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Abstract 

Background

Anterior cruciate ligament reconstruction (ACLR) can be fully recovered with effective 

rehabilitation, which also lowers the risk of developing osteoarthritis in the knee. Vir-

tual reality technology (VRT) has been used for rehabilitation after ACLR. However, it is 

unclear how VRT compares to traditional therapy in terms of effectiveness.

Design

A systematic review and a meta-analysis.

Objectives

We hypothesised that VRT would be a more effective treatment than traditional therapy in 

post-ACLR rehabilitation. This study aimed to evaluate the effects of VRT on rehabilitation 

following ACLR, providing insights for its application in clinical settings.

Materials and methods

A systematic review and meta-analysis of randomized controlled trials (RCTs) was performed 

using RevMan and Stata software according to PRISMA guidelines. We conducted a sys-

tematic search of the PubMed, Web of Science, Embase, The Cochrane Library, EBSCO, 

CNKI, CBM, VIP, and Wanfang databases for RCTs examining the effects of VRT in patients 

following ACLR. The literature search was conducted from the inception of the database 

to March 2024, utilizing keywords such as “anterior cruciate ligament,” “anterior cruciate 

ligament reconstruction,” “anterior cruciate ligament injury,” and “virtual reality.” The outcome 

indicators comprised knee function, walking function, gait function, and knee muscle strength. 

We assessed the quality of RCTs using the Cochrane Risk of Bias tool and the Jadad scale.
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Results

There were a total of 6 RCTs included in this study, involving 387 patients who had under-

gone ACLR. The experimental group comprised 194 patients, while the control group 

 comprised 193 patients. The findings demonstrated that VRT significantly enhanced knee 

function, walking ability, gait function, and knee muscle strength post-ACLR. Specifically, 

it led to improvements in the IKDC score (MD: 4.23; 95% CI 1.76-6.71), FAC score (0.40; 

0.32-0.48), Lysholm score (6.36; 3.05-9.67), step length (3.99; 2.72-5.27), step speed (0.13; 

0.10-0.16), step frequency (4.85; 0.22-9.47), extensor peak torque (12.03; 3.28-20.78), and 

flexor peak torque (14.57; 9.52-19.63). Subgroup analysis revealed that fully immersive VR 

did not significantly improve knee function as compared to non-immersive VR.

Conclusion

This study is the first to systematically compare VRT with traditional therapy, and we found 

that VRT is a more effective treatment than traditional therapy in post-ACLR rehabilitation. 

This provides evidence for integrating VRT into post-ACLR rehabilitation protocols. How-

ever, more high-quality studies with large samples are needed to verify the findings.

Protocol registration

This study has been registered in PROSPERO (No. CRD42024534918).

Introduction
Anterior cruciate ligament (ACL) rupture is a common and devastating injury [1], with over 
2 million cases reported globally each year [2]. Anterior cruciate ligament reconstruction 
(ACLR) surgery is largely regarded as the most successful means of restoring patients with 
ACL rupture to their pre-injury range of motion [3,4]. However, surgical knee dysfunction, 
decreased muscle strength, and proprioceptive impairments persist [5–7]. Furthermore, stud-
ies have shown that nearly 80% of patients develop osteoarthritis of the knee following ACLR 
[8], which is the leading cause of knee pain, decreased function, and disability [9]. As a result, 
it is necessary to develop a safe and effective rehabilitation program to recover knee function 
and lower the risk of postoperative knee osteoarthritis. Current research has demonstrated 
the benefits of neuromuscular electrical stimulation, centrifugal training, and virtual reality 
(VR) in postoperative rehabilitation following ACLR [10–12]. Among these, VR is a new 
technology that is gaining popularity because of its intriguing, inventive, and safe qualities. 
VR is a digital simulation of a computer-generated situation or environment that generates 
a realistic environment for task-specific training in which the user can orientate and inter-
act in 3D through multiple sensory modalities [13,14]. Previous meta-analysis have shown 
virtual reality technology (VRT) as an effective intervention for improving upper limb motor 
function in stroke patients [15], reducing fear of falling in multiple sclerosis patients [16], and 
improving mobility in Parkinson's patients [17]. However, to the best of our knowledge, no 
meta-analysis has been performed to critically evaluate the efficacy of VRT as an intervention 
for rehabilitation after ACLR.

Currently, although several studies [18–20] have shown the beneficial effects of VRT 
in rehabilitation following ACLR, the findings are not entirely uniform, with some results 
showing significant improvement compared to conventional therapy and some showing 
no difference. In addition, there is a lack of consensus regarding the use of VRT in ACLR 
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rehabilitation. Therefore, clarifying whether and to what extent VRT is effective for rehabilita-
tion after ACLR is important for future research and patient treatment choice.

Based on this background, we hypothesised that a systematic review and meta-analysis 
of randomized controlled trials (RCTs) would provide sufficient scientific evidence to con-
sider VRT as a more effective therapy than traditional therapy in rehabilitation after ACLR. 
Therefore, the aim of this study was to comprehensively evaluate the efficacy of VRT com-
pared with conventional therapies in rehabilitation after ACLR, which will provide a basis for 
decision-making on its clinical application and evidence for consensus building.

Methods

Design
A systematic review and a meta-analysis.

Protocol and registration
This systematic review and meta-analysis followed the PRISMA recommendations [21] 
(S1 Checklist). The study is registered in the PROSPERO database with the number 
CRD42024534918.

Search strategy
We systematically searched PubMed, Web of Science, The Cochrane Library, Embase, EBSCO, 
CNKI, CBM, VIP, and Wanfang databases using a combination of MeSH terms and free 
text. Ongoing and unpublished trials were also searched through the Chinese Clinical Trial 
Registry and Clinical Trials.gov. We searched for the following terms: (“Anterior Cruciate 
Ligament”[Mesh] OR “Anterior Cruciate Ligament Reconstruction” OR “Anterior Cruciate 
Ligament Injury” OR “Cruciate Ligament, Anterior” OR “Anterior Cruciate Ligaments” OR 
“Cruciate Ligaments, Anterior” OR “Ligament, Anterior Cruciate” OR “Ligaments, Anterior 
Cruciate” OR “Anterior Cranial Cruciate Ligament” OR “Cranial Cruciate Ligament” OR “Cra-
nial Cruciate Ligaments” OR “Cruciate Ligament, Cranial” OR “Cruciate Ligaments, Cranial” 
OR “Ligament, Cranial Cruciate” OR “Ligaments, Cranial Cruciate” OR “ACL” OR “ACLR”) 
AND (“Virtual Reality”[Mesh] OR “Reality, Virtual” OR “VR” OR “Virtual Environment” OR 
“Virtual Rehabilitation” OR “Immersive Multimedia” OR “Computer-simulated Reality” OR 
“Video Game” OR “Virtual Game” OR “Virtual Therapy”). Two autonomous researchers con-
ducted searches without any intervention. The literature was searched from inception to March 
2024. All search strategies (S1 File) are provided as supplementary material.

Inclusion and exclusion criteria
According to the PICOS methodology, inclusion criteria for selecting appropriate studies were 
determined. (1) Population: patients who have received ACLR without restriction on sex, age, 
or graft type. (2) Intervention: any VRT intervention. (3) Comparison/control: conventional 
rehabilitation or any other intervention not involving VRT. (4) Outcomes: knee function, 
walking function, gait function, and knee strength. (5) Study design: RCTs. Studies meeting 
the following criteria were excluded: reviews, conferences, abstracts, case reports, duplicate 
reports, grey literature, non-RCTs, and lack of data required for meta-analysis.

Study selection and data extraction
Two researchers independently screened and extracted the literature from different databases. 
During the literature screening, the initial selection was based on the title and abstract, and 
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any irrelevant material was discarded. Studies that did not meet the criteria were excluded 
after reading the entire article. A third researcher was included in the decision-making process 
if there was any disagreement. The following data were extracted from the included studies: 
first author, year, sample size, study population, study design, baseline characteristics of par-
ticipants, interventions, control measures, intervention frequency, immersion level, outcome 
indicators, and measurement tools.

Quality appraisal
The Cochrane Risk Assessment Scale [22] and the Jadad Scale [23] were used to grade and score 
the methodological quality of the included literature respectively. The Cochrane risk assess-
ment scale includes the following 7 items: (1) Random sequence generation; (2) Allocation 
concealment; (3) Blinding of participants and p1ersonnel; (4) Blinding of outcome assessment; 
(5) Incomplete outcome data; (6) Selective reporting; (7) Other bias. The results are judged as 
“low risk,” “high risk,” or “unclear” according to the standards. The Jadad scale comprises three 
sections that evaluate study randomization, double-blinding, and withdrawal/withdrawal, with 
scores ranging from 0 to 5. A study is considered to be of acceptable quality if the score is equal 
to or greater than 3, while a score below 3 indicates that the study is of low quality.

Data synthesis
Meta-analysis was performed using RevMan5.3 software. The included outcome indicators 
were continuous variables with mean difference (MD) and 95% confidence intervals (CI). 
Heterogeneity was analyzed using the χ2 test combined with the I2 value. When I2 <  50 and 
P ≥  0.1, it indicated that there was no heterogeneity among the studies, and the fixed-effects 
model was used for combined analysis. When I2 ≥  50% and P <  0.1, it indicated that there was 
heterogeneity among the studies, and the random effects model was used for analysis. When 
heterogeneity was found, sensitivity analysis was used. By excluding literature one by one, the 
source of heterogeneity was explored and the stability of the results was tested. We performed 
subgroup analyses based on a range of designs and variables, analyzing subgroups in terms of 
immersion level and intervention start time. The Egger's test was used to analyze publication 
bias using Stata15.1 software. P <  0.05 means the difference is statistically significant.

Results

Literature selection
The initial search produced a total of 409 scholarly articles, consisting of 328 articles in 
English and 81 articles in Chinese. EndNoteX9.1 was utilized to eliminate 160 redundant 
entries, resulting in a remaining total of 269 articles. After reviewing the title and abstract 
of the articles, 251 pieces of literature that seemed unrelated were eliminated, leaving only 
18 pieces of literature. After carefully examining the content of the articles, we eliminated 8 
papers that did not meet the criteria of being randomized controlled studies, lacked the neces-
sary outcome indicators, were not available in full text, or had incomplete data. As a result, we 
were left with 10 papers. After further screening, 4 studies with inconsistent outcome metrics 
were excluded, and finally a total of 6 RCTs were included [24–29]. Fig 1 depicts the process of 
literature screening.

Study characteristics
Following a rigorous selection process, 6 RCTs involving a total of 387 patients who under-
went ACLR were included [24–29]. The VR group consisted of 194 patients, whereas the 
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Fig 1. Flow chart of the search for eligible RCTs.

https://doi.org/10.1371/journal.pone.0314766.g001

https://doi.org/10.1371/journal.pone.0314766.g001
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control group had 193 patients. Five studies included IKDC scores [24–26,28,29], four studies 
included FAC scores [25,27–29], two studies included Lysholm scores [26,27], two stud-
ies included stride length, stride speed, and stride frequency [27,28], in addition, two studies 
included the extensor peak torque (EPT) along with flexor peak torque (FPT) [25,29]. Refer to 
Table 1 for specifics.

Quality evaluation
Six articles [24–29] discuss ways for generating random sequences, including the random 
number table method and the computer random sequence method. None of the 6 studies 
provided detailed descriptions of allocation concealment, making it unclear if allocation con-
cealment was carried out. None of the 6 studies were blinded. There was a study in which 1 
patient in the control group was disengaged due to early discharge [28], which did not have a 
serious impact on the outcome of the study. Six studies received a score of 3 on the Jadad scale 
[24–29], as outlined in Table 1, Figs 2 and 3. The Cochrane risk-of-bias tool for randomized 
trials (S3 Table) is provided as supplementary material.

Table 1. Characteristics of included studies.

Control Interven-
tion start 
time

Frequency 
of inter-
vention

Inter-
vention 
cycle

VR equipment Immersion 
level

Outcomes Jadad score

conventional 
rehabilitation

12th 
week

biweekly 3 months  PlayStation VR headgear immersive (1) 3

exercise training 1st week 5 days/
week, 2 
times/day

8 weeks VR intelligent treadmill system non- 
immersive

(1)(2)(7)(8) 3

conventional 
rehabilitation

1st week 5 times/
week

8 weeks Dynstable VR 3D balance training 
system

non- 
immersive

(1)(3) 3

conventional 
rehabilitation

5th week 5 times/
week

8 weeks VR system non- 
immersive

(2)(3)(4)(5)(6) 3

conventional rehabilita-
tion + balance training

9th week 5 days/
week, 2 
times/day

3 months Dynstable VR 3D balance training 
system

non- 
immersive

(1)(2)(4)(5)(6) 3

conventional 
rehabilitation

6th week 5 days/
week, 2 
times/day

8 weeks VR intelligent treadmill system + 
Dynstable VR 3D balance training 
system

immersive (1)(2)(7)(8) 3

Study ID Country Sample 
size(T/C)

Sample source Male and 
female

Age (Year, T/C) Intervention

Gsangaya et al., 2023 [24] Malaysia 15/15 Hospital  23/7 28.6/25.1 conventional rehabilitation + VR 
rehabilitation

Jin et al., 2022 [25] China 56/56 Hospital 55/57 38.32 ± 8.6/40.0 
± 9.35

exercise training + VR balance 
training

Li et al., 2022 [26] China 50/50 Hospital 61/39 39.41 ± 
4.64/40.12 ± 4.55

conventional rehabilitation + VR 
balance training

Lin et al., 2022 [27] China 20/20 Hospital 23/17 29.74 
±5.72/28.51 ± 
6.43

conventional rehabilitation + VR 
training + Rehabilitation robot

Shi et al., 2021a [28] China 28/27 Hospital 39/16 27.7 ± 7.4/ 27.9 
± 7.5

conventional rehabilitation + VR 
balance training

Shi et al., 2021b [29] China 25/25 Hospital 29/21 27.24 ± 
5.81/27.92 ± 6.14

immersive VR training

T, treatment group; C, control group; (1) IKDC, international knee documentation committee; (2) FAC, functional ambulation classification; (3) Lysholm; (4) Step 
length; (5) Step speed; (6) Step frequency; (7) EPT, extensor peak torque; (8) FPT, flexor peak torque.

https://doi.org/10.1371/journal.pone.0314766.t001

https://doi.org/10.1371/journal.pone.0314766.t001
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Meta-analysis results
IKDC score. Five studies [24–26,28,29] utilized the IKDC assessment to evaluate knee 

function in a total of 347 patients. The studies included in the analysis exhibited significant 
heterogeneity (χ2 =  36.09, P <  0.00001, I2 =  89%), which led to the selection of a random-
effects model for the meta-analysis. The results indicated a notable disparity in the IKDC 
scores between the VRT and control groups, with the former displaying higher scores. This 
discrepancy was found to be statistically significant (MD: 4.23; 95% CI 1.76-6.71, P <  0.01), as 
illustrated in Fig 4.

FAC score. Four studies [25,27–29] evaluated the walking function of a total of 257 
patients using FAC. The studies showed no variation (χ2 =  0.84, P =  0.84, I2 =  0%), so we used 
a fixed-effects model to combine the analyses. The results of the meta-analysis revealed that 
the VRT group had a significantly better improvement in walking function compared to the 
control group (MD: 0.40; 95% CI 0.32-0.48, P <  0.00001), as depicted in Fig 5.

Lysholm score. Two studies [26,27] evaluated patient knee function using the Lysholm 
assessment, involving 140 patients. There was variation among the studies, so a random effects 
model was selected for meta-analysis. The results indicate a significant difference in Lysholm 
scores between the two groups (MD: 6.36; 95% CI 3.05-9.67, P <  0.01), as shown in Fig 6.

Step length. Two studies [27,28] examined the impact of VRT on step length in 95 
individuals receiving ACLR. No heterogeneity was found among the studies (χ2 =  1.18, P =  
0.28, I2 =  15%), hence a fixed-effects model was used to combine the analyses. The meta-
analysis revealed a statistically significant improvement in step length in the VRT group 
compared to the control group (MD: 3.99; 95% CI 2.72-5.27, P <  0.00001), as depicted in 
Fig 7.

Step speed. Two studies [27,28] examined the impact of VRT on step speed in 95 patients 
who were undergoing ACLR. The studies showed no variation (χ2 =  0.35, P =  0.55, I2 =  0%), 
so a fixed-effects model was used to combine the analyses. Based on the results of the meta-
analysis, it was found that the VRT group showed a significant improvement in step speed 
compared to the control group. The difference was statistically significant (MD: 0.13; 95% CI 
0.10-0.16, P <  0.00001), as depicted in Fig 8.

Fig 2. Risk of bias graph.

https://doi.org/10.1371/journal.pone.0314766.g002

https://doi.org/10.1371/journal.pone.0314766.g002
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Fig 3. Risk of bias summary.

https://doi.org/10.1371/journal.pone.0314766.g003

https://doi.org/10.1371/journal.pone.0314766.g003
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Step frequency. Two studies [27,28] examined the impact of VRT on step frequency in 95 
individuals who were undergoing ACLR. Due to significant heterogeneity among studies (χ2 =  
7.53, P =  0.006, I2 =  87%), a random effects model was used for the meta-analysis. The study 
results indicated a statistically significant variance in step frequency between the two groups 
(MD: 4.85; 95% CI 0.22-9.47, P =  0.04). Refer to Fig 9 for details.

Fig 4. Forest plot displaying the effects of VRT on IKDC scores.

https://doi.org/10.1371/journal.pone.0314766.g004

Fig 5. Forest plot displaying the effects of VRT on FAC scores.

https://doi.org/10.1371/journal.pone.0314766.g005

Fig 6. Forest plot displaying the effects of VRT on Lysholm scores.

https://doi.org/10.1371/journal.pone.0314766.g006

Fig 7. Forest plot displaying the effects of VRT on step length.

https://doi.org/10.1371/journal.pone.0314766.g007

https://doi.org/10.1371/journal.pone.0314766.g004
https://doi.org/10.1371/journal.pone.0314766.g005
https://doi.org/10.1371/journal.pone.0314766.g006
https://doi.org/10.1371/journal.pone.0314766.g007
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EPT. Two studies [25,29] investigated the influence of VRT on EPT in 162 individuals 
undergoing ACLR. The meta-analysis used a random effects model due to significant 
heterogeneity among studies (χ2 =  10.86, P =  0.001, I2 =  91%). The results demonstrated a 
statistically significant difference in EPT between the two groups (MD: 12.03; 95% CI 3.28-
20.78, P =  0.007), as shown in Fig 10.

FPT. Two studies [25,29] examined the impact of VRT on FPT in 162 patients who were 
undergoing ACLR. Due to significant heterogeneity among the studies (χ2 =  3.95, P =  0.05, I2 
=  75%), a random effects model was used for the meta-analysis. The study found a statistically 
significant disparity in FPT between the two groups (MD: 14.57; 95% CI 9.52-19.63, P <  0.01), 
as demonstrated in Fig 11.

Subgroup analysis
Immersion level. Subgroup analyses revealed that knee function was significantly 

improved with the use of non-immersive VR compared to fully immersive VR (MD: 5.23; 95% 
CI: 1.76-6.71, P <  0.00001). The use of fully immersive VR did not result in any significant 
improvement in knee function for patients (MD: 3.03; 95% CI -1.17-7.22, P =  0.16), as shown 
in Fig 12.

Intervention start time. Subgroup analyses showed that although intervention with VRT 
started later after surgery (later than 7 days after surgery), it improved knee function (MD: 
3.59; 95% CI 0.38-6.80, P =  0.03). In addition, starting VRT intervention early after surgery 
(within 7 days after surgery) resulted in a more significant improvement in knee function 
(MD: 5.35; 95% CI 3.88-6.83, P <  0.00001). Refer to Fig 13.

Sensitivity analysis. An analysis was conducted on the six papers included by 
systematically removing individual studies to assess their impact. The study conducted by 
Gsangaya et al. [24] revealed a significant contribution to the variability in overall IKDC 
scores. The removal of this study had a significant impact on heterogeneity (I2 =  0%), which 
may be due to the weaker intervention intensity in this study compared with other studies, 
resulting in a smaller effect size. After removing this study, the fixed-effect model showed a 

Fig 8. Forest plot displaying the effects of VRT on step speed.

https://doi.org/10.1371/journal.pone.0314766.g008

Fig 9. Forest plot displaying the effects of VRT on step frequency.

https://doi.org/10.1371/journal.pone.0314766.g009

https://doi.org/10.1371/journal.pone.0314766.g008
https://doi.org/10.1371/journal.pone.0314766.g009
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Fig 10. Forest plot displaying the effects of VRT on EPT.

https://doi.org/10.1371/journal.pone.0314766.g010

Fig 11. Forest plot displaying the effects of VRT on FPT.

https://doi.org/10.1371/journal.pone.0314766.g011

statistically significant difference between the two groups (MD: 5.26; 95% CI 4.12-6.40, P <  
0.00001). The before and after comparisons show little variation, suggesting that the results 
are consistent and reliable. Please refer to Fig 14.

Publication bias. Egger's test was performed for the outcome indicators of 4 or more 
included studies. The IKDC score was mentioned in five studies [24–26,28,29], and the 
Egger's test (P =  0.059) showed that there was no significant publication bias. The FAC score 
was mentioned in four studies [25,27–29], and the Egger's test (P =  0.340) also showed that 
there was no significant publication bias.

Fig 12. Subgroup analysis of immersion level by IKDC score.

https://doi.org/10.1371/journal.pone.0314766.g012

https://doi.org/10.1371/journal.pone.0314766.g010
https://doi.org/10.1371/journal.pone.0314766.g011
https://doi.org/10.1371/journal.pone.0314766.g012
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Discussion
This systematic review and meta-analysis found for the first time that VRT significantly 
improved knee function, walking function, gait function, and knee muscle strength in patients 
after ACLR compared with traditional therapy. Subgroup analysis showed that initiating VRT 
intervention early postoperatively (within 7 days after surgery) resulted in more significant 
improvements in knee function compared to late postoperatively (later than 7 days after sur-
gery). For the level of immersion, subgroup analysis showed that non-immersive VR resulted 
in more significant improvements in knee function than immersive VR. However, the reports 
by D'Ambrosi et al. [30,31] suggested a poor effect, which may be mainly due to the lack of 
immersion and interactivity of educational videos on TikTok and YouTube. VR immerses 
patients by simulating multi-sensory integrated scenarios in which they can interact. This 
reduces the patient's fear of movement and increases their motor output. The absence of 
mechanoreceptors after ACLR reduces proprioceptive signals to the brain [32], which can lead 
to reduced proprioception. Improved proprioception contributes to the knee's functional and 
dynamic stability [33]. This is one of the potential explanations for the systematic review's 
finding that VRT outperformed traditional therapy in enhancing knee function, specifically 
by enhancing the patient's proprioceptive function through multisensory stimulation [34,35]. 

Fig 14. Sensitivity analysis of the impact of VRT on IKDC scores.

https://doi.org/10.1371/journal.pone.0314766.g014

Fig 13. Subgroup analyses of time to intervention start based on IKDC scores.

https://doi.org/10.1371/journal.pone.0314766.g013

https://doi.org/10.1371/journal.pone.0314766.g014
https://doi.org/10.1371/journal.pone.0314766.g013
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Another reason may be that VRT improves knee stability and thus knee function through 
improvements in periprosthetic strength. The review by Song et al. [36] is consistent with our 
findings. They reported that VR represents a promising approach to effectively improve joint 
function. However, in a RCTs by Karakoc et al. [20], no difference was found between VRT 
and conventional therapy. This may be due to the fact that one of the inclusion criteria for 
that study was patients who had undergone arthroscopic ACLR within the last six months, 
and most patients have generally begun to gradually return to normal life and sports at six 
months postoperatively, by which time knee function has almost always returned to normal.

For walking ability, VRT is superior to traditional therapy probably because it improves 
walking ability by enhancing knee stability and joint mobility in ACLR patients. In VR, inter-
active training experiences and challenging training modes allow patients to better respond to 
different virtual environments in real time. Moreover, patients immersed in safe and intrigu-
ing virtual environments can greatly reduce their internal focus on themselves, thus reducing 
exercise fear [19]. These virtual environments not only boost patients’ motivation and collab-
oration during walking exercises, but also enhance their trunk stability and precise control of 
knee movements, leading to a significant improvement in their walking function. A previous 
meta-analysis by Hao et al. [37] yielded similar results, and their study concluded that VRT 
was more effective in training walking ability compared to conventional therapy.

Muscle strength, proprioception, and balance are important factors affecting gait [38,39]. 
Therefore, the reasons why VRT can effectively improve gait function may be as follows. VRT 
can simulate various life imbalances, and patients can control their bodies to make appropri-
ate postures according to specific tasks. This measure results in more precise, rapid, and effec-
tive activation of the patient's knee muscle groups, and the stimulation of different sensory 
information therein also helps to improve sensory processing and sensorimotor coordination 
[40]. Results consistent with ours were also obtained in a systematic review that included 87 
RCTs by Zhang et al. [41], who found that VRT had a greater effect on improving gait func-
tion compared to traditional therapy. However, the systematic review by Moreno-Verdu et 
al. [42] found that VRT was not superior to conventional therapy. The reason for this may be 
that the training programs in some of the included studies did not focus on gait training, while 
some studies were also limited by the VR equipment and did not make good use of VR.

Insufficient muscle strength around the knee joint in patients after ACLR can lead to 
decreased knee function, altered knee biomechanics, and even secondary injury to the ACL 
[43]. The reasons why VRT is superior to traditional therapy in improving muscle strength 
may be twofold. On the one hand, the selected virtual games contain more lower limb hip and 
knee muscle strength training game modules, which require gross movements of the limbs 
and continuous postural changes in order to complete the tasks and can effectively enhance 
the patients’ muscle strength [19]. On the other hand, VR scenarios can help patients improve 
their motor imaginative skills and help the central nervous system integrate proprioception 
through visual, auditory, and haptic feedback to create joint positional and kinaesthetic senses. 
This changes neuromuscular excitation and improves motor output. A previous systematic 
review by Wei et al. [44] also yielded consistent results, as they found that VRT improved knee 
muscle strength more than traditional therapy and was more favourable to improvements in 
flexor strength. However, a study by Baltaci et al. [45] found no significant difference in knee 
muscle strength improvement between the VR group and the control group after a 12-week 
intervention in patients undergoing ACLR. This may be due to the fact that boxing and bowl-
ing in VR games do not work well with lower limb function.

Subgroup analysis found that non-immersive VR improved knee function better than 
immersive, which is consistent with the results obtained by Wang et al. [46]. Possible expla-
nations for this include the fact that non-immersive VR maintains patients’ connection to 
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reality, and when compared to immersive VR, it causes fewer side effects like dizziness, nau-
sea, and vomiting, making it more suitable for patients with weaker psychological constructs 
[47]. We found that starting the intervention with VRT early in the post-surgical period 
(within 7 days after surgery) resulted in a more significant improvement in knee function. 
This suggests that future studies could develop a reasonable rehabilitation program to start the 
intervention as early as possible in order to achieve better rehabilitation results. The sensitivity 
analysis found significantly less heterogeneity, excluding Gsangaya et al. [24]. This may be 
due to the fact that the study was a fortnightly intervention, whereas the other studies had a 
minimum of five interventions a week, and the lack of intensity of the intervention resulted in 
a lower effect size.

After ACL rupture, the brain will rely more on visual cognition to help the body maintain 
stability [48]. This provides excellent conditions for the use of VRT in post-ACLR rehabil-
itation, and as the cost of VRT decreases, VRT will become a favourable tool in post-ACLR 
rehabilitation. VRT can provide a safe environment that allows patients to reduce the risk of 
injury. It also reduces the patient's intrinsic preoccupation, allowing them to perform bedside 
as well as out-of-room activities. Furthermore, it improves patients’ recovery speed, reducing 
hospitalization costs.

Limitations
To the best of our knowledge, this is the first systematic review and meta-analysis of the effec-
tiveness of VRT in rehabilitation after ACLR. However, some limitations affecting the results 
should be noted. (1) We included a limited number of trials, which would have limited the 
ability to detect small effect sizes. (2) The quality, number, and sample size of RCTs included 
were far from ideal. Despite our efforts to contact authors for data, some studies were 
excluded due to a lack of analysis data. Furthermore, blindness was not mentioned in any of 
the studies. Thus, the conclusions of this systematic evaluation should be treated with caution. 
(3) The results of this review may have been influenced by variations in the duration and type 
of VRT used to rehabilitate patients, as well as the use of VR equipment and models. So, we 
encourage researchers to do higher-quality RCTs with larger sample sizes and to standardise 
VRT intervention protocols so that they can find the most important parts of intervention 
that help people recover the most after ACLR. (4) Surgical approaches and types of grafts were 
not standardised in the included literature, although current evidence does not show differ-
ences in biomechanical outcomes between graft types [49,50]. We look forward to more future 
studies that support the impact of surgical approaches and grafts on postoperative rehabilita-
tion in patients undergoing ACLR.

Conclusion
In summary, VRT has been shown to be more effective than traditional rehabilitation in 
improving knee function, walking function, gait function, and knee muscle strength in 
patients after ACLR. Non-immersive VR was found to be more efficacious in enhancing knee 
function compared to completely immersive VR. Improvement of knee function was more 
significant when the intervention was started early in the postoperative period (within 7 days 
after surgery) than later in the period (after 7 days after surgery). This innovative and inter-
esting approach contributes to the rehabilitation of patients undergoing ACLR. However, 
most of the existing research on VR for ACLR relies on visual, auditory, and tactile inputs to 
help patients train, whereas proprioception includes a variety of senses such as visual, tactile, 
positional, and kinesthetic senses. Therefore, future studies should combine other methods or 
develop new VRT solutions to increase the input of other senses. However, due to the limited 
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number and quality of the studies included, it is necessary to conduct high-quality multi-
centre, large-sample, randomized, double-blind, controlled clinical trials in the future. These 
trials will help further validate the effectiveness of VRT in rehabilitating patients after ACLR. 
Moreover, the optimal duration range, frequency, and intensity of VRT rehabilitation train-
ing should be continuously explored to standardise its standardised rehabilitation process. 
Thereby, a more effective and affordable rehabilitation intervention programme should be 
provided for the rehabilitation of patients after ACLR.

Supporting Information
S1 Checklist.  PRISMA 2020 checklist. 
(DOCX)

S1 File.  Search strategies. 
(PDF)

S1 Table.  All studies identified in the literature search. 
(XLSX)

S2 Table.  Data. 
(XLSX)

S3 Table.  Cochrane risk assessment. 
(XLSX)

Author contributions
Data curation: Yunchuan Li, Junjie Peng.
Formal analysis: Yunchuan Li, Jintao Cao.
Funding acquisition: Jintao Cao, Feng'e Qian.
Investigation: Yunchuan Li, Yang Ou, Weisha Ma.
Methodology: Yunchuan Li, Jiaming Wu, Weisha Ma.
Project administration: Weisha Ma, Xiaoqian Li.
Supervision: Feng'e Qian, Xiaoqian Li.
Validation: Yunchuan Li, Jiaming Wu.
Visualization: Yunchuan Li, Yang Ou.
Writing – original draft: Yunchuan Li.
Writing – review & editing: Yunchuan Li, Junjie Peng, Feng'e Qian.

References
 1. Beard DJ, Davies L, Cook JA, Stokes J, Leal J, Fletcher H, et al. Rehabilitation versus surgical recon-

struction for non-acute anterior cruciate ligament injury (ACL SNNAP): a pragmatic randomised con-
trolled trial. Lancet. 2022;400(10352):605–15. https://doi.org/10.1016/S0140-6736(22)01424-6 PMID: 
35988569

 2. Renström PA. Eight clinical conundrums relating to anterior cruciate ligament (ACL) injury in sport: 
recent evidence and a personal reflection. Br J Sports Med. 2013;47(6):367–72. https://doi.org/10.1136/
bjsports-2012-091623 PMID: 22942168

 3. Paschos NK, Howell SM. Anterior cruciate ligament reconstruction: principles of treatment. EFORT 
Open Rev. 2017;1(11):398–408. https://doi.org/10.1302/2058-5241.1.160032 PMID: 28461919

 4. Kiapour AM, Murray MM. Basic science of anterior cruciate ligament injury and repair. Bone Joint Res. 
2014;3(2):20–31. https://doi.org/10.1302/2046-3758.32.2000241 PMID: 24497504

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0314766.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0314766.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0314766.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0314766.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0314766.s005
https://doi.org/10.1016/S0140-6736(22)01424-6
http://www.ncbi.nlm.nih.gov/pubmed/35988569
https://doi.org/10.1136/bjsports-2012-091623
https://doi.org/10.1136/bjsports-2012-091623
http://www.ncbi.nlm.nih.gov/pubmed/22942168
https://doi.org/10.1302/2058-5241.1.160032
http://www.ncbi.nlm.nih.gov/pubmed/28461919
https://doi.org/10.1302/2046-3758.32.2000241
http://www.ncbi.nlm.nih.gov/pubmed/24497504


PLOS ONE | https://doi.org/10.1371/journal.pone.0314766 March 3, 2025 16 / 18

PLOS ONE Effectiveness of virtual reality technology in rehabilitation after anterior cruciate ligament reconstruction

 5. Thomas AC, Wojtys EM, Brandon C, Palmieri-Smith RM. Muscle atrophy contributes to quadriceps 
weakness after anterior cruciate ligament reconstruction. J Sci Med Sport. 2016;19(1):7–11. https://doi.
org/10.1016/j.jsams.2014.12.009 PMID: 25683732

 6. Wang K, Cheng L, Wang B, He B. Effect of isokinetic muscle strength training on knee muscle 
strength, proprioception, and balance ability in athletes with anterior cruciate ligament recon-
struction: a randomised control trial. Front Physiol. 2023;14:1237497. https://doi.org/10.3389/
fphys.2023.1237497 PMID: 37795267

 7. Al-Dadah O, Shepstone L, Donell ST. Proprioception analysis following anterior cruciate ligament 
reconstruction using stabilometry: a prospective, longitudinal study. Rev Bras Ortop (Sao Paulo). 
2023;58(3):417–27. https://doi.org/10.1055/s-0042-1758360 PMID: 37396073

 8. Oiestad BE, Holm I, Aune AK, Gunderson R, Myklebust G, Engebretsen L, et al. Knee function 
and prevalence of knee osteoarthritis after anterior cruciate ligament reconstruction: a prospec-
tive study with 10 to 15 years of follow-up. Am J Sports Med. 2010;38(11):2201–10. https://doi.
org/10.1177/0363546510373876 PMID: 20713644

 9. Cao P, Li Y, Tang Y, Ding C, Hunter DJ. Pharmacotherapy for knee osteoarthritis: current and emerg-
ing therapies. Expert Opin Pharmacother. 2020;21(7):797–809. https://doi.org/10.1080/14656566.202
0.1732924 PMID: 32100600

 10. Toth MJ, Tourville TW, Voigt TB, Choquette RH, Anair BM, Falcone MJ, et al. Utility of neuromuscular 
electrical stimulation to preserve quadriceps muscle fiber size and contractility after anterior cruciate 
ligament injuries and reconstruction: a randomized, sham-controlled, blinded trial. Am J Sports Med. 
2020;48(10):2429–37. https://doi.org/10.1177/0363546520933622 PMID: 32631074

 11. Vidmar MF, Baroni BM, Michelin AF, Mezzomo M, Lugokenski R, Pimentel GL, et al. Isokinetic 
eccentric training is more effective than constant load eccentric training for quadriceps rehabilitation 
following anterior cruciate ligament reconstruction: a randomized controlled trial. Braz J Phys Ther. 
2020;24(5):424–32. https://doi.org/10.1016/j.bjpt.2019.07.003 PMID: 31351901

 12. Kazemnejad A, Asosheh A, Moezy A, Abasi A. Therapy-based expert system on function and postural 
stability after anterior cruciate ligament reconstruction: a pilot study. BMC Musculoskelet Disord. 
2023;24(1):617. https://doi.org/10.1186/s12891-023-06735-w PMID: 37516871

 13. Wu J, Zeng A, Chen Z, Wei Y, Huang K, Chen J, et al. Effects of virtual reality training on upper limb 
function and balance in stroke patients: systematic review and meta-meta-analysis. J Med Internet 
Res. 2021;23(10):e31051. https://doi.org/10.2196/31051 PMID: 34636735

 14. Eijlers R, Utens EMWJ, Staals LM, de Nijs PFA, Berghmans JM, Wijnen RMH, et al. Systematic 
review and meta-analysis of virtual reality in pediatrics: effects on pain and anxiety. Anesth Analg. 
2019;129(5):1344–53. https://doi.org/10.1213/ANE.0000000000004165 PMID: 31136330

 15. Chen J, Or CK, Chen T. Effectiveness of using virtual reality-supported exercise therapy for upper 
extremity motor rehabilitation in patients with stroke: systematic review and meta-analysis of random-
ized controlled trials. J Med Internet Res. 2022;24(6):e24111. https://doi.org/10.2196/24111 PMID: 
35723907

 16. Cortés-Pérez I, Osuna-Pérez MC, Montoro-Cárdenas D, Lomas-Vega R, Obrero-Gaitán E, Nieto- 
Escamez FA. Virtual reality-based therapy improves balance and reduces fear of falling in patients 
with multiple sclerosis. a systematic review and meta-analysis of randomized controlled trials. J Neu-
roeng Rehabil. 2023;20(1):42. https://doi.org/10.1186/s12984-023-01174-z PMID: 37041557

 17. Sarasso E, Gardoni A, Tettamanti A, Agosta F, Filippi M, Corbetta D. Virtual reality balance 
training to improve balance and mobility in Parkinson’s disease: a systematic review and meta- 
analysis. J Neurol. 2022;269(4):1873–88. https://doi.org/10.1007/s00415-021-10857-3 PMID: 
34713324

 18. Haidary M. Effect of virtual balance practice along with sport rehabilitation on the balance of athletes 
after reconstruction of anterior cruciate ligament of knee joint. Sci J Rehabil Med. 2020;9(4):41–51. 
https://doi.org/10.22037/jrm.2020.114128.2498

 19. Lu Y-L, Jiang S-H, Huang S-S, Luo G-G, Lin Z-Q, Li J-B. Clinical observation of virtual reality 
technology combined with isokinetic strength training for patients after anterior cruciate ligament 
reconstruction. Zhongguo Gu Shang. 2023;36(12):1159–64. https://doi.org/10.12200/j.issn.1003-
0034.2023.12.010 PMID: 38130225

 20. Karakoc ZB, Kuru Colak T, Sari Z, Polat MG. The effect of virtual rehabilitation added to an acceler-
ated rehabilitation program after anterior cruciate ligament reconstruction: a randomized controlled 
trial. Clin Exp Health Sci. 2019;9(2):124–9. https://doi.org/10.33808/clinexphealthsci.564273

 21. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 
statement: an updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. https://doi.
org/10.1136/bmj.n71 PMID: 33782057

https://doi.org/10.1016/j.jsams.2014.12.009
https://doi.org/10.1016/j.jsams.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25683732
https://doi.org/10.3389/fphys.2023.1237497
https://doi.org/10.3389/fphys.2023.1237497
http://www.ncbi.nlm.nih.gov/pubmed/37795267
https://doi.org/10.1055/s-0042-1758360
http://www.ncbi.nlm.nih.gov/pubmed/37396073
https://doi.org/10.1177/0363546510373876
https://doi.org/10.1177/0363546510373876
http://www.ncbi.nlm.nih.gov/pubmed/20713644
https://doi.org/10.1080/14656566.2020.1732924
https://doi.org/10.1080/14656566.2020.1732924
http://www.ncbi.nlm.nih.gov/pubmed/32100600
https://doi.org/10.1177/0363546520933622
http://www.ncbi.nlm.nih.gov/pubmed/32631074
https://doi.org/10.1016/j.bjpt.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31351901
https://doi.org/10.1186/s12891-023-06735-w
http://www.ncbi.nlm.nih.gov/pubmed/37516871
https://doi.org/10.2196/31051
http://www.ncbi.nlm.nih.gov/pubmed/34636735
https://doi.org/10.1213/ANE.0000000000004165
http://www.ncbi.nlm.nih.gov/pubmed/31136330
https://doi.org/10.2196/24111
http://www.ncbi.nlm.nih.gov/pubmed/35723907
https://doi.org/10.1186/s12984-023-01174-z
http://www.ncbi.nlm.nih.gov/pubmed/37041557
https://doi.org/10.1007/s00415-021-10857-3
http://www.ncbi.nlm.nih.gov/pubmed/34713324
https://doi.org/10.22037/jrm.2020.114128.2498
https://doi.org/10.12200/j.issn.1003-0034.2023.12.010
https://doi.org/10.12200/j.issn.1003-0034.2023.12.010
http://www.ncbi.nlm.nih.gov/pubmed/38130225
https://doi.org/10.33808/clinexphealthsci.564273
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057


PLOS ONE | https://doi.org/10.1371/journal.pone.0314766 March 3, 2025 17 / 18

PLOS ONE Effectiveness of virtual reality technology in rehabilitation after anterior cruciate ligament reconstruction

 22. Higgins JPT, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al. The Cochrane Collabora-
tion’s tool for assessing risk of bias in randomised trials. BMJ. 2011;343:d5928. https://doi.org/10.1136/
bmj.d5928 PMID: 22008217

 23. Jadad AR, Moore RA, Carroll D, Jenkinson C, Reynolds DJ, Gavaghan DJ, et al. Assessing the quality 
of reports of randomized clinical trials: is blinding necessary?. Control Clin Trials. 1996;17(1):1–12. 
https://doi.org/10.1016/0197-2456(95)00134-4 PMID: 8721797

 24. Gsangaya MR, Htwe O, Selvi Naicker A, Md Yusoff BAH, Mohammad N, Soh EZF, et al. Comparison 
between the effect of immersive virtual reality training versus conventional rehabilitation on limb load-
ing and functional outcomes in patients after anterior cruciate ligament reconstruction: A prospective 
randomized controlled trial. Asia Pac J Sports Med Arthrosc Rehabil Technol. 2023;34:28–37. https://
doi.org/10.1016/j.asmart.2023.09.002 PMID: 37841643

 25. Jin T, Li Y. Effect of virtual reality balance training combined with exercise training on postoper-
ative anterior cruciate ligament reconstruction. J Pract Orthop. 2022;28(07):659–63. https://doi.
org/10.13795/j.cnki.sgkz.2022.07.012

 26. Li N, Li J, Wang C, Fan Z, Qie S. Effect of virtual reality balance training on knee joint function after 
anterior cruciate ligament reconstruction. J Clin Med Pract. 2022;26(22):7–11. https://doi.org/10.7619/
jcmp.20222483

 27. Lin Z, Gu X, Fu J, Yao Y, Wu H, Li H. Effect of lower limb rehabilitation robot combined with virtual 
reality training on walking ability after anterior cruciate ligament reconstruction. West China Med. 
2022;37(05):717–21. https://doi.org/10.7507/1002-0179.202203051

 28. Shi M, Pan W, Zeng M, Lin S, Li Y, Wu H. Effect of virtual reality balance training on walking ability 
after anterior cruciate ligament reconstruction. Jiangsu Med J. 2021;47(02):129–132. https://doi.
org/10.19460/j.cnki.0253-3685.2021.02.005

 29. Shi M, Pan W, Li L, Zeng M, Chen Y. Effect of immersive virtual reality training on lower limb motor 
function after anterior cruciate ligament reconstruction. Zhejiang Med. 2021;43(11):1208–12. https://
doi.org/10.12056/j.issn.1006-2785.2021.43.11.2020-4250

 30. D’Ambrosi R, Hewett TE. Validity of material related to the anterior cruciate ligament on TikTok. Orthop 
J Sports Med. 2024;12(2):23259671241228543. https://doi.org/10.1177/23259671241228543 PMID: 
38405012

 31. D’Ambrosi R, Milinkovic DD, Abermann E, Herbort M, Fink C. Quality of YouTube videos regarding 
anterior cruciate ligament reconstruction using quadriceps tendon autograft is unsatisfactory. Arthros-
copy. 2024;40(8):2236–43. https://doi.org/10.1016/j.arthro.2024.01.002 PMID: 38185185

 32. Labanca L, Ciardulli F, Bonsanto F, Sommella N, Di Martino A, Benedetti MG. Balance and proprio-
ception impairment, assessment tools, and rehabilitation training in patients with total hip arthro-
plasty: a systematic review. BMC Musculoskelet Disord. 2021;22(1):1055. https://doi.org/10.1186/
s12891-021-04919-w PMID: 34930190

 33. da Silva Costa WD, Guilherme VR, Rinaldi W, Alexandrino EG, dos Santos SR, Guilherme FR. Effects 
of inclusion of proprioception training in the recovery of adults submitted to anterior cruciate ligament 
reconstruction surgery: a systematic review. JPhysEduc. 2020;31(1):e3134. https://doi.org/10.4025/
jphyseduc.v31i1.3134

 34. Cho S, Ku J, Cho YK, Kim IY, Kang YJ, Jang DP, et al. Development of virtual reality proprioceptive 
rehabilitation system for stroke patients. Comput Methods Programs Biomed. 2014;113(1):258–65. 
https://doi.org/10.1016/j.cmpb.2013.09.006 PMID: 24183070

 35. Cuppone AV, Squeri V, Semprini M, Masia L, Konczak J. Robot-assisted proprioceptive training 
with added vibro-tactile feedback enhances somatosensory and motor performance. PLoS One. 
2016;11(10):e0164511. https://doi.org/10.1371/journal.pone.0164511 PMID: 27727321

 36. Song S, Liu Z, Zhang Q. Application of virtual reality technology in postoperative rehabilitation follow-
ing total knee arthroplasty: A scoping review. Int J Orthop Trauma Nurs. 2024;54:101124. https://doi.
org/10.1016/j.ijotn.2024.101124 PMID: 39096627

 37. Hao Z, Zhang X, Chen P. Effects of different exercise therapies on balance function and func-
tional walking ability in multiple sclerosis disease patients-a network meta-analysis of random-
ized controlled trials. Int J Environ Res Public Health. 2022;19(12):7175. https://doi.org/10.3390/
ijerph19127175 PMID: 35742424

 38. Lu Y, Wu Y, Liu Z, Ren S. Research status of gait biomechanical characteristics after anterior cru-
ciate ligament rupture and reconstruction. Acta Scientiarum Naturalium Universitatis Pekinensis. 
2024;60(2):377–92. https://doi.org/10.13209/j.0479-8023.2024.015

 39. Zukowski LA, Feld JA, Giuliani CA, Plummer P. Relationships between gait variability and ambulatory 
activity post stroke. Top Stroke Rehabil. 2019;26(4):255–60. https://doi.org/10.1080/10749357.2019.15
91038 PMID: 30909825

https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.d5928
http://www.ncbi.nlm.nih.gov/pubmed/22008217
https://doi.org/10.1016/0197-2456(95)00134-4
http://www.ncbi.nlm.nih.gov/pubmed/8721797
https://doi.org/10.1016/j.asmart.2023.09.002
https://doi.org/10.1016/j.asmart.2023.09.002
http://www.ncbi.nlm.nih.gov/pubmed/37841643
https://doi.org/10.13795/j.cnki.sgkz.2022.07.012
https://doi.org/10.13795/j.cnki.sgkz.2022.07.012
https://doi.org/10.7619/jcmp.20222483
https://doi.org/10.7619/jcmp.20222483
https://doi.org/10.7507/1002-0179.202203051
https://doi.org/10.19460/j.cnki.0253-3685.2021.02.005
https://doi.org/10.19460/j.cnki.0253-3685.2021.02.005
https://doi.org/10.12056/j.issn.1006-2785.2021.43.11.2020-4250
https://doi.org/10.12056/j.issn.1006-2785.2021.43.11.2020-4250
https://doi.org/10.1177/23259671241228543
http://www.ncbi.nlm.nih.gov/pubmed/38405012
https://doi.org/10.1016/j.arthro.2024.01.002
http://www.ncbi.nlm.nih.gov/pubmed/38185185
https://doi.org/10.1186/s12891-021-04919-w
https://doi.org/10.1186/s12891-021-04919-w
http://www.ncbi.nlm.nih.gov/pubmed/34930190
https://doi.org/10.4025/jphyseduc.v31i1.3134
https://doi.org/10.4025/jphyseduc.v31i1.3134
https://doi.org/10.1016/j.cmpb.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24183070
https://doi.org/10.1371/journal.pone.0164511
http://www.ncbi.nlm.nih.gov/pubmed/27727321
https://doi.org/10.1016/j.ijotn.2024.101124
https://doi.org/10.1016/j.ijotn.2024.101124
http://www.ncbi.nlm.nih.gov/pubmed/39096627
https://doi.org/10.3390/ijerph19127175
https://doi.org/10.3390/ijerph19127175
http://www.ncbi.nlm.nih.gov/pubmed/35742424
https://doi.org/10.13209/j.0479-8023.2024.015
https://doi.org/10.1080/10749357.2019.1591038
https://doi.org/10.1080/10749357.2019.1591038
http://www.ncbi.nlm.nih.gov/pubmed/30909825


PLOS ONE | https://doi.org/10.1371/journal.pone.0314766 March 3, 2025 18 / 18

PLOS ONE Effectiveness of virtual reality technology in rehabilitation after anterior cruciate ligament reconstruction

 40. Sip P, Kozłowska M, Czysz D, Daroszewski P, Lisiński P. Perspectives of motor functional upper 
extremity recovery with the use of immersive virtual reality in stroke patients. Sensors (Basel). 
2023;23(2):712. https://doi.org/10.3390/s23020712 PMID: 36679511

 41. Zhang B, Li D, Liu Y, Wang J, Xiao Q. Virtual reality for limb motor function, balance, gait, cog-
nition and daily function of stroke patients: A systematic review and meta-analysis. J Adv Nurs. 
2021;77(8):3255–73. https://doi.org/10.1111/jan.14800 PMID: 33675076

 42. Moreno-Verdu M, Ferreira-Sanchez MR, Cano-de-la-Cuerda R, Jimenez-Antona C. Eficacia de la 
realidad virtual sobre el equilibrio y la marcha en esclerosis multiple. Revision sistematica de ensayos 
controlados aleatorizados [Efficacy of virtual reality on balance and gait in multiple sclerosis. System-
atic review of randomized controlled trials]. Rev Neurol. 2019;68(9):357–68. https://doi.org/10.33588/
rn.6809.2018350 PMID: 31017288

 43. Lepley LK. Deficits in quadriceps strength and patient-oriented outcomes at return to activity after 
ACL reconstruction: a review of the current literature. Sports Health. 2015;7(3):231–8. https://doi.
org/10.1177/1941738115578112 PMID: 26131300

 44. Wei W, Tang H, Luo Y, Yan S, Ji Q, Liu Z, et al. Efficacy of virtual reality exercise in knee osteoarthritis 
rehabilitation: a systematic review and meta-analysis. Front Physiol. 2024;15:1424815. https://doi.
org/10.3389/fphys.2024.1424815 PMID: 38962070

 45. Baltaci G, Harput G, Haksever B, Ulusoy B, Ozer H. Comparison between Nintendo Wii Fit and con-
ventional rehabilitation on functional performance outcomes after hamstring anterior cruciate ligament 
reconstruction: prospective, randomized, controlled, double-blind clinical trial. Knee Surg Sports 
Traumatol Arthrosc. 2013;21(4):880–7. https://doi.org/10.1007/s00167-012-2034-2 PMID: 22543515

 46. Wang S, Sun J, Yin X, Li H. Effect of virtual reality technology as intervention for people with kinesio-
phobia: A meta-analysis of randomised controlled trials. J Clin Nurs. 2023;32(13–14):3074–86. https://
doi.org/10.1111/jocn.16397 PMID: 35692077

 47. Montoro-Cárdenas D, Cortés-Pérez I, Ibancos-Losada MDR, Zagalaz-Anula N, Obrero-Gaitán 
E, Osuna-Pérez MC. Nintendo® Wii therapy improves upper extremity motor function in children 
with cerebral palsy: a systematic review with meta-analysis. Int J Environ Res Public Health. 2022; 
19(19):12343. https://doi.org/10.3390/ijerph191912343 PMID: 36231643

 48. Chaput M, Onate JA, Simon JE, Criss CR, Jamison S, McNally M, et al. Visual cognition associated 
with knee proprioception, time to stability, and sensory integration neural activity after ACL recon-
struction. J Orthop Res. 2022;40(1):95–104. https://doi.org/10.1002/jor.25014 PMID: 33620108

 49. Bell DR, Kulow SM, Stiffler MR, Smith MD. Squatting mechanics in people with and without anterior 
cruciate ligament reconstruction: the influence of graft type. Am J Sports Med. 2014;42(12):2979–87. 
https://doi.org/10.1177/0363546514552630 PMID: 25305265

 50. Tan SHS, Lau BPH, Krishna L. Outcomes of Anterior Cruciate Ligament Reconstruction in Females 
Using Patellar-Tendon-Bone versus Hamstring Autografts: A Systematic Review and Meta-Analysis. J 
Knee Surg. 2019;32(8):770–87. https://doi.org/10.1055/s-0038-1669916 PMID: 30212919

https://doi.org/10.3390/s23020712
http://www.ncbi.nlm.nih.gov/pubmed/36679511
https://doi.org/10.1111/jan.14800
http://www.ncbi.nlm.nih.gov/pubmed/33675076
https://doi.org/10.33588/rn.6809.2018350
https://doi.org/10.33588/rn.6809.2018350
http://www.ncbi.nlm.nih.gov/pubmed/31017288
https://doi.org/10.1177/1941738115578112
https://doi.org/10.1177/1941738115578112
http://www.ncbi.nlm.nih.gov/pubmed/26131300
https://doi.org/10.3389/fphys.2024.1424815
https://doi.org/10.3389/fphys.2024.1424815
http://www.ncbi.nlm.nih.gov/pubmed/38962070
https://doi.org/10.1007/s00167-012-2034-2
http://www.ncbi.nlm.nih.gov/pubmed/22543515
https://doi.org/10.1111/jocn.16397
https://doi.org/10.1111/jocn.16397
http://www.ncbi.nlm.nih.gov/pubmed/35692077
https://doi.org/10.3390/ijerph191912343
http://www.ncbi.nlm.nih.gov/pubmed/36231643
https://doi.org/10.1002/jor.25014
http://www.ncbi.nlm.nih.gov/pubmed/33620108
https://doi.org/10.1177/0363546514552630
http://www.ncbi.nlm.nih.gov/pubmed/25305265
https://doi.org/10.1055/s-0038-1669916
http://www.ncbi.nlm.nih.gov/pubmed/30212919
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

