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ABSTRACT 

	Aims: Anterior cruciate ligament (ACL) tears frequently lead to long-term instability and post-traumatic osteoarthritis despite reconstruction. Bone marrow aspirate concentrate (BMAC) has been proposed as a biologic adjunct to enhance graft–bone healing, but clinical benefits remain uncertain and cost-effectiveness is debated. This article aims to provide a definitive synthesis of the therapeutic, functional, and safety outcomes of BMAC augmentation in primary ACL reconstruction (ACLR) based on randomized controlled trials (RCTs).
Study design:  Meta Analysis of Randomized Control Trials 
Methodology: This study followed PRISMA guidelines, with six RCTs studies (N: 259) through August 15, 2025 were included. The outcomes were the Visual Analog Scale (VAS), Lysholm, International Knee Documentation Committee (IKDC), Tegner score, and adverse event. The protocol of this study was already registered on PROSPERO (CRD420261304072)
Results: BMAC augmentation demonstrated a statistically significant improvement in functional outcomes by IKDC score (MD 2.50; 95% CI: 0.89 to 4.11; P = .002) with no statistical heterogeneity (I2 = 0%). An improvement was noted in the Lysholm score, though it reached only borderline significance (MD 2.82; P = .05). No significant difference was found in postoperative pain levels (VAS: MD 0.15;  P = .26). Regarding safety, BMAC showed a comparable profile to standard care, with no increased risk of serious adverse events.
Conclusion: Although BMAC augmentation in ACLR statistically improves functional gains on IKDC scores, these improvements may not meet the threshold for minimal clinically important difference and do not correlate with a reduction in pain. Given the procedural requirements and costs, routine clinical adoption is currently unsupported for the general patient population.
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1. INTRODUCTION 
The occurrence of ACL tears presents a significant issue for the knee, particularly during non-contact actions like deceleration, pivoting, or landing, which are common in sports. With over 200,000 cases annually in the U.S., these injuries primarily impact younger, active individuals [1,2]. Untreated ACL tears may lead to decreased postural control, increased rates of meniscal injury, and earlier onset osteoarthritis. A complete tear causes major instability and disrupts this critical neurosensory pathway [3]. Surgical reconstruction using a tendon graft is the standard method for restoring mechanical stability, but it cannot replicate the biological and sensory functions of the original ligament. This permanent change in joint movement, along with the initial inflammation caused by the injury, sets off a damaging process that leads to the deterioration of articular cartilage [2,4]. As a result, post-traumatic osteoarthritis is not just a potential risk but a common long-term outcome for many patients within 15 years, even after what is considered a successful surgery [1,5]. 
The success of ACL reconstruction faces a biological challenge: integrating a soft tissue graft within a hard bone tunnel. This surgical interface is very different from the natural ACL insertion site (the enthesis), which has a complex area of fibrocartilage that effectively cushions stress between the ligament and bone. In contrast, the reconstructed interface creates a sudden connection that is prone to failure. The healing process is like a race against time; while the graft is first fixed mechanically, long-term stability depends on gradual biological integration. During the critical early healing period, the avascular graft undergoes a process called "ligamentization," which requires it to be repopulated with cells and receive blood supply [1,3]. This phase initially involves cell death and significant mechanical weakness. If biological fixation does not happen quickly enough, movement at the graft-tunnel junction can create a shear-stress environment. This can lead to a weak fibrous scar tissue layer instead of strong fibrocartilage. This inadequate healing process is mainly responsible for tunnel widening, graft looseness, and subsequent reconstructive failure, with re-tear rates reported as high as 11.7% [2,4,5]. To address these biological shortcomings, using stem cells has emerged as a targeted approach. 
BMAC is more than just a cell source; it is a complex autologous product designed to promote a better healing response [6–11]. Its therapeutic potential is broad. First, it provides a concentrated group of mesenchymal stem/stromal cells (MSCs), which have both direct and indirect healing effects. Directly, they can differentiate into the cartilage and bone cells necessary to create a more natural enthesis. Indirectly, they release signaling molecules that attract host repair cells, reduce the post-surgical inflammatory response, and promote the growth of new blood vessels to speed up graft revascularization. Second, BMAC contains a wealth of native growth factors (e.g., TGF-β, PDGF) and anti-inflammatory cytokines (e.g., IL-1Ra) that encourage cell growth and matrix creation while reducing harmful effects that lead to scar tissue and joint damage. The main idea is that by delivering this powerful biological toolkit directly to the healing area, BMAC can encourage real tissue regeneration instead of fibrous scarring[6,7,9–11]. 
Despite this strong biological reasoning, a significant gap exists between research and real-world application, and the clinical use of BMAC in ACL reconstruction is still debated. Early clinical studies have produced inconsistent and often conflicting results, causing uncertainty for both surgeons and patients. This variability is likely due to a lack of standard procedures for preparing BMAC, which leads to differences in cell concentrations and viability, as well as variations in application techniques and patient groups [6,7,9–11]. BMAC also costs 4 times more than other biological product, in which around $3,000 USD per procedure, there is an urgent need to move from anecdotal evidence to a clear, evidence-based consensus [2,12]. The existing literature does not provide enough information to shape clinical guidelines. Therefore, a thorough summary of the most rigorous evidence is necessary to solve this clinical issue from randomized controlled trials (RCTs) studies.

2. material and methods 
This systematic review and meta-analysis were conducted using the standards provided by the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA), which may be found at http://www.prisma-statement.org/ (Fig. 1). The protocol of this study was already registered on PROSPERO (CRD420261304072)
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Fig. 1. PRISMA Chart

2.1 Eligibility Criteria
We included studies that met the following criteria: (1) RCTs; (2) skeletally mature patients or patients aged 18 or older; (3) patients with partial or complete ACL tears undergoing primary ACL reconstruction; (4) use of any autograft or allograft (5) incorporation of Mesenchymal Stem Cell for biological augmentation; (6) minimum follow-up of three months; and (7) reporting of at least one primary or secondary outcome. Studies were excluded if they met any of the following criteria: (1) use of synthetic grafts or xenografts; (2) non-English publications; (3) literature with incomplete data; and (4) abstract only.
2.2 Information Sources
A comprehensive literature search was conducted using the following databases and sources: science direct, PubMed, and Cochrane Library. The last search was performed on 15 august 2025
2.3 Search Strategy
We conducted individual searches of papers from PubMed, Cochrane Central Register of Controlled Trials (CENTRAL), and Science Direct using Boolean operators, namely: (”Stem Cell” OR “wharton's jelly” OR “Mesenchymal Stem Cell” “Stromal Cell” OR “Bone Marrow Stem Cell”) AND (”ACL” OR “Anterior Cruciate Ligament” OR “Cruciate Ligament” OR “Knee Ligament” OR “ACL Reconstruction” OR “ACL Repair”) The authors incorporated several Medical Subject Headings (MeSH) and supplementary free-text phrases to generate search terms that are pertinent to the database. The determination of inclusion and exclusion criteria was conducted prior to the literature search, following the PICO methodology (Table 1). There are no limitations or constraints on the utilization of language during the process of doing the data search. Furthermore, the writers have assembled an extensive collection of references derived from the included studies. Afterwards, the acquired results are eliminated of any duplicates and validated based on the eligibility requirements.

Table 1 . PICO Analysis
	PICO
	Explanation

	Population
	Patient undergo ACL reconstruction

	Intervention
	BMAC added during and/or after procedure

	Comparison
	placebo / without stem cell treatment

	Outcome
	functional scoring

	Study design
	RCTs



2.4 Selection Process
Titles and abstracts were screened independently in Rayyan application by reviewer to determine study eligibility. Full-text articles were then assessed against inclusion and exclusion criteria.
2.5 Data Collection Process
Data extraction was performed by two independent reviewers using a standardized data extraction form. Any disagreements among the investigators will be addressed at a later stage, after all duplicated studies have been resolved. The data were acquired by employing a specified reporting form. The chosen studies were transferred to a Google sheet and thereafter evaluated for their suitability through a process of deliberation until a consensus was reached. The following information was extracted from eligible studies: author's name, year of publication, trial protocol (if any), study design, number of samples, Graft type, stem cell source and dose for intervention, timing of biologic, duration of treatment, and the outcome
2.6 Data Items
2.6.1 Primary Outcomes
The primary outcomes assessed were: VAS score, lysholm score, and IKDC score). Data for all relevant outcome measures were collected.
2.6.2 Other Variables
Additional variables extracted included adverse event. If data were missing or unclear, the following assumptions were made: the corresponding authors were contacted.
2.7 Study Risk of Bias Assessment
2.7.1 Quality assessment
The assessment of bias was conducted using the Cochrane Risk of Bias Tool (RoB 2.0) Scale score for Randomized control trial studies (Fig. 2). The tool evaluates a study across five key domains where bias can be introduced. For each domain, you answer a series of signaling questions to form a judgment about the risk of bias (low, some concerns, or high).
Five Domains of Bias includes:
1. Bias arising from the randomization process
2. Bias due to deviations from intended interventions
3. Bias due to missing outcome data
4. Bias in the measurement of the outcome
5. Bias in the selection of the reported result
By evaluating a study across these domains, the Cochrane tool provides a systematic and transparent way to understand the potential flaws and determine the reliability of its findings.
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Fig 2. Risk of Bias Assesment

2.7.2 Quantitative analysis
A quantitative pooled meta-analysis is conducted when there is data from multiple studies with similar measurements and outcomes. The meta-analysis was conducted using RevMan 5.4 (The Cochrane Collaboration, The Nordic Cochrane Centre, Copenhagen, Denmark). Inverse Variance method was used to obtain mean difference (MD) and its standard deviation (SD). Mean difference (MD) and the corresponding 95% confidence interval (CI) of the continuous endpoints were calculated to compare the efficacy of both treatments. The safety endpoints were quantitatively analyzed as risk ratio (RR) and the 95% CI. A P-value of < .05 was considered statistically significant.

3. results and discussion
3.1 Results



The systematic search identified 1,264 records, of which six randomized controlled trials (RCTs) met the eligibility criteria for final inclusion. These studies evaluated a total of 124 patients undergoing primary ACL reconstruction with autologous bone marrow aspirate concentrate (BMAC) vs 135 control (N=259), in which for baseline characteristic of the included studies shown on (Table 2).

Table 2. Baseline Characteristic of The Included RCTs Studies
	No
	Authors
	Year
	Study Design
	Sample
	Graft
	Stem cell
	Timing of biologics
	Duration of treatment

	
	
	
	
	
	Type
	Origin
	Type
	Origin
	Source
	Dose
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	1
	Adam Anz et al
	2023
	prospective, single-blinded, randomized controlled
trial
	20 patients in the BMAC group & 20 patients in the control group
	BTB / hamstring
	Autograft
	BMAC
	autologous
	distal
femur, the anterior iliac crest, or the posterior iliac
crest
	2mL
	intraoperative
	24 month
	

	2
	Bhamare
	2023
	RCT
	15 patients in the BMAC group & 15 patients in the control group
	quadrupled
	Autograft
	BMAC
	autologous
	ipsilateral iliac crest
	3mL
	intraoperative
	24 month
	

	3
	Forsythe et al.
	2022
	Double-blinded, randomized controlled trial.
	36 patients in the BMAC group and 37 patients in the control group.
	BTB
	allograft
	BMAC
	autologous
	iliac crests
	2.5 mL
	intraoperative
	12 month
	

	4
	Lavender et al.
	2025
	A single-blinded, prospective RCT
	29 patients in the augmented group: BMAC, demineralized bone matrix
(DBM), and mechanical augmentation (suture tape
augmentation [STA]) and 30 patients in the non-augmented group (group NA).
	quadriceps
tendon
	<25 years old: Autograft ; >=25years old: GraftLink Allograft
	BMAC
	autologous
	proximal lateral tibia
	3mL
	intraoperative
	24 month
	

	5
	Lin et al
	2024
	RCT double blind
	9 patients in the combination of BMAC and PRP group ; 8 patients in the PRP group ; 10 patients in the control group
	hamstring
	Autograft
	BMAC
	autologous
	proximal tibia area
	NR
	intraoperative
	12 month
	

	6
	Bhamare
	2023
	RCT
	15 patients in the BMAC group & 15 patients in the control group
	hamstring
	Autograft
	BMAC
	autologous
	ipsilateral iliac crest
	3ml
	intraoperative
	9 month
	





This meta-analysis found no statistically significant difference in Visual Analog Scale (VAS) scores between the BMAC and control group following ACLR (Table 3). The overall pooled Mean Difference (MD) was 0.15 with a 95% Confidence Interval (CI) of -0.11 to 0.40. Because the CI crosses the line of no effect (zero) and the overall effect (P = .26), the result is not statistically significant, implying that mesenchymal stem cell treatment did not lead to a greater improvement in pain scores compared to the control. The analysis revealed moderate to substantial heterogeneity among the studies (I² = 59%, P = .003), which indicates that the observed treatment effects varied considerably across different studies or time points. This significant variability suggests that underlying differences in study protocols or patient populations may be influencing the outcomes, thus warranting caution when interpreting the pooled result.

Table 3. Comparison of VAS score overtime
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On IKDC score shows a statistically significant improvement in the for patients receiving BMAC compared to the control group after ACLR (Table 4). The overall pooled Mean Difference (MD) was 2.50 with a 95% Confidence Interval (CI) of 0.89 to 4.11. Since the entire confidence interval is above zero (P = .002), the result is statistically significant. This implies that BMAC treatment leads to a better functional outcome as measured by the IKDC score. Importantly, the analysis shows no statistical heterogeneity among the studies (I² = 0%, P = .77), indicating that the positive treatment effect was consistent across the different studies and time points. This homogeneity strengthens the validity of the conclusion that BMAC therapy provides a significant benefit in functional recovery after ACLR.

Table 4. Comparison of IKDC score overtime
[image: ]

Lysholm score shows improved functional outcomes with BMAC, though the result is of borderline statistical significance (Table 5). The overall pooled Mean Difference (MD) was 2.82 in favor of the BMAC group, with a 95% Confidence Interval (CI) of -0.06 to 5.71. Because the CI just crosses the line of no effect (P = .05), the finding does not meet the conventional threshold for statistical significance. This suggests a potential positive effect that warrants further investigation but cannot be definitively concluded from this analysis. The study showed low heterogeneity (I² = 19%, P = .29), implying that the treatment effects were largely consistent across the included studies, which adds confidence to the precision of the pooled estimate.


Table 5. Comparison of Lysholm score overtime
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Lastly, the tegner activity scale score shows no statistically significant difference in functional outcomes between patients receiving BMAC and those in the control group after ACLR. The overall pooled MD was negligible at .07, with a 95% confidence interval (CI) of [-0.28, 0.41] (Table 6). Because the CI broadly crosses the line of no effect (zero) and the P = .71, there is no evidence to suggest that stem cell therapy improves or worsens patients' return to physical activity levels. The analysis exhibited low and non-significant heterogeneity (I2 = 21%, P = .28), indicating that the results were consistent across the included studies. This consistency reinforces the overall conclusion that, based on the available evidence, BMAC does not have a significant impact on the Tegner activity score.

Table 6. Comparison of Tegner score overtime


3.2 Discussion
Our systematic review and meta-analysis (SRMA) is aim to understand the therapeutic benefits of BMAC augmentation in ACLR. The clinical urgency for such an analysis is underscored by the significant challenges in achieving reliable graft-to-bone healing after ACLR, with re-rupture rates reported as high as 11.7%. Furthermore, a common long-term complication following ACL injury, regardless of treatment, is the development of post-traumatic osteoarthritis [2,4,5]. The intervention, BMAC, leverages Mesenchymal Stem Cells (MSCs), which possess the ability to self-renew, differentiate into various tissues, regulate immunity, and facilitate regeneration. Bone marrow is a primary source for these cells, which have a natural homing ability to migrate to injured sites and secrete growth factors to aid in tissue repair. The current clinical landscape reflects a strong scientific consensus regarding the "biological promise" and procedural safety of BMAC, yet it remains characterized by a significant gap between biological potential and clinical evidence. There is widespread agreement that while standard surgical reconstruction successfully restores macro-mechanical stability, it fails to replicate the native ligament’s complex biological and neurosensory capabilities, which often culminates in long-term joint degradation [2,3,9,10,12]. While autologous MSCs have shown promise in animal studies, their use requires an invasive secondary harvesting procedure. This meta-analysis found that while BMAC augmentation offers a statistically significant improvement in functional outcomes as measured by the IKDC score at 12 and 24 months (MD 2.50,  P = .002), this benefit did not extend to a significant reduction in pain (VAS, P = .26) and was only of borderline significance for the Lysholm score (P = .05).
The finding of a statistically significant functional improvement, yet no corresponding reduction in pain, aligns with previous research. Individual trials by Anz et al. (2023) and Lavender et al. (2025) also found no significant difference in pain between augmented and control groups. This disconnect suggests the benefits of BMAC are likely driven by enhanced biological healing rather than direct pain modulation. One potential advantage is improved structural integration; for instance, some studies indicate that BMAC may lead to reduced bone tunnel enlargement, which could enhance knee stability and function without altering pain levels [9,10]. Conversely, the intervention is not without its drawbacks, as other studies have reported that BMAC may induce a greater early inflammatory response, potentially delaying graft maturation and widening the tendon-bone interface, which could temper its overall benefits. The borderline significance of the Lysholm score further supports the conclusion that the functional benefit of BMAC is not overwhelmingly strong across all metrics. Although Lavender et al. (2025) reported significantly better Lysholm scores at one year, our pooled analysis indicates this effect is less consistent than that observed with the IKDC score [10,11].
The therapeutic effect of BMAC is attributed to the mechanism of action of its cellular components, particularly MSCs. These cells possess a "homing ability," allowing them to migrate directly to the site of injury within the bone tunnels and graft substance. Once at the target tissue, MSCs can exert their effects through two primary pathways. First, they have multidirectional differentiation potential, enabling them to transform into local cell types such as chondrocytes and osteoblasts to facilitate the creation of a fibrocartilaginous enthesis, mimicking the native tendon-to-bone insertion. Second, they secrete a host of chemokines, cytokines, and growth factors that create a pro-regenerative microenvironment by resisting inflammation and promoting angiogenesis. Regarding safety, the most frequently reported potential side effect in the literature was postoperative stiffness. However, analysis of the available data does not suggest that BMAC increases this risk [7,10,13,14]. In the trial by Lavender et al. (2025), the rate of reoperation for stiffness was not significantly different between the augmented (10%) and control (13%) groups, with the authors suggesting the rate was influenced by other surgical factors rather than the biologic itself [10]. Other studies reported no treatment-related serious adverse events, confirming a strong safety profile for the procedure.
The primary clinical implication of this meta-analysis is that while BMAC augmentation is a safe procedure that provides a statistically detectable improvement in postoperative function, this improvement does not appear to be clinically significant for the average patient. While BMAC may offer a more enduring effect over time compared to some standard injections, the current lack of clinical superiority that surpasses the Minimal Clinically Important Difference (MCID) suggests it is not yet a replacement for standard surgical techniques in the general population. Its routine adoption in all ACLR procedures is not supported by the current evidence, especially considering the associated downsides of increased operative time, additional cost, and potential donor site morbidity from bone marrow aspiration. Clinicians should weigh this small, likely imperceptible functional gain against these procedural burdens. The decision to use BMAC may be best reserved for specific cases, such as in elite athletes where any marginal gain is valuable, or patients at high risk for graft failure, the biological potential for enhanced structural integration. Furthermore, the potential for reduced bone tunnel widening could be a relevant factor for patients deemed at high risk for revision surgery, as it may simplify future procedures [2,3,5–12].
This meta-analysis is strengthened by its exclusive inclusion of level-one RCTs; however, its conclusions must be viewed in light of the limitations of the included studies. A major weakness is the significant heterogeneity in augmentation techniques, with some studies using BMAC alone while others combined it with adjuvants like PRP, demineralized bone matrix, or suture tape. Pooling these varied protocols may obscure the true effect of BMAC as a standalone treatment. A second critical limitation is the lack of standardization in the source of the bone marrow and the final concentration of MSCs across studies, which is a key variable that influences efficacy. Future research should therefore focus on large-scale, multicenter RCTs with standardized protocols for BMAC preparation and application, including the quantification of cellular content to understand the dose-response relationship. These trials should be powered to detect clinically meaningful differences and should stratify results by patient demographics to identify which populations, if any, derive the most benefit. Finally, long-term follow-up beyond two years is essential to determine if the subtle functional and radiographic benefits seen in some studies translate into improved graft survival rates and a reduced incidence of post-traumatic osteoarthritis.

Table 3. Adverse Event
	Study 
	Time
	Complication 
	BMAC Group, n(%) 
	Control Group, n(%)

	Lavender et al
	6 weeks 
	Stiffness; release by arthroscopic and Manipulation Under Anesthesia (MUA) 
	2 (6.9)
	2 (6.7)

	
	
	Stiffness; release by MUA only
	1 (3.4)
	2 (6.7)

	Lin et al
	not reported
	not reported
	
	

	Adam Anz et al
	none
	none
	
	

	Bhamare
	not reported
	not reported
	
	

	Forsythe et al.
	not reported
	not reported
	
	

	Moon et al.
	none
	none
	
	



4. Conclusion
Augmenting ACL reconstruction with BMAC leads to a statistically significant improvement in functional outcomes as measured by the IKDC score at one and two years. However, this improvement does not meet the established threshold for a minimal clinically important difference, suggesting it may not be perceptible to the average patient. Furthermore, the functional gain does not correspond with a significant reduction in postoperative pain. The procedure demonstrates a safety profile comparable to standard reconstruction, with no evidence of an increased risk for adverse events such as postoperative stiffness. 
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Test for overall effect: Z = 0.45 (P = 0.65)

1.1.6 Postoperative (12 month)

Adamarzeral2023 09 0.8 20 06 05 20 95K
Lavenderetal 2025 0.73 1 20 139 184 30 62K
Subtotal (95% CI) 49 50 15.8%
Heterogeneny: Tau = 0.36; Ch: = 4.60, df = 1.(P = 0.03); F = 76X
Test for overall effect: Z = 0.27 (P = 0.78)

1.1.7 Postoperative (24 month)

AdamArzeral2023 12 0.97 20 0.9 073 20 85K
Lavender etal 2025 0.83 145 20 109 146 30  63%
Subtotal (95% CI) 49 50 14.9%
Heterogenelty: Tau? = 0.05; ChF = 1.44, df = 1 = 0.23); ¥ = 31%
Test for overall effect: Z = 0.30 (P = 0.76)

Total (95% CI) 343 350 100.0%
Heterogenehy: Tau? = 0.13; ChF = 31.61, df = 13 (¢ = 0.003); F = 59%
Test for overall effect: Z = 1.12 (P = 0.26}

Test for subgroun differences: ChiE = 3.72 df = § (P = 0.71), B = 0%
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BMAC Control Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
3.1.1 Preoperative
Bhamare etal2023 3026 1L11 15 3146 1291 15  3.5% -120 [-9.82,7.42]
Forsythe etal 2022 514 127 36 486 164 37 5.8% 2.80[-3.92,9.52] —
Lavender etal 2025 5108 1612 29 47 146 30 42X 4.09-3.77,11.95] —
Un et al 2024 4844 752 0 50.62 942 10  4.5% -2.18 [-9.81,5.45]
Subtotal (95% CI) 89 92 17.9% 1.08[-2.72,4.89]
Heterogeneny: Che = 1.79, df = 3 (P = 0.62); F = 0¥
Test for overall effect: Z = 0.56 (P = 0.58)
3.1.2 Postoperative (12 week)
Bhamare etal 2023 o 0 o 0 0 0 Not estimable
Forsyhe etal 2022 555 133 36 548 16 37 57K 0.70[-6.04,7.44]
Lavender etal 2025 0o 0 0 0o o 0 Not estimable
Un etal 2024 50.81 709 9 4603 778 10 58K 478-191,1147] —
Subtotal (95% C) 47 115% 2761199, 7.50] —~—
Heterogenehty: ChE = 0.71, df = 1 (P = 0. -0%
Test for overall effect: Z = 1.14 (P = 0.26)
3.1.3 Postoperative (6 month)
Bhamare etal 2023 o 0 0 0 0 0 Not estimable
Forsythe et al 2022 709 117 36 729 139 37 7.5% -2.00 [-7.89, 3.89] 1
Lavender etal 2025  §2.24 11.11 29 78.37 124 30 7.2% 3.87[-2.13,9.87] I —
Un et al 2024 54.97 B 95507 B1 10 49%
Subtotal (95% CI) 77 19.6% :
Heterogeneny: ChF = 1.92, df = 2 ¢ =ox
Test for averall effect: Z = 0.34 (¢ = 0.73)
3.1.4 Postoperative (12 month)
Bhamare etal 2023 o 0 0 0 o 0 Not estimable
Forsyhe etal 2022 833 115 36 801 13 37 82K 3.20([-243,6.83] —
Lavender etal 2025 8771 11.62 29 B0.85 1428 30 5.9% 6.86(0.23,13.49]
Unetal 2024 6059 3.88 9 5823 3.04 10 26.0% 2.36[-0.80,552]
Subtotal (95% CI) 74 77 40.1% 3.19 (065, 5.74]
Heterogeneny: ChE = 1.44, df = 2 (P = 0.48); F = 0%
Test for overall effect: Z = 2.46 (P = 0.01)
3.1.5 Postoperative (24 month)
Bhamare etal2023 3786 127 15 33.2 1081 15  3.6% 4.66 [-3.78,13.10] —
Forsythe etal 2022 0 0 o 0o o 0 Not estimable
Lavender etal 2025  91.05 12.7 29 §5.32 10.81 30 7.1% 5.73 [-0.30, 11.76]
Un etal 2024 o 0 o 0 Not estimable
Subtotal (95% C) 45 108% 537[0.46,1027] ———
Heterogeneny: ChF = 0.04, df = 1.
Test for averall effect: Z = 2.15 (¢ = 0.03)
Total (95% CI) 326 338 100.0%  2.50[0.89, 4.11] -

Heterogenehy: Chi* = 9.06, df = 13 (P = 0.77); F = 0%
Test for overall effect: Z = 3.04 (P = 0.002}

Test for subgroup differences: ChE = 3.16. df = 4 (P = 0.53), F = 0%
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BMAC Control Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
2.1.1 Preoperative
Bhamare etal2023  35.66 653 15 3493 157 15 112%  0.73[-7.87,933] —
Un et al 2024 71 653 9 7672 157 10  7.4% -5.72 [-16.34,4.90]
Subtotal (95% CI) 24 25 186% -1.82[-8.51,4.86]
Heterogeneny: ChF = 0.85, df = 1P = 0.36); F = 0¥
Test for overall effect: Z = 0.53 (P = 0.59)
2.1.2 Postoperative (12 month)
Lavender etal 2025 §9.52 1199 20 B186 14.55 30 18.0%  7.6610.87,14.45] —_—
Un et al 2024 §7.65 645 9 B7.38 B.52 10 18.2%  0.27 [-6.49,7.03]
Subtotal (95% CI) 38 40 362%  3.94[-0.85,8.73] 4;
Heterogeneny: ChF = 2.29, df = 1 (P = 0.13); F = 56%
Test for overall effect: Z = 1.61 (P = 0.11)
2.1.3 Postoperative (24 month)
Bhamare etal 2023 6693 645 15 6453 B52 15 28.4% 2.40[3.01,7.81] —f—
Lavender etal 2025  92.22 12.17 29 B5.96 15.27 30 168X% .26 [-0.77,13.29] T
Subtotal (95% CI) aa a5 a52%  3.83[-0.45,812] —
Heterogeneny: ChE = 0.73, df = 1 (P = 0.38); F = 0%
Test for overall effect: Z = 1.75 (P = 0.08)
Total (95% CI) 106 110 1000%  2.82[-0.06,5.71] -

Heterogenehy: Chi* = £.15, df = 5 (P = 0.29); F = 19%
Test for overall effect: Z = 1.92 (P = 0.05)

Test for subgroup differences: Chi = 2.28. df = 2 (P = 0.32), B = 12.3%
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Stem Cell Control/Placebo

Mean Difference

Mean Difference

Study or Subgroup Mean  SD Total Mean SD_Total Weight 1V, Fixed, 95% CI 1V, Fixed, 95% CI
311 Preaperative

Forsythe etal 2022 29 14 3 27 18 37 25.4% 0.20 [0.49, 0.89] i
Moon et al 2021 3.9 145 B 3.7 216 10 4.3% 0.20 [-1.47, 1.87] —
subtotal (95% C1) a4 47 297% 020044, 084] -
Heterogenehy: ChE = 0.00, df = 1.¢7 = 1.00); ¥ = 0%

Testfor overall effect Z = 0.62 (P = 0.54)

4.1.2 Postoperative (6 months)

Forsytheetal2022 43 12 36 48 15 37 3LI1% -0.50 [-1.12,0.12] ——
Moonetal2021 488 0.64 8 489 127 10 148X —0.011-091089]

Subtotal (95% C1) a4 47 45.9% -034[-085,0.17] -
Heterogeney: ChF = 0.77, df = 1 (P = 0.38); ¥ = 0%

Test for overall effect: Z = 1.31 (P = 0.19)

4.1.3 Postoperative (12 months)

fosyheeral2022 62 19 36 55 13 37 2L5% 0.70[-0.05,145] —
Wooncral2021 838 25 8 589 176 10 29% 049156 234]

subtotal (95% C1) a4 47 242% 068 [-003, 138] —
Heterageney: Chi = 0.04, df = 1 (P = 0.85); ¥ = 0%

Test for overall effect Z = 1.88 (P = 0.06)

Total (95% CI) 132 141 1000% 007 [-028,0.41)

Heterogenehy: ChF = §.20, df = 5 (P = 0.28); ' = 21%
Test for overall effect: Z = 0.38 (P = 0.71)

Test for subgroup differences: ChP = 5.49 df = 2 (P = 0.06), P = §3.6%

Stem Cell Control/Placebo




