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Abstract

Background Spinal cord injury (SCI) is a common neurological condition marked by damage to the spinal cord.
In the field of neurological rehabilitation, virtual reality (VR) is increasingly employed for evaluating and addressing
the physical limitations caused by SCI. This study aimed to describe and calculate the effect sizes of virtual reality
intervention (VR) on the functional performance of SCI.

Methods We searched PubMed, Embase, Web of Science, and Cochrane Library to identify articles published before
October 30, 2023, that addressed the intervention of SCI using virtual reality technology. We excluded from the meta-
analysis articles that did not provide enough data to evaluate the association between virtual reality intervention and
spinal cord injury. The RevMan 5.4 statistical software was used for data analysis.

Results We included 16 articles in the systematic review and pooled 9 for the meta-analysis, which were 5
randomized controlled trials (RCTs) and 4 non-RCTs, including 248 subjects. The outcome measure of the walking
index for spinal cord injury, limits of stability testing and berg balance scale scores improved in non-RCTs.

Conclusion VR has shown promise in enhancing walking ability and balance function in individuals with SCI.
However, the existing evidence for VR interventions in SCl patients remains limited, highlighting the necessity for
future studies in this area.
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Background

Spinal cord injury (SCI) is a common neurological disor-
der [1] characterized by damage to the spinal cord, which
can lead to sensory, motor, bladder, and bowel dysfunc-
tion below the level of injury. The global prevalence of
SCI is estimated to be 223-755 per million people. The
incidence is estimated to be 10.4—83 per million people.
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lead to a decline in quality of life [3].
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Currently, there is no specific drug for the treatment
of SCI patients. The main treatment is rehabilitation
training to improve the patient’s function and daily liv-
ing ability. Virtual reality (VR) is a rapidly developing
technology that has been shown to be promising for the
rehabilitation of various neurological disorders [4]. VR
is a technology that creates a user-computer interface
using computer software. It is immersive, constructive,
and interactive. VR provides patients with multi-channel
sensory input through devices such as controllers, gloves,
and exoskeletons. Users can also interact with the envi-
ronment [5]. This stimulation helps to promote neural
functional plasticity. VR can provide a variety of safe and
diverse environments, which makes it widely used in
neurological disorders. Meta-analyses have shown that
VR can significantly improve the upper limb function
and balance function of stroke patients [6]. It can also
improve the balance function of Parkinson’s disease and
multiple sclerosis patients to a certain extent [7]. How-
ever, the efficacy of VR intervention varies for different
diseases, as each disease has different prognoses.

Although VR is also widely used in the rehabilitation
of SCI patients [8], the efficacy of VR intervention is still
controversial. Chang-Man An [9] et al. found that VR can
significantly improve the walking index for spinal cord
injury (WISCI) in SCI patients, while Michael Villiger
[10] et al. found that VR intervention did not significantly
improve WISCI scores in SCI patients. Amanda Vitéria
Lacerda de Aradjo [11] et al's meta-analysis suggested
that VR can significantly improve the motor function of
SCI patients, but Amaranta De Miguel-Rubio [12] et al’s
meta-analysis found that VR training did not significantly
improve upper limb motor function in SCI patients.
Therefore, the efficacy of VR for SCI rehabilitation needs
further exploration.

Because immersive VR training and non-immersive VR
training provide different sensory stimulation to patients,
they may have different effects on patient rehabilitation.
However, this has not been explored in previous meta-
analyses. In addition, VR for rehabilitation can be divided
into commercial games and non-commercial VR pro-
grams. Commercial VR games are designed for healthy
people, and patients may not be able to adapt to them
well, resulting in poor rehabilitation outcomes. However,
previous meta-analyses have not explored the effects of
these two types of VR on SCI patients. In addition, some
studies have shown that more than 8-12 weeks of exer-
cise can significantly improve patient cardiopulmonary
function [13], while 4 weeks of continuous exercise can
significantly improve patient cognition, balance, and
endurance [14]. However, other studies have shown that
different treatment times do not have a significant differ-
ence in the improvement of patient upper limb function
[15]. Therefore, the duration of VR intervention is also a
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worthy topic to explore. Previous meta-analyses have not
studied the duration of intervention.Therefore, this meta-
analysis aims to evaluate the effectiveness of VR interven-
tion on the functional performance of SCI patients, and
to explore the effects of different VR intervention times
on the functional improvement of SCI patients.

Materials and methods

The approach to literature search and analysis aligned
with the guidelines provided by the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) [16]. The study was registered with the Inter-
national Prospective Register of Systematic Reviews on
November 19,2023 (Registration: CRD42023448409).

Search strategy and selection criteria

We searched articles published in PubMed, Embase, Web
of Science and Cochrane Library from the beginning of
the database to October 30, 2023 with medical subject
heading (MeSH) terms and text words (or synonyms)
for (“Spinal Cord Injuries” or “paraplegia”) and (“Virtual
Reality” or “Video Games”). Additional file 1: Table S1
details the comprehensive search strategy employed for
each database.

Inclusion criteria for this meta-analysis were the fol-
lowing: (1) population: adults with SCI (age>18 years);
(2) intervention: any form of virtual reality interven-
tion; (3) comparisons: we included studies comparing:
VR therapy versus conventional rehabilitation interven-
tions; VR therapy combined with conventional rehabili-
tation interventions versus conventional rehabilitation
interventions alone; pre-post assessments of VR therapy
(before and after intervention)” (4) outcome measures:
any functional outcome measures related to SCI patients.
The primary outcome measures encompassed motor
function and balance function. Motor function was
assessed through indicators such as the extremity motor
score (EMS) via manual muscle strength assessment [17],
the box and block test (BBT)[17], the 10-meter walk test
(LOWMT)[18], the WISCI [17] and timed up and go test
(TUG) etc. Additionally, balance function was evaluated
using measures such as the berg balance scale (BBS)[19]
and limits of stability testing (LOS)[9] etc. The second-
ary outcome measures included evaluation of activities
of daily living was conducted through instruments like
the Barthel Index, measuring daily activities and overall
living abilities. (5) study design: we included both ran-
domized and nonrandomized clinical trials (including
pre-post studies) published in English. Nonrandomized
trials were included due to the limited number of RCT on
this emerging topic of VR therapy. Analyzing the prelimi-
nary results from these studies is crucial for informing
and guiding future research in this area [20]. Exclusion
criteria included the following: (1) non-English literature;
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(2) unable to access the full text; (3) duplicated literature.
Studies with the most complete data or the latest publica-
tion date as the standard for inclusion. Additionally, the
trial’s acceptability and safety were assessed through the
documentation of dropout rates, representing the pro-
portion of patients withdrawing or missing follow-up
for various reasons, and the recording of adverse events.
Adverse events, encompassing various discomfort symp-
toms like nausea and vomiting, were documented, and
the incidence of adverse events reflected the proportion
of patients experiencing such occurrences post-interven-
tion. These comprehensive secondary outcome measures
provided a thorough evaluation of functional indepen-
dence, dropout rates, and safety considerations within
the study.

Literature screening

Two researchers independently conducted literature
searches and screenings based on the defined search
strategy and criteria. The process involved two steps: In
step 1, retrieved literature from databases and relevant
research reviews were imported into EndNote. Titles and
abstracts of deduplicated literature were then reviewed to
identify articles meeting or potentially meeting inclusion
criteria. In step 2, full texts of the screened literature from
step 1 were further examined based on inclusion/exclu-
sion criteria, and reasons for exclusion were recorded.
In cases of uncertainty, researchers re-evaluated full

Table 1 Scoring criteria for the included studies
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texts and, if necessary, contacted corresponding authors
for clarification. Disagreements were resolved by a third
researcher for a final decision.

Data extraction

Two researchers autonomously extracted data based on
a predefined table, systematically reviewing and confirm-
ing the final dataset collaboratively. In case of discrepan-
cies, resolution was achieved through discussion with a
third researcher. The extracted data encompassed cru-
cial details, including article title, country, first author’s
name, and publication year. Methodological particulars,
such as research design, sample size, participants’ demo-
graphics, SCI details, intervention specifics, and outcome
measures, were meticulously included in the extraction
process.

Quality assessment

Two researchers separately evaluated the quality of the
included articles using an eight-item quality assessment
tool (Table 1) [21-23]. The items evaluated included:
adequate description of the randomization procedure; A
control group; measurement of outcome measures before
and after intervention; a follow-up rate of less than 70%;
documentation or analysis of missing data; calculation of
sample size; effective evaluation method; follow-up. The
articles were rated as either “1” (the item is described or
exists) or “0” (the item is described insufficiently or does

Scoring Criteria of Intervention Studies

Randomization

YES: participants were randomized to study conditions at the individual, stratified, or block levels.

NO: authors failed to mention randomization, specify another method of assigning group status, or group-level randomization

with individual level analysis.

YES: study retention was at least 70% of participants who initially agreed to be in the study, as calculated by entire sample not

by groups. For studies that did not report retention or dropout rates, retention can be calculated using the sample sizes used for

NO: study retention was less than 70% of participants who initially agreed to be in the study, as calculated by the entire sample

Control YES: study included a comparison group—no treatment, delayed treatment, or alternate treatment.
NO: study did not include a comparison group of any type.
Pre-Post YES: behavior assessment was assessed before and after the intervention.
NO: behavior assessment was administered after the intervention.
Retention
analyses (e.g., 300 randomized, but only 250 were included in analyses, 83.3% retention).
not by groups.
Missing Data

treat, imputation) or 100% retention.

YES: analyses were conducted with consideration for missing data that maintain fidelity of the randomization (e.g., intent to

NO: listwise case deletion (completer analysis). Studies that failed to explicitly mention how they dealt with missing data. Au-
thors compared the “dropped subgroup”with the selected or
randomized sample but did not consider the impact of the dropped subgroup on randomization (e.g., intent to treat or

imputation).
Power Analysis

YES: power analysis was conducted to determine sample size and/or effect size.

NO: Neither sample size was determined by power analysis nor was effect size reported.

Validity Measure

YES: descriptions of measures included reliability and validity information, either as reference or coefficients. Measures were

considered to be known, well-established measures. Objective

measures were used as indications of behaviors.

NO: descriptions of measures did not include reliability and validity measures. Objective behaviors were used as proxy measures.

Follow-Up Participations were followed up.

Score Sum of yes coded
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not exist). Each “1” was worth 1 point. A study was con-
sidered to be “high quality and low risk of bias” if its score
after scoring all items was above the median of 4.5 points.
Studies with scores below the median were considered to
be “low quality and high risk of bias”

Data analysis

We conducted a meta-analysis of all VR intervention
groups from both RCTs and non-RCTs to explore the
overall effect of VR intervention on functional improve-
ment in spinal cord injury patients. Additionally, we
performed a separate meta-analysis of RCTs to compare
the change scores between the VR intervention and tra-
ditional rehabilitation groups. Review Manager 5.4 was
used for data analysis. Cochran’s Q test was used for
qualitative analysis of study heterogeneity, and I* was
used for quantitative analysis of heterogeneity. If P>.1,
><50%, it suggests that there is no significant heteroge-
neity between studies, and a fixed-effect model is used for
analysis. If P<.1, *>50%, it is considered that there is a
large heterogeneity between studies, and a random-effect
model is used for analysis. When the outcome measure is
binary variable data, the combined effect size is the odds
ratio (OR), and the 95% credible interval (CI). When the
outcome measure being analyzed is continuous variable
data, if the studies are on the same scale, the weighted
mean difference (MD) and 95% CI are used; if the studies
are on different scales, the standardized mean difference
(SMD) and 95% CI are used. A difference is considered
statistically significant if P<.05. Subgroup analysis and
sensitivity analysis (when the number of combined items
is 23) are also used. A funnel plot is used to evaluate the
publication bias between studies.

Results

Study selection and the characteristics of included studies

As of October 30, 2023, a total of 2,588 articles were
retrieved according to the search strategy, including
1,470 articles from Web of Science, 420 articles from
PubMed, 193 articles from Cochrane Library, and 505
articles from Embase. Three articles were included after
reviewing related reviews and references. After excluding
duplicate files, 1,640 articles remained. After reading the
titles and abstracts, 1,598 articles were excluded. After
carefully reading 42 full texts, 25 articles were excluded
(2 case reports, 4 trial designs, 6 reviews, 5 conference
reports, and 9 articles that did not focus on functional
outcomes). Finally, a total of 16 studies were included in
the systematic review [9, 10, 24—37]. Nine of them were
included in the meta-analysis [9, 10, 24—30], of which 5
were randomized controlled trials [24, 25, 27, 29, 30] and
4 were within-subject controlled studies [10, 26, 28, 33].
The detailed screening flowchart is shown in Fig. 1.
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A total of 248 subjects (comparison group (CG),
n=185; intervention group (IG), n=63) took part in the
different studies. The highest number of participants
was achieved by ILDimbwadyo-Terrer 2016. (n=31).
In contrast, only 5 subjects participated in the study by
Tracy Wall 2015 [37]. The average age of the participants
ranged from 28 to 61. Concerning the neurological level
of injury, most studies included participants injured at
cervical or thoracic levels. According to the American
Spinal Injury Association Impairment Scale (AIS), most
studies included participants with C-D levels. The main
characteristics of the participants are shown in Table 2.

Regarding the intervention protocols, all the studies
analyzed the effects of VR interventions through different
technological devices. In terms of VR systems, the semi-
immersive VR system used in 9(56%) studies, the immer-
sive VR system used in 7(43%) studies; 6(37.5%) studies
utilized commercial VR games, while 10(62.5%) studies
employed specially designed VR systems. Concerning the
duration and intensity of the protocols, the longest total
duration of intervention was achieved by Min-Jae Lee et
al. [29] with a total of 8 weeks. The longest session dura-
tion (60 min) was achieved by Lynsey D Duffell [26], N
Hasnan [34], Rosanne B van Dijsseldonk [36], Tracy Wall
[37], and the highest program intensity was carried out by
I. Dimbwadyo-Terrer [38], Meetika Khurana [27], Min-
Jae Lee [29] (five times a week). Regarding the different
deficits treated, the vast majority of studies focused on
the motor function and daily life abilities of SCI patients.
Table 2 shows the main characteristics of the different
interventions performed by the different studies.

Quality assessments

The quality of the studies ranged from 4 to 7 points
(Table 3). 11(69%) studies scored higher than the median
of 4.5 points and were considered to be of high quality
and low risk of bias. 5(31%) studies scored lower than the
median of 4.5 points and were considered to be of low
quality and high risk of bias. Among the articles included
in the meta-analysis, 8(89%) are considered high-quality,
while 1(11%) are deemed low-quality. The most common
reasons for low-quality studies were: lack of randomiza-
tion, lack of a control group, lack of sample size calcula-
tion, and lack of follow-up.

Study groups included in the meta-analysis

Primary outcome

Motor function A total of 6 trials explored the effects of
VR on the motor function of SCI patients, using different
outcome measures, including the LEMS, BBT, 10MWT,
6-minute walk test, WISCI and TUG. For the tests men-
tioned in 2 or more studies, we conducted meta-analyses
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Fig. 1 flowchart
for (1) lower extremity motor score; (2) box and block test;
(3) 10-meter walk test; (4) WISCI; and 5)TUG.
1) Lower extremity motor function, LEMS
A total of 2 studies [10, 28] (total of 25 participants)

reported on the lower extremity motor score. The results,
reported in scores, showed that there was no significant

difference in the scores of patients before and after train-
ing (mean difference=2.60, 95% confidence interval:
-1.58 to 6.79, P=.22) (Fig. 2). There was no significant
heterogeneity (heterogeneity results: P=.96, 1°=0%),
therefore a fixed-effect model was chosen.

2) Box and block test, BBT
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Table 3 Assessment of literature quality
Studies Randomization Control  Pre-Post Retention Miss- Power Validity ~ Follow-Up Score Inclusionin
ing  analysis measure meta-
data analysis
Chang-Man 0 0 1 1 1 0 1 0 4 Yes
An [9]
Da Young Lim 1 1 1 1 1 0 1 0 6 Yes
[24]
l. Dimbwadyo- 1 1 1 1 1 0 1 1 7 Yes
Terrer [38]
Lynsey D Duffell 0 0 1 1 1 0 1 1 5 Yes
[26]
Meetika 1 1 1 1 1 0 1 0 6 Yes
Khurana [27]
Michael Villiger 0 0 1 1 1 0 1 1 5 Yes
(1]
Michael Villiger 0 0 1 1 1 0 1 1 5 Yes
[28]
Min-Jae Lee [29] 1 1 1 1 1 1 1 0 7 Yes
Somya Prasad 1 1 1 1 1 0 1 0 6 Yes
[30]
Aarén Man- 1 1 1 1 1 0 1 0 6 No
zanares [31]
Madhusree 0 0 1 1 1 1 1 0 5 No
Sengupta [32]
Michael Villiger 0 0 1 1 1 0 1 1 5 No
(33]
NHasnan[34] 0 0 1 1 1 0 1 0 4 No
Meyke Roosink 0 0 1 1 1 0 1 0 4 No
[35]
RosanneBvan 0 0 1 1 1 0 1 0 4 No
Dijsseldonk [36]
TracyWall [37] 0 0 1 1 1 0 1 0 4 No
post-intervention pre-intervention Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Michael Villiger 2013 431 7.8 14 404 7.9 14 51.8% 270[3.12 852 =
Michael Villiger 2017 42 7.6 11 394 6.8 11 48.2% 2.50[-3.53, 8.53] L
Total (95% Cl) 25 25 100.0% 2.60[-1.58, 6.79] . “,’ .

Heterogeneity: Chi*= 0.00, df=1 {P = 0.96); F= 0%
Test for overall effect: Z=1.22 (P=0.22)

Fig. 2 Comparison before and after VR training: forest plot of EMS

post-intervention pre-intervention

-10 -5 0 5 10
pre-intervention post-intervention

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Da Young Lim 2020 57.26 12.65 10 5279 11.89 10 554% 4.47[6.29 15.23] 0
Somya Prasad 2018 28 1551 12 21.91 14.47 12 446% 6.09[591,18.09) =
Total (95% Cl) 22 22 100.0% 5.19[-2.82, 13.20] "P"

Heterogeneity: Chi*=0.04, df=1{(P=0.84), F=0%
Test for overall effect: Z=1.27 (P =0.20)

Fig. 3 Comparison before and after VR training: forest plot of BBT

A total of 2 studies [24, 30] (total of 22 participants)
reported on the box and block test score. The results,
reported in scores, showed that there was no significant
difference in the scores of patients after and before train-
ing (mean difference=5.19, 95% confidence interval: -2.82

-20 -10 0 10 20
pre-intervention post-intervention

to 13.20, P=.20) (Fig. 3). The meta-analysis revealed that
the VR group showed significantly greater improvements
compared to the traditional rehabilitation training group,
as indicated by the change scores from pre- to post-inter-
vention (mean difference=4.37, 95% confidence interval:
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Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI

Da Young Lim 2020 447 12.29 10 248 1376 10  6.2% 1.99[-9.44 13.42]

Somvya Prasad 2018 6.09 45 11 156 1.88 9 938% 453[1.60,7.46] _._
Total (95% CI) 21 19 100.0% 4.37[1.54,7.21] ’
Heterogeneity: Chi*= 0.18, df= 1 (P = 0.67); F= 0% a0 5 D t 1

Test for overall effect: Z=3.02 (P=0.003)

control experimental

Fig. 4 Comparison of change scores between VR group and traditional group: forest plot of BBT

post-intervention pre-intervention

Study or Subgroup Mean SD Total Mean

SD Total Weight

Mean Difference
IV, Fixed, 95% CI

Mean Difference
IV, Fixed, 95% CI

Michael Villiger 2013 113 038 13 0899 034 13 726% 0.14[0.14,042] T
Michael Villiger 2017 113 052 10 1.09 051 10 27.4% 0.04[-0.41,0.49] -
Total (95% Cl) 23 23 100.0% 0.11[-0.12, 0.35] ‘P"
o Az _ — = } } t t t
Heterogeneity: Chi*=0.14, df=1{P=0.71); F=0% 05 095 b 095 05

Test for overall effect: Z=0.93 (P =0.35)

Fig. 5 Comparison before and after VR training: forest plot of 10WMT

post-intervention pre-intervention

pre-intervention post-intervention

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chang-Man An 2017 179 1.9 10 163 1.57 10 63.7% 1.60[0.07,3.13]

Michael Villiger 2013 15.6 5.2 14 145 48 14 109% 1.10[2.61,4.81)

Michael Villiger 2017 17.6 29 1 17 29 11 255% 0.60[1.82 3.02] -

Total (95% CI) 35 35 100.0% 1.29[0.07,2.51] eI
Heterogeneity: Chi*= 0.48, df= 2 (P = 0.79); F= 0% ] + D ¥ j

Test for averall effect: Z= 2.07 (P = 0.04)

Fig. 6 Comparison before and after VR training: forest plot of WISCI

1.54 to 7.21, P=.003) (Fig. 4). Both results showed no
significant heterogeneity (heterogeneity results: P=.84,
’=0%; P=.67, 1>=0%). Therefore, a fixed-effect model
was chosen for both results.

3) 10 M walk test, I0OWMT

Two studies [10, 28] (total of 23 participants) reported
on the 10-meter walk test for patients before and after
training. The results showed that there was no significant
difference in the 10-meter walk test speed (meters per
second) before and after training (mean difference=0.11,
95% confidence interval: -0.12 to 0.35, P=.35) (Fig. 5).
The study results showed no significant heterogeneity
(heterogeneity results: P=.71, 1*=0%), therefore a fixed-
effect model was chosen.

4) Walking index for spinal cord injury, WISCI

Three studies [9, 10, 28] (total of 35 participants)
reported on the WISCI score. The results, reported in
scores, showed that there was a significant difference
in the WISCI score before and after training (mean dif-
ference=1.29, 95% confidence interval: 0.07 to 2.51,
P=.04) (Fig. 6). The study results showed no significant

pre-intervention post-intervention

heterogeneity (heterogeneity results: P=.79, 1*=0%),
therefore a fixed-effect model was chosen.

5) Timed up and go test, TUG

Two studies [9, 28] (total of 20 participants) reported on
the “stand-up-walk” timing test score. The results showed
that there was no significant difference in the scores (sec-
onds) of patients before and after training (mean differ-
ence=1.98, 95% confidence interval: -0.72 t04.69, P=.15)
(Fig. 7). The study results showed no significant hetero-
geneity (heterogeneity results: P=.73, I*’=0%), therefore a
fixed-effect model was chosen.

Balance function Three studies evaluated the effects
of VR on the balance function of SCI patients, including
the LOS, and the BBS. A meta-analysis was conducted on
these studies.

1) Limits of stability testing, LOS

Two studies [9, 29] (total of 20 participants) reported
on the stability limit test. The results, reported in
scores, showed that there was a significant difference in
the stability limit test scores before and after training
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Mean Difference Mean Difference

Study or Subgrou| Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Chang-Man An 2017 15.4 75 10 144 6.8 10 18.6% 1.00[5.27, 7.27)

Michael Villiger 2017 1935 3.23 10 1714 361 10 81.4% 2.21[-0.79, 5.21] _—._
Total (95% CI) 20 20 100.0% 1.98[-0.72, 4.69] =i
Heterogeneity: Chi*=0.12, df=1{P=0.73); F=0% t

Testfor overall effect Z=1.44 (P=0.15)

Fig. 7 Comparison before and after VR training: forest plot of TUG

post-intervention pre-intervention

4 -2 0 2 4
post-intervention pre-intervention

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD _Total Mean SD _Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Chang-Man An 2017 46.4 573 10 32 6.33 10 41.7% 2.28[1.10, 3.46] —
Min-Jae Lee 2021 55626 21297 10 2,784 1,720.65 10 58.3% 1.37 [0.38, 2.37) ——

Total (95% Cl) 20 20 100.0% 1.75[0.99, 2.52] e

Heterogeneity: Chi*=1.33, df=1 (P =0.25); F= 25%
Test for overall effect: Z= 4.51 (P < 0.00001)

Fig. 8 Comparison before and after VR training: forest plot of LOS

post-intervention
Study or Subgroup Mean SD _Total Mean

pre-intervention

SD _Total Weight IV, Fixed. 95% CI

2 1 0 1 2
pre-intervention postintervention

Mean Difference
IV, Fixed, 95% Cl

Mean Difference

Chang-Man An 2017 401 26 10 357 323
Michael Villiger 2013 449 145 14 414 167 14
Michael Villiger 2017 433 126 11 415 127 11

Total (95% Cl) 35
Heterogeneity. Chi*=0.23, df= 2 (P =0.89), F=0%
Test for overall effect: Z=3.39 (P = 0.0007)

Fig. 9 Comparison before and after VR training: forest plot of BBS

post-intervention
Mean

pre-intervention
Study or Subgrou

10 90.2%
4.4% 3.50[-8.09,15.09)
53% 1.80[8.77,12.37]

35 100.0%

SD Total Mean SD Total Weight IV, Random, 95% CI

B S

4.40[1.83,6.97]

-

40 5 D 5 10
pre-intervention post-intervention

4.22[1.78, 6.66]

Mean Difference
IV, Random, 95% CI

Mean Difference

|. Dimbwadyo-Terrer 2016 4.38  2.47 15 325 23 15 494%  1.13[-0.58,2.84]

Meetika Khurana 2017 13 151 15 6 16 15 50.6% 7.00[5.89, 8.11] ——
Total (95% CI) 30 30 100.0%  4.10[-1.65, 9.85]

Heterogeneity: Tau?= 16.69; Chi*= 31.84, df=1 (P =< 0.00001); F= 97% 51 g 5 5 5 10‘

Testfor overall effect: Z=1.40 (P=0.16)

Fig. 10 Comparison before and after VR training: forest plot of SCIM self-care

(standardized mean difference=1.75, 95% confidence
interval: 0.99 to 2.52, P<.01) (Fig. 8). The study results
showed no significant heterogeneity (heterogeneity
results: P=.25, ?’=25%), therefore a fixed-effect model
was chosen.

2) Berg balance scale, BBS

Three studies [9, 10, 28] (total of 35 participants)
reported on the Berg Balance Scale score. The results,
reported in scores, showed that there was a significant
difference in the Berg Balance Scale scores before and
after training (mean difference=4.22, 95% confidence
interval: 1.78 to 6.66, P<.01) (Fig. 9). The study results
showed no significant heterogeneity (heterogeneity
results: P=.89, I>=0%), therefore a fixed-effect model
was chosen.

pre-intervention post-intervention

Secondary outcome measures
Activities of daily living Spinal cord independence mea-
sure, SCIM

Six studies [10, 24—28] (total of 80 participants) reported
on the spinal cord independence measure (SCIM)
score[17]. Meta-analyses were conducted separately for
SCIM self-care, SCIM mobility, and total SCIM scores.
The results, reported in scores, showed that there was no
significant difference in the scores of patients before and
after training (SCIM self-care: mean difference=4.10,
95% confidence interval: -1.65 to 9.85, P=.16; SCIM
mobility: mean difference=1.80, 95% confidence inter-
val: -2.25 to 5.85, P=.38;total SCIM scores: mean dif-
ference=2.69, 95% confidence interval: -8.27 to 13.65,
P=.63) (Figs. 10, 11 and 12). There was also no signifi-
cant difference between the VR group and the traditional
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Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Michael Villiger 2013 N7 7.3 14 298 8.1 14 50.2% 1.90[3.81,7.61) T
Michael Villiger 2017 326 6.5 11 309 7.2 11 498% 1.70[4.03,7.43] i
Total (95% Cl) 25 25 100.0% 1.80[-2.25, 5.85] -"'—

Heterogeneity: Chi*= 0.00, df=1 {P = 0.96); F= 0%
Test for overall effect: Z=0.87 (P=0.38)

Fig. 11 Comparison before and after VR training: forest plot of SCIM mobility

post-intervention pre-intervention

4 -2 0 2 4
pre-intervention post-intervention

Mean Difference Mean Difference

Study or Subgroup Mean SD _Total Mean SD _Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI

Da Young Lim 2020 76.22 16.25 10 7264 1715 10 56.0% 3.58[11.06,18.22] =
Lynsey D Duffell 2019  57.82 23.46 15 56.27 2272 15 44.0% 1.55[-14.98,18.08] Ll

Total (95% CI) 25 25 100.0% 2.69[-8.27, 13.65]

Heterogeneity: Chi*=0.03, df=1 (P = 0.86); F=0% _1-0 -5 f] é 1-0

Testfor overall effect: Z= 0.48 (P = 0.63)

pre-intervention post-intervention

Fig. 12 Comparison before and after VR training: forest plot of total SCIM scores

experimental control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
|. Dimbwadyo-Terrer 2016 1.31 239 15 22 53 16 17.0% -0.89[-3.75,1.97)
Meetika Khurana 2017 7 156 15 6 203 15 83.0% 1.00[0.30,2.30] ——.—
Total (95% Cl) 30 31 100.0% 0.68 [-0.50, 1.86]

Heterogeneity: Chi*=1.39, df=1 (P =0.24);, F= 28%
Testfor overall effect Z=1.13 (P = 0.26)

-2

! t
0 2 4

control experimental

Fig. 13 Comparison of change scores between VR group and traditional group: forest plot of SCIM Self-Care

Table 4 Subgroup Analysis results

Studies Comparison statistics Heterogeneity P-value
MD SMD  95%Cl P-value  1%(%) be-tween
sub-groups
Subgroup analysis of walking index for spinal
cord injury
single intervention time <45 min VS >45 min
single intervention time <45 min 2 1.31 / -0.02, 2.61 0.05 0 0.91
single intervention time > 45 min 1 1.10 / -2.61,4.81 0.56 /

Abbreviations: Cl, confidence interval; df, degrees of freedom; SMD, standardized mean difference, ?P values are significantly different

rehabilitation training group in terms of the change
scores from pre- to post-intervention (MD=0.68, 95%
confidence interval: -0.50 to 1.86, P=.26) (Fig. 13). All
results showed no significant heterogeneity (SCIM self-
care: P=.24, 1>=28%; SCIM mobility: P=.96, I*=0%; total
SCIM scores: P=.86, ?’=0%), so the fixed-effect model
was chosen.

Dropout rate Ten studies reported on dropout rates for
the trials. Three studies [26, 29, 30] with a total of five
patients withdrew from the trial, with a dropout rate of
2.02%. One patient [29] withdrew from the trial before
randomization due to sudden deterioration of the dis-
ease. Three patients [26, 30] withdrew from the trial after
receiving VR training, and one patient [30] withdrew from
the traditional rehabilitation group after baseline assess-
ment. The dropout rates for the VR training group and

the traditional rehabilitation group were 4.76% and 0.54%,
respectively.

Adverse event The study by Lynsey D Duffell et al. [26]
reported no adverse events during the trial. The remain-
ing studies did not report the number and type of adverse
events.

Subgroup analysis

Subgroup analyses were performed for the WISCI
(Table 4). The results of the subgroup analysis indicate
that regardless of whether the single intervention time
is less than 45 min (MD=1.31, 95% confidence inter-
val: -0.02 to 2.61, P=.05) or 45 min or more(MD=1.10,
95% confidence interval: -2.61 to 4.81, P=.56), there was
no significant improvement in the WISCI scores of SCI
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patients before and after VR training. The forest plot is
located in Additional file 2: Figs. S1.

Sensitivity analysis

When the number of studies included in the meta-analy-
ses was equal to or greater than 3, we performed sensitiv-
ity analysis to explore the stability of the results. In the
sensitivity analysis, we performed a leave-one-out analy-
sis where each study was omitted one at a time, and the
remaining studies were re-analyzed to determine if the
overall meta-analysis results changed significantly with
the exclusion of each individual study. Table 5 displays
the estimates of effect sizes and their corresponding con-
fidence intervals for each iteration of the analysis, show-
ing how the removal of each specific study impacts the
overall meta-analysis results. This method helps to assess
the robustness of the overall findings and identify if any
single study disproportionately influences the meta-anal-
ysis results. The results for both the SCI walking index
(WISCI) and the Berg Balance Scale (BBS) changed when
Chang-Man An [9] was removed.

Publication bias

The funnel plots for the LEMS, BBT, 10WMT, WISCI,
LOS, TUG, BBS, SCIM self-care, SCIM mobility, total
SCIM scores and SCIM self-care (randomized controlled
trial) were generally symmetrical, indicating no obvious
publication bias. The funnel plots for the motor function
score and spinal cord independence measure (within-
subject trial) were asymmetrical, indicating publication
bias. The results are presented in Additional file 3: Figs.
S2.

Trials not included in meta-analysis

Among the seven studies excluded from the meta-
analysis, one was an RCT, while the remaining six were
non-RCTstudies. The studies were excluded from the
meta-analysis either due to missing data or because the
scales used in these studies were only employed in single
studies, preventing a meta-analysis. Aar6n Manzanares
[31] conducted a study where 11 participants were ran-
domly assigned to either an experimental group or a
control group. In addition to conventional rehabilitation

Table 5 Sensitivity analysis

Study omitted Estimate  Lower Cl limit Upper Cl limit
Walking index for spinal cord injury, WISCI

Chang-Man An [9] 0.75 -1.28 2.78

Michael Villiger [10] 1.31 0.02 261

Michael Villiger [28] 153 0.1 294

Berg balance scale, BBS

Chang-Man An [9] 2.57 -5.24 10.38

Michael Villiger [10] 4.25 1.76 6.75

Michael Villiger [28] 436 1.85 6.87

(2024) 21:191
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treatment, the experimental group received a semi-
immersive VR training for 30-40 min per day, three
times per week for six weeks. The results indicated that
the experimental group showed significant improve-
ments in mobility, balance variables, and overall qual-
ity of life. Sengupta M’s study [32] indicated that there
was a significant improvement in balance ability for SCI
patients before and after VR training. However, Rosanne
B van Dijsseldonk’s research [36] showed that there was
no significant improvement in balance ability for SCI
patients after VR training. Michael Villiger found that
VR can improve functional outcomes in SCI patients by
enhancing structural brain plasticity at the cortical and
brainstem levels following training [33]. Additionally,
Hasnan N [34] found that peak aerobic fitness in patients
significantly improves before and after VR training.

Discussion

While previous meta-analyses on VR in SCI exist, this
meta-analysis is particularly valuable and unique in its
focus on evaluating functional outcomes. We analyzed
the rehabilitation effects of VR in SCI patients, includ-
ing motor function, balance function, independent liv-
ing ability, and the occurrence of adverse events. These
studies were conducted in different countries, includ-
ing Korea, the United States, Spain, India, Canada and
Netherlands. Different VR systems were used, includ-
ing Toyra, Sony PlayStation 2, HTC VIVE VR Rehab
Ware, and Samsung Galaxy S3. The results showed that
VR training significantly improved walking ability and
balance function in SCI patients. Since only one study
reported adverse events, the safety of VR interventions
cannot be effectively assessed. More studies are needed
to properly evaluate VR’s safety in rehabilitation. How-
ever, compared to traditional rehabilitation training, the
dropout rate for VR is higher. This indicates that partic-
ipants may be less likely to stick with VR rehabilitation
compared to traditional methods. This could be due to
issues with VR equipment or software that may cause
frustration, or because some patients experience dizzi-
ness or discomfort after VR training [39].

Rehabilitation effects of virtual reality training on motor
function in SCI patients

Our investigation demonstrates that VR interventions
have the potential to enhance WISCI among individu-
als with SCI. The WISCI is a reliable metric for evalu-
ating patients’ walking ability, a fundamental aspect of
mobility rehabilitation [40]. This index assesses essential
components of walking, such as lower limb strength, bal-
ance, and coordination, which are critical for activities
like turning, transferring, standing, and walking. While
our overall analysis shows a significant improvement
in WISCI scores following VR training, the subgroup
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analysis based on single intervention time (<45 min and
245 min) revealed no significant effect of VR on WISCI
improvement in either subgroup. This suggests that the
significant improvement in WISCI observed in the over-
all analysis may not be directly tied to the length of indi-
vidual VR sessions. It is possible that factors other than
the length of a single intervention session, such as the
cumulative intervention time or the type of VR tasks
used, play a more crucial role in enhancing walking abil-
ity. Therefore, while VR has demonstrated a potential
benefit in improving walking function, these improve-
ments may not be solely dependent on the duration of
each session, highlighting the need for further research
to optimize VR intervention protocols for SCI patients.
Notably, our findings reveal a significant improvement in
these areas, following VR training among SCI patients.
However, our study also indicates that there was no sig-
nificant improvement in TUG performance after VR
training. This may be because the TUG test focuses more
on evaluating overall dynamic balance, walking speed,
and turning ability—skills that require a higher level of
walking competence [41]. Compared to the WISCI, the
TUG test is simpler, with more coarse-grained scoring
criteria. Achieving significant improvements in these
areas may necessitate a longer duration or higher inten-
sity of training, which the current VR intervention may
not adequately provide. Therefore, further research is
needed to explore the effects of VR on walking ability in
greater detail.

Our comprehensive meta-analysis reveals that VR
interventions do not significant improvements in lower
extremity motor function (LEMS) in SCI patients.
Motor function restoration stands as a pivotal rehabili-
tation objective for SCI patients. Despite VR’s inherent
advantages in rehabilitation, such as heightened patient
engagement, motivational reinforcement, and enhanced
training precision [42], previous meta-analyses [12, 42]
alongside our own findings suggest a limited impact on
motor function improvement. In particular, the meta-
analysis conducted by Amaranta De Miguel-Rubio et al.
[42] underscores this observation, attributing the under-
whelming outcomes of VR to the specific VR equipment
utilized. Notably, the studies included in the meta-analy-
sis for the LEMS outcome all employed non-immersive
VR platforms, whereas immersive VR technologies have
been shown to enhance patient focus. Consequently,
immersive VR modalities may hold promise in augment-
ing lower extremity motor function among SCI patients,
whereas non-immersive approaches may fall short in this
regard [43]. Moreover, various other factors inherent to
exercise training may influence rehabilitation efficacy,
such as the nature of tasks within each VR program and
individual participant characteristics. Hence, a more
nuanced analysis is warranted to identify an optimal VR

(2024) 21:191
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framework tailored to the specific motor function reha-
bilitation needs of SCI patients.

Our study findings revealed that although there was
no significant overall improvement in BBT scores for
SCI patients before and after VR training, the VR group
showed significant improvement compared to the tra-
ditional rehabilitation group. The International Clas-
sification of Functioning, Disability and Health (ICF)
[44] posits that activity limitations may be influenced
by functional level and structural damage, suggesting
that impaired upper extremity motor function could
also compromise hand function. For instance, in the
BBT test, lifting a block and moving it to a box requires
coordinated movements of the arm and hand, where
VR training may show greater effectiveness in improv-
ing such coordination tasks. Another possible expla-
nation is that the content of VR training may be more
targeted than traditional rehabilitation, particularly in
terms of fine motor skills and upper limb coordination.
However, while the VR group demonstrated relatively
greater improvement, the training may still not be fully
optimized to maximize hand function gains. Therefore,
future research should explore how different types of VR
software or training content affect hand function in SCI
patients to better understand VR’s potential advantages.

Rehabilitation effects of virtual reality training on balance
function in SCI patients

Our analysis demonstrated a significant enhancement
in the balance function of SCI patients following VR
interventions. Although most patients prioritize walk-
ing ability as the ultimate rehabilitation goal post-spinal
cord injury [9], it is imperative to recognize the crucial
role of balance function in facilitating walking. Both Lim-
its of Stability (LOS) and Berg Balance Scale (BBS) tests
serve as reliable measures of patients’ balance function.
LOS evaluates balance under relatively fixed center of
gravity conditions, whereas BBS assesses balance under
constantly shifting center of gravity conditions [45]. Our
study observed significant improvements in both LOS
and BBS scores post-VR training, corroborating findings
from Chang-Man An’s experiment [9]. In their study, par-
ticipants engaged in various torso movements and tasks
within a virtual environment, promoting self-disturbed
balance and enhancing standing balance. Nonetheless, it
is noteworthy that while frontal plane balance function
notably improved, sagittal plane balance ability did not
exhibit significant improvement, possibly due to varia-
tions in exercise directions during the specific training
regimen. Additionally, Kim’s [45] findings further under-
scored VR’s significant impact on enhancing BBS scores,
highlighting VR’s potential in improving the balance
function of SCI patients.
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Rehabilitation effects of virtual reality training on daily
living skills in SCI patients

Our analysis indicates that VR interventions did not
result in significant improvements in SCIM self-care,
SCIM mobility, or total SCIM scores. The primary aim
of rehabilitation for SCI patients is to enhance their
daily living abilities. SCIM, a disability scale tailored for
SCI patients, proves to be highly sensitive to functional
changes during rehabilitation, making it a crucial assess-
ment tool [46]. Therefore, it’s imperative to initiate daily
living ability training promptly once the patient’s condi-
tion stabilizes. Achieving improvements in daily living
abilities necessitates progressive and prolonged reha-
bilitation training, with individual intervention sessions
requiring extended durations. Presently, VR training
programs predominantly focus on specific functional-
ities, with limited offerings for daily living ability training.
Hence, there’s a need to develop VR scenarios tailored to
the daily life activities of patients. This approach would
enable us to provide targeted rehabilitation training
to enhance the daily living skills of SCI patients in the
future.

Acceptance and adverse events of virtual reality training in
patients with SCI

The findings of this study indicate that SCI patients
exhibit a lower acceptance rate of VR compared to tra-
ditional training methods. Virtual reality (VR) inter-
ventions may elicit adverse reactions in patients, such
as dizziness and headaches. However, among the stud-
ies included in our analysis, only Lynsey D Duffell et
al’s [26] study reported no adverse events during the
trial. The remaining studies did not provide informa-
tion on whether patients experienced adverse events.
Previous research has suggested that VR is generally
safe and has a low incidence of adverse reactions [28].
However, adverse reactions are rarely mentioned in
current studies focusing on VR rehabilitation for SCI
patients. Hence, future investigations should prioritize
assessing the frequency and nature of adverse events
experienced by patients.

Limitations of the study

This study has several limitations. Firstly, the inclusion
of a limited number of trials, mostly non-randomized
controlled trials, restricts the robustness of our conclu-
sions. Only 5 studies are RCTs, and most meta-analy-
ses include only two studies. Additionally, among the
included RCTs, most compare traditional rehabilita-
tion training with VR, which only indicates the relative
merits of VR training compared to traditional train-
ing. Alternatively, if VR training is added as an extra,
it does not rigorously demonstrate the advantages of
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VR training, as it may merely reflect the results of addi-
tional training. Therefore, future research needs more
RCTs comparing VR interventions with VR placebo
or comparing VR interventions with interventions of
similar content in the real world to further explore the
advantages and disadvantages of VR training itself. Sec-
ondly, the diverse VR training methods across studies
hinder the assessment of different VR software effects
on SCI patient rehabilitation. Moreover, we didn’t con-
duct subgroup analysis based on injury severity. Addi-
tionally, the impact of the intensity or total hours of
VR training on outcomes remains unclear due to the
limited number of studies. More research is needed
to investigate how different training intensities and
durations affect rehabilitation results, as these fac-
tors are crucial for optimizing VR intervention proto-
cols. Lastly, instability in some outcome measures and
potential publication bias in others suggest the need for
more rigorous research in this area. Therefore, further
randomized controlled trials are necessary to better
understand VR’s impact on SCI patients’ rehabilitation
and to identify optimal training strategies and software.

Conclusions

This study conducted a quantitative analysis of the effects
of VR intervention on the rehabilitation of SCI patients.
The findings revealed that VR positively impacted the
standing movement function and balance function. How-
ever, this study indicates that there was no significant
improvement in lower limb motor function and activities
of daily living in SCI patients before and after VR train-
ing. Given the limited literature on VR intervention for
SCI patients and the absence of randomized controlled
trials, future research demands large-scale, high-quality
randomized controlled trials to delve deeper into the role
of VR in SCI rehabilitation.
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