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Abstract
Stroke is the leading cause of motor impairments and generates distortion of body representation. Hence, stroke can modulate 
the sense of embodiment, namely the feeling of being inside the body (ownership), in the place where the body is located 
(location), and moving the body according to its own intentions (agency). A growing number of studies have adopted vir-
tual reality (VR) to train motor abilities. However, the impact of the body illusion on the rehabilitation outcome is not fully 
understood. The present systematic review investigates the modulating role of the body illusion elicited by VR on motor 
rehabilitation in post-stroke patients after embodying a virtual avatar. The research was led in the main databases—PubMed, 
Scopus, PsychINFO, and Web of Science—and four studies matched the inclusion criteria (e.g., to have a sample of adult 
post-stroke patients, to use VR as an instrument for motor rehabilitation, to adopt the paradigm of the body illusion as a 
modulator for motor rehabilitation, to test the sense of body illusion outcome). Research outcomes demonstrated that two 
studies adopted the immersive and two the non-immersive embodied VR; three studies focused on the upper limb, and one 
on lower limb rehabilitation. Two studies compare VR training with traditional therapy, and two are pilot studies with only 
one experimental group. The studies demonstrated the feasibility of the body illusion as an accelerator for motor rehabilita-
tion compared to the non-embodied condition, and as a positive correlator of the rehabilitation outcome. The finding should 
be taken with caution due to the limited studies included; however, they are encouraging to justify further research efforts 
in this area.
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1 Introduction

Stroke is the leading cause of disability worldwide. It is 
estimated that around 650 million people around the globe, 
with an average of 60 years, are affected by stroke, and this 
number is expected to increase to 2 billion by 2050 (Tsao 
et al. 2022). In stroke survivors, the principal neurological 
consequence is hemiplegia or hemiparesis, which presents 
constrained mobility on one side of the body involving the 
paresis of the upper and/or lower limbs (Maenza et al. 2020). 
After discharge from the hospital, patients must undergo 
rehabilitation to restore their motor functions. However, only 
25% of them can recover completely, and the remaining 75% 
of patients need constant and profound rehabilitation vary-
ing from weeks to several months or years (Langhorne et al. 
2009).
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1.1  The consequences of stroke on the sense 
of embodiment

A severe brain injury after a stroke affects neural plasticity 
and changes the survivors’ embodied experiences, which 
means the experiences of how post-stroke patients perceive 
the world through their bodies (Chen et al. 2010; Hosp and 
Luft 2011; Lo et al. 2023). Hence, brain damages distort the 
body representations that control proprioceptive and kin-
esthetic signals and the perception of peripersonal space, 
thus preventing the correct limbs' planning, preparation, and 
execution (Connell et al. 2008; Corredi Dell’Acqua and Tes-
sari, 2010; Wallwork et al. 2016). In this perspective, stroke 
modulates the sense of embodiment referred to the feeling 
of being inside the body (ownership), in the place where the 
body is located (location), and moving the body according to 
own intentions (agency) (Kilteni et al. 2012). Furthermore, 
the sense of embodiment contributes to assimilating various 
aspects of self-consciousness, including sensation, emotions, 
and perception, into the physical body (Bloom 2018). These 
bodily alienations improve how the body is perceived con-
sciously and may also cause disruptions in day-to-day activi-
ties, as healthy individuals usually perform bodily actions 
naturally and spontaneously without conscious efforts (Lo 
et al. 2023).

Considering the role of neural plasticity—the brain’s 
ability to adapt in order to foster functional activities (Mur-
phy and Corbett 2009)—a growing number of studies in 
the field of multisensory integration techniques are adopt-
ing the body ownership illusions to modulate the distorted 
body representations after brain damage (Matamala-Gomez 
et al. 2020). One example is the mirror box, an instrument 
that permits the patient to embody a healthy arm reflected 
in the mirror. When the arm ownership illusion is achieved, 
the mirror box allows the patient to perceive the reflected 
arm as her own, positioned in place of the injured arm (Tosi 
et al. 2018; Yang et al. 2018). This technique has been rec-
ommended to restore the sensorimotor function of chronic 
stroke patients (Hatem et al. 2016). Furthermore, previous 
literature also demonstrated that practicing a physical task 
mentally can enhance performance and could be a prom-
ising technique for motor rehabilitation (Mulder 2007), 
besides reducing chronic pain, suffered by the majority of 
stroke patients, by activating the cortical areas related to the 
affected limb (Moseley 2004).

1.2  Embodiment manipulation through virtual 
reality

In recent years, virtual reality (VR) has been adopted to 
induce the body illusion for motor rehabilitation for both 

the upper (Weber et al. 2019) and lower limbs (In et al. 
2016). VR is an advanced form of human–computer inter-
face that allows participants to interact and become present 
in an immersive computer-generated virtual environment 
(Riva et al. 2016), besides inducing the body-swap-body 
illusion (Kilteni et al. 2012; Ventura et al. 2022a). So far, 
various meta-analyses and literature reviews have provided 
evidence for improved motor function and daily-life activ-
ity after VR-based training compared with standard inter-
vention (Saposnik et al. 2011; Howard 2017; Lee et al. 
2019). Patients generally accept the treatment through 
VR because it offers an engaging environment based on 
gamification, the personalization of the therapy depending 
on patients' clinical status, and the real-time feedback of 
cognitive and motor improvements (Shin et al. 2014). A 
recent approach to VR in rehabilitation implies embodied 
sensorimotor feedback where the patient’s movements in 
the real world are reproduced as an avatar’s movements in 
the virtual environment (Perez-Marcos et al. 2017). This 
embodied technology can be achieved by using motion 
capture technology that interprets the patient’s movements 
and provides multisensory feedback to the user about the 
movement’s performance (Adamovich et al. 2009). Moreo-
ver, the appropriate sensorimotor correlations received on 
a virtual body from a first-person perspective and colo-
cated with the real body induce an illusion of ownership 
over that body (Maselli et al. 2013; Kokkinara and Slater 
2014). The illusion induces changes in the patients' inter-
nal body representation and may strengthen the neural 
network involved in motor execution and consequently 
accelerate the rehabilitation process (Hsu et al. 2022). 
A previous narrative review discussed the advantages 
and potential of using body ownership illusions in VR to 
improve motor abilities (Matamala-Gomez et al. 2021). 
The same author proposed a novel post-stroke rehabilita-
tion protocol aimed at modifying the internal representa-
tion of the upper limb through the 360-degree immersive 
video-based VR as a facilitator of motor rehabilitation 
(Matamala-Gomez et al. 2020).

1.3  The present work

The induction of body ownership illusion to elicit the 
patients to perceive their own body with an artificial one 
is increasingly adopted in motor rehabilitation after stroke. 
The present systematic review explores the potentiality of 
the body illusion through virtual reality to elicit and acceler-
ate motor rehabilitation after stroke. The benefits of virtual 
reality on post-stroke rehabilitation are already well known 
(e.g., Gervasi et al. 2010; Zahabi et al. 2020; Augenstein 
et al. 2022; Juan et al. 2022); however, we intended to go 
one step further than reviews on this traditional virtual motor 
approach to rehabilitation after stroke and explore whether 
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the body illusion paradigm could benefit sensorimotor reha-
bilitation even more. In particular, the research questions 
(RQ) of this study are:

RQ1: Does the body ownership illusion through VR 
improves the motor rehabilitation outcome after a stroke?
RQ2: What measures are used to assess the body illusion 
with stroke patients?
RQ3: What design and embodied virtual environments 
are adopted for motor rehabilitation with stroke patients?

2  Methods

The current systematic review followed the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement (Moher et al. 2009).

2.1  Study selection criteria

To be included in the systematic review, studies had to 
fulfil the following criteria: (a) to have a sample of post-
stroke participants aged ≥ 18 years, (b) to use virtual reality 
as an instrument for motor rehabilitation, (c) to adopt the 
paradigm of the body ownership illusion as a modulator for 
motor rehabilitation, (d) to test the sense of body illusion 
outcome, (e) to be written in English, and (f) to have the 
full text available.

2.2  Search strategy

The systematic literature search was conducted on the Pub-
Med, Scopus, PsychINFO, and Web of Science databases up 
to February 2023. The keywords were used in combinations 
as follows: {[(title-abs-key (embodiment) or title-abs-key 
("body ownership")] and title-abs-key (stroke) and title-abs-
key ("virtual reality")}.

2.3  Search outcome

The initial search procedure led to 990 potentially rele-
vant studies. After removing 35 duplicates, 948 titles and 
abstracts were read. Of those, 955 were removed because 
they did not match the focus of our research; in particular, 
they did not examine an adult sample (n = 19) with post-
stroke injury (n = 560), and they did not assess the sense of 
body illusion (n = 358). The resulting 16 items were read, 
and 18 more studies were excluded because they did not 
match the following inclusion criteria: they did not examine 
post-stroke patients (n = 2), they did not adopt virtual reality 
as an instrument for motor rehabilitation (n = 10), and they 
did not assess the sense of body illusion (n = 2). Four stud-
ies were included in the analysis at the end of the literature 

search process (Fig. 1). The studies were selected individu-
ally by two researchers (S.V. and P.M.), and disagreements 
between researchers were resolved through discussion until 
a consensus was reached.

3  Results

The following sections organize the results. First, we syn-
thesized the aim of the studies included in the review and 
described the sample. Then, we answered our second and 
third research questions (RQ2, RQ3), namely the study 
design focusing on the measures assessed, the VR apparatus 
and the virtual environment adopted, and the experimental 
procedure. Finally, we addressed the first research question 
(RQ1), and we summarized the main outcomes of the reha-
bilitation and the role of the embodiment as a modulator 
outcome (Table 1).

3.1  Aim of the studies

The study by Cha et al. (2021) aimed to investigate the feasi-
bility of a tracking VR system that permits to control avatars' 
arms and fingers for the upper limbs post-stroke rehabilita-
tion (Cha et al. 2021). The authors hypothesized that the vir-
tual reality rehabilitation system (VRRS) could provide an 
effective rehabilitation training outcome for the upper limb's 
motor functions by enhancing the sense of body ownership 
of the patients through VR. The study by Tambone et al. 
(2021) investigated whether inducing a strong sense of body 
ownership illusion of a virtual body that performs walking 
movements might contribute to restoring motor functions in 
stroke patients in the absence of actual patients' movements. 
The authors compare two conditions—first- and third-person 
perspective—with the hypothesis that simply observing the 
virtual avatar moving in first-person perspective while sit-
ting on a chair improves their motor ability more than in the 
third-person perspective. Fregna et al. (2022) intended to 
investigate the feasibility of an innovative immersive VR 
system for upper limb rehabilitation after stroke by adopting 
the paradigm of the arm illusion. Through a single group 
pilot study, the authors explored the patients’ body illusion 
score with the virtual upper limb, and if the rehabilitation 
system based on exergames improves the injury arm’s motor 
ability. Similarly, Perez-Marcos et al. (2017) studied the fea-
sibility of a non-immersive VR embodied system for upper 
limb motor rehabilitation through exergames by embodying 
a virtual arm.

3.2  Sample characteristics

A total of 58 post-stroke patients were included in the 
systematic review. The study of Cha et al. (2021) consists 
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of 27 patients, 15 male and 12 female, with an average 
age of 46 years old (SD = 21.6). These patients had under-
gone occupational and physical therapy and had a different 
levels of disability, with Fugl-Meyer (Fugl-Meyer et al. 
1975) scores ranging from 4 to 58 (M = 24.0; SD = 17.8). 
The second study by Tambone et  al. (2021) includes 
12 patients with left-hemisphere damage, 8 male and 4 
female, with an average age of 58.67 years old (SD = 2.89) 
recruited from the hospital where they were being treated 
for chronic non-fluent aphasia with no comprehension 
deficits. Fregna et al. (2022) study included 16 subacute 
and chronic post-stroke patients, 4 female and 12 men, 
with an average age of 62 years old (SD = 9), 5 with hem-
orrhagic stroke. These patients had a wide range of motor 
impairments with the Fugl-Meyer score ranging from 30 
to 60 (M = 36.2; SD = 15). However, only 9 patients com-
pleted all the training sessions. The study of Perez-Marcos 
et al. (2017) involved 10 chronic stroke-survivors, 9 with 
ischemic stroke, 4 male and 6 female, with an average age 
of 55 years old (SD = 13.1). All participants reported a 
proper upper limb motor ability to lead the rehabilitation 
program tested by the Medical Research Council Scale for 
shoulder elevation and elbow flexion and extension.

3.3  Outcome measures

3.3.1  Motor abilities

The administered tests assess the motor abilities before 
and after the training. In particular, the study of Tambone 
et al. (2021) tested the patients' walking ability through the 
10 Meter Walk Test (Bohannon 1997), the Wisconsin Gait 
Scale (Rodriquez et al. 1996), the Walking While Talking 
(Verghese et al. 2007), the 30 Seconds Sit-to-Stand Test 
(Jones et al. 1999), the Rivermead Mobility Index (Nair 
and Wade 2003), and the balance ability through the Berg 
Balance Scale (Berg 1992), the Dynamic Gait Index (Mar-
chetti et al. 2008), and the Timed Up and Go test (Pod-
siadlo and Richardson 1991). To evaluate the upper limb 
motor ability was adopted the Fugl-Meyer scale (hereafter, 
FM; Fugl-Meyer et al. 1975). Cha et al. (2021) used the 
FM scale to evaluate the change on upper limb functional-
ity comparing the patients’ score before to after the VR 
training. On the contrary, Fregna et al. (2022) used the FM 
scale only at baseline. Perez-Marcos et al. (2017) used the 
Medical Research Council Scale for shoulder elevation and 

Fig. 1  PRISMA flow diagram: 
selection process of studies 
included in the systematic 
review
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elbow flexion and extension only at baseline, as a screen-
ing for the patients’ upper limb ability.

3.3.2  Embodiment measures

According to our second research question (RQ2), the stud-
ies included in the review have assessed two different types 
of embodiment questionnaires, adapted from Gonzalez-
Franco et al. (2018) (Cha et al. 2021; Fregna et al. 2022), 
and ad-hoc questionnaires generated by the authors (Tam-
bone et al. 2021; Perez-Marcos et al. 2017) and adapted from 
previous studies (Kokkinara et al. 2016; Burin et al. 2019) 
(Table 2).

3.4  Virtual reality apparatus and training tasks

The third research question (RQ3) of the present review 
showed that the studies included adopted both immersive 
and non-immersive technologies. The study by Cha et al. 
(2021) adopted a non-immersive VR system. The appa-
ratus consists of two cameras (BFS-U3–13Y3C-C, FLIR 
Systems, Inc.) and two computers, one including Unity 
software (Windows 8, Intel Core i7–6700 at 3.40 GHz, and 
8 GB RAM), and one working as a server (Linux, Intel Core 
i9–9900 k at 3.60 GHz and 32 GB RAM and RTX2080TI) 
that collects the data by tracking the patients' upper limb 
with fingers movements. The experimental group used 
a kinematic system for upper-limb tracking that captured 
the patients’ limb movements and reproduced them on the 

screen. The advantage of this system is the degree of free-
dom of the movements as the system can capture a large 
range around the camera and enhance the realism of an 
avatar’s upper-limb behavior. One control group used the 
Leap Motion controller, a tracker system with a small range 
of movements above the device with the consequence that 
only the participants’ hands, and not the entire arms, can 
be tracked. The training consists of three tasks: (1) normal 
motion on a plane in which the patients are invited to reach a 
virtual object on a plane in a fixed slot of time, (2) mirrored 
motion on a plane in which the avatar's left upper limb is 
controlled by the subjects opposite limb, (3) grasping motion 
in which patients are invited to reach and grasp random vir-
tual objects that are on a plane.

The study of Tambone et al. (2021) adopted an immersive 
VR system with the Oculus Rift CV1 equipped with two 
PenTile organic light-emitting diode displays (1080 × 1200 
pixels, refresh rate = 90 Hz, field of view = 110° with 6° of 
freedom). The scenario was written and implemented using 
the Unity software. The experiment consists of two phases: 
(1) embodiment induction, in which patients are invited to 
embody a virtual avatar gender-matched from a first-person 
perspective and a third-person perspective, and (2) train-
ing, in which patients observe the walking avatar at a differ-
ent speed level, and perspective according to the conditions 
group.

The study of Fregna et al. (2022) implemented an immer-
sive VR system with the Quest 2 head-mounted display 
(HMD), and the patient’s application running by Windows 

Table 2  Items of the embodiment questionnaires

*Adaptation from Gonzalez-Franco and Peck (2018). The other items are presented in their original form: aCha et  al. (2021), bFregna et  al., 
(2022), cTambone et al. (2021), dPerez-Marcos et al. (2017)

Embodiment factors

Sense of ownership Sense of agency Sense of location

I felt as if the virtual arm was my arm*a,b It felt like I could control the virtual arm as if 
it was my own*a,b

I felt as if my arm was located where I saw the 
virtual arm*a

I felt as if the virtual arm I saw was someone 
else* a,b

The movements of the virtual arm were 
caused by my movements*a,b

I felt out of my body*a

It seemed as if I might have more than one 
arm*a,b

I felt as if the movements of the virtual arm 
were influencing my own movements*a

I felt as if my (real) arm was drifting toward the 
virtual arm or as if the virtual arm was drift-
ing toward my (real) arm*a

I felt as if the virtual arm I saw when looking 
in the screen was my own arm*a

I felt as if the virtual arm was moving by 
itself*a,b

During the experiment, I felt as if my body 
were located where I saw the virtual body 
located (illusion item)c

I felt as if the virtual arm I saw when looking 
at myself was another person*a

During the experiment, I felt that the leg 
movements of the virtual body were caused 
by my movements (illusion item)c

During the experiment, I felt that my actual 
body disappeared (control item)c

During the experiment, I felt that the virtual 
body was my own body (illusion item)c

During the experiment, I felt that I was being 
dragged (control item)c

During the experiment, I felt that the virtual 
body belonged to someone else (control 
item)c

Did the movements of the character reflect 
your movements?d
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that wirelessly communicates with the HMD. During the 
task execution, the patient’s real hands are captured by the 
Oculus Quest and projected into the virtual environment in 
first-person perspective to elicit the body illusion. The sin-
gle training session included four tasks based on exergames 
where patients are invited to play various games with a vir-
tual ball.

Perez-Marcos et al. (2017) study used a non-immer-
sive VR developed with the MindMotion™ PRO software 
(MindMaze SA, Switzerland), usually adopted for func-
tional training of the upper limb after brain damage. The 
mobile platform comprises a 3D motion tracking camera 
and a touch screen with an embedded computer. The cam-
era captures, tracks, and interprets the participant’s move-
ments, which are then displayed by the virtual avatar in 
first-person or third-person perspective. These movements 

are integrated into functional tasks, including pointing, 
reaching, and grasping virtual objects to rehabilitate the 
upper limb while the patients sit on a chair.

3.5  Study design

Results show two randomized studies reporting a study 
with 5 days-session (Cha et al. 2021) and a study with 
12  days-session (Tambone et  al. 2021). Two studies 
reported a single-group protocol where a study adopted 
a single day-session (Fregna et al. 2022), and the second 
study a 5 weeks rehabilitation protocol, two days a week 
(Perez-Marcos et al. 2017). Table 3 illustrates the experi-
mental design of the studies included.

Table 3  Studies design

*Order of task: Normal motion → 2 min break → Mirror motion → 2 min break → Grasping motion (see paragraph 3.4 for sessions descrip-
tion)
EG Experimental Group, CG Control Group, 1PP First-person perspective, 3PP Third = person perspective, m/s millisecond

Study conditions Experimental session

Cha et al. (2021) N = 27

Training days
1st day 2nd–3rd–4th days 5th day

VRRS (EG) Fugl-Meyer Evaluation and 2 sessions* 2 training sessions Fugl-Meyer Evaluation, 2 training sessions 
and questionnaire

Leap Motion (CG 1) Fugl-Meyer Evaluation and 2 sessions 2 training sessions Fugl-Meyer Evaluation, 2 training sessions 
and questionnaire

Conventional Therapy (CG 2) Fugl-Meyer Evaluation and conventional 
therapy

Conventional therapy Fugl-Meyer Evaluation, conventional 
therapy and questionnaire

Tambone et al. (2021) N = 12

Embodiment Induction
1PP (EG) 15 min embody illusion (1PP) 1 week break 15 min embody illusion (3PP)
3PP (CG) 15 min embody illusion (3PP) 1 week break 15 min embody illusion (1PP)
Training weeks

1st day 2nd day 3rd day 4th day 5th day 6th day 7th day 8th day 9th day 10th day 11th day 12th day
1PP (EG) 0.92 m/s speed 1.35 m/s speed 1.57 m/s
3PP (CG)

Perez-Marcos et al. (2017) N = 10

Training days
One single group 1st week 2nd week 3rd week 4th week 5th week

1st day 2nd day 3rd day 4th day 5th day 6th day 7th day 8th day 9th day 10th day
Muscle strength test (Pre-

test) + VR sessions
VR sessions + training assessment (duration and number of 

tasks completed)
VR sessions + Muscle 

strength test (Post-test) and 
agency test

Fregna et al. (2022) N = 9

Single VR session
One single group Fugl-Meyer (Pre-test assessment) + VR session + Post-test assessment (duration, number of tasks completed and embodiment 

questionnaire)
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3.6  The modulating role of embodiment

The first research question (RQ1) was also satisfied. Two 
studies (Cha et al. 2021; Tambone et al. 2021) reported 
a significant improvement in the outcome's measures of 
motor abilities from before to after the experiment for the 
embodied condition compared to the control group. Tam-
bone et al. (2021) results demonstrated a significant effect 
on embodied condition to improve the speed walking abil-
ity compared to the control condition (η2 = 0.71) assessed 
by the 10 Meter Walk Test. Moreover, the body ownership 
illusion was a significant positive predictor of motor abili-
ties change (effect on Wisconsin Gait scale, R2 = 0.66), 
demonstrating that the stronger the illusion, the greater 
the motor improvement (Tambone et al. 2021). Cha et al. 
(2021) found a significant difference in upper limb motor 
ability assessed by Fugl-Meyer from before to after the 
motor training sessions between the VRRS group and the 
traditional rehabilitation (p < 0.001). However, the study's 
effect size was small (η2.36). No regression analysis was 
reported in the study regarding the sense of embodiment 
score. However, the authors found a significant difference 
between the VRRS condition and the control group (Leap 
Motion) for the factors of agency (p = 0.049), and owner-
ship (p = 0.044), demonstrating the efficacy of the immer-
sive VR in inducing the body illusion. The Perez-Marcos 
et al. (2017) study reported a significant improvement in 
upper limb function and shoulder flexion from before to 
after the embodied VR rehabilitation program (p = 0.007). 
However, participants did not reach a significant level of 
agency with the virtual arm (p = 0.546). Finally, Fregna 
et  al. (2022) found a significant negative correlation 
between the completion times and Fugl-Meyer score (cor-
relation = − 0.69; p < 0.05), explaining that the baseline 
patients’ motor ability is important for task performance. 
Furthermore, the patients reach a significant level of 
embodiment for the factors of ownership (p < 0.001), and 
agency (p < 0.001).

Table 4 reports the mean and standard deviation on the 
embodiment scores for both the experimental and control 
groups.

4  Discussion

The present systematic review investigated the modulating 
role of the body illusion through VR to promote motor 
rehabilitation after a stroke. Motor impairments are the 
main consequence of stroke, together with alteration in 
body representation and the sense of embodiment that pre-
vent limb movements. Our first research question (RQ1), 
exploring whether the body ownership illusion through 
VR improves the motor rehabilitation outcome after a 
stroke, was well addressed. The reviewed studies demon-
strated that inducing a body ownership illusion through 
VR could facilitate motor rehabilitation both for the upper 
(Perez-Marcos et al. 2017; Cha et al. 2021, Fregna et al. 
2022) and lower limbs (Tambone et al. 2021), compared 
to the control non-embodied condition. This may happen 
because visual feedback, in terms of synchronized stimu-
lation between the patient’s real body and the artificial 
body provided by the virtual environment, can affect the 
patient's cognition and rehabilitation (Kilteni et al. 2013). 
The study by Tambone et al. (2021) well highlights the 
modulating role of the embodiment with significant results 
and great effect size on body illusion as a positive predic-
tor of motor rehabilitation change. Along the same line, 
the studies of Cha et al. (2021) and Fregna et al. (2022) 
found a significant score for the factors of ownership and 
agency of the embodiment scale, demonstrating the fea-
sibility of VR to elicit body illusion in stroke patients. 
On the contrary, Perez-Marcos et al. (2017) did not find a 
significant score on agency because the patients could not 
perceive the avatar upper limb movements as their own. 
The negative results on agency confirm previous work on 
embodiment after stroke, which demonstrated the feasibil-
ity of VR to induce the illusion of ownership and location, 

Table 4  Mean and standard 
deviation of the embodiment 
questionnaires of the studies 
included

The different results on the average and standard deviation are due to the range of each study: the Likert 
scale of Tambone et  al. (2021) ranges from 1 to 5 for each factor; the Likert scale of Cha et  al. (2021) 
ranges from − 6 to + 6 for Ownership and Location, and from − 12 to + 12 for Agency; the Likert scale of 
Perez-Marcos et  al. (2017) ranges from 0 to 7; the Likert scale of Fregna et  al. (2022) ranges from − 9 
to + 9 for Ownership and Agency
The control group of Cha et al. (2021) refers to the Leap Motion group

Experimental group M (SD) Control group M (SD)

Ownership Agency Location Ownership Agency Location

Tambone et al. (2021) 3.1 (2.1) 3.5 (1.6) 3.7 (1.5) 2.6 (1.7) 2.2 (1.6) 2.2 (1.5)
Cha et al. (2021) 3.2. (1.3) 6.8 (2) 4.2 (1.4) 1.3 (2.2) 4.2 (2.9 3.6 (1.7)
Perez-Marcos et al. (2017) – 5.3 (0.4) – – – –
Fregna et al. (2022) 7.4 (2) 8.3 (2) – – – –
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but not the illusion of agency (Borrego et al. 2019). This 
may be because it could be challenging for the patients’ 
injured limb, characterized by not-fluid movements, to 
synchronize their own movements with the virtual arm. 
Hence, the illusion of moving the avatar is not satisfied 
(Borrego et al. 2019).

The third research question (RQ3) regarding the design 
and the embodied virtual environment for motor rehabilita-
tion after a stroke was strongly fulfilled. Two studies pro-
vided a weekly rehabilitation protocol (Cha et al. 2021; Tam-
bone et al. 2021), and one study used a five weeks program 
(Perez-Marcos et al. 2017), usually adopted in the protocol 
for upper limb rehabilitation through VR (Henderson et al. 
2007). Only one study included in the review adopted a sin-
gle day-session (Fregna et al. 2022) as the aim was to inves-
tigate the feasibility of a novel VR embodied system to elicit 
the arm illusion for motor rehabilitation by practicing exer-
games. In this line, more standardized protocols are needed 
to clarify the proper timeline to restore the upper limb after 
a stroke through an embodied VR system. Furthermore, 
it is interesting to highlight the different types of training 
adopted by the authors. In three studies, the patients actively 
played various exergame with their limbs while immersed in 
the virtual environment, such as playing with a virtual ball 
or reaching some targets with the arm (Perez-Marcos et al. 
2017; Cha et al. 2021, Fregan et al. 2022), whereas, in one 
study, the patients simply observe the avatar walking ran-
domly in VR from a first-person perspective (experimental 
group) or a third-person perspective (control group) with-
out making any active movement (Tambone et al. 2021). 
Future studies might be necessary to investigate whether 
there is a difference between active exergame or observa-
tion training while embodying a virtual avatar to improve 
the somatosensory integration of motor functions. Following 
this point, previous literature underlines that simply observ-
ing a motor action through the mirror increases attentional 
demands for integrating vision, proprioception and neural 
activity in multisensory areas associated with self-awareness 
and spatial attention (Chen et al. 2018). These effects may 
translate into an increased awareness of the affected limb; 
in fact, the action observation therapy (Ertelt et al. 2007; 
Mulder 2007) was developed to activate the motor system 
through vision by generating an internal representation of 
the observed action that can be targeted for motor learning. 
Observing an action with the intention of later imitating it is 
essential to prepare the motor system for execution (Rumiati 
et al. 2005; Sale and Franceschini 2012; Tessari et al. 2021) 
and also implies the activation of the corresponding body 
parts (Schwoebelet al 2004; Ottoboni et al. 2022). Similarly, 
the reviewed VR studies suggest that body ownership plays 
an essential role in repairing motor functioning, probably 
due to acting on the motor intentions, neurocognitive net-
work and processes.

The key point of the review is the modulating role of the 
body ownership illusion experienced by the patients during 
the training. In the studies, patients reached a high sense 
of body illusion contributing to the outcome of the motor 
abilities, especially for the factor of ownership and location. 
In particular, the body illusion was a positive predictor of 
motor rehabilitation: patients who perceived the body avatar 
as their own body improved their gait and balance abilities 
better than those who did not reach the illusion (Tambone 
et al. 2021). The added value of the embodied VR system, 
compared to traditional rehabilitation programs such as the 
mirror box, is the capacity to stimulate motor imagery with 
computerized images, and the patient can receive remote 
feedback about the training; in this way, the patient knows 
if they are performing the rehabilitation tasks correctly. 
Moreover, the VR have a high-tracking system that facili-
tates a fidelity reproduction of the patient’s limb, promot-
ing the illusion of ownership. However, the level at which 
body ownership activates the motor system and allows body 
recovery is still unclear. A recent study, excluded from the 
review because it focused on patients with a distal radius 
fracture, investigated the effects of embodied VR training 
on upper limb orthopedic rehabilitation. Results showed that 
patients who embodied a virtual body and combined motor 
imagery through action planning and action observation sig-
nificantly improved the functional ability of the injured limb 
and accelerated the rehabilitation treatment, compared to the 
non-embodied control group. The authors found that func-
tional recovery highly correlated with the feeling of own-
ership and agency over the virtual arm (Matamala-Gomez 
et al. 2022). Future studies should focus on understanding 
the potential of being immersed in a virtual body while per-
forming immersive VR training based on action execution 
or action observation to improve and accelerate the motor 
rehabilitation process, besides understanding the variables 
that could elicit or inhibit the patients from reaching body 
illusion in VR.

Apart from the interesting insight received from the 
review, it is also important to underline its limits. First, the 
number of studies is insufficient to draw any final conclu-
sions on the impact of body illusion on motor rehabilita-
tion. The review only includes four studies, and most of 
the articles found on the databases were excluded as they 
did not assess the sense of body illusion, even if they adopt 
the avatar to simulate the patient's body, or the authors did 
not investigate the modulating role of the body ownership 
illusion for rehabilitation (e.g., Perez-Marcos 2018; Fer-
reira et al. 2019; Song and Kim 2019). The body illusion 
through VR is not a novel field of investigation; however, 
its modulating role in improving motor abilities is not 
investigated. The second limitation arose from the second 
research question (RQ2) regarding the measures used to 
assess the body illusion. The review figured out the lack of 
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a standardized embodiment questionnaire adopted by the 
authors. The studies administered ad-hoc questionnaires, 
and the results' interpretation should be cautiously taken. 
Future protocols could introduce implicit measures such 
as heart rate variability or skin conductance to assess the 
body illusion even though they have been demonstrated 
to be not sensitive enough in some studies (e.g., Critchley 
et al. 2021). To overcome the limit of the heterogeneity 
of the embodiment questionnaires, Table 2 of the present 
work could serve as reference for future researchers to 
set the items for assessing the embodiment by self-report 
questionnaire. Moreover, it could be interesting to measure 
the interoception to evaluate the sensory-motor integra-
tion of the injured limb. The third limit of the review is 
the absence of the follow-up assessment after the training 
program, so it was impossible for the authors to check the 
stability of the changes and whether the motor abilities last 
over time. At last, there is a lack of correlational analysis 
between the patients’ experience with VR in terms of sense 
of presence and cybersickness and the rehabilitation out-
come. In the present review, only one study assessed the 
participants’ feeling of immersion and comfort with the 
virtual environment (Perez-Marcos et al. 2017). However, 
the authors did not analyze how the experience modulates 
the rehabilitation program. Previous literature underlines 
that cybersickness could negatively compromise the posi-
tive outcome of the rehabilitation program (Veličković and 
Milovanović, 2021), and it depends on the type of the VR 
program and the degree of interaction (Impellizari et al. 
2022). Moreover, it was demonstrated that the sense of 
presence is a positive predictor of the sense of body own-
ership illusion, so a lack of presence could compromise 
the body illusion that is essential for the study outcome 
(Ventura et al. 2022b). Future studies based on VR reha-
bilitation should consider the dependent variables in terms 
of patients’ motor ability change and the independent vari-
able of cybersickness and presence and how they interact 
with the dependent variables as it may compromise the 
rehabilitation outcome. One possible solution could be to 
execute a pilot study first to investigate if the VR program 
may generate cybersickness and the sense of presence in 
the patients and then start with the clinical trial.

Apart from the limitation, we believe that the research 
topic of the review could be a promising area in motor 
rehabilitation after stroke and could lay the groundwork 
that the body illusion is a crucial aspect to consider when 
therapists decide to work with the paradigm. In fact, if the 
patient does not reach the body illusion, this could com-
promise the outcome of the rehabilitation program. Future 
direction should consider testing the patients' capacity to 
embody the virtual avatar and then continuing with the 
training program.

5  Conclusion

The review presents the emerging field of the modulat-
ing role of the body illusion through virtual reality for 
post-stroke rehabilitation. The higher is the sense of body 
illusion perceived by the patients toward a virtual avatar, 
the higher is the score on motor abilities outcome. Despite 
the limits, the results encourage further research efforts 
in this area.
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