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Abstract: Background
Virtual reality-augmented therapist-delivered exercise-based training has promise for
enhancing upper limb motor recovery after stroke. However, the neurophysiological
mechanisms are unclear.
Objective
To find if neurophysiological changes are correlated with or accompany a reduction in
motor impairment in response to virtual reality-aided  exercise-based training
Data sources
Databases searched from inception to August 2020: MEDLINE, AMED, EMBASE,
PUBMED, COCHRANE, CINHAL, PROQUEST and OPEN GREY.
Eligibility criteria
Studies that investigated virtual reality-augmented exercise-based training for the
upper limb in adults with stroke, and, measured motor impairment and
neurophysiological outcomes.  Studies that combined VR with another technology
were excluded.
Data extraction and synthesis
Using pre-prepared proformas, three reviewers independently: identified eligible
studies, assessed potential risk-of-bias, and extracted data. A critical narrative
synthesis was conducted. A meta-analysis was not possible because of heterogeneity
in participants, interventions and outcome measures. 
Results
Of 1,387 records identified, four studies were eligible and included in the review.
 Overall, included studies were assessed as having high potential risk-of-bias.  The VR
equipment, and control interventions varied between studies.  Two studies measured
motor impairment with the Fugl-Meyer Assessment but there was no commonality in
the use of neurophysiological measures.  One study found improvement in
neurophysiological measures only. The other three studies found a reduction in motor
impairment and changes in neurophysiological outcomes, but did not calculate
correlation coefficients.
Conclusion
There is insufficient evidence to identify the neurophysiological changes that are
correlated with, or accompany, reduction in upper limb motor impairment in response
to virtual reality-augmented exercise-based training after stroke.
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Response to Reviewers and the Editor for manuscript PHYST-20-388 

Thank you for the comments on the above manuscript.  These have been helpful.  Author responses are 

provided beneath each comment received.  Track changes have been used in the revised manuscript to 

clarify what has changed from the original.    

Response to Editors comments 
1. Please submit your revised paper with the appropriate guideline checklist (see 

http://www.equatornetwork.org/reporting-guidelines/). 

Submitted with this revised manuscript is the completed PRISMA 2020 Checklist (this has been 

included in the online supplemental document due to no ability to upload it separately).  

 

2. For your guidance, the comments of the reviewers are appended below. However, there are a 

number of editorial issues that need to be addressed. The grammar, punctuation etc need 

significant revision. Areas of the text become quite complex without clear explanation. Some simple 

sentences are repeated a number of times (in a slightly different way).  

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.    

 

3. I'm not sure of the grammar in places eg: 'Active range of motion wrist extensor' 'in the laterality 

index (p < 0.05) and number of significantly activated voxels' - should this be 'the number'  'stroke, 

and, measured' – punctuation  independently: identified - punctuation 'measured motor impairment 

and neurophysiology' - grammar - how do you measure neurophysiology? 'but the authors were 

unable to provide data with which to calculate correlation coefficients' - im not sure if this is 

appropriate in abstract 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.     

 

4. Check for ambiguous characters: '(DB) ---' upper extremity scores (Jang) – primary motor cortex 

(Ballester). for the finger (deg) 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.     

 

5. The two sentences in the 'Limitations' section of the abstract are linked by 'However' yet they are 

non-sequiturs 

 

Wording has been revised  

 

6. Line 22: Therefore, the underlying neurophysiological changes underlying reduction of motor 

impairment need to be understood. - delete first 'underlying' 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.     

 

7. Funding: This work was supported by a PhD funded - 

 

Manuscript: Identifiable information has been uncovered.  

 

8. Search strategy can be included as online supplementary information 

Response to reviewers

http://www.equatornetwork.org/reporting-guidelines/
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 Completed on new form “online supplementary information”.  

 

9. Please use the format: Mean (SD) rather than the ± symbol 

 

Tables: completed table 2 and table 3 

 

10. Age can be to the nearest integer 

 

Tables: completed table 2 

 

11. Time since stoke is clearly non-normally distributed. This should be reported as Median (IQR x to 

x). 

 

 Completed, table 1.  

 Completed, manuscript line 93 to 95 

 

12. Line 111:  set-up 

 

Amended 

 

13. Avoid abbreviations where possible: - eg UE 

 

Revised manuscript has been checked for unnecessary abbreviations 

 

14. Line 124: All studies collected data pre and post the intervention – grammar 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.     

 

15. Line 145: to measure 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition.     

 

16. 'Research question 1 cannot be addressed' - more inline with writing in a thesis Question 1.2: Is 

there evidence that an improvement of motor impairment occurs alongside change in 

neurophysiological measures? format posing question like this more inline with writing in a thesis. 

 

The research questions are presented differently in the revised manuscript 

 

17. neurophysiology measures - should it be neurophysiological measures? 

 

Changed in revised manuscript 

 

18. Line 162: alongside an increase in the stimulation efficacy within the ipsilesional hemisphere for 

the APB (p < .01) and the ECR (p = 0.05) representation within the primary motor cortex 

(Ballester) - this sentence (and the one before and after) appears out of context/unfinished? in fact 

lines 160-183 need clarifying and revising.  

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition 
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19. to identify the neurophysiological correlates of change in motor impairment in response to VR 

training - could this be written more simply? 

 

We are unsure how this could be written more simply 

 

20. Line 201:  thus reduces motor impairment 19. Line 217: to overcome the current evidences 

methodological weaknesses - delete 'current evidences' 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition 

 

21. In order to drive the evidence-base forward, the research question proposed in this review needs to 

be answered in order to conclude if VR drives neural recovery – unnecessary. Fair amount of 

repetition throughout the paper. 

 

The revised manuscript has been proof-read by the senior author and revised to remove identified 

grammatical errors, punctuation errors and repetition 

 

22. Fidelity- this is used a number of times throughout the manuscript to mean different things. A 

better term may be clearer  

 

The manuscript has been revised to remove the term fidelity.  Hopefully no instances have been 

missed 

 

23. Layout of table 5 makes interpretation difficult. Please consider the information in this table 

carefully and be more selective in what is reported  

 

Table 5 has been revised.  Data on number of participants has been removed.  Table 5 now just 

presents the neurophysiological and outcome measures reported in the included studies. 

 

24. Please check tables for units (eg: grip force) 

 

Tables have been checked and revised where appropriate 

Response to Reviewer One’s comments 
The authors conducted a systematic review to find neurophysiological changes are correlated with 

changes in motor impairment in upper extremity rehabilitation using virtual reality on individuals with 

stroke. Only 4 articles were included in the review, and no correlation were found because of 

insufficient data. The limited number of articles was founded because eligibility criteria is too narrow. 

Studies combining VR with assistive robotic devices that requires patient's active movement should be 

included. Including studies without control group might be another way to go.  

 

We agree with the Reviewer that the eligibility criteria were focused on VR rather than when it 

was used in combination with robotic devices.  This was because the study was focused on the use 

of non-immersive VR to augment delivery of stroke rehabilitation.  This focus has been clarified 

further in the revised introduction, methods and discussion.   

 

Other mistakes in text: 

1. Study from Jang reported significant change in all motor function assessment: BBT, FMA and 

MFT, please double check. 

 

Thank you for highlighting this, it has been changed accordingly in the revised manuscript.  
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2. There is a typo in Table 4, should be [23] not [21] 

 

Thank you for highlighting this, table 4 has been changed accordingly.  

 

Response to Reviewer Two’s comments 
This paper aims to determine the neurophysiological correlates of upper limb motor impairment 

response to virtual reality-aided exercise-based training following stroke. The authors conducted a 

systematic review according to Cochrane Guidelines. Four papers met the final inclusion criteria. The 

authors clearly described their questions and findings. The papers are well described, and data is 

presented in an organized fashion.  

 

Minor Note: The paper's introduction would benefit from a clear description of the neurophysiological 

correlates the authors expected to find as the term "neurophysiological correlates" could be 

interpreted in a variety of ways. Furthermore, the paper would benefit from a clear description with 

examples of the terms "virtual reality-aided" and "exercise-based" training. 

 

In conclusion, this paper is well-written and important in identifying a gap related to measurement of 

underlying neurophysiological mechanisms responsible for functional improvement with virtual-reality 

based rehabilitation. 

 

We thank the Reviewer for the comments on our paper.  In the revised introduction we have 

provided explanation of the terms “neurophysiological correlates”, and “exercise-based training”.  

The term “virtual reality-aided”  in question 1 has been replaced by “VR augmented” exercise-

based training. 
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Abstract 1 

Background  2 

Virtual reality-aided augmented therapist-delivered exercise-based training  has promise for 3 

enhancing upper limb motor recovery after stroke. However, the neurophysiological 4 

mechanisms are unclear.  5 

Objective 6 

To find if neurophysiological changes are correlated with or accompany a reduction in motor 7 

impairment in response to virtual reality-aided  exercise-based training  8 

Data sources 9 

Databases searched from inception to August 2020: MEDLINE, AMED, EMBASE, 10 

PUBMED, COCHRANE, CINHAL, PROQUEST and OPEN GREY. 11 

Eligibility criteria 12 

Studies that investigated virtual reality-aided augmented exercise-based training for the upper 13 

limb in adults with stroke, and, measured motor impairment and neurophysiological 14 

outcomesgy.  Studies that combined VR with another technology were excluded. 15 

Data extraction and synthesis 16 

Using pre-prepared proformas, three reviewers independently: identified eligible studies, 17 

assessed potential risk-of-bias, and extracted data. A critical narrative synthesis was 18 

conducted. A meta-analysis was not possible because of heterogeneity in participants, 19 

interventions and outcome measures.   20 

Results 21 

Abstract



Of 1,387 records identified, four studies were eligible and included in the review.  Overall, 22 

included studies were assessed as having high potential risk-of-bias.  The VR equipment, and 23 

control interventions varied between studies.  Two studies measured motor impairment with 24 

the Fugl-Meyer Assessment but there was no commonality in the use of neurophysiological 25 

measures.  Two One studiesy found improvement in neurophysiological measureys only. The 26 

other two three studies found a reduction in motor impairment and changes in 27 

neurophysiological outcomesy,, but the authors were unable to provide data with which todid 28 

not calculate correlation coefficients.  29 

Limitations 30 

The broad term “virtual reality” could have restricted the identification of studies as there are 31 

many technologies/devices in this field. Although the However, the search search was not 32 

restricted to controlled trials which enabled the identification of early phase studies. 33 

Conclusion 34 

There is insufficient evidence to identify the neurophysiological changes that are correlated 35 

with, or accompany, reduction in upper limb motor impairment in response to virtual reality-36 

augmented exercise-based training after stroke.  37 

Contribution of paper statement 38 
 39 

 Virtual reality-aided exercise-based training is a promising intervention for upper limb 40 

motor recovery after stroke but the neural mechanisms are unclear 41 

 This systematic review of studies, not just controlled designs, found evidence for a 42 

reduction in motor impairment and changes in neurophysiology but the relationship 43 

could not be determined 44 

Formatted: Font color: Dark Red



 More research is needed to understand the neural mechanisms associated with a 45 

reduction in upper limb motor impairment in response to virtual reality-aided exercise-46 

based training 47 

Prospero Database Registration number: 2017 CRD42017071312 48 

Keywords: Stroke; Rehabilitation; Virtual Reality; Motor recovery; Upper limb; 49 

Neuromuscular.  50 
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Introduction 1 

Stroke is a leading cause of disability globally.   Notably, as many as 75%   in the UK; up to 2 

three-quarters of stroke survivors are left with an upper limb impairment that impacts adversely 3 

on affecting their quality of life [1,2]. Rehabilitation aims to reduce motor impairment and 4 

improve function. Current evidence-based guidelines for rehabilitation recommend providing 5 

high doses of repetitive functional exercises (exercise-based training), to facilitate neural 6 

plasticity   with the hope of reducing impairment and promoteing motor recovery [1,3]. In 7 

clinical practice, Unfortunately delivering optimal high-dose therapy exercise-based training is 8 

challenging due to a lack of resources constraints, time and fidelity stroke survivor adherence 9 

to therapy prescription(the extent to which the therapy prescription was completed) to 10 

prescribed treatment [4,5]. The re is a need for solutions to these challenges is accentuated by 11 

the overcome such barriers, especially with the ever-increasing incidence and prevalence rates 12 

of stroke [6]. Technology is a proposed as a solution to augment aid therapist-delivered s in 13 

carrying out stroke rehabilitationexercise-based training. Numerous devices have been 14 

developed, ranging from mobile apps to Virt including Virtuual Reality platforms (VR) [7]. 15 

Evidence indicates thatN non-immersive VR (e.g. translation of real-time movements onto an 16 

onscreen avatar) could be an economical and safe way to augment delivery stroke rehabilitation 17 

in order to reduce motor impairment [8].   However, . To date, clinical practice guidelines for 18 

delivering VR rehabilitation have not been developed. Perhaps due to the evidence-base isbeing 19 

limited by small sample sizes and the s; use of heterogeneous outcome measures s and protocols 20 

[8–17].  21 

Further improvements in stroke rehabilitation are promised by promoting motor recovery and 22 

, the goal is to limiting compensatory behaviour [18,19] [19]. The indications of motor 23 

impairment reduction in response to VR are promising,.   bBut to understand how it may VR 24 

effects   motor recovery, it is important to identify the neurophysiological underpinnings 25 
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(correlates) [20]. It is known that a reduction in motor impairment is more beneficial for the 26 

recovery of functional movement than compensatory behaviour [20]. Therefore, the 27 

underlying neurophysiological changes underlying the reduction of motor impairment need 28 

to be understood, otherwise known as the neurophysiological correlates. A systematic review 29 

was undertaken to address the following research questions: (1)  30 

 1. What are the neurophysiological correlates of upper limb motor impairment response 31 

to virtual reality aidedVR augmented exercise-based training following a stroke, a? nd 32 

(2)  33 

If insufficient evidence was found to answer research question 1, a subsidiary question was 34 

addressed: 35 

1.2 Is there evidence that an improvement of motor impairment occurs alongside change in 36 

neurophysiological measures? 37 

Methods 38 

Design 39 

A systematic review conducted according to the Cochrane Collaboration guidelines [21]. Three 40 

reviewers worked independently, using pre-prepared proformas to (a) identify eligible studies, 41 

(b) assess the potential risk of bias and (c) extract data. Disagreements were resolved through 42 

referral to the full text with a fourth reviewer arbitrating if an agreement could not be achieved.  43 

Searching for studies 44 

The search strategy was developed in collaboration with a research librarian. Eight online 45 

databases were searched from their inception to August 2020: MEDLINE, AMED, EMBASE, 46 

PUBMED, COCHRANE, CINHAL, PROQUEST and OPEN GREY. The search combined 47 

MeSH and non-MeSH terms. An The example of the search strategy, that used for MEDLINE,   48 
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is provided in Table 1in the online supplement.   The search strategy ary information and was 49 

used for MEDLINE and was adapted as appropriate for other different databases. ITn addition, 50 

the reference lists of eligible articles were hand- searched for potential studies not identified in 51 

using the databases.  52 

[Table 1] 53 

Eligibility Criteria  54 

Types of studies 55 

All experimental study designs were included if they investigated an experimental and a control 56 

condition before and after the provision of a VR intervention (defined in subsection – types of 57 

intervention).  58 

Types of participants 59 

Participants were at least 18 years old and had an upper limb motor impairment at any time 60 

point after stroke.   Studies were excluded if they investigated participants who had a diagnosis 61 

of a neurological condition in addition to stroke.  62 

Types of intervention 63 

Studies were eligible if they included virtual realityVR-augmented exercise-based 64 

interventions training(i.e. physiotherapy exercises delivered via interactive technology)   65 

designed to reduce motor impairment and used an electronic screen. All virtual realityVR 66 

devices were included, ranging from immersive (i.e. using headsets) to non-immersive (i.e. 67 

real-time movement replicated via an onscreen avatar). However, studies that investigated 68 

virtual realityVR combined with another rehabilitation technology (e.g. a robotic arm device) 69 

were excluded.   This was because the focus was understanding how VR might augment the 70 

effects of therapist-delivered exercised-based training. 71 
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Types of measures 72 

Studies were eligible if they reported measures of motor impairment (i.e. Fugl-Meyer, 73 

bBiomechanical variables) and neural measures (i.e. EMG, TMS, fMRI – derived measures).  74 

Assessment of potential risk of bias 75 

The Cochrane risk of bias tool (CROB) was used [22].  76 

Data extracted  77 

At the baseline point for included studies, the data extracted were the number of participants 78 

in experimental and control condition; age; time since stroke; and the values for motor and 79 

neural neurophysiological impairment. For each included study, the intervention characteristics 80 

extracted were: number of weeks, number of sessions, duration of each session, device details 81 

and training task. At the outcome point for included studies, the data extracted were: the 82 

number of participants in each condition; time since baseline; and the values for motor and 83 

neural impairment. If data was not available within the publications, then the authors were 84 

contacted for the data required. 85 

Synthesis  86 

A meta-analysis was not possible because of the heterogeneity in participants, interventions 87 

and outcome measures. A narrative synthesis was, therefore undertaken to address the research 88 

questions. 89 

Results 90 

Identification of studies 91 

The PRISMA flowchart is provided in Figure 1. Initially, 1764 records were identified from 92 

the electronic searches. Removal of duplicates left 1387 records, of which 1296 were excluded. 93 
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Consequently, 91 full-text articles were screened for eligibility. No additional records were 94 

identified from searching the reference lists of eligible full-text articles. Four articles met the 95 

eligibility criteria [23–26]. The main reasons for records to be excluded were: a lack of 96 

neurophysiological outcome measures, using virtual reality combined with another 97 

intervention, and no control condition. 98 

[Figure 1] 99 

Characteristics of included studies 100 

Types of studies 101 

The four included studies had different experimental designs (table 2):  102 

 parallel-group controlled trial [24]; 103 

 randomised cross-over trial [23]; 104 

 single-group repeated measures study, with the control phase preceding the intervention 105 

phase [26]; 106 

 pre/post-test randomised controlled design [25].  107 

[Table 2] 108 

Participants 109 

The included studies reported baseline characteristics data on afor a total of 74 participants, 32 110 

for the intervention and 33 for the control condition; with additional 9 participants who took 111 

part in both conditions in a repeated measures design (table 12). The average mean (SD) age 112 

of all participants was 62.35 (SD = 10.5) years with no discernable difference between and 113 

similar for those in the virtual realityVR conditions, 62.67 (SD = 9.41) years, and the control 114 

conditions 61.39 (SD = 10.42) years. The median (IQR Q1 to Q3) time since stroke onset was: 115 
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2 (1.2 to 5) years for all participants, 3 (1.5 to 5.9) years for participants in the VR conditions, 116 

and 2.2 (1.2 to 5.4) years for participants in the control conditions.  117 

The average mean (SD)   time since stroke onset was: 4.22 (SD = 4.63) years for all participants, 118 

5.45 (SD = 5.66) years for participants in the intervention VR conditions, and 3.82 (SD = 4.69) 119 

years for participants in the control conditions.  120 

The severity of motor impairment at baseline of participants in included studies ranged from 121 

moderate to severe as reported in the studies’ inclusion criteria and demonstrated in confirmed 122 

from the various baseline measures reported results (i.e. passive paretic hand extension-flexion 123 

[23], FMA scores [24,25], paretic finger and elbow AROM [26].  124 

[Table 1] 125 

Virtual Reality intervention equipment and procedures 126 

There was a variety of equipment used for virtual reality interventionVR conditions (table 23). 127 

All included studies used a computer and screen in their set-ups [23–26]. Three included studies 128 

used types of data collection gloves [23–25]. One study used surface Electromyography 129 

(sEMG) to map UE upper extremity movements [26]. The tasks engaged upper limb 130 

movements thattasks were tailored and customised for individuals. Planned amounts (doses) of 131 

the intervention varied between studies with only one reporting actual dose provided completed 132 

(fidelity) [26].  133 

[Table 23] 134 

Control intervention procedures 135 

The control conditions differed across the included studies (table 2). In two studies, the control 136 

condition was no therapy [25,26]. In the other two studies, the control condition was a 137 

comparator task designed to mimic the movements of the virtual reality intervention tasks but 138 
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without the replication of the participants’ real-time movements [23,24]. Planned doses for 139 

control conditions matched those for intervention VR conditions. 140 

Outcome tTimepoints for assessment of outcomes 141 

Data collection points varied between the included studies (Table 4). All studies collected data 142 

pre- and postbefore and after the - the intervention period for both conditions but the outcome 143 

timepoints varied   (Table 3) [23–26]. In one study, an additional time point was needed for 144 

one participant due to their schedule requiring an eight-week intervention period instead of the 145 

intended five [26].    146 

One study also measured both conditions three weeks into the 12-week intervention period 147 

[24]. One study included a three-month post-intervention follow-up collection point for the 148 

VR- condition to check for retention of any changes acquired [23]. In one study, an additional 149 

time point was needed for one participant due to their schedule requiring an eight-week 150 

intervention period instead of the intended five [26]. 151 

[Table 3][Table 4] 152 

 153 

Motor impairment outcome measures 154 

The motor impairment outcome measures varied across included studies (table 4 and online 155 

supplement table 25). Only two included studies used the same measure, namely the Fugl-156 

Meyer Upper Extremity (FM-UE) scores to determine the severity of motor impairment 157 

[24,25].  158 

[Table 5][Table 4] 159 

 160 
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Neurophysiology outcome measures 161 

There was no commonality between the neurophysiological outcome measures used in the 162 

included studies (Table 45). Two studies used functional Magnetic Resonance Imaging (fMRI), 163 

but within differing anatomical regions of interest collecting measures including: such as the 164 

laterality index between hemispheres;, number of significantly activated voxels; and   or 165 

relative volume and intensity index [23,25]. One included study used tTranscranial mMagnetic 166 

sStimulation (TMS) to collect measures (e.g. Motor Evoked Potentials (MEPs)) from the 167 

Abductor Pollicis Brevis (ABP) and Extensor Carpi Radialis (ECR) muscles [24]. FinallyAnd 168 

then, one study used surface eElectromyography (sEMG) to measures the co-contraction of 169 

wrist flexors and extensors [26]. 170 

Risk of potential bias 171 

Overall the included studies were assessed as having a high risk of potential bias, especially 172 

for specifically blinding and incomplete outcome data (table 56). Three studies had a low risk 173 

of potential bias for: random sequence generation (27) and selective reporting (28, 29). 174 

[Table 5] 175 

Narrative Synthesis of findings in relation to review questions 176 

Question 1: What are the neurophysiologicalneural correlates of upper limb motor 177 

impairment response to virtual reality aided exercise-based training following a stroke?  178 

The published reports of the included studies did not provide data on the correlation between 179 

neurophysiological and motor impairment changes in response to virtual-realityVR augmented 180 

exercise-based training after stroke (question 1). Authors of the included papers were contacted 181 

and of the three who responded appropriate raw data was not available.   Therefore ; thus, 182 

correlations could not be calculated. Research question 1 cannot be addressed.  183 
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Question 1.2: Is there evidence that an improvement of motor impairment occurs 184 

alongside change in neurophysiological measures? 185 

Two Three of the four included studies found an improvement in motor impairment and a 186 

change in neurophysiologyical measures (Question 2, Table 4) [23–25] [25](Table 7). Within 187 

the first includedOne study Tthere was a reported improvement in flexion and extension of the 188 

more paretic fingers flexion and extension (p = 0.01) and ; alongside an increase in the 189 

stimulation efficacy within the ipsilesional primary motor cortex hemisphere for the APB 190 

representation (p < 0.01) and the ECR (p = 0.05) representation within the primary motor cortex 191 

[24] (Ballester). This occurred after VR training that engaged bilateral reaching movements 192 

with the wrist and fingers flexion/extension.   There were no other reported improvements post-193 

intervention within the motor impairment measures (i.e. Ashworth proximal and distal, grip 194 

force, MRC proximal and distal and the Fugle-Meyer upper extremity scores)used. There was 195 

also no significant change within the centroid location of the cortical motor areas producing 196 

MEPS for the ABP and ECR within the primary motor cortex [24] (Ballester). The secondother 197 

included study foundTthere was a significant change in the active index finger range of motion 198 

for the finger (degrees) post-VR intervention which engaged the index finger and wrist with 199 

flexion and extension movements (p = 0.004). This was accompanied by a significant decrease 200 

in the relative volume within the ipsilesional SMA anatomical region (p = 0.008) [23](Carey). 201 

No other significant changes occurred within the other fMRI derived measures (i.e. laterality 202 

and intensity index). The third included study found a significant increase in the laterality index 203 

(p < 0.05) and the number of significantly activated voxels (p = 0.05) within the ipsilesional 204 

hemisphere for the SM1 anatomical regio n; this was accompanied by a significant 205 

improvement in Fugl-Mmeyer upper extremitylimb scores, compared to the control group (p < 206 

0.05), during reaching, lifting and grasping motor movements [25]. 207 
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The other two fourth included studiesy showed a significant change within their 208 

neurophysiological measures collected but no improvement in the motor impairment measures 209 

. There was a significant increase in the selection activation of the wrist extensor MVCs (z = -210 

1.992, p = 0.046), but no improvement in the motor impairment (i.e. Active range of motion 211 

within the wrist extensor; elbow extension; reach time and maximum trunk displacement) 212 

[26](DB) ---. Whereas another included study found a significant increase in the laterality index 213 

(p < 0.05) and number of significantly activated voxels (p = 0.05) within the ipsilesional 214 

hemisphere for the SM1 anatomical region; this was not accompanied by a significant 215 

improvement in Fugl-meyer upper extremity scores (Jang) – reaching, lifting and grasping 216 

motor movements .  217 

 [Table 7] 218 

Discussion 219 

Thise systematic review found no data with which to identify the neurophysiological correlates 220 

of change in motor impairment in response to VR   augmented exercise -based training for the 221 

upper limb after stroke (question 1).   Of the four included studies, two three found a change 222 

in motor impairment and a neurophysiology neurophysiological change in response to an 223 

exercise-based virtual reality intervention (question 1.2). However, across the four studies, 224 

many outcome measures of motor impairment and neurophysiology outcomes showed no 225 

change between pre-intervention and post-intervention time points (question 1.2). 226 

Consequently, this systematic review demonstrates there isfound insufficient robust data to 227 

provide an understanding of the neurophysiological changes underlying reduction in motor 228 

impairment in response to VR exercise-based intervention.   Especially considering the 229 

potential high risk of   bias identified for included studies. 230 
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The findings of this review are in broad agreement with conclusions seen in other reviews 231 

namely  [8–17]. There appears an initial change in motor impairment in response to VR 232 

augmented exercise -based trainingtherapy delivered via virtual reality devices [8–17].   233 

Previous findings The findings included in these reviews have been used noted to be steering 234 

the development work forof VR   virtual stroke rehabilitation devices [8,27] and support . This 235 

initial promising reduction in motor impairment has been used to strengthen the theory tetical 236 

underpinnings; that the functional exercise-based use of VR training facilitates neural plasticity 237 

and thus reduces motor impairment [28,29].     238 

Although there is a promising reduction in motor impairment reported within the included 239 

studies of this review , it is important to interpret view this in light of their methodological 240 

strengths and weaknesses.  241 

Importantly, the potential risk of bias of included studies was high overall. Notably, the attrition 242 

rates often were not accounted for, and reasons for withdrawal reasons not reportedcollected. 243 

It is possible that the VR irtual rehabilitation devices tested did not have the require high levels 244 

of usability and acceptability required for to facilitate integration into healthcare [30,31].    So, 245 

iIt is necessary crucial to understand if attrition rates could be due to the device features, 246 

therapy procedures, and/or dose to facilitate the end-user experience.    Essentially, 247 

Additionally, the lack of reporting within the included studies hindered the author’s our ability 248 

to address the aims of the review (i.e.e.g. means, standard deviations, effect sizes and 249 

confidence intervals were often missing or incomplete). Appropriate reporting is of importance 250 

for the replicability and interpretation of such research.   Although the authors of the included 251 

studies were contacted in an attemptand asked for   to gain raw data for this review; this was 252 

not forthcoming.   unsuccessful, limiting the synthesis to the data reported in the papers 253 

themselves.    254 
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Other methodological inconsistencies influence the extent to which the neural correlates found 255 

can be interpreted. All the included studies lacked statistical power due to small sample sizes, 256 

including one who that only completed neural measures on three control condition participants, 257 

as opposed to the fourteen in the virtual reality interventionVR condition [24].  258 

The prior previous reviews, and this one, coupled with this study’s findings conclude with the 259 

same recommend that there is a need ation for larger well -designed robust- trials to overcome 260 

the current evidences methodological weaknesses (i.e. small samples, lack of reporting and 261 

variation in protocols and devices) [8–17]. This call for stronger robust evidence has not 262 

changed in the last decade t. Though the included studies can provide a foundation for further 263 

investigative work to be carried out with a rigorous staged approach [18,32]. This is an 264 

important future step to evaluate whether augment the evidence of motor impairment reduction 265 

is based upon clinical outcome changes; that are is then used to assume a reflective 266 

neurneurophysiological al change [33]. Nevertheless, we argue that there is still a prevalent 267 

gap in the evidence base. We cannot know if VR is beneficial for reducing motor impairments 268 

until thorough, robust trials investigate the impact on neural physiology and motor impairment.  269 

It is important to interpret these findings of this review whilst considering its in light of the 270 

strengths and limitations of this systematic review. The included studies included 271 

demonstratedwere heterogeneous resu which, lts; in part, this could be due to the various forms 272 

broad definition of VRirtual Reality included evaluated in the searches. An appropriate, concise 273 

stratification of devices and protocols falling under the umbrella ‘Virtual Reality’ is required.   274 

F; for example, the differing levels of participant engagement occurring within each device 275 

particularly with the different levels of immersion and participant engagement within each 276 

device [8,34]. Although the authors of the included studies were contacted in an attempt to gain 277 

raw data for this review; this was unsuccessful, limiting the synthesis to the data reported in 278 

the papers themselves.  279 



13 

 

 280 

It is possible that the eligibility criteria were too restrictive as studies that combined VR with 281 

another intervention such as robotic assistive devices were excluded.   This decision was made 282 

because the clinical focus for the review was using VR to augment therapist-delivered exercise-283 

based intervention.    284 

A strength of tAlthough this review is that did not restrict the literature search was not restricted 285 

by date, or study design, allowing for a comprehensive overview of potentially relevant studies.   286 

Also, a strength is that tThis was, to our knowledge, the first systematic review that aimed to 287 

identify the neurophysiological correlates of changes in upper limb motor impairment in 288 

response to VR augmented exercised based interventions. We conclude that there is insufficient 289 

evidence to address this research question. There is also an apparent lack of adequately 290 

powered studies investigating the relationship between reduction in motor impairment and 291 

neurophysiological change.  292 

Future trials investigating the effect of virtual reality intervention on upper limb motor 293 

impairments should investigate both clinical outcomes and correlate these with evidence of 294 

reflective neural changes. This should be done with larger, robust and replicable trials with 295 

clear reporting. In order to drive the evidence- base forward, the research question proposed in 296 

this review needs to be answered in order to conclude if VR drives neural recovery. 297 

 298 

 299 

Funding: This work was supported by a PhD funded partly by the University of East 300 
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Figure 1. Prisma diagram of searches and identification of included studies in this review.  

 

NB. The percentage of full-text articles under each exclusion criteria 

 Neurophysiological outcome measure (75%); 

 Virtual Reality intervention (44%); 

 Diagnosis of other neurological condition (5% reported; 60% did not report this);  

 Pre/-post control group (46%); 

 Clinical measure of motor impairment (37%); 

 Upper limb motor impairment (31%); 

 Diagnosis of stroke (24%); 

 Experimental study designs (20%); 

 Adult participants, 18+ (20%); 

 Pre/-post intervention group (19%); 

 Written in English (18%); 
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Table 12. Baseline cCharacteristics of included studies and participants in included studiesat baseline  

 

Study 

reference 

Number of 

participants 

 

 

Age, years.  

mean (standard 

deviation, 

unless 

otherwise 

stated) 

 

Gender 

(female: 

male) 

Time since stroke, years. 

median (IQR Q1 to Q3)a 

More paretic 

side 

(left: right) 

Type (haemorrhagic: ischemic); 

location of stroke lesion 

 

VR  

 

Ctrl VR Ctrl VR Ctrl VR Ctrl VR Ctrl VR Ctrl 

[24] 

 

 

17 

 

18 65 

(10)  

62 

(13)  

 8: 9 11: 6 Not reported Not reported   11: 6 9: 9 6: 11; 

Location not reported. 

 

6: 12; 

Location not reported. 

 

[23] 10 10 66 (7)  66 (7)  9: 1 6: 4 3 

(1.6 to 5.8) 

1.9 

(1.2 to 4.8) 

5: 5 8: 2 Type not reported; 

cortical (5): 

subcortical (5) 

 

Type not reported; 

cortical (3): subcortical 

(7). 

[25] 5 5 55 

(SE 

5)  

55 (SE 

5)  

3: 2 3: 2 0.8 

(0.6 to 1.9) 

1 

(0.8 to 1.5) 

Not reported 

 

2: 3 

Thalamic: R =1, L=1;                            

Cortical: R=1, L=0; 

Corona radiata R=1, 

L=1 

2: 3 

Thalamic: R=1, L=1; 

Corona radiata: R=1, 

L=2. 

[26] 9a 60 (9a) 4:5a 5 (2.5 to 9)b 6:3a Type not reportedb; 

 Unknown = 4; Brainstem = 2; Basal Ganglia = 1; 

Frontal = 1; Parietal/Frontal = 1. 

SE = Standard Error; R = right; L = left; VR = virtual reality condition; Ctrl = control condition; not reported = author did not report data for the calculation to be carried out 

a, Time since stroke was non-normally distributed 

b, repeated measures design, participants took part in both intervention and control conditions. 
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Table 23. Characteristics of the virtual reality (VR) and control conditions in included studies 

Study 

reference 

VR intervention procedures Control intervention procedure 

Equipment Task Planned 

Dose 

Adherence to 

Fidelity Mean 

(Standard 

Deviation)planned 

dose 

Task Dose Fidelity 

[23] Computer with customized 

software. 

 

Data gloves containing 

custom-made electro- 

goniometers, each with 2 

potentiometers capturing 

(extension/flexion of 

movement at the index MP 

joint and the wrist). 

  

First-person perspective, with 

real-time hand movements 

translated on-screen (joint 

movement, represented 

through voltage collected at 

100hz).  

 

Target: 

Flexion/extension with 

the index finger and 

wrist to complete 

waveforms appearing on 

the computer.  

 

Game: The screen 

showed a target 

waveform and tracking 

response from the 

participants.  

 

Tailored: Knowledge of 

results via an accuracy 

score with text 

instructions on how to 

improve.  

2 weeks 

 

10 sessions,  

120 mins 

each 

 

Paretic side 

for 90% of 

the training.  

 

Not reported Target: flexion/extension 

with the index finger and 

wrist. 

 

Game: screen displaying a 

sweeping cursor, but no 

target shown, no feedback 

provided 

2 weeks 

10 sessions, 

120 mins 

each.  

 

Not 

reported 

[24] 

 

Computer with customized 

software.  

 

Target: bilateral 

reaching movements 

with wrist and fingers 

flexion/extension.  

 

3 weeks 

 

15 sessions, 

30 mins 

each 

Not reported Target: Mimic the VR-

intervention movements. 

  

3 weeks 

 

15 sessions, 

30 mins each 

 

Not 

reported 
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Study 

reference 

VR intervention procedures Control intervention procedure 

Equipment Task Planned 

Dose 

Adherence to 

Fidelity Mean 

(Standard 

Deviation)planned 

dose 

Task Dose Fidelity 

Camera to capture UE 

movement (trunk movements 

were filtered out). 

 

Data gloves equipped with 

bend sensors capturing finger 

flexion and extension. 

 

First-person perspective, with 

real-time movement translated 

on-screen 

 

 Game: Interception and 

grasping of virtual 

spheres.  

 

Tailored: performance 

ratio (successful trials 

over total trials) was 

kept above 0.6 and 

below 0.8.  

 

Customized: trajectories 

(differing hand and 

grasp motions); 

velocity. 

 

 

Equally 

split 

between 

each hand 

 

 

Game: stacking/un-stacking 

of plastic cups with right and 

left hand consecutively. 

[25] Computer with customized 

software. 

 

Camera to capture UE 

movement 

 

Data gloves for movement 

capture. 

 

First-person perspective, with 

real-time movement translated 

on-screen. 

Target: reaching, lifting 

and grasping motor 

skills (i.e. hand soccer).  

 

Game: Combination of 

custom games, such as 

bide-ball; soccer.  

 

Tailored: created and 

overseen by therapists.  

 

4 weeks 

 

20 sessions, 

60 mins 

each 

Not reported No therapy No therapy No 

therapy 
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Study 

reference 

VR intervention procedures Control intervention procedure 

Equipment Task Planned 

Dose 

Adherence to 

Fidelity Mean 

(Standard 

Deviation)planned 

dose 

Task Dose Fidelity 

Customized: speed, 

angles and lifting force 

for each game.  

 

Feedback: error rate, 

speed, direction, joint 

position and resistive 

force feedback.  

 

[26] Computer with customized 

software.  

 

To detect movements, sEMG 

used for the wrist flexor carpi 

radialis and extensor 

digitorium communis 

movements.  

 

First-person perspective, with 

real-time movement translated 

on-screen 

 

Target: Controlled the 

aim using their affected 

upper extremity and 

launched the ball by 

clicking a button using 

the less affected hand 

 

Game: Peggle - 

Participants attempt to 

clear the board of 

orange pegs by 

identifying the correct 

angle to launch a ball to 

eliminate pegs. 

 

Tailored: software 

converted muscle 

activity into movements 

4 weeks 

 

5 days per 

week; up to 

45 (mins, 

per day) or 

a total of 45 

hours a 

week. 
 

.  

 

Sessions: 

mean16.8± (SD 

7.0)(SD);  

Hours: mean 11.9± 

(SD 5.8(SD) 

Only recorded 

sessions that lasted 

more than 5 

minutes 

One participant 

carried out the 

intervention at the 

research lab instead 

of their home.  

 

No therapy No therapy No 

therapy 



5 
 

Study 

reference 

VR intervention procedures Control intervention procedure 

Equipment Task Planned 

Dose 

Adherence to 

Fidelity Mean 

(Standard 

Deviation)planned 

dose 

Task Dose Fidelity 

used to control the 

game. Sensitivity can be 

adjusted to detect very 

low levels of activations  

 

Customized: Conversion 

was adjusted as needed 

to facilitate challenging 

but successful game 

play.  

 

 

Table 34. Neurophysiological (NP) and motor impairment (MI) data measurement points in included studies. 

 

Study 

timepoint 

Included study reference 

 [24] [231] [26] c [25] 

 NP MI NP MI NP MI NP MI 

Day 1         

Day 10   
a 


a     

Day 15   
b 


b     

Day 28         

Day 56         

Day 84     
d 


d   

Day 91         
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a: Only the control group received a crossover test after 10 days 
b. Only the virtual reality group received a follow-up test 3 months post-test 
c. Day 1 measures were beginning of control phase and day 28 measures were end of the control phase 
d: One participant undertook outcome measures at day 112 

 

 

  



7 
 

 

Table 5. Data reported in included studies 

Study  

reference 

Neurophysiological outcome measure Motor impairment outcome measure 

 Number of participants 

reported to have 

completed measure 

 Number of participants 

reported to have 

completed measure 

 

Experimental Control Experimental Control 

[24] TMS derived 

measures 

 

(the cortical motor 

areas representing the 

APB and ECR in M1, 

for both hemispheres) 

 

 

 

(1) Stimulation Efficacy 

 

(greatest value in the 

80th percentile of Motor 

Evoked Potentials, 

divided by the 

maximum stimulation 

intensity) 

 

(2) Centroid location of 

the cortical motor areas 

 

14 3 (1) Ashworth proximal and distal scores 

 

(2) Fugl-Meyer 

 

(3) Grip force 

 

(procedural details not reported) 

 

(4) MRC proximal and distal scores 

 

(2) Finger flexion/extension 

 

(calculated from bend sensors in gloves 

(ranging from 0 to 1 to indicate maximal and 

minimal metacarpal angles), averaged across 

all fingers on the paretic hand during an active 

movement) 

 

17 

 

 

18 

[25] fMRI derived 

measures 

 

(Anatomical regions: 

the bilaterally 

predefined regions of 

(1) Laterality index: 

 

(the laterality index 

ranged from 1.0 (all 

contralateral activation) 

5 

 

5 (1) Fugl-meyer Upper Extremity scores 5 

 

NR 
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Study  

reference 

Neurophysiological outcome measure Motor impairment outcome measure 

 Number of participants 

reported to have 

completed measure 

 Number of participants 

reported to have 

completed measure 

 

Experimental Control Experimental Control 

interest (ROIs), 

including the primary 

sensorimotor cortex 

(SM1), the premotor 

cortex (PMC), and the 

supplementary motor 

area (SMA)) 

 

to –1.0 (all ipsilateral 

activation).) 

 

(2) number of 

significantly activated 

voxels 

 

[26] sEMG derived 

measures 

 

(more paretic wrist 

flexor carpi radialis 

and extensor 

digitorum communis 

used for MVCs in a 

pregame maximum 

flex or extend 3 trials, 

each for 10-seconds) 

(1) Maximum 

Voluntary Contractions 

(MVCs) 

*VR and C: Extensor = 

8, flexor = 7 

(1) Active range of motion (wrist extensor) 

during pick-up a cup task 

 

(movement with wrist for maximum extension 

and flexion (supported at forearm), average of 

5 attempts - the absolute value of the wrist 

angle from start of movement minus the 

maximum of the wrist extension completed 

during the trial) 

 

(2) maximum elbow extension (deg) during a 

pickup a cup task 

 

(calculated from the vector dot product of 2-

line segments formed by the shoulder to the 

elbow marker and the elbow marker to the 

average position of the 2 wrist markers.) 

 

VR and C: 8 
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Study  

reference 

Neurophysiological outcome measure Motor impairment outcome measure 

 Number of participants 

reported to have 

completed measure 

 Number of participants 

reported to have 

completed measure 

 

Experimental Control Experimental Control 

(3) number of movement segments from the 

hand marker during a pickup a cup task 

 

 

(The hand marker velocity peaks were defined 

as the difference between the first the local 

min and max velocity, and the next max 

velocity that was >20mm/s occurring at least 

150miliseconds after the prior peak, the 

number of velocity peaks meeting that criteria 

was the number of movement segments) 

 

(4) Reach time during pickup cup task 

 

(the time from start of movement (when the 

third metacarpal of the hand is greater than 

2% of the max velocity of the hand marker) 

until the cup was moved a min of 2mm from 

its starting position during the trial.) 

 

(5) maximum trunk displacement during a 

pickup a cup task 

 

(Displacement of the trunk from the starting 

position in millimetres) 
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Study  

reference 

Neurophysiological outcome measure Motor impairment outcome measure 

 Number of participants 

reported to have 

completed measure 

 Number of participants 

reported to have 

completed measure 

 

Experimental Control Experimental Control 

[23] FMRI derived 

measures 

 

(Anatomical regions: 

primary motor area 

(M1), supplementary 

motor area (SMA), 

premotor cortex 

(PMC) in each 

hemisphere. The 

primary 

somatosensory area 

(S1) including the 

grey matter 

comprising the entire 

postcentral gyrus) 

(1) laterality index 

(Volumes of activation 

for each anatomical 

region was compared 

between hemisphere.) 

 

(2) relative volume 

 

(voxels activated when 

surpassed threshold of a 

false determination rate 

of less than 0.01. Total 

number of active 

voxels.) 

 

(3) intensity index 

 

(change in BOLD 

signal intensity during 

active movement versus 

rest.) 

10 10 (1) Active range of motion for the finger (deg) 

 

(electro goniometer attached to the more 

paretic hand, with the potentiometer centred 

on the MP joint of the index finger. To 

determine range of motion, participants made 

a fist, followed by maximum extension of the 

index finger. This movement was held at the 

peak of each motion for approximately 3s, a 

voltage signal was recorded and converted 

into an angular value (degrees).) 

 

10 10 

        

*Only 8 participants had usable motion analysis data and only 6 had usable sEMG data 
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TTable 4. Motor impairment and neurophysiological measures  before and after the intervention phase 

Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Before PostAfter Significant change measure PreBefore PostAfter Significant change 

[24] 1. Ashworth 

proximal 

m = 1.24 

sd = 1.25 

m = 1.18 

sd = 1.25 

x 1. Stimulation 

efficacy1 

comparison across 

hemispheres, 

APB for the M1 

 

Not 

reported 

Not 

reported 

↑ Ipsilesional 

 

m = 4.17 

sd = 9.86 

p < .01 

 2. Ashworth distal m = 1.47 

sd = 1.51 

m = 1.35 

sd = 1.19 

x 2. Stimulation 

efficacy1 comparison 

across hemispheres, 

ECR for the M1 

 

Not  

reported 

Not 

reported 

↑ Ipsilesional 

 

m = 5.21 

sd = 10.98 

p = 0.05 

 3. More paretic 

fingers 

flexion/extension 

Not  

reported 

Not  

reported 

↑ week 2/3  p = 0.01 3. Centroid location 

of the cortical motor 

areas, producing 

MEPs 

APB in M1 

 

med = 0.1 

 

med = 

0.55  

 

x 

 4. Grip force (kg) m = 6.15 

sd = 5.04 

m = 6.36 

sd = 5.82 

x 4. Centroid location 

of the cortical motor 

areas, producing 

MEPs 

ECR in M1 

med = 

0.72  

 

med = 

1.41  

 

x 

 5. MRC proximal m = 3.47 

sd = 0.51 

 

m = 3.35 

sd = 

86.18 

x      

 6. MRC distal m = 2.82 

 sd = 1.19 

 

m = 3.12 

sd = 1.05 

x      

 7. Fugl -– Meyer 

upper limb 

m = 42.94 

sd = 14.37 

m = 42.77 x       
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Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Before PostAfter Significant change measure PreBefore PostAfter Significant change 

 sd = 

15.02 

[26] 1. Active range of 

motion wrist 

extensorion (deg) 

 

m = 31.6 

sd = 17.7 

m = 25.4 

sd = 17.7 

x  1. Maximum 

Voluntary 

Contractions 

(MVCs) 

m = 3.47 

sd = 5.85 

m = 5.84 

sd = 9.78 

↑ selection 

activation of 

the wrist 

extensor  

z = -1.992 

p = 0.046 

 2. Elbow 

extension (deg) 

m = 96.8, 

sd = 24.7 

 

m = 95.5, 

sd = 22.1 

x       

 3. Reach time (s) m = 2.52, 

sd = 1 

m = 95.5, 

sd = 22.1 

x       

 4. Maximum 

trunk 

displacement 

(mm) 

 

m = 

123.22  

sd = 65.1 

m = 131.7 

sd = 49.6 

x       

[23] 1. Finger Aactive 

range of motion 

for the finger 

(deg) 

m = 64.5, 

sd = 10.8 

m = 86.5 

sd = 8.4 

↑ more 

paretic 

index 

finger  

p = 

0.004 

1. Relative volume 

(fMRI) 

Not 

reported 

Not 

reported 

↓ Ipsilesional in 

the SMA 

anatomical 

region 

 

p = 0.008 

      2. Laterality index 

(fMRI) 

 

Not 

reported 

Not 

reported 

x  

      3. Intensity index 

(fMRI) 

 

Not 

reported 

Not 

reported 

x  

[25] 1. Fugl-Meyer 

upper extremity 

m = 51 

sd = 7.12 

m = 58 

sd = 6.25 

x  1. Laterality index 

(fMRI) 

m = 0.1 

sd = 0.2 

m = 0.9 

se = 0.1 

↑ ipsilesional in 

the SM1 

anatomical 

region 

p < 0.05 
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Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Before PostAfter Significant change measure PreBefore PostAfter Significant change 

 

      2, Number of 

significantly 

activated voxels 

m = 57.8 

se = 27.2 

m = 4.4 

sd = 4.4 

↑ Ipsilesional in 

the SM1 

anatomical 

region 

 

p = 0.05 

NB. 1. The stimulation efficacy was determined as the greatest value in the 80th percentile of Motor Evoked Potentials (MEPs); divided by the maximum stimulation 

intensity 

m = mean; sd = standard deviation; med = median; se = standard error.  

ABP = abductor pollicis longus muscle; ECR = Extensor Carpi Radialis; M1 = primary motor cortex; SM1 = Sensorimotor cortex 

MEPs = Motor Evoked Potentials; fMRI = functional magnetic resonance imaging 
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Table 56. Potential risk of bias assessed with the Cochrane tool.  

Study 

reference 

Random 

sequence 

generation 

(selection bias) 

Allocation 

concealment     

Selective 

reporting 

(reporting 

bias) 

Blinding or 

participants and 

personnel 

(performance 

bias) 

Blinding of 

outcome 

assessment 

(Detection bias) 

Incomplete 

outcome data 

(attrition bias) 

[24] 
      

[23] 
      

[26] 
      

[25] 
      

 Key. 

                      Low risk of bias  

                      Unclear risk of bias         

                      High risk of bias 
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Table 7. Measurement values pre-VR and post-VR intervention 

Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Pre Post Significant change measure Pre Post Significant change 

[24] 1. Ashworth 

proximal 

m = 1.24 

sd = 1.25 

m = 1.18 

sd = 1.25 

x 1. Stimulation 

efficacy1 

comparison across 

hemispheres, 

APB for the M1 

 

Not 

reported 

Not 

reported 

↑ Ipsilesional 

 

m = 4.17 

sd = 9.86 

p < .01 

 2. Ashworth distal m = 1.47 

sd = 1.51 

m = 1.35 

sd = 1.19 

x 2. Stimulation 

efficacy1 comparison 

across hemispheres, 

ECR for the M1 

 

Not  

reported 

Not 

reported 

↑ Ipsilesional 

 

m = 5.21 

sd = 10.98 

p = 0.05 

 3. More paretic 

fingers 

flexion/extension 

Not  

reported 

Not  

reported 

↑ week 2/3  p = 0.01 3. Centroid location 

of the cortical motor 

areas, producing 

MEPs 

APB in M1 

 

med = 

0.1 

 

med = 

0.55  

 

x 

 4. Grip force m = 6.15 

sd = 5.04 

m = 6.36 

sd = 5.82 

x 4. Centroid location 

of the cortical motor 

areas, producing 

MEPs 

ECR in M1 

med = 

0.72  

 

med = 

1.41  

 

x 

 5. MRC proximal m = 3.47 

sd = 0.51 

 

m = 3.35 

sd = 

86.18 

x      

 6. MRC distal m = 2.82 

 sd = 1.19 

 

m = 3.12 

sd = 1.05 

x      

 7. Fugl - Meyer m = 42.94 

sd = 14.37 

m = 42.77 x       
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Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Pre Post Significant change measure Pre Post Significant change 

 sd = 

15.02 

[26] 1. Active range of 

motion wrist 

extensor (deg) 

 

m = 31.6 

sd = 17.7 

m = 25.4 

sd = 17.7 

x  1. Maximum 

Voluntary 

Contractions 

(MVCs) 

m = 3.47 

sd = 5.85 

m = 5.84 

sd = 9.78 

↑ selection 

activation of the 

wrist extensor  

z = -1.992 

p = 0.046 

 2. Elbow 

extension (deg) 

m = 96.8, 

sd = 24.7 

 

m = 95.5, 

sd = 22.1 

x       

 3. Reach time m = 2.52, 

sd = 1 

m = 95.5, 

sd = 22.1 

x       

 4. Maximum 

trunk 

displacement 

(mm) 

 

m = 

123.22  

sd = 65.1 

m = 131.7 

sd = 49.6 

x       

[23] 1. Active range of 

motion for the 

finger (deg) 

m = 64.5, 

sd = 10.8 

m = 86.5 

sd = 8.4 

↑ more 

paretic 

index finger  

p = 0.004 1. Relative volume 

(fMRI) 

Not 

reported 

Not 

reported 

↓ Ipsilesional in 

the SMA 

anatomical 

region 

 

p = 0.008 

      2. Laterality index 

(fMRI) 

 

Not 

reported 

Not 

reported 

x  

      3. Intensity index 

(fMRI) 

 

Not 

reported 

Not 

reported 

x  

[25] 1. Fugl-Meyer 

upper extremity 

m = 51 

sd = 7.12 

m = 58 

sd = 6.25 

x  1. Laterality index 

(fMRI) 

m = 0.1 

sd = 0.2 

m = 0.9 

se = 0.1 

↑ ipsilesional in 

the SM1 

anatomical 

region 

p < 0.05 
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Study 

reference  

Motor impairment changes reported Neurophysiological changes reported 

measure Pre Post Significant change measure Pre Post Significant change 

 

      2, Number of 

significantly 

activated voxels 

m = 57.8 

se = 27.2 

m = 4.4 

sd = 4.4 

↑ Ipsilesional in 

the SM1 

anatomical 

region 

 

p = 0.05 

NB. 1. The stimulation efficacy was determined as the greatest value in the 80th percentile of Motor Evoked Potentials (MEPs); divided by the maximum stimulation 

intensity 

m = mean; sd = standard deviation; med = median; se = standard error.  

ABP = abductor pollicis longus muscle; ECR = Extensor Carpi Radialis; M1 = primary motor cortex; SM1 = Sensorimotor cortex 

MEPs = Motor Evoked Potentials; fMRI = functional magnetic resonance imaging 
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