movements, or the ability to grasp various objects,
all of which can significantly improve a patient’s quality of life, enabling them to perform
daily self-care activities and more, a crucial aspect of their rehabilitation journey.

The results of both studies were promising. In Christine Smith et al.’s study [45], 2019,
video analyses showed a significant improvement in upper limb movement range, while
Thomas Schick et al. [46], 2022, used specific tests such as the Fugl-Meyer Assessment Arm
Section Score (FMA-AS), BBT, and SIS German version to assess patient progress.

These positive outcomes should inspire optimism about the potential of FES and VR
therapy for stroke rehabilitation.

Furthermore, FES, which employs electrical stimulation to activate pathology-related
muscles, has demonstrated potential in enhancing muscle control, strength, and coordi-
nation, thereby assisting in rehabilitating motor function [47]. Conversely, VR therapy



Appl. Sci. 2024, 14, 8248

13 of 16

entails using computerized simulated environments to deliver interactive and captivating
experiences for patients during rehabilitation exercises [48].

In 2011, Saposnik and Levin conducted a study to assess the effectiveness of VR in
post-stroke rehabilitation. They performed a meta-analysis of randomized clinical trials
that investigated the use of VR in post-stroke rehabilitation, comparing VR therapy with
other interventions or no intervention in control groups. The study measured improve-
ments in motor function, cognitive abilities, and quality of life as primary outcomes. The
meta-analysis found that VR therapy had a significantly positive effect on motor func-
tion in post-stroke patients, and there was also a trend toward improvement in cognitive
abilities and quality of life. However, these results were not always statistically signifi-
cant. The study provided valuable insights into the potential benefits of VR therapy in
post-stroke rehabilitation, suggesting that it could be a useful component of treatment
plans for these patients [49]. A comprehensive review by M. Soleimani et al. evaluates
randomized controlled trials (RCTs) comparing VR-based interventions to conventional
therapy for upper limb rehabilitation post-stroke. The significance of the article lies in its
comprehensive analysis and solid evidence base, demonstrating that VR is a promising
and potentially more effective method for upper limb rehabilitation in stroke patients than
traditional therapy. By highlighting the advantages of VR, such as increased engagement,
personalized interventions, and better accessibility, the study paves the way for a more
optimistic future in clinical practice, aiming to improve patient outcomes and quality of life.
It also underscores the variability in VR intervention designs and the need for standardized
protocols to enhance the comparability and effectiveness of these therapies [50].

Our research thoroughly analyzes the effects of associating FES and VR therapy
for stroke patients. It meticulously compares this innovative approach with traditional
treatment methods or no intervention. It provides a detailed examination of how the
incorporation of FES and VR can impact the rehabilitation process for stroke survivors.
The report explores the comparative outcomes and demonstrates how this comprehensive
approach could enhance rehabilitation and offer additional benefits in post-stroke care.

The four articles on upper limb rehabilitation in post-stroke patients reveal several
noteworthy aspects:

In the study by Sebastian-Romagosa et al. [35], 2020, the use of FES and VR was
combined in an innovative approach for upper limb rehabilitation in stroke patients. This
combination aimed to maximize therapeutic effects, providing patients with a complex
and stimulating method to regain motor function. VR was integrated to offer a captivating
and personalized environment for therapy. Patients participated in virtual tasks and
activities to engage in the interactive and motivating practice of upper limb movements.
In parallel, FES was used to complement VR therapy. Applying electrical stimulation to
the affected muscles encouraged patients to activate their upper limb movements while
interacting with the virtual environment. This allowed for better muscle engagement and
reinforcement of the connection between brain signals and movements performed in the
virtual environment. This study’s combination of FES and VR had several synergistic
benefits. On the one hand, FES provided additional muscle stimulation and facilitated the
generation of controlled movements of the upper limbs. On the other hand, VR created an
interactive and captivating environment for therapy, encouraging patients to practice their
movements in a more motivating and involved manner.

Norouzi-Gheidari et al. [34], 2021 and Montoya et al. [32], 2022 investigated the
feasibility and effectiveness of a combined approach involving VR, robotic therapy, and FES
in upper limb rehabilitation in post-stroke patients. Both studies demonstrated that this
combination can significantly improve upper limb function and functional independence.

Hyeyoung Lee et al.’s [33], 2018 study explores the effects of rehabilitation therapy
using VR combined with FES on upper limb function in chronic stroke patients. Participants
were randomized into two groups: an intervention group receiving combined therapy
(VR and FES) and a control group receiving conventional therapy. The intervention group
showed significant improvements in movement performance and hand dexterity compared
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to the control group, with Fugl-Meyer Assessment (FMA) scores for the distal portion
and Jebsen Taylor Test (JTT) scores increasing significantly, thus achieving a significant
improvement in motor function.

These studies collectively underscore the potential of innovative technologies such
as VR, robotic therapy, and FES in rehabilitating upper limbs in post-stroke patients.
Combining these techniques can significantly enhance motor rehabilitation and functional
independence, inspiring new perspectives in post-stroke rehabilitation therapies.

Certain limitations exist in this systematic review, and their potential impact on the
field of post-stroke rehabilitation is significant. First, the small sample size, with only four
studies involving 135 participants, limits the generalizability of the findings, necessitating
further research with larger cohorts. Additionally, the variability in VR and FES intervention
protocols across the included studies makes direct comparisons challenging, and the lack of
long-term follow-up data prevents an assessment of the sustained effects of these therapies.
The heterogeneity of stroke patients in terms of severity, time since stroke, and specific
motor deficits introduces further variability that may impact the outcomes. Moreover, due
to the inclusion criteria of English-language publications and specific databases, potential
bias in study selection may have excluded relevant studies. The technological limitations,
including differences in the quality and availability of VR systems and FES devices, also
affect the findings, as does the high cost, which could restrict broader clinical application.
Finally, the limited scope of outcomes assessed, primarily focusing on motor function,
may overlook other crucial aspects of stroke recovery, such as cognitive function and
psychological well-being. Addressing these limitations in future research is essential for
enhancing the reliability and applicability of the results regarding the combined use of VR
and FES in post-stroke rehabilitation.

5. Conclusions

Rehabilitation following a stroke is essential for enhancing the quality of life and
restoring function and independence in patients. The combination of two technologies,
functional electrical stimulation and virtual reality therapy, holds the potential for syn-
ergistic effects in post-stroke rehabilitation. By integrating these two methods, patients
may benefit from the complementary effects of both technologies, offering an innovative,
personalized, and practical approach to facilitating motor and cognitive rehabilitation.
Their combination could amplify the benefits and prove to be a promising approach for
improving patients” quality of life and independence after a stroke.

Additional research is required to thoroughly examine the potential benefits of com-
bining FES with VR for stroke patients. Furthermore, it is imperative to investigate these
two areas of study with larger groups of participants and over more extended periods to
gain a more comprehensive understanding of their effects. However, further research is
necessary to assess the impact of FES combined with VR on stroke patients. Moreover,
it is crucial to approach these two topics in larger cohorts and with extended follow-up
of participants.

Author Contributions: D.M. and N.A R.; methodology, R.S.M. and D.M.; validation, A.LM., L.C.C.B,,
A.IM. and VLT, formal analysis, D.M. and E.B.B.; investigation, D.M., .C.C.B., A.LM., E.B.B. and
VI.T,; data curation, D.M. and E.B.B.; writing—original draft preparation, D.M. and N.A.R.; writing—
review and editing, D.M. and N.A.R.; supervision, R.5S.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

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

1.  Capirossi, C.; Laiso, A.; Renieri, L.; Capasso, F.; Limbucci, N. Epidemiology, organization, diagnosis and treatment of acute
ischemic stroke. Eur. |. Radiol. Open 2023, 11, 100527. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejro.2023.100527
https://www.ncbi.nlm.nih.gov/pubmed/37860148

Appl. Sci. 2024, 14, 8248 15 of 16

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Miclaus, R. Esentialul in Recuperarea Medicali; Editura Lux Libris: Brasov, Romania, 2015; pp. 32, 34, 40-50, 67, 68, ISBN 978-073-
131-314-6.

O’Sullivan, S.B.; Schmitz, T.J.; Fulk, G.D. Physical Rehabilitation, 7th ed.; F.A. Davis Company: Philadelphia, PA, USA, 2019;
Available online: https://fadavispt.mhmedical.com/content.aspx?bookid=2603&sectionid=214784557 (accessed on 1 June 2024).
Cotter, V.T.; Strumpf, N.E. Advanced Practice Nursing with Older Adults: Clinical Guidelines; McGraw-Hill Medical Pub:
New York, NY, USA, 2002; ISBN 978-0-07-134157-8. Available online: https://www.google.ro/books/edition/Advanced_
Practice_Nursing_with_Older_Adu/HOpqAAAAMAA]?hl=en&gbpv=0&bsq=Dizziness%20and %20Stroke.%20Advanced %20
Practice%20Nursing %20with%200lder%20Adults:%20Clinical %20Guidelines (accessed on 1 June 2024)

Gillen, G. Stroke Rehabilitation: A Function-Based Approach, 4th ed.; Elsevier: Amsterdam, The Netherlands, 2015.

Popescu, B.O.; Bdjenaru, O. Elementeesentiale de Neurologie; EdituraMedicala Almatea: Bucharest, Romania, 2009; pp. 170-195.
ISBN 978-973-162-039-8.

Feigin, V.L.; Norrving, B.; Mensah, G.A. Global burden of stroke. Circ. Res. 2017, 120, 439-448. [CrossRef]

Miclaus, R.S.; Roman, N.; Henter, R.; Caloian, S. Lower Extremity Rehabilitation in Patients with Post-Stroke Sequelae through
Virtual Reality Associated with Mirror Therapy. Int. ]. Environ. Res. Public Health 2021, 18, 2654. [CrossRef] [PubMed] [PubMed
Central]

Winstein, C.J.; Stein, J.; Arena, R.; Bates, B.; Cherney, L.R.; Cramer, S.C.; Lang, C.E. Guidelines for adult stroke rehabilitation and
recovery: A guideline for healthcare professionals from the American Heart Association/American Stroke Association. Stroke
2016, 47, €98—e169. [CrossRef] [PubMed]

Rymer, M. Chapter 1—Stroke Basics, An Imprint of Atlas Medical Publishing Ltd. ed.; Clinical Publishing: Oxford, UK, 2009.
Sapsford, EJ. An Investigation of the Effects of Age and Stroke on Implicit Motor Imagery as Demonstrated by a Hand Laterality Judgment
Test; Lancaster University (United Kingdom): Lancaster, UK, 2020; p. 28393965.

Langhorne, P.; Coupar, F,; Pollock, A. Motor recovery after stroke: A systematic review. Lancet Neurol. 2009, 8, 741-754. [CrossRef]
[PubMed]

Taylor, A.]J.; Thomas, H.L.; Sinclair, K.L. Barriers to Effective Rehabilitation for Stroke Survivors: A Systematic Review. Int. ].
Stroke 2018, 13, 495-503.

Fluet, G.G.; Merians, A.S.; Qiu, Q.; Lafond, I.; Saleh, S.; Ruano, V.; Delmonico, A.R.; Adamovich, S.V. Robots integrated with
virtual reality simulations for customized motor training in a person with upper extremity hemiparesis: A case report. J. Neurol.
Phys. Ther. 2012, 36, 32—-40. [CrossRef] [PubMed] [PubMed Central]

Malik, A.N.; Tariq, H.; Afridi, A.; Rathore, F.A. Technological advancements in stroke rehabilitation. J. Pak. Med. Assoc. 2022, 72,
1672-1674. [CrossRef] [PubMed]

Shariat, A.; Najafabadi, M.G.; Ansari, N.N.; Cleland, J.A.; Singh, M.A.F; Memari, A.H.; Roshanakc, H.; Azadeha, H.; Selka,
G.M,; Soofiaa, N. The effects of cycling with and without functional electrical stimulation on lower limb dysfunction in patients
post-stroke: A systematic review with meta-analysis. NeuroRehabilitation 2019, 44, 389-412. [CrossRef]

Bevilacqua, R.; Maranesi, E.; Riccardi, G.R.; Di Donna, V.; Pelliccioni, P.; Luzi, R.; Lattanzio, F.; Pelliccioni, G. Non-immersive
virtual reality for rehabilitation of the older people: A systematic review into efficacy and effectiveness. J. Clin. Med. 2019, 8, 1882.
[CrossRef]

Roman, N.; Baseanu, C.; Tuchel, V.I; Nicolau, C.; Repanovici, A.; Manaila, A.; Minzatanu, D.; Miclaus, R.S. The Benefits of
Combining Mixed Virtual Reality Exergaming with Occupational Therapy for Upper Extremity Dexterity. Electronics 2023, 12,
1431. [CrossRef]

Martirosov, S.; Bures, M.; Zitka, T. Cyber sickness in low-immersive, semi-immersive, and fully immersive virtual reality. Virtual
Real. 2022, 26, 15-32. [CrossRef]

Rakos, M.; Nyul, Z.; Balint, V.; Poloskei, K.; Fazekas, G. The effect of functional electrical stimulation (FES) on gait parameters in
patients with hemiparesis after stroke: A systematic review and meta-analysis. Neurorehabilit. Neural Repair 2020, 34, 207-226.
Marquez-Chin, C.; Popovic, M.R. Functional electrical stimulation therapy for restoration of motor function after spinal cord
injury and stroke: A review. Biomed. Eng. Online 2020, 19, 34. [CrossRef] [PubMed]

Sousa, A.S.; Moreira, ].; Silva, C.; Mesquita, I.; Macedo, R.; Silva, A.; Santos, R. Usability of functional electrical stimulation in
upper limb rehabilitation in post-stroke patients: A narrative review. Sensors 2022, 22, 1409. [CrossRef] [PubMed]

Hare, N.; Georgopoulos, P.; Philips, K.E.; Johnson, J.E.; Seary, C.; Panicker, ].N.; Stevenson, V.L. Improvement in overactive
bladder symptoms in patients using functional electrical stimulation of the common peroneal nerve for walking. Clin. Rehabil.
2018, 32, 1357-1362. [CrossRef]

Roman, N.A; Tuchel, V.I; Nicolau, C.; Grigorescu, O.-D.; Necula, R. Functional Electrostimulation in Patients Affected by the
Most Frequent Central Motor Neuron Disorders—A Scoping Review. Appl. Sci. 2023, 13, 3732. [CrossRef]

Vincent, J. Investigation of Feedback Control Systems for Functional Electrical Stimulation Using a Two-Dimensional Upper
Limb Model. Ph.D. Thesis, The University of Arizona, Tucson, AZ, USA, 2021; p. 28543912.

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef]

Zielinski, G.; Pajak, A.; Wéjcicki, M. Global Prevalence of Sleep Bruxism and Awake Bruxism in Pediatric and Adult Populations:
A Systematic Review and Meta-Analysis. J. Clin. Med. 2024, 13, 4259. [CrossRef]


https://fadavispt.mhmedical.com/content.aspx?bookid=2603&sectionid=214784557
https://www.google.ro/books/edition/Advanced_Practice_Nursing_with_Older_Adu/H0pqAAAAMAAJ?hl=en&gbpv=0&bsq=Dizziness%20and%20Stroke.%20Advanced%20Practice%20Nursing%20with%20Older%20Adults:%20Clinical%20Guidelines
https://www.google.ro/books/edition/Advanced_Practice_Nursing_with_Older_Adu/H0pqAAAAMAAJ?hl=en&gbpv=0&bsq=Dizziness%20and%20Stroke.%20Advanced%20Practice%20Nursing%20with%20Older%20Adults:%20Clinical%20Guidelines
https://www.google.ro/books/edition/Advanced_Practice_Nursing_with_Older_Adu/H0pqAAAAMAAJ?hl=en&gbpv=0&bsq=Dizziness%20and%20Stroke.%20Advanced%20Practice%20Nursing%20with%20Older%20Adults:%20Clinical%20Guidelines
https://doi.org/10.1161/CIRCRESAHA.116.308413
https://doi.org/10.3390/ijerph18052654
https://www.ncbi.nlm.nih.gov/pubmed/33800775
https://www.ncbi.nlm.nih.gov/pmc/PMC7967355
https://www.ncbi.nlm.nih.gov/pmc/PMC7967355
https://doi.org/10.1161/STR.0000000000000098
https://www.ncbi.nlm.nih.gov/pubmed/27145936
https://doi.org/10.1016/S1474-4422(09)70150-4
https://www.ncbi.nlm.nih.gov/pubmed/19608100
https://doi.org/10.1097/NPT.0b013e3182566f3f
https://www.ncbi.nlm.nih.gov/pubmed/22333975
https://www.ncbi.nlm.nih.gov/pmc/PMC3604767
https://doi.org/10.47391/JPMA.22-90
https://www.ncbi.nlm.nih.gov/pubmed/36280946
https://doi.org/10.3233/NRE-182671
https://doi.org/10.3390/jcm8111882
https://doi.org/10.3390/electronics12061431
https://doi.org/10.1007/s10055-021-00507-4
https://doi.org/10.1186/s12938-020-00773-4
https://www.ncbi.nlm.nih.gov/pubmed/32448143
https://doi.org/10.3390/s22041409
https://www.ncbi.nlm.nih.gov/pubmed/35214311
https://doi.org/10.1177/0269215518780974
https://doi.org/10.3390/app13063732
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3390/jcm13144259

Appl. Sci. 2024, 14, 8248 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mat Rifin, H.; Jane Ling, M.Y.; Robert Lourdes, T.G.; Saminathan, T.A.; Rodzlan Hasani, W.S.; Ab Majid, N.L.; Hamid, H.A.A;
Riyadzi, M.R.; Ahmad, A.; Mohd Yusoff, M.F; et al. Small/Kiddie Cigarette Packaging Size and Its Impact on Smoking: A
Systematic Review. Int. ]. Environ. Res. Public Health 2022, 19, 12051. [CrossRef]

Brown, D. A Review of the PubMed PICO Tool: Using Evidence-Based Practice in Health Education. Health Promot. Pract. 2020,
21, 496-498. [CrossRef]

De Morton, N.A. The PEDro scale is a valid measure of the methodological quality of clinical trials: A demographic study. Aust. J.
Physiother. 2009, 55, 129-133. [CrossRef]

McGuinness, L.A.; Higgins, ].P.T. Risk-of-bias VISualization (robvis): An R package and Shiny web app for visualizing risk-of-bias
assessments. Res. Synth. Methods 2020, 12, 55-61. [CrossRef] [PubMed]

Montoya, D.; Barria, P; Cifuentes, C.A.; Aycardi, L.F.,; Moris, A.; Aguilar, R.; Azorin, ].M.; Munera, M. Biomechanical Assessment
of Post-Stroke Patients” Upper Limb before and after Rehabilitation Therapy Based on FES and VR. Sensors 2022, 22, 2693.
[CrossRef] [PubMed] [PubMed Central]

Lee, S.H.; Lee, J.Y,; Kim, MLY;; Jeon, Y.J.; Kim, S.; Shin, ].H. Virtual Reality Rehabilitation with Functional Electrical Stimulation
Improves Upper Extremity Function in Patients with Chronic Stroke: A Pilot Randomized Controlled Study. Arch. Phys. Med.
Rehabil. 2018, 99, 1447-1453.e1. [CrossRef] [PubMed]

Norouzi-Gheidari, N.; Archambault, P.S.; Monte-Silva, K.; Kairy, D.; Sveistrup, H.; Trivino, M.; Levin, M.E. Feasibility and
preliminary efficacy of a combined virtual reality, robotics and electrical stimulation intervention in upper extremity stroke
rehabilitation. J. NeuroEngineering Rehabil. 2021, 18, 61. [CrossRef]

Sebastian-Romagosa, M.; Cho, W.; Ortner, R.; Murovec, N.; Von Oertzen, T.; Kamada, K.; Allison, B.Z.; Guger, C. Brain Computer
Interface Treatment for Motor Rehabilitation of Upper Extremity of Stroke Patients-A Feasibility Study. Front. Neurosci. 2020, 14,
591435. [CrossRef] [PubMed] [PubMed Central]

Fugl-Meyer, A.R; Jadsko, L.; Leyman, I; Olsson, S.; Steglind, S. The post-stroke hemiplegic patient. 1. a method for evaluation of
physical performance. Scand. J. Rehabil. Med. 1975, 7, 13-31. [CrossRef]

Lin, ].H.; Hsueh, LP; Sheu, C.F,; Hsieh, C.L. Psychometric properties of the sensory scale of the Fugl-Meyer Assessment in stroke
patients. Clin. Rehabil. 2004, 18, 391-397. [CrossRef] [PubMed]

Ceradini, M.; Losanno, E.; Micera, S.; Bandini, A.; Orlandi, S. Immersive VR for upper-extremity rehabilitation in patients with
neurological disorders: A scoping review. J. NeuroEngineering Rehabil. 2024, 21, 75. [CrossRef]

Dobkin, B.H. Brain-computer interface technology as a tool to augment plasticity outcomes for neurological rehabilitation. J.
Physiol. 2007, 579, 637-642. [CrossRef] [PubMed]

Biasiucci, A.; Leeb, R.; Iturrate, I.; Perdikis, S.; Al-Khodairy, A.; Corbet, T.; Schnider, A.; Schmidlin, T.; Zhang, H.; Bassolino, M.;
et al. Brain-actuated functional electrical stimulation elicits lasting arm motor recovery after stroke. Nat. Commun. 2018, 9, 2421.
[CrossRef] [PubMed]

Cervera, M.A.; Soekadar, S.R.; Ushiba, J.; Millan, J.D.R; Liu, M.; Birbaumer, N.; Garipelli, G. Brain-computer interfaces for
post-stroke motor rehabilitation: A meta-analysis. Ann. Clin. Transl. Neurol. 2018, 5, 651-663. [CrossRef]

Caserman, P; Garcia-Agundez, A.; Gamez Zerban, A.; Gobel, S. Cybersickness in current-generation virtual reality head-mounted
displays: Systematic review and outlook. Virtual Real. 2021, 25, 1153-1170. [CrossRef]

Gladstone, D.J.; Danells, C.J.; Black, S.E. The fugl-meyer assessment of motor recovery after stroke: A critical review of its
measurement properties. Neurorehabilit. Neural Repair 2002, 16, 232-240. [CrossRef] [PubMed]

Bohannon, R.-W.; Smith, M.B. Interrater Reliability of a Modified Ashworth Scale of Muscle Spasticity. Phys. Ther. 1987, 67,
206-207. [CrossRef] [PubMed]

Smith, C.; Sun, M.; Kenney, L.; Howard, D.; Luckie, H.; Waring, K.; Taylor, P.; Merson, E.; Finn, S.; Cotterill, S. A three-site clinical
feasibility study of a flexible functional electrical stimulation system to support functional task practice for upper limb recovery
in people with stroke. Front. Neurol. 2019, 10, 227. [CrossRef] [PubMed]

Schick, T.; Kolm, D.; Leitner, A.; Schober, S.; Steinmetz, M.; Fheodoroff, K. Efficacy of four-channel functional electrical stimulation
on moderate arm paresis in subacute stroke patients—Results from a randomized controlled trial. Healthcare 2022, 10, 704.
[CrossRef]

Zhou, M.; Yu, J.; Yeung, K.W. Functional electrical stimulation in stroke rehabilitation: A meta-analysis and systematic review of
the efficacy on muscle strength and motor function recovery. Neurorehabilit. Neural Repair 2020, 34, 195-204.

Levac, C.M.; Miller, PH.E.D.; Fox, ML.E. Virtual reality in stroke rehabilitation: A systematic review and meta-analysis. ].
NeuroEngineering Rehabil. 2019, 16, 85.

Saposnik, G.; Levin, M. Virtual reality in stroke rehabilitation: A meta-analysis and implications for clinicians. Stroke 2011, 42,
1380-1386. [CrossRef] [PubMed]

Soleimani, M.; Ghazisaeedi, M.; Heydari, S. The efficacy of virtual reality for upper limb rehabilitation in stroke patients: A
systematic review and meta-analysis. BMC Med. Inform. Decis. Mak. 2024, 24, 135. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijerph191912051
https://doi.org/10.1177/1524839919893361
https://doi.org/10.1016/S0004-9514(09)70043-1
https://doi.org/10.1002/jrsm.1411
https://www.ncbi.nlm.nih.gov/pubmed/32336025
https://doi.org/10.3390/s22072693
https://www.ncbi.nlm.nih.gov/pubmed/35408306
https://www.ncbi.nlm.nih.gov/pmc/PMC9002589
https://doi.org/10.1016/j.apmr.2018.01.030
https://www.ncbi.nlm.nih.gov/pubmed/29505744
https://doi.org/10.1186/s12984-021-00851-1
https://doi.org/10.3389/fnins.2020.591435
https://www.ncbi.nlm.nih.gov/pubmed/33192277
https://www.ncbi.nlm.nih.gov/pmc/PMC7640937
https://doi.org/10.2340/1650197771331
https://doi.org/10.1191/0269215504cr737oa
https://www.ncbi.nlm.nih.gov/pubmed/15180122
https://doi.org/10.1186/s12984-024-01367-0
https://doi.org/10.1113/jphysiol.2006.123067
https://www.ncbi.nlm.nih.gov/pubmed/17095557
https://doi.org/10.1038/s41467-018-04673-z
https://www.ncbi.nlm.nih.gov/pubmed/29925890
https://doi.org/10.1002/acn3.544
https://doi.org/10.1007/s10055-021-00513-6
https://doi.org/10.1177/154596802401105171
https://www.ncbi.nlm.nih.gov/pubmed/12234086
https://doi.org/10.1093/ptj/67.2.206
https://www.ncbi.nlm.nih.gov/pubmed/3809245
https://doi.org/10.3389/fneur.2019.00227
https://www.ncbi.nlm.nih.gov/pubmed/30949116
https://doi.org/10.3390/healthcare10040704
https://doi.org/10.1161/STROKEAHA.110.605451
https://www.ncbi.nlm.nih.gov/pubmed/21474804
https://doi.org/10.1186/s12911-024-02534-y
https://www.ncbi.nlm.nih.gov/pubmed/38790042

	Introduction 
	Stroke-Rehabilitation Treatment 
	Virtual Reality 
	FES 


	Materials and Methods 
	Search Strategy 
	Selection Process 

	Results 
	Study Selection 
	Main Characteristics of Included Studies 
	The Quality of the Studies 
	Assessment Methods 
	Limitations and Effectiveness of Combining VR and FES 
	Effectiveness of Combining VR and FES 
	Limitations of Combining VR and FES 


	Discussion 
	Conclusions 
	References

