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Objective: Cerebral palsy (CP), a pediatric neuromotor disorder, profoundly impacts functional independence and participation. Virtual reality (VR) has developed as a potential neurorehabilitation tool, yet its therapeutic efficacy remains inconsistently validated. This overview aims to synthesize evidence from systematic reviews (SRs) and meta-analyses (MAs) to evaluate VR’s effectiveness in CP rehabilitation.

Methods: Systematic searches across ten databases—Embase, Web of Science, Cochrane Library, PubMed, CINAHL, JBI, China National Knowledge Infrastructure (CNKI), China Science and Technology Journal Database (VIP), China Bio-Medical Literature Service System (Sino-Med), and Wanfang Database—identified SRs/MAs on VR for CP from inception to November 10, 2024. The duplicate rate of primary studies was assessed by calculating the corrected covered area (CCA) through the establishment of a literature overlap matrix. Methodological rigor, reporting quality, bias risk, and evidence quality were appraised using the Assessment of Multiple Systematic Reviews 2 (AMSTAR-2), the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 (PRISMA2020), the Risk of Bias in Systematic Reviews (ROBIS), and the Grading of Recommendations Assessment, Development and Evaluation (GRADE) tools, respectively.

Results: Sixteen SRs/MAs (5 low quality, 11 very low quality, according to AMSTAR-2) were included. The CCA was calculated as 0.135, indicating a high degree of overlap. PRISMA 2020 compliance revealed incomplete reporting in 37% of items. ROBIS indicated low bias risk in 13 studies. GRADE assessments classified 58 outcomes: 9 moderate (15.5%), 21 low (36.2%), and 28 very low (48.3%) quality. VR demonstrated clinical potential for improving motor function and activities of daily living (ADL), particularly in younger children with higher intervention dosages. However, heterogeneity in outcome measures, CP subtypes, and VR protocols limited generalizability.

Conclusion: VR shows potential in improving motor dysfunction and ADL in CP. However, the included SRs/MAs typically exhibited low methodological and evidence quality. Therefore, caution must be taken when interpreting these findings. Moreover, high-quality randomized controlled trials and standardized VR protocols are urgently needed to establish evidence-based guidelines for CP rehabilitation.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/CRD42024614631, CRD42024614631.
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1 Introduction

Cerebral palsy (CP), a nonprogressive neurodevelopmental disorder originating from prenatal or perinatal brain insults, manifests as persistent motor and postural dysfunction with associated activity limitations (1). This central motor disorder is commonly comorbid with multisystem impairments, including sensory deficits, perceptual-cognitive dysfunction, communication-behavioral disorders, epilepsy, and secondary musculoskeletal pathologies (2). In the United States, large-scale surveys reported the prevalence of CP among children as 3.2 per 1,000 children aged 3–17 years, aligning with global estimates (3). Of note, the prevalence of pediatric physical disabilities overall, including conditions like cerebral palsy, varies by country, region, and population subgroup (4). Rehabilitation for children with CP aims to improve mobility, correct posture, and address abnormal movement patterns to enhance daily functioning (5). However, common barriers to adherence are fatigue, lack of motivation, and the repetitive or unengaging nature of traditional rehabilitation activities. Children are less likely to consistently participate in therapies that do not capture their interest or provide variety (6).

Virtual reality (VR) has developed as a promising neurorehabilitation tool for CP (7). VR is a three-dimensional, computer-generated virtual environment that supports work, education, entertainment, and health by simulating real-world or fictional settings and interactions (8). Currently, VR technologies are classified based on two primary dimensions: application type, which encompasses commercial systems versus rehabilitation-specific systems, and immersion level, ranging from non-immersive (screen-based interfaces) to semi-immersive (projection environments) and fully immersive configurations utilizing head-mounted displays (9). Notably, VR technologies can enhance emotionally relevant experiences and social interactions, offer safe, repeatable, and diversifiable interventions, and reduce anxiety levels in children (10). Neurophysiological studies reveal that when children display actions such as smiling, laughing, dancing, or screaming during virtual games, the bioelectrical signals in their brains reflect activation of the reward system, excitation of motor areas, and increased emotional and cognitive load. These changes are not only associated with the emotional experiences within the game but also linked to neuroplasticity in the brain (11). Furthermore, the VR training protocols, characterized by task-specific movement and adaptive difficulty modulation based on individualized capacity, enhance the transferability of motor skill acquisition to real-world functional task performance (12). VR systems also optimize rehabilitation dosing through patient-driven task selection, sustaining intrinsic motivation to achieve higher intervention intensity and frequency than traditional protocols (13). Moreover, the multisensory feedback mechanisms inherent in VR systems generate real-time performance metrics through audiovisual signals, enabling some degree of dynamic movement correction and contributing to improvements in motor skills (14). Collectively, these mechanisms address the International Classification of Functioning, Disability, and Health domains by mitigating environmental barriers and enhancing participation in educational and social contexts (15).

As evidence-based medicine has developed, researchers have performed an increasing number of systematic reviews (SRs) and meta-analyses (MAs) to assess the safety and effectiveness of VR for treating CP. However, due to differences in study design, limitations in sample size, and heterogeneity of outcomes, conflicting conclusions have emerged from various SRs/MAs, thereby compromising the reliability of the results. To address this issue, overviews of SRs use explicit and systematic methods to search for and identify multiple SRs on related research questions within the same topic area. Summarizing the evidence from multiple SRs allows for a more comprehensive analysis and summary of the findings, thereby providing higher quality evidence for clinical practice (16). This overview utilized the Assessment of Multiple Systematic Reviews 2 (AMSTAR-2) for methodological rigor evaluation (17), the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 (PRISMA2020) for reporting quality assessment (18), the Risk Of Bias In Systematic Reviews (ROBIS) for bias risk evaluation (19), and the Grading of Recommendations Assessment, Development and Evaluation (GRADE) for evidence quality grading (20). Specifically, the AMSTAR-2 tool focuses on a comprehensive evaluation of methodological quality in SRs/MAs, identifying critical design flaws (17). The PRISMA 2020 checklist evaluates the clarity, completeness, and transparency of SRs/MAs reporting through its standardized framework that spans from study design to result presentation, thereby helping to identify critical information omissions (18). The ROBIS tool specializes in assessing bias risks in SRs/MAs, particularly identifying factors across various domains that may compromise the reliability of conclusions (19). The GRADE approach systematically classifies evidence quality by appraising the quality of evidence based on key factors, enabling clinicians and policymakers to evaluate the credibility and applicability of research findings (20). Through this integrative approach, the purpose of this overview is to assess the methodological quality, reporting quality, risk of bias, and quality of evidence of SRs/MAs of VR for CP and to objectively and comprehensively evaluate the efficacy and safety of VR for CP, thereby providing an evidence-based basis for clinical decision-making.



2 Methods

The methodology of this overview follows the Cochrane Handbook, and its report is in line with the PRISMA 2020 checklist. This overview has been prospectively registered on PROSPERO (CRD42024614631).


2.1 Inclusion and exclusion criteria

This research incorporated SRs/MAs of randomized controlled trials (RCTs) that exclusively examined VR-based interventions for pediatric CP. Eligible studies were required to (1) have participants who were diagnosed with cerebral palsy and were aged ≤18 years; (2) compare VR monotherapy or VR-augmented conventional rehabilitation against control groups receiving conventional therapy or no intervention; and (3) report quantitative outcomes in at least one functional domain, specifically upper extremity motor function, gross motor capacity, balance, ambulation, or activities of daily living (ADL). Exclusion criteria comprised SRs/MAs incorporating non-RCT designs, studies involving non-CP populations, studies with non-extractable data or inaccessible full texts, and non-Chinese/English literature.



2.2 Search strategy

A comprehensive search for literature was executed across ten online databases: Embase, Web of Science, Cochrane Library, PubMed, CINAHL, JBI, China National Knowledge Infrastructure (CNKI), China Science and Technology Journal Database (VIP), China Bio-Medical Literature Service System (Sino-Med), and Wanfang Database, targeting SRs/MAs evaluating VR interventions for CP. The search strategy includes Chinese and English terms, combining MeSH/Emtree terms and free-text keywords. Chinese search terms included “脑瘫” (cerebral palsy), “脑性瘫痪” (cerebral paralysis), “虚拟现实” (virtual reality), “虚拟环境” (virtual environment), “虚拟康复” (virtual rehabilitation), “虚拟游戏” (virtual gaming), “虚拟治疗” (virtual therapy), “系统评价” (systematic review), “Meta分析” (meta-analysis), “荟萃分析” (pooled analysis), “系统综述” (systematic overview), and “元分析” (meta-synthesis). English terms comprised “cerebral palsy,” “virtual reality,” “virtual reality exposure therapy,” “meta-analysis as topic,” “meta-analysis,” and “systematic review.” The search encompassed all available records from each database’s inception through November 10, 2024. The reference list was also manually screened to ensure comprehensiveness. Two reviewers independently conducted the literature search, and the search results were cross-checked. Discrepancies were resolved through consensus discussions. If conflicts remained unresolved, a third reviewer made the final decision. The complete search syntax, with database-specific adaptations, is detailed in Supplementary Material 1.



2.3 Study selection and data extraction

Duplicates were eliminated after importing the retrieved SRs/MAs to EndNote 21. Two independent reviewers performed a primary screening by reading the title and abstract and a secondary screening by reading the full text. Consensus discussions were employed to resolve discrepancies, with unresolved conflicts adjudicated by a third reviewer. Two reviewers independently extracted data from the included literature and cross-checked the results for accuracy. Extracted data included authors, publication year, country, number of included studies, sample size, CP subtypes, VR protocols, comparator therapies, risk of bias assessment tools, evidence quality instruments, adverse events, and outcome measures.



2.4 Overlapping of studies

To evaluate the degree of overlap among primary studies included in multiple SRs/MAs, a literature overlap matrix was constructed to calculate the corrected covered area (CCA) (21). This metric accounts for redundant inclusions by using the formula CCA = (n − r)/(rc − r), where n represents the total number of primary studies across all SRs/MAs, r denotes the number of unique primary studies after deduplication, and c indicates the number of SRs/MAs included in the study. The CCA values were interpreted as follows: 0–5% (slight overlap), 6–10% (moderate overlap), 11–15% (high overlap), and >15% (very high overlap).



2.5 Assessment methods

In the PROSPERO-registered protocol of this overview, we initially planned to assess the quality of SRs/MAs exclusively using AMSTAR-2 and GRADE. However, during implementation, we additionally incorporated the PRISMA 2020 checklist and ROBIS tool. We made this decision because AMSTAR-2 and GRADE alone could not comprehensively evaluate reporting quality or risk of bias. PRISMA 2020 provides a more rigorous assessment of reporting transparency, complementing AMSTAR-2’s methodological focus. ROBIS systematically addresses potential biases that neither AMSTAR-2 nor GRADE explicitly covers. This expansion aimed to enhance the robustness of our quality assessment framework. The included SRs/MAs were assessed independently by two reviewers, and the results were cross-checked. Consensus discussions were utilized to resolve discrepancies. A third reviewer then adjudicated any unresolved conflicts.


2.5.1 Methodological rigor assessment

We evaluated the methodological rigor of the included SRs/MAs using the AMSTAR-2, which comprises 16 appraisal items. Each item was rated as “Yes,” “No,” or “Partial Yes.” The final quality categorization was determined by 7 critical items (items 2, 4, 7, 9, 11, 13, and 15) according to the AMSTAR-2 criteria: High (no non-critical deficiencies or only one non-critical deficiency), Moderate (more than one non-critical deficiency), Low (one critical deficiency with or without non-critical deficiencies), and Critically Low (more than one critical deficiency with or without non-critical deficiencies) (17).



2.5.2 Report quality assessment

The PRISMA 2020 is based on PRISMA 2009 and has been revised through a rigorous literature review, expert consultation, and consensus conference, and its methodology is scientifically rigorous and highly credible. The PRISMA 2020 has a broader scope of application, primarily for systematic reviews assessing the effectiveness of health interventions, including those with and without meta-analyses. The completeness of reporting was assessed using the PRISMA 2020 checklist, comprising 27 reporting items across seven methodological domains. Each item was scored using a three-tiered classification system: full compliance, partial compliance, and non-compliance (18).



2.5.3 Risk of bias assessment

The ROBIS tool employs a three-phase structured evaluation protocol: Phase 1 (Relevance Assessment) examines the congruence between the review’s objectives and the research questions addressed. Phase 2 (Risk of Bias Determination) systematically evaluates four methodological domains: (1) eligibility criteria: whether predefined inclusion/exclusion criteria align logically with the research question; (2) search and selection: adequacy of literature retrieval strategies to minimize missed eligible studies; (3) data extraction and quality appraisal: rigor in data collection processes and validity of critical appraisal tools; (4) synthesis and presentation: appropriateness of statistical methods for data integration and result reporting. Phase 3 (final risk judgment): the overall bias risk is adjudicated by evaluating whether reviewers appropriately addressed the identified biases from Phase 2, critically appraised the relevance of the included studies to the research question, and avoided overemphasis on statistically significant outcomes. Each domain receives a categorical rating: high risk, low risk, or unclear risk (19).



2.5.4 Evidence quality assessment

The GRADE approach evaluates the quality of evidence across five dimensions: risk of bias, inconsistency, indirectness, imprecision, and publication bias. Specifically, risk of bias refers to the extent of systematic errors introduced during study design or execution, which may compromise the validity and reliability of findings. Consistency reflects the similarity of effect estimates across studies; significant variability between estimates indicates substantial inconsistency. Indirectness describes the applicability of study populations, interventions, or outcomes to the target clinical context; evidence is deemed indirect when direct extrapolation is unjustified. Imprecision arises when confidence intervals for effect estimates are extensive, reflecting substantial uncertainty. Publication Bias occurs when the likelihood of a study’s publication is influenced by statistical significance or effect magnitude, potentially skewing synthesized evidence. Final evidence quality is classified into four tiers: High (no downgrading), Moderate (1-level downgrade), Low (2-level downgrade), and Very Low (≥3-level downgrade), based on the cumulative impact of these dimensions (20).





3 Results


3.1 Search results

A total of 316 records were identified. During the systematic screening, 159 duplicate records were excluded, yielding 157 records for title/abstract screening. Applying predefined inclusion criteria, exclusions at this stage included non-virtual reality interventions (n = 49), non-cerebral palsy populations (n = 48), non-SRs/MAs (n = 16), and irrelevance to the research topic (n = 8), resulting in 36 records proceeding to full-text retrieval. Critical appraisal of full texts led to further exclusions: one study for mixed population inclusion, 11 SRs/MAs containing non-RCTs, five studies with inaccessible full texts, and three studies lacking extractable outcome data. Ultimately, 16 studies met eligibility criteria for final inclusion. The selection procedure is presented in Figure 1.
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FIGURE 1
 Literature screening flow chart.




3.2 Literature characteristics

The 16 SRs/MAs comprised 13 English-language and 3 Chinese-language publications. Five studies (22–26) were classified as meta-analyses, two studies (27, 28) were classified as systematic reviews, and nine studies (29–37) were classified as a combination of systematic review and meta-analysis. Two SRs/MAs were specific to children with spastic CP, while the remaining encompassed all CP subtypes. The quantity of original RCTs per SR/MA ranged from 9 to 38, with aggregate sample sizes spanning 276 to 1,223 pediatric participants. The included SRs/MAs demonstrated variable focus across functional outcome domains: upper extremity motor function was evaluated in 7 SRs/MAs (28–30, 33, 35–37); gross motor function in 9 SRs/MAs (22–24, 26, 27, 30, 31, 35, 37); balance function in 9 SRs/MAs (22, 23, 25, 27, 28, 31, 32, 35, 37); ambulation function in 5 SRs/MAs (22, 23, 27–29); and ADL function in 7 SRs/MAs (23, 26, 31, 33–35, 37). The literature characteristics are detailed in Table 1.


TABLE 1 Characteristics of the included SRs/MAs.


	Included studies
	Country
	No. of RCTs
	Participants
	Disease type
	Experimental intervention
	Control intervention
	Risk assessment tools
	Quality of evidence evaluation tool
	Adverse effects
	Outcomes

 

 	Lin et al. (2019) (22) 	China 	9 	281 	All types 	VR 	CR 	Cochrane Risk of Bias tool 	NR 	NR 	②③④


 	Luo et al. (2023) (23) 	China 	18 	662 	All types 	VR 	CR 	Cochrane Risk of Bias tool 	NR 	NR 	②③④⑤


 	Han et al. (2020) (27) 	China 	14 	432 	All types 	VR + CR 	CR 	Cochrane Risk of Bias tool 	NR 	NR 	②③④


 	Chen et al. (2018) (29) 	United States 	19 	514 	All types 	VR 	CR, NI 	PEDro scale 	NR 	NR 	①④


 	Ren et al. (2019) (24) 	China 	9 	376 	All types 	VRGs, VRGs+CR 	CR 	PEDro scale 	NR 	NR 	②


 	Wu et al. (2019) (25) 	China 	11 	448 	All types 	VR, VR + CR 	CR 	PEDro scale 	NR 	NR 	③


 	Fandim et al. (2021) (28) 	Brazil 	38 	1,223 	All types 	VR, VR + CR 	CR, NI 	Cochrane Risk of Bias tool 	GRADE 	No significant 	①③④


 	Abdelhaleem et al. (2022) (30) 	Egypt 	19 	645 	All types 	VR, VR + CR 	CR 	Cochrane Risk of Bias tool 	NR 	No significant 	①②


 	Liu et al. (2022) (31) 	China 	16 	513 	spasticity 	VR, VR + CR 	CR 	Cochrane Risk of Bias tool 	NR 	NR 	②③⑤


 	Liu et al. (2022) (32) 	China 	18 	474 	All types 	VR, VR + CR 	CR 	PEDro scale 	NR 	NR 	③


 	Montoro et al. (2022) (33) 	Spain 	9 	276 	All types 	NWT, NWT + CR 	CR 	Cochrane Risk of Bias tool 	GRADE 	NR 	①⑤


 	Han et al. (2023) (34) 	South Korea 	11 	442 	All types 	VR 	CR, NI 	Cochrane Risk of Bias tool 	NR 	NR 	⑤


 	Wang et al. (2023) (35) 	China 	21 	779 	spasticity 	VR 	CR 	PEDro scale 	NR 	NR 	①②③⑤


 	Burin et al. (2024) (36) 	France 	22 	746 	All types 	VR, VR + CR 	CR, NI 	PEDro scale 	GRADE 	NR 	①


 	Komariah et al. (2024) (37) 	Indonesia 	19 	894 	All types 	VR 	CR, NI 	Cochrane Risk of Bias tool 	NR 	NR 	①②③⑤


 	Zhang et al. (2022) (26) 	China 	17 	853 	All types 	VR 	CR 	Cochrane Risk of Bias tool 	GRADE 	NR 	②⑤





VR, virtual reality; CP, cerebral palsy; NWT, nintendo® Wii; VRGs, virtual Reality Games; CR, conventional rehabilitation; NI, no intervention; NR, not reported; ① Upper limb function; ② Gross motor function; ③ Balance; ④ Ambulation; ⑤ Activities of Daily Living.
 



3.3 Overlapping of studies

This study included a total of 16 SRs/MAs, encompassing 270 primary studies before deduplication and 89 unique studies after deduplication. The CCA was calculated as 0.135, indicating a high degree of overlap (Supplementary Materials 2 contains a spreadsheet used to calculate CCA). As the aim of this study was to summarize outcome measures rather than perform quantitative synthesis, no statistical methods were applied to address overlapping studies.



3.4 Results of methodological rigor assessment

The AMSTAR-2 assessment revealed significant methodological limitations across the 16 SRs/MAs, with 5 rated as low quality and 11 as very low quality. Critical domain deficiencies included protocol registration in only 7 SRs/MAs (26, 28, 33–37), comprehensive search strategies in 2 (26, 33), provision of excluded study lists with justifications in 1 (29), and failure to address risk of bias in 5 (24, 25, 29, 31, 32) or publication bias impacts in 6 (22, 23, 28, 30, 32, 37). While all SRs/MAs utilized validated tools for bias assessment and appropriate synthesis methods, deficiencies across ≥1 critical domain and multiple non-critical items collectively downgraded methodological rigor. The AMSTAR-2 evaluation results are presented in Table 2.


TABLE 2 Methodological rigor of included SRs/MAs.


	Included studies
	AMSTAR2
	Overall quality



	Q1
	Q2*
	Q3
	Q4*
	Q5
	Q6
	Q7*
	Q8
	Q9*
	Q10
	Q11*
	Q12
	Q13*
	Q14
	Q15*
	Q16
	

 

 	Lin et al. (2019) (22) 	Y 	N 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	Y 	Y 	Y 	N 	N 	CL


 	Luo et al. (2023) (23) 	Y 	N 	N 	PY 	Y 	N 	N 	Y 	Y 	N 	Y 	Y 	Y 	Y 	N 	N 	CL


 	Han et al. (2020) (27) 	Y 	N 	N 	PY 	Y 	N 	N 	Y 	Y 	N 	Y 	N 	Y 	N 	Y 	N 	CL


 	Chen et al. (2018) (29) 	Y 	N 	Y 	PY 	N 	Y 	Y 	Y 	Y 	N 	Y 	N 	N 	Y 	Y 	Y 	CL


 	Ren et al. (2019) (24) 	Y 	N 	N 	PY 	N 	Y 	N 	Y 	Y 	N 	Y 	Y 	N 	Y 	Y 	Y 	CL


 	Wu et al. (2019) (25) 	Y 	N 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	N 	Y 	Y 	Y 	CL


 	Fandim et al. (2021) (28) 	Y 	Y 	N 	PY 	Y 	N 	N 	Y 	Y 	N 	Y 	Y 	Y 	N 	N 	Y 	CL


 	Abdelhaleem et al. (2022) (30) 	Y 	N 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	Y 	N 	N 	Y 	CL


 	Liu et al. (2022) (31) 	Y 	N 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	Y 	N 	Y 	Y 	N 	CL


 	Liu et al. (2022) (32) 	Y 	N 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	N 	Y 	N 	Y 	CL


 	Montoro et al. (2022) (33) 	Y 	Y 	N 	Y 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	Y 	Y 	Y 	Y 	L


 	Han et al. (2023) (34) 	Y 	Y 	N 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	Y 	Y 	Y 	Y 	Y 	L


 	Wang et al. (2023) (35) 	Y 	Y 	N 	PY 	Y 	N 	N 	Y 	Y 	N 	Y 	Y 	Y 	Y 	Y 	N 	L


 	Burin et al. (2024) (36) 	Y 	Y 	N 	PY 	N 	Y 	N 	Y 	Y 	Y 	Y 	N 	Y 	Y 	Y 	Y 	L


 	Komariah et al. (2024) (37) 	Y 	Y 	Y 	PY 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	Y 	Y 	N 	N 	CL


 	Zhang et al. (2022) (26) 	Y 	Y 	N 	Y 	Y 	Y 	N 	Y 	Y 	N 	Y 	N 	Y 	Y 	Y 	Y 	L


 	Y + PY/total (%) 	100 	43.8 	12.5 	100 	81.3 	75 	6.25 	100 	100 	6.25 	100 	43.8 	68.8 	81.3 	62.5 	62.5 	





*indicates key items. Item 1: The review’s research questions and inclusion criteria explicitly incorporated the PICO components. Item 2: The review report stated that methods were established a priori and justified any significant deviations from the registered protocol. Item 3: Authors provided a rationale for their selection of eligible study designs. Item 4: A systematic search strategy was employed, including multiple databases and grey literature without language restrictions. Item 5: Study selection was performed independently by at least two reviewers with conflict resolution procedures. Item 6: Data extraction was conducted in duplicate to ensure accuracy. Item 7: A list of excluded studies with justification was provided. Item 8: Included studies were described in sufficient detail. Item 9: Standardized tools were used to evaluate bias in individual studies. Item 10: Sources of funding for included studies were reported. Item 11: When applicable, appropriate statistical methods were used for meta-analysis with justification. Item 12: The influence of individual study bias on meta-analysis/evidence synthesis results was assessed. Item 13: Review authors discussed how risk of bias in primary studies affected their conclusions. Item 14: Observed heterogeneity was explored and discussed. Item 15: For quantitative synthesis, publication bias was assessed and its potential impact addressed. Item 16: All review-related funding and potential conflicts of interest were disclosed. H: indicates high quality; M: indicates moderate quality; L: indicates low quality; and CL: indicates critically low quality. N, no; PY, partial yes; Y, yes.
 



3.5 Results of reporting quality assessment

The PRISMA 2020 checklist identified that 17 of 27 items were fully reported, while 10 were inadequately reported. Methodological deficiencies included (1) omission of study selection processes in 2 SRs/MAs (24, 29); (2) undocumented data extraction protocols in 3 SRs/MAs (23, 27, 35); and (3) failure to assess cross-study risk of bias in 5 SRs/MAs (22, 23, 30, 32, 37). Only 25% of SRs/MAs explicitly described evidence synthesis methodologies (26, 28, 33, 36). In results reporting, 4 SRs/MAs neglected publication bias analysis (23, 30, 32, 37), and only 25% implemented evidence quality grading (26, 28, 33, 36). Transparency shortcomings comprised protocol registration in 7 SRs/MAs (26, 28, 33–37), undisclosed funding sources in 3 (31, 35, 37), omitted conflict-of-interest statements in 3 (22, 23, 27), and publicly accessible data in only 3 SRs/MAs (26, 33, 34). The results of the PRISMA 2020 are presented in Table 3.


TABLE 3 Results of the PRISMA checklist for the included SRs/MAs.


	Section/topic
	Items
	Complete report
	Partial report
	Not reported
	Compliance (%)

 

 	Title 	Q1. Title 	16 (22–37) 	0 	0 	100


 	Abstract 	Q2. Structured summary 	16 (22–37) 	0 	0 	100


 	Introduction 	Q3. Rationale 	16 (22–37) 	0 	0 	100


 	Q4. Objectives 	16 (22–37) 	0 	0 	100


 	Methods 	Q5. Eligibility criteria 	16 (22–37) 	0 	0 	100


 	Q6. Information sources 	16 (22–37) 	0 	0 	100


 	Q7. Search 	4 (28, 32, 36, 37) 	12 (22–27, 29–31, 33–35) 	0 	100


 	Q8. Study selection 	13 (22–24, 27–34, 36–37) 	1 (35) 	2 (25–26) 	87.5


 	Q9. Data collection process 	13 (22, 25–33, 35–37) 	0 	3 (23–24, 34) 	81.25


 	Q10. Data items 	15 (23–37) 	1 (22) 	0 	100


 	Q11. Risk of bias in individual studies 	14 (22–23, 26–37) 	2 (24–25) 	0 	100


 	Q12. Summary measures 	16 (22–37) 	0 	0 	100


 	Q13. Synthesis of results 	16 (22–37) 	0 	0 	100


 	Q14. Risk of bias across studies 	11 (24–28, 30, 32–35, 37) 	0 	5 (22–23, 29, 31, 36) 	68.75


 	Q15. Summary of evidence 	4 (28, 32, 35, 37) 	0 	12 (22–27, 29–31, 33–34, 36) 	25


 	Results 	Q16. Study selection 	16 (22–37) 	0 	0 	100


 	Q17. Study characteristics 	16 (22–37) 	0 	0 	100


 	Q18. Risk of bias within studies 	15 (22–24, 26–37) 	1 (25) 	0 	100


 	Q19. Results of individual studies 	16 (22–37) 	0 	0 	100


 	Q20. Synthesis of results 	16 (22–37) 	0 	0 	100


 	Q21. Risk of bias across studies 	12 (22, 24–28, 30, 32–35, 37) 	0 	4 (23, 29, 31, 36) 	75


 	Q22. Summary of evidence 	4 (28, 32, 35, 37) 	0 	12 (22–27, 29–31, 33–34, 36) 	25


 	Discussion 	Q23. Discussion 	16 (22–37) 	0 	0 	100


 	Others 	Q24. Protocol and registration 	7 (28, 32–37) 	0 	9 (22–27, 29–31) 	43.75


 	Q25. Funding 	13 (22–29, 31–33, 35, 37) 	0 	3 (30, 34, 36) 	81.25


 	Q26. Conflict of interest 	13 (25–37) 	0 	3 (22–24) 	81.25


 	Q27. Data availability 	3 (32–33, 37) 	0 	13 (22–31, 34–36) 	18.75




 



3.6 Results of risk of bias assessment

During phase 1, all 16 SRs/MAs were classified as low risk of bias, confirming alignment with the research objectives. In phase 2, domain 1 achieved universal low-risk compliance. In contrast, domain 2 revealed critical deficiencies, with only 3 SRs/MAs meeting low-risk standards (26–28). One SR/MA could not be conclusively rated due to ambiguous search syntax and unspecified screening personnel (29), while 12 SRs/MAs exhibited high-risk bias from non-exhaustive database searches, notably omitting clinical trial registries. In domain 3, 3 SRs/MAs were unrated due to undocumented extractor roles (27–29), and 13 SRs/MAs maintained low-risk ratings. Domain 4 identified instability risks in 2 SRs/MAs due to absent sensitivity analyses (30, 36), while 14 SRs/MAs retained low-risk status. In phase 3, 3 SRs/MAs were escalated to high-risk classification for insufficient bias rationale (30, 32, 36), and the remaining 13 SRs/MAs preserved low-risk ratings. The results of the bias risk evaluation are presented in Table 4.


TABLE 4 Risk of bias of the included SRs/MAs.


	Included studies
	Phase 1
	Phase 2
	Phase 3



	Assessing relevance
	Domain 1: study eligibility criteria
	Domain 2: identification and selection of studies
	Domain 3: collection and study appraisal
	Domain 4: synthesis and findings
	Risk of bias in the review

 

 	Lin et al. (2019) (22) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Luo et al. (2023) (23) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Han et al. (2020) (27) 	Low risk 	Low risk 	Low risk 	Undetected risk 	Low risk 	Low risk


 	Chen et al. (2018) (29) 	Low risk 	Low risk 	Undetected risk 	Undetected risk 	Low risk 	Low risk


 	Ren et al. (2019) (24) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Wu et al. (2019) (25) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Fandim et al. (2021) (28) 	Low risk 	Low risk 	Low risk 	Undetected risk 	Low risk 	Low risk


 	Abdelhaleem et al. (2022) (30) 	Low risk 	Low risk 	High risk 	Low risk 	High risk 	High risk


 	Liu et al. (2022) (31) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Liu et al. (2022) (32) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	High risk


 	Montoro et al. (2022) (33) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Han et al. (2023) (34) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Wang et al. (2023) (35) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Burin et al. (2024) (36) 	Low risk 	Low risk 	High risk 	Low risk 	High risk 	High risk


 	Komariah et al. (2024) (37) 	Low risk 	Low risk 	High risk 	Low risk 	Low risk 	Low risk


 	Zhang et al. (2022) (26) 	Low risk 	Low risk 	Low risk 	Low risk 	Low risk 	Low risk




 



3.7 Results of evidence quality assessment

The GRADE evidence quality assessment of the five outcome indicators identified 58 evidence bodies, with only 9 (15.5%) classified as moderate quality, while 21 (36.2%) and 28 (48.3%) were categorized as low and very low quality, respectively.


3.7.1 Improvement of upper extremity motor function

VR interventions were evaluated for upper limb motor function among children with CP by seven SRs/MAs (28–30, 33, 35–37). The results of the GRADE evaluations for upper extremity motor function are shown in Table 5.


TABLE 5 The results of the GRADE evaluations for upper extremity motor function.


	Outcomes and Included studies
	EG vs CG
	No. of RCTs
	Participants
	Bias risk
	Inconsistency
	Indirectness
	Imprecision
	Publication
 bias
	Relative effect
	95% CI
	Quality

 

 	Upper extremity motor function


 	Chen et al. (2018) (29) 	VR vs. CR/NI 	13 	396 	-1 	0 	0 	-1 	-1 	Cohen’s d = 0.84 	0.39–1.28 	Very low


 	Fandim et al. (2021) (28) 	VR + CR vs. CR 	11 	390 	-1 	−2 	0 	−1 	−1 	SMD = 1.06 	0.42–1.69 	Very low


 	Fandim et al. (2021) (28) 	VR vs. CR 	4 	148 	−1 	−2 	0 	−1 	−1 	SMD = 0.48 	−0.47 − 1.43 	Very low


 	Fandim et al. (2021) (28) 	VR vs. NI 	2 	115 	-1 	−2 	0 	−1 	−1 	SMD = 0.64 	−0.40-1.67 	Very low


 	Abdelhaleem et al. (2022) (30) 	VR/VR + CR vs. CR 	6 	255 	−2 	−2 	0 	−1 	−1 	SMD = 0.75 	0.02–1.51 	Very low


 	Montoro et al. (2022) (33) 	NWT + CR vs. CR 	2 	48 	−1 	0 	0 	−1 	−1 	SMD = 0.73 	0.16–1.3 	Very low


 	Montoro et al. (2022) (33) 	NWT vs. CR 	1 	40 	−1 	0 	0 	−1 	−1 	SMD = 3.12 	1.53–4.7 	Very low


 	Montoro et al. (2022) (33) 	NWT + CR vs. CR 	2 	68 	−1 	0 	0 	−1 	−1 	SMD = −0.05 	−0.51-0.41 	Very low


 	Montoro et al. (2022) (33) 	NWT vs. CR 	1 	30 	−1 	0 	0 	−1 	−1 	SMD = -0.12 	−0.84-0.6 	Very low


 	Montoro et al. (2022) (33) 	NWT + CR vs. CR 	3 	105 	−1 	0 	0 	−1 	0 	SMD = -0.28 	−0.67-0.1 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	3 	113 	−1 	0 	0 	−1 	0 	MD = 6.24 	4.87–7.60 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	3 	100 	−1 	0 	0 	−1 	0 	MD = 4.24 	1.43–7.06 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	3 	194 	−1 	−1 	0 	−1 	0 	MD = −2.20 	−8.22–3.81 	Very low


 	Burin et al. (2024) (36) 	VR + CR vs. CR 	15 	479 	−1 	−1 	0 	0 	0 	SMD = 0.65 	0.19–1.11 	Low


 	Burin et al. (2024) (36) 	VR vs. CR 	5 	92 	−1 	−1 	0 	−1 	0 	SMD = 0.74 	−0.32 − 1.81 	Very low


 	Burin et al. (2024) (36) 	VR vs. NI 	2 	131 	-1 	−2 	0 	−1 	0 	SMD = 1.61 	−1.34–4.55 	Very low


 	Komariah et al. (2024) (37) 	VR vs. CR/NI 	2 	60 	0 	0 	0 	−1 	0 	MD = −0.50 	−0.81 – −0.19 	Moderate




 


3.7.1.1 Assessment tools

Significant improvements in upper limb function were observed using the Childhood Health Assessment Questionnaire (moderate evidence) and Peabody Developmental Motor Scales-2/Quality of Upper Extremity Skills Test (low-to-very-low evidence) (33, 35, 37). However, no significant differences were found in the Jebsen-Taylor Hand Function Test between VR and conventional rehabilitation (very low evidence) (33).



3.7.1.2 Intervention types

VR combined with conventional rehabilitation showed superior efficacy compared to conventional therapy alone in improving upper limb coordination (low-to-very-low evidence) (28, 36). In contrast, isolated VR training demonstrated conflicting results: while Montoro et al. reported significant benefits in fine motor coordination (very low evidence) (33), Abdelhaleem et al. found improvements only with combined interventions (very low evidence) (30), highlighting potential synergies between modalities.



3.7.1.3 Subgroup analyses

A significant negative correlation emerged between participant age and effect size, with younger children achieving better outcomes, alongside a positive correlation between higher daily VR dosage and functional gains (29). Regarding system design, engineer-developed VR systems demonstrated superior therapeutic effects compared to commercial systems (moderate evidence) (29). Although both commercial video games and rehabilitation-specific systems outperformed conventional therapy (low evidence), no statistically significant difference was observed between these two VR modalities (36). It is important to note that the results of the subgroup analyses described above are based on a limited number of SRs/MAs. Therefore, the results should be interpreted with caution.




3.7.2 Improvement of gross motor function

Gross motor function refers to the ability to coordinate the movement of large muscles, strengthen the core body position, and maintain balance during movement and postural changes (e.g., standing on one leg, walking, running, or jumping) (38–40). It lays the foundation for participation in physical activities, sports, and daily tasks and is linked to cognitive and social development (41). VR interventions were evaluated for gross motor function among children with CP by nine SRs/MAs (22–24, 26, 27, 30, 31, 35, 37). The results of the GRADE evaluations for gross motor function are shown in Table 6.


TABLE 6 The results of the GRADE evaluations for gross motor function.


	Outcomes and included studies
	EG vs CG
	No. of RCTs
	Participants
	Bias risk
	Inconsistency
	Indirectness
	Imprecision
	Publication bias
	Relative effect
	95% CI
	Quality

 

 	Gross motor function


 	Lin et al. (2019) (22) 	VR vs. CR 	8 	248 	−1 	0 	0 	−1 	0 	MD = 5.57 	3.76—7.38 	Low


 	Luo et al. (2023) (23) 	VR vs. CR 	9 	402 	−1 	0 	0 	0 	−1 	SMD = 0.42 	0.09—0.76 	Low


 	Han et al. (2020) (27) 	VR + CR vs. CR 	8 	596 	−1 	0 	0 	0 	0 	WMD = 5.55 	3.48–7.61 	Moderate


 	Ren et al. (2019) (24) 	VR/VR + CR vs. CR 	9 	459 	−1 	0 	0 	0 	0 	SMD = 0.23 	0.04–0.41 	Moderate


 	Abdelhaleem et al. (2022) (30) 	VR/VR + CR vs. CR 	14 	363 	−2 	0 	0 	−1 	−1 	SMD = 0.15 	0.09–0.40 	Very low


 	Liu et al. (2022) (31) 	VR/VR + CR vs. CR 	7 	236 	−1 	0 	0 	−1 	0 	SMD = 0.60 	0.34–0.87 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	9 	285 	−1 	0 	0 	−1 	0 	MD = 4.99 	1.65–8.33 	Low


 	Komariah et al. (2024) (37) 	VR vs. CR/NI 	6 	154 	0 	0 	0 	−1 	0 	MD = 3.73 	1.67–5.79 	Moderate


 	Zhang et al. (2022) (26) 	VR vs. CR 	4 	201 	−1 	0 	0 	−1 	0 	Hedges’ g = 0.71 	0.43–0.99 	Low




 


3.7.2.1 Assessment tools

Of these, eight SRs/MAs employing the Gross Motor Function Measure (GMFM) demonstrated that VR interventions (either standalone or combined with conventional rehabilitation) significantly improved gross motor function versus conventional therapy or no intervention (moderate-to-very-low evidence) (22–24, 26, 27, 31, 35, 37). Specifically, VR showed superior efficacy in enhancing standing (GMFM-D) and walking/running/jumping (GMFM-E) compared to conventional rehabilitation (low evidence) (22). Notably, while significant improvements were observed in GMFM-88 scores across studies, no significant changes were detected in GMFM-66 scores (23, 27). Furthermore, Abdelhaleem et al. reported VR-induced enhancements in gross motor coordination (low evidence) (30).



3.7.2.2 Subgroup analyses

Regarding the level of immersion, semi-immersive systems exhibited greater therapeutic effects than non-immersive or fully immersive systems (37). For intervention parameters, optimal outcomes were achieved with sessions lasting 17–40 min, delivered ≥5 times weekly, over >12 weeks, and cumulatively exceeding 1,000 min—aligning with evidence linking higher frequency and prolonged duration to enhanced motor adaptation (24, 25, 28, 31). Notably, VR demonstrated significant gross motor improvements exclusively in children with hemiplegia (31). The subgroup analysis results reported above were based on a limited number of SRs/MAs, which may restrict the generalizability and external validity of the findings. Thus, these results should be interpreted with caution.




3.7.3 Improvement of balance

VR interventions were evaluated for balance function among children with CP by nine SRs/MAs (22, 23, 25, 27, 28, 31, 32, 35, 37). The results of the GRADE evaluations for balance function are shown in Table 7.


TABLE 7 The results of the GRADE evaluations for balance function.


	Outcomes and included studies
	EG vs CG
	No. of RCTs
	Participants
	Bias risk
	Inconsistency
	Indirectness
	Imprecision
	Publication bias
	Relative effect
	95% CI
	Quality

 

 	Balance


 	Lin et al. (2019) (22) 	VR vs. CR 	3 	64 	−1 	0 	0 	−1 	0 	MD = 4.63 	2.88—6.37 	Low


 	Lin et al. (2019) (22) 	VR vs. CR 	2 	60 	−1 	−2 	0 	−1 	0 	MD = -1.09 	−5.55—1.75 	Very low


 	Luo et al. (2023) (23) 	VR vs. CR 	10 	345 	−1 	O 	0 	−1 	−1 	SMD = 0.82 	0.45—1.19 	Very low


 	Han et al. (2020) (27) 	VR + CR vs. CR 	6 	156 	−1 	0 	0 	−1 	0 	WMD = 2.57 	1.75–3.38 	Low


 	Wu et al. (2019) (25) 	VR/VR + CR vs. CR 	14 	448 	−1 	0 	0 	0 	0 	SMD = 0.29 	0.10–0.48 	Moderate


 	Fandim et al. (2021) (28) 	VR vs. CR 	3 	112 	−1 	−1 	0 	−1 	−1 	SMD = 1.43 	0.61–2.24 	Very low


 	Fandim et al. (2021) (28) 	VR + CR vs. CR 	6 	124 	−1 	−1 	0 	−1 	−1 	SMD = 0.43 	−0.11-0.97 	Very low


 	Liu et al. (2022) (31) 	VR/VR + CR vs. CR 	6 	126 	−1 	0 	0 	−1 	0 	MD = 2.06 	1.15–2.97 	Low


 	Liu et al. (2022) (31) 	VR/VR + CR vs. CR 	3 	123 	−1 	−1 	0 	−1 	0 	MD = 3.66 	0.29–7.02 	Very low


 	Liu et al. (2022) (32) 	VR/VR + CR vs. CR 	16 	470 	−1 	0 	0 	0 	−1 	SMD = 0.47 	0.28–0.66 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	6 	126 	−1 	0 	0 	−1 	0 	MD = 2.09 	1.18–3.00 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	3 	123 	−1 	−1 	0 	−1 	0 	MD = 2.43 	0.32–4.53 	Very low


 	Komariah et al. (2024) (37) 	VR vs. CR/NI 	8 	206 	0 	0 	0 	−1 	0 	MD = 2.71 	1.95–3.48 	Moderate




 


3.7.3.1 Assessment tools

Significant improvements were observed using the Berg Balance Scale and Pediatric Balance Scale when combining VR with conventional rehabilitation (low-to-very-low evidence) (27, 31, 35). However, no significant differences were detected in Timed Up and Go Test scores between VR and conventional therapy alone (very low evidence) (22).



3.7.3.2 Intervention types

Isolated VR training showed superior efficacy compared to conventional rehabilitation in two studies (very low evidence) (28, 32). In contrast, combined VR-conventional rehabilitation demonstrated consistent benefits across studies (low evidence) (32), indicating potential synergistic effects of multimodal interventions.



3.7.3.3 Subgroup analyses

Regarding immersion levels, semi-immersive systems significantly outperformed non-immersive systems in balance improvement (moderate evidence) (37), likely due to enhanced spatial awareness and proprioceptive feedback. For intervention parameters, longer intervention duration (≥12 weeks) enhanced therapeutic effects (very low evidence) (23). However, no significant associations were found between balance outcomes and session frequency/duration or total intervention time (moderate evidence) (25). Notably, the subgroup analysis results shown above were generated from a limited number of SRs/MAs, and they should be interpreted with caution.




3.7.4 Improvement of ambulation

VR interventions were evaluated for ambulation function among children with CP by five SRs/MAs (22, 23, 27–29). The results of the GRADE evaluations for ambulation function are shown in Table 8.


TABLE 8 The results of the GRADE evaluations for ambulation function and ADL.


	Outcomes and Included studies
	EG vs CG
	No. of RCTs
	Participants
	Bias risk
	Inconsistency
	Indirectness
	Imprecision
	Publication bias
	Relative effect
	95% CI
	Quality

 

 	Ambulation


 	Lin et al. (2019) (22) 	VR vs. CR 	2 	48 	−1 	0 	0 	−1 	0 	MD = 0.18 	−0.11-0.47 	Low


 	Luo et al. (2023) (23) 	VR vs. CR 	3 	78 	−1 	0 	0 	−1 	−1 	MD = 0.14 	0.01–0.27 	Very low


 	Luo et al. (2023) (23) 	VR vs. CR 	2 	36 	−1 	−1 	0 	−1 	−1 	MD = 7.51 	−26.20-41.23 	Very low


 	Han et al. (2020) (27) 	VR + CR vs. CR 	4 	104 	0 	0 	0 	−1 	0 	WMD = 0.16 	0.04–0.27 	Moderate


 	Chen et al. (2018) (29) 	VR vs. CR/NI 	8 	282 	−1 	0 	0 	−1 	−1 	Cohen’s d = 0.76 	0.35–1.16 	Very low


 	Fandim et al. (2021) (28) 	VR vs. CR 	2 	110 	−1 	0 	0 	−1 	−1 	MD = 0.33 	−0.09-0.75 	Very low


 	Fandim et al. (2021) (28) 	VR + CR vs. CR 	5 	123 	−1 	0 	0 	−1 	−1 	SMD = -0.08 	−0.45-0.29 	Very low


 	Fandim et al. (2021) (28) 	VR vs. NI 	2 	129 	−1 	0 	0 	−1 	−1 	SMD = 0.67 	0.13–1.21 	Very low


 	Activities of daily living


 	Luo et al. (2023) (23) 	VR vs. CR 	3 	128 	−1 	0 	0 	−1 	−1 	MD = -0.02 	−3.89-3.84 	Very low


 	Liu et al. (2022) (31) 	VR/VR + CR vs. CR 	6 	250 	−1 	0 	0 	−1 	0 	SMD = 0.55 	0.30–0.81 	Low


 	Montoro et al.(2022) (33) 	NWT vs. CR 	1 	30 	−1 	0 	0 	−1 	−1 	SMD = 0.82 	0.07–1.56 	Very low


 	Montoro et al.(2022) (33) 	NWT + CR vs. CR 	3 	72 	−1 	0 	0 	−1 	0 	SMD = 0.43 	−0.04-0.91 	Low


 	Han et al. (2023) (34) 	VR vs. CR/NI 	11 	442 	−1 	0 	0 	0 	0 	SMD = 0.37 	0.17–0.57 	Moderate


 	Wang et al. (2023) (35) 	VR vs. CR 	3 	108 	−1 	0 	0 	−1 	0 	MD = 7.55 	3.35–11.76 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	2 	74 	−1 	0 	0 	−1 	0 	MD = 4.67 	2.01–7.33 	Low


 	Wang et al. (2023) (35) 	VR vs. CR 	2 	126 	−1 	0 	0 	−1 	0 	MD = 1.35 	0.78–1.93 	Low


 	Komariah et al. (2024) (37) 	VR vs. CR/NI 	5 	168 	0 	−1 	0 	−1 	0 	MD = 10.05 	2.89–17.22 	Low


 	Zhang et al. (2022) (26) 	VR vs. CR 	11 	566 	−1 	0 	0 	0 	0 	Hedges’ g = 0.31 	0.10–0.51 	Moderate




 


3.7.4.1 Assessment tools

Meta-analyses of the 10-Meter Walk Test revealed conflicting evidence: while two SRs/MAs reported significant walking speed improvements with VR (alone or combined with conventional rehabilitation) compared to conventional therapy (moderate-to-very-low evidence) (23, 27), one study conversely found no intergroup differences (low evidence) (22). Notably, no significant benefits were observed in the 2-Minute Walk Test (very low evidence) (23).



3.7.4.2 Intervention types

VR demonstrated superiority over no intervention (very low evidence). However, it showed no significant advantage over conventional rehabilitation alone, indicating comparable efficacy between modalities for ambulation improvement (28).



3.7.4.3 Subgroup analyses

Subgroup analyses revealed that ambulation improvement was greater in the bilateral/mixed CP subtype compared to hemiplegia. Moreover, age and effect size exhibited a substantial negative linear relationship, with younger children exhibiting stronger therapeutic responses (29). These findings collectively suggest developmental-stage-dependent neuroplasticity and functional adaptability in pediatric populations. A limited number of SRs/MAs served as the basis for the subgroup analysis results presented above. This limitation may affect the generalizability and external validity of the findings, necessitating cautious interpretation.




3.7.5 Improvement of ADL

Activities of daily living include the fundamental skills typically needed to manage basic physical needs (e.g., eating, dressing, personal hygiene, and toileting) and more complex activities related to independent living in the community (e.g., managing finances and medications) (42). Seven SRs/MAs evaluated VR interventions for ADL improvement in children with CP (23, 26, 31, 33–35, 37). The results of the GRADE evaluations for ADL are shown in Table 8.


3.7.5.1 Assessment tools

Significant ADL improvements were observed using the Pediatric Evaluation of Disability Inventory and Canadian Occupational Performance Measure (low evidence) (35). However, conflicting results emerged from Functional Independence Measure for Children assessments: three SRs/MAs reported VR superiority (low evidence) (31, 35, 37), while one found no significant difference (very low evidence) (23).



3.7.5.2 Intervention types

Isolated VR training demonstrated significant benefits over conventional rehabilitation (low evidence) (33). In contrast, combined VR-conventional approaches showed inconsistent efficacy, with no clear additive advantage observed (33).



3.7.5.3 Subgroup analyses

Regarding system types, Kinect-based VR and depth-sensing motion capture systems outperformed digital imaging platforms in ADL outcomes (moderate evidence) (26, 31). Notably, non-immersive systems achieved greater functional gains compared to semi-immersive systems (37). For intervention parameters, optimal effects were achieved when sessions exceeded 30 min and cumulative exposure surpassed either 40 sessions or 1,200 min (26, 34). Specifically, task-specific VR protocols without combined conventional therapy yielded superior outcomes (moderate evidence) (26), indicating that focused VR training may better align with ADL-related neuroplastic adaptations. It should be noted that the subgroup analysis results described above were derived from a limited number of SRs/MAs, and careful interpretation is warranted.





3.8 Adverse reactions

Only two SRs/MAs reported adverse effects following VR treatment, with both indicating that no serious adverse effects were observed (28, 30).




4 Discussion


4.1 Results-based discussion

The methodological quality of the included SRs/MAs was predominantly rated as low or critically low according to the AMSTAR-2 assessment. A major concern was the frequent absence of a priori study protocols, which casts doubt on whether the analysis strictly followed predefined methodologies and increases the risk of bias. Many reviews also failed to justify their exclusive inclusion of RCTs, omitted lists of excluded studies, and did not report funding sources of the included trials. Additionally, most SRs/MAs did not adequately address the risk of bias in primary RCTs or sufficiently investigate sources of heterogeneity. The lack of sensitivity and subgroup analyses further undermined the reliability of the findings.

Evaluation using the PRISMA 2020 checklist revealed significant reporting deficiencies in the published SRs/MAs. Many studies did not disclose funding sources, raising concerns about potential conflicts of interest and publication bias. Transparency was further compromised by the absence of excluded study lists, preventing readers from assessing the rigor of study selection. Critical methodological details, such as protocol registration, were often missing, making it difficult to distinguish between preplanned and post hoc analyses. Furthermore, most reviews neglected to assess the quality of evidence for individual outcomes or employ statistical methods to detect publication bias, such as funnel plots or Egger/Begg tests.

The ROBIS tool identified several SRs/MAs with unclear or high risk of bias, primarily due to incomplete reporting of search strategies and study selection processes. Some reviews did not search clinical trial registries, potentially missing relevant studies, while others failed to document the number of reviewers involved in data extraction. A notable limitation was the lack of subgroup or sensitivity analyses to explore heterogeneity or test result stability. These shortcomings suggest that certain reviews may have overlooked key biases in their methodology, affecting the reliability of their conclusions.

According to the GRADE framework, the overall quality of evidence in the included SRs/MAs was mostly low or very low, with only a few exceptions rated as moderate. The primary reasons for downgrading included risk of bias in the original RCTs, particularly due to unclear randomization, allocation concealment, and blinding procedures. Substantial heterogeneity, often unexplained, further reduced confidence in the pooled results. Small sample sizes in many RCTs led to imprecise effect estimates with wide confidence intervals. Additionally, the inability to assess publication bias in reviews with few included studies weakened the overall evidence base.

While our PROSPERO protocol initially proposed using only AMSTAR-2 and GRADE for quality assessment, we expanded the evaluation to include PRISMA 2020 and ROBIS to ensure a more comprehensive appraisal. This decision was driven by the need to assess reporting transparency and domain-specific biases, which are not fully captured by AMSTAR-2 or GRADE alone. Although this deviation introduced additional analytical complexity, it significantly strengthened the validity of our findings. By integrating multiple assessment tools, we systematically identified common methodological limitations in published SRs/MAs, which may inform future research improvements and ultimately enhance the quality of evidence-based clinical decision-making.



4.2 Mechanisms of VR-based interventions in CP


4.2.1 Motor learning and neuroplasticity

Motor rehabilitation approaches for cerebral palsy should be individualized, age and developmentally appropriate, goal-directed, skill-based, and intensive and time-limited (43). VR operationalizes core motor learning principles—including high-intensity repetition, progressive task difficulty, and multisensory feedback—to enhance neuroplasticity and skill acquisition (44). Neuroimaging studies have demonstrated that VR can significantly enhance the activation of brain regions associated with motor control, such as the primary motor cortex and supplementary motor area, indicating an increased responsiveness of the brain to motor tasks (45). Moreover, VR interventions also normalize aberrant neural activation patterns in CP, particularly by engaging the contralateral primary sensorimotor cortex, which correlates with improved functional motor skills (e.g., reaching, self-care activities) (46).



4.2.2 Cognitive engagement and motivation

VR augments traditional rehabilitation paradigms by integrating cognitive-motor engagement during task execution, promoting neuroplasticity through combined motor repetition and problem-solving strategies (47, 48). The immersive environment imposes task-driven challenges that require continuous adaptive motor planning and error correction, reinforcing cognitive-motor strategy development in children with CP (49). Critically, VR’s gamified framework enhances treatment adherence through positive affective engagement, transforming repetitive exercises into goal-oriented activities. This dual focus sustains motivation during prolonged rehabilitation, potentially amplifying functional gains by increasing training tolerance and cortical activation (50).



4.2.3 Sensorimotor integration

VR enhances sensorimotor integration in CP by improving visual perception, enabling precise body position and movement trajectory awareness, which optimizes motor accuracy and coordination (51, 52). Visual feedback within VR systems facilitates sensorimotor circuit reorganization and supports the development of compensatory behavioral strategies for functional deficits, critical for daily activity performance (53). Furthermore, VR environments allow safe, task-specific practice of complex motor patterns that are physically unfeasible in real-world settings, fostering neuroadaptive skill acquisition and functional independence (54).



4.2.4 Postural control optimization

Research indicates that shifting attention from internal focus (movement accuracy) to external focus (task/goal-oriented stimuli) enhances balance acquisition and motor automaticity (55). VR facilitates this process by providing an immersive, task-oriented environment, directing children’s attention toward external goals, thereby specifically improving balance dysfunction and related motor control deficits (56). Unlike conventional therapy, VR frameworks embed purposeful tasks with multisensory feedback, prompting active engagement in hip flexion, abduction, and external rotation during standing exercises. This approach facilitates neurological recovery and balance improvement through task-specific kinematic reinforcement (57). Furthermore, VR training strengthens lower limb musculature, promoting symmetrical weight distribution and dynamic stability, which collectively enhance postural control and ambulatory capacity (58).




4.3 Interpretation of SRs/MAs results

The SRs/MAs included in this overview demonstrate that VR can improve the gross motor function of children with CP. Although VR has had a positive impact on balance, ambulation, ADL, and upper extremity motor function, not all SRs/MAs have reached positive conclusions. This discrepancy may be related to the different assessment tools used in the various SRs/MAs, the different RCTs included, and the varying quality of the studies. Additionally, the results of the meta-analyses are also affected by the size of the sample. Therefore, we need to interpret these results with caution.

It is essential to highlight that, among the 16 included SRs/MAs, only 10 SRs/MAs performed subgroup analyses (23–26, 28, 29, 31, 34, 36, 37). These subgroup analysis results were based on a limited number of SRs/MAs, necessitating a cautious approach to their interpretation. Subgroup analyses identified a significant negative linear association between participant age and VR efficacy (younger children showed greater functional improvements) and a positive dose–response relationship (higher intervention doses correlated with larger effect sizes) (29). These patterns may reflect heightened neuroplasticity in younger populations and the neurophysiological requirement for repetitive task-specific training to induce synaptic reorganization (59, 60). Discrepancies emerged regarding VR system efficacy: While some studies reported comparable outcomes between commercial gaming platforms and rehabilitation-specific systems (36), others demonstrated superior functional gains with engineer-developed, rehabilitation-tailored VR interfaces (29, 61). Customized systems allow precise calibration of task difficulty to individual functional levels and integration of co-design principles involving clinicians and patients, potentially enhancing therapeutic relevance and clinical adoption (62). Notably, non-immersive systems demonstrated greater ADL improvement than immersive systems in one study (37), possibly due to enhanced real-world skill transfer when maintaining environmental awareness (63). However, substantial heterogeneity, small sample sizes, and limited studies precluded definitive conclusions regarding critical moderators, including CP subtype, immersion level, and optimal intervention duration.



4.4 Study limitations

This overview has several methodological constraints. First, this overview only included published studies in Chinese and English, which may have omitted some studies conducted in other languages. Second, although the two reviewers received professional training and reached consensus on the assessment results through discussion or by consulting a more experienced third reviewer (Lihong Ma) when disagreements arose, some degree of evaluation bias may still exist, as quality assessment essentially relies on the judgment of the assessors. Third, outcome measures were limited to subjective scales, lacking complementary objective data. Fourth, significant heterogeneity across studies precluded meta-analytic synthesis, limiting consolidated efficacy interpretations. Fifth, recent RCTs not yet incorporated into existing SRs/MAs were excluded, narrowing the scope of evidence re-evaluation. Sixth, while restricting inclusion to RCT-focused SRs/MAs aimed to enhance quality, this approach excluded mixed-design reviews and may have underrepresented adverse events, potentially compromising risk–benefit assessments. Finally, the overall sample size greatly increased because many of the 16 SRs/MAs shared the same original studies. These results may have exaggerated the true efficacy and accuracy of VR interventions in the field of cerebral palsy. The differences between studies might not have been fully recognized because there were not enough truly independent studies, which could hide important variations and make the findings of this review less reliable and applicable.



4.5 Implications for further study

To handle substantial overlap among primary studies in systematic reviews, a two-step selection method is recommended. All non-overlapping systematic reviews should be included first. For overlapping reviews, priority should be assigned to Cochrane reviews, followed by an assessment of publication date, methodological quality, and relevance to the research question. Beyond addressing overlap, future SRs/MAs on VR interventions for CP should prioritize methodological rigor and transparency. Researchers are advised to prospectively register protocols on established platforms and adhere strictly to PRISMA 2020 guidelines to enhance reporting quality. Additionally, a comprehensive literature search strategy must be implemented, integrating database queries, reference screening, clinical trial registries, grey literature, and study registrations to minimize selection bias. Full-text exclusions should be explicitly documented with rationales to ensure reproducibility and mitigate reporting bias. When substantial heterogeneity is observed, subgroup or sensitivity analyses are warranted to explore underlying causes. Methodological limitations of included studies, including potential sources of bias and their implications for outcomes, must be critically discussed. Publication bias should be assessed using funnel plots alongside statistical tests to address small-study effects. Ultimately, the clinical relevance of findings should be supported by GRADE evaluations of critical outcome measures.




5 Conclusion

Current evidence suggests VR demonstrates therapeutic potential for improving upper limb function, gross motor skills, balance, ambulation, and ADL in children with CP, with no significant safety concerns reported. However, the robustness of these findings is compromised by the methodological limitations of the included SRs/MAs. Nevertheless, the cumulative evidence underscores VR as a viable adjunctive intervention for functional rehabilitation in this population. Further high-quality RCTs employing standardized protocols, objective biomarkers, and long-term follow-ups are imperative to validate efficacy, optimize implementation strategies, and strengthen translational relevance for clinical practice.
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