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Abstract

BACKGROUND

Chronic meniscal injuries pose a significant challenge in orthopedic medicine,
frequently resulting in enduring pain, functional limitations, and progression to
osteoarthritis. Existing treatment modalities have limitations, particularly for tears
in the avascular zone.

AIM
To evaluate the clinical efficacy of autologous bone marrow-derived mesen-
chymal stem cell (BM-MSC) injection for treating chronic meniscal injuries.

METHODS

A prospective clinical trial was conducted between September 2023 and December
2024, enrolling 80 patients with chronic meniscal injuries identified through
magnetic resonance imaging (MRI). The patients were administered an intra-
articular injection of autologous BM-MSCs (40 x 10° cells). Primary outcomes
included Visual Analog Scale pain, International Knee Documentation Committee
and Lysholm Knee scores. Secondary outcomes comprised MRI T2 mapping
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values and meniscal morphology evaluations. Patients were evaluated at baseline and at 3 months, 6 months, and
12 months after injection.

RESULTS

Seventy-six patients completed the 12-month follow-up period. Visual Analog Scale pain scores significantly
decreased from 6.8 * 1.3 at baseline to 2.1 + 0.9 at 12 months (P < 0.001). International Knee Documentation
Committee scores improved from 42.3 £ 8.7 to 71.5 + 10.2 (P < 0.001), while Lysholm scores improved from 58.4 +
11.3 to 85.2 £ 9.8 (P < 0.001). MRI T2 mapping revealed a significant reduction in T2 relaxation times in the treated
meniscus (38.5 = 4.2 milliseconds to 31.2 + 3.8 milliseconds, P < 0.001), indicating enhanced tissue quality. No
serious adverse events were observed.

CONCLUSION
Autologous BM-MSC injection effectively reduces pain and improves function in patients with chronic meniscal
injuries. Moreover, it appears to be a safe alternative to surgery in selected patients.

Key Words: Bone marrow-derived mesenchymal stem cells; Meniscal injury; Regenerative medicine; Pain relief; Functional
recovery; Magnetic resonance imaging T2 mapping

Core Tip: This prospective clinical study examined the therapeutic efficacy of autologous bone marrow-derived
mesenchymal stem cell injections in patients with chronic meniscal injuries. Significant pain reduction and functional
improvement were observed over 12 months. This was supported by enhanced Visual Analog Scale pain, International Knee
Documentation Committee, and Lysholm scores, as well as magnetic resonance imaging T2 mapping, indicating enhanced
meniscal tissue quality. The intervention proved to be safe, minimally invasive, and well-tolerated, suggesting that bone
marrow-derived mesenchymal stem cell therapy could offer a viable regenerative option to surgery for chronic meniscal
injuries. This approach may facilitate both structural restoration and clinical recovery.
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INTRODUCTION

The meniscus is vital in knee joint biomechanics as it distributes loads, absorbs shocks, stabilizes the joint, and protects
articular cartilage[1]. Meniscal injuries are prevalent in orthopedic conditions, with an annual incidence of about 66 per
100000 individuals, greatly impacting quality of life and potentially hastening osteoarthritis development[2]. The
restricted blood supply to the inner two-thirds of the meniscus poses a considerable healing challenge, particularly in the
avascular zone where most degenerative tears occur[3].

The current treatment strategies for meniscal injuries vary from conservative management to surgical intervention.
Recent evidence indicates that arthroscopic partial meniscectomy, previously the gold standard, may not yield better
outcomes compared with conservative treatment and could hasten joint degeneration[4]. This shift in perspective has led
to the investigation of regenerative medicine methods, notably mesenchymal stem cell (MSC) therapy, which presents the
opportunity for tissue regeneration rather than solely symptom management[5].

Bone marrow-derived MSCs (BM-MSCs) have become a promising therapeutic strategy due to their multilineage
differentiation potential, immunomodulatory effects, and reparative paracrine activity[6]. These cells can transform into
meniscal fibrochondrocytes and generate crucial extracellular matrix components necessary for meniscal structure and
function[7]. Additionally, BM-MSCs exhibit paracrine effects by secreting growth factors, cytokines, and extracellular
vesicles, which regulate inflammation, enhance angiogenesis, and activate endogenous repair mechanisms[8].

Previous studies have shown the feasibility and safety of MSC therapy for meniscal injuries in both preclinical and
clinical settings. Animal studies have indicated that MSCs improve meniscal healing, decrease inflammatory markers,
and enhance the biomechanical properties of repaired tissues[9]. Clinical trials have documented enhancements in pain,
function, and quality of life after MSC treatment. However, the majority of studies have concentrated on MSCs as a
complement to surgical repair rather than a standalone treatment[10].

The mechanism of action of MSCs in meniscal repair involves both direct and indirect pathways. Direct differentiation
into meniscal cells contributes to tissue regeneration, while paracrine signaling promotes endogenous repair by recruiting
and activating resident progenitor cells[11]. MSCs also modulate the inflammatory microenvironment by suppressing
proinflammatory cytokines and promoting anti-inflammatory mediators, thereby creating conditions favorable for tissue
healing[12].

Recent advances in imaging technology, especially quantitative magnetic resonance imaging (MRI) techniques such as
T2 mapping, have facilitated noninvasive evaluation of meniscal tissue quality and composition[13]. The T2 relaxation
time is associated with collagen organization and water content, offering objective indicators of tissue integrity that
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enhance clinical assessments[14]. These imaging biomarkers provide valuable insights into the biological impacts of
regenerative therapies, extending beyond conventional morphological evaluations.

Despite the increasing interest in MSC therapy for meniscal injuries, numerous questions remain unanswered. The
optimal cell dose, delivery method, and patient selection criteria necessitate further clarification[15]. Additionally, invest-
igating the long-term durability of treatment effects and the potential for disease modification is essential. This study
aimed to fill these gaps by assessing the clinical efficacy of autologous BM-MSC injections in a well-characterized cohort
of patients with chronic meniscal injuries. The evaluation utilized both clinical and advanced imaging outcomes to
comprehensively assess treatment response.

MATERIALS AND METHODS

Study design and patient selection

This prospective, single-arm clinical trial was conducted at our institution between September 2023 and December 2024.
The study was approved by the Institutional Review Board and conducted in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all participants after a detailed explanation of the study
procedures, potential risks, and anticipated benefits. The study design followed recommendations from the International
Society for Cellular Therapy regarding MSC characterization. Moreover, it adhered to the Minimum Information for
Studies Evaluating Biologics in Orthopaedics guidelines to ensure standardized reporting of biologic interventions.
Patients were recruited through the orthopedic and sports medicine clinics at our institution, including referrals from
primary care physicians and self-referrals in response to study advertisements. A total of 245 patients presenting with
knee pain and suspected meniscal pathology were screened for eligibility. Following a comprehensive evaluation,
including clinical examination, MRI, and laboratory testing, 80 patients who met the inclusion criteria were enrolled. The
patient screening and enrollment process is summarized in Figure 1. Sample size calculation was based on previously
reported effect sizes for pain reduction following MSC therapy, providing 80% statistical power to detect a clinically
meaningful difference of 2 points on the Visual Analog Scale (VAS) and accounting for an anticipated dropout rate of
10%.

Inclusion and exclusion criteria

Inclusion criteria were: (1) Age between 30 years and 65 years to ensure adequate bone marrow cellularity while
minimizing age-related confounding; (2) Chronic meniscal injury confirmed by 3.0T MRI demonstrating grade II or III
meniscal signal changes according to the Crues classification, with symptoms persisting for at least three months; (3)
Failure of conservative management, including a minimum of six weeks of physical therapy and oral anti-inflammatory
medication; (4) A VAS pain score of at least 4 during daily activities; (5) Body mass index (BMI) between 20 kg/m? and
35 kg/m? to limit biomechanical confounding; (6) Willingness to comply with the study protocol, including scheduled
follow-up visits and activity modifications; and (7) Adequate bone marrow reserve confirmed by laboratory testing
showing hemoglobin > 11 g/dL, platelet count > 150000/ pL, and white blood cell count within normal limits.

Exclusion criteria included: (1) Complete meniscal root tears or bucket-handle tears requiring immediate surgical
intervention; (2) Kellgren-Lawrence grade III or IV osteoarthritis indicating advanced degenerative disease; (3) Significant
ligamentous instability, including complete anterior cruciate ligament rupture or grade III collateral ligament injury; (4)
Previous knee surgery within the preceding 12 months or a history of total knee arthroplasty; (5) Systemic inflammatory
arthropathies such as rheumatoid arthritis, psoriatic arthritis, or systemic lupus erythematosus; (6) Active infection or
prior septic arthritis; (7) Malignancy within the past five years, excluding completely excised non-melanoma skin cancer;
(8) Use of immunosuppressive therapy or systemic corticosteroids within three months before enrolment; (9) Intra-
articular injections, including corticosteroids or hyaluronic acid, within six months; (10) Coagulopathy or anticoagulant
therapy that could not be safely discontinued; (11) Pregnancy or lactation; (12) Significant medical comorbidities,
including uncontrolled diabetes mellitus (glycated hemoglobin > 8%), severe cardiovascular disease, or advanced chronic
kidney disease (estimated glomerular filtration rate < 30 mL/minute/1.73 m?); and (13) Contraindications to MRI,
including non-compatible implants or severe claustrophobia.

Bone marrow aspiration and MSC processing

Bone marrow aspiration was conducted under sterile conditions in a procedural room with continuous cardiac
monitoring and pulse oximetry. Following standard preparation and draping, the posterior superior iliac spine was
located and infiltrated with 10 mL of 1% lidocaine for local anesthesia, ensuring sufficient periosteal anesthesia to reduce
procedural discomfort. Utilizing an 11-gauge Jamshidi needle, multiple small-volume aspirations (2-3 mL each) were
obtained from various sites within the iliac crest to optimize MSC yield and minimize peripheral blood contamination. A
total of 60 mL of bone marrow aspirate was collected using heparinized syringes.

The aspirated bone marrow was promptly transported to our Good Manufacturing Practice-certified cell-processing
facility, while maintaining a chain of custody documentation. Mononuclear cells were isolated through density gradient
centrifugation using Ficoll-Paque (density, 1.077 g/mL) at 400 x g for 30 minutes at room temperature. The mononuclear
cell layer was meticulously collected, washed twice with phosphate-buffered saline containing 2% human serum
albumin, and then suspended in alpha-minimum essential medium supplemented with 10% autologous serum, 1%
penicillin-streptomycin, and 2 mmol/L L-glutamine. Cells were seeded at a density of 1 x 10° cells/cm? in T-175 flasks
and incubated at 37 °C in 5% CO, with 95% humidity.
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[245 patients assessed for eligibility]

Excluded (7 = 165)
» Not meeting inclusion criteria (7 = 110)

* Excluded by exclusion criteria (7 = 55)

[80 patients enrolled]

[Lost to follow-up (7 = 4) j

[76 patients completed 12-month follow—up]

Figure 1 Flowchart of patient screening, enroliment, and follow-up. A total of 245 patients were assessed for eligibility. After exclusion of 165 patients
who did not meet the inclusion criteria or met exclusion criteria, 80 patients were enrolled. Four patients were lost to follow-up, and 76 patients completed the 12-
month follow-up.

The culture medium was changed every three days, and non-adherent cells were removed with the initial medium
change at 72 hours. Upon reaching 80%-85% confluence (usually within 14-17 days), cells were harvested using 0.25%
trypsin-ethylenediaminetetraacetic acid, washed, and passaged at a 1:3 ratio. MSCs were expanded to passage 3 to
achieve adequate cell numbers while preserving stemness characteristics, with regular morphological assessments
confirming a spindle-shaped fibroblastic appearance. Quality control testing at each passage involved evaluating cell
viability through trypan blue exclusion (required > 95%), calculating population doubling time, and conducting
mycoplasma testing using polymerase chain reaction.

MSC characterization and quality control

The expanded MSCs underwent comprehensive characterization following the criteria set by the International Society for
Cellular Therapy. Flow cytometry analysis utilized a panel of surface markers, confirming high expression (> 95%) of
CD73, CD90, and CD105, and low expression (< 2%) of CD14, CD19, CD34, CD45, and HLA-DR. Trilineage differen-
tiation potential was confirmed by culturing MSCs in adipogenic, osteogenic, and chondrogenic differentiation media for
21 days, followed by staining with Oil Red O, Alizarin Red, and Alcian Blue, respectively. Differentiation markers were
quantitatively assessed using reverse transcription-polymerase chain reaction. Sterility testing included aerobic and
anaerobic bacterial cultures maintained for 14 days, fungal cultures, and endotoxin testing using the Limulus Amebocyte
Lysate assay (required < 0.5 EU/mL). Karyotype analysis involved examining 20 metaphase chromosomes to exclude
chromosomal abnormalities. Cell senescence was evaluated through beta-galactosidase staining, with less than 5%
senescent cells considered acceptable. The final cell product was suspended in 3 mL of lactated Ringer’s solution supple-
mented with 1% human serum albumin and 10% autologous serum, maintaining cell viability above 90% for up to 4
hours at 4 °C.

Injection procedure

All injections were administered by the same experienced orthopedic surgeon to ensure procedural consistency. The
procedure took place in a sterile environment with the patient in a supine position and the knee flexed at 90 degrees. The
superolateral approach was utilized for intra-articular access, followed by skin preparation with chlorhexidine and sterile
draping. The injection site was numbed with 1% lidocaine (2 mL) for local anesthesia. Under ultrasound guidance using a
high-frequency linear transducer, a 21-gauge needle was inserted into the joint space, confirming intra-articular
placement by aspiration of synovial fluid when present. The prepared MSC suspension containing 40 x 10° cells in 3 mL
was slowly injected over 30 seconds to minimize shear stress on cells and ensure even distribution within the joint space.
This cell dose was chosen based on previous clinical studies demonstrating efficacy and safety of similar doses (20 x 10° to
50 x 10¢ cells) in knee joint regenerative therapies, balancing therapeutic potential with practical cell expansion consider-
ations. After injection, the needle was removed, and a gentle passive range of motion was performed to facilitate cell
distribution. A sterile dressing was applied, and the patients were monitored for 30 minutes for any immediate adverse
reactions. Post-injection activity modification included avoiding weight-bearing for 48 hours, followed by progressive
weight-bearing as tolerated with the use of crutches for one week if necessary.

Evaluation of clinical outcomes

Clinical evaluations were conducted at baseline (within 2 weeks before injection) and at 3 months, 6 months, and
12 months post-injection by independent assessors who were blinded to the injection parameters. The VAS for pain was
utilized during weight-bearing activities, where patients indicated their pain level on a 100-mm horizontal line ranging
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from “no pain” to “worst imaginable pain”. The VAS was consistently administered with standardized instructions,
prompting patients to rate their average pain over the past week for enhanced reliability. The International Knee
Documentation Committee (IKDC) Subjective Knee Form was used to assess symptoms, function, and sports activities,
with scores on a scale from 0 to 100, where higher scores denoted better function. The questionnaire was self-admi-
nistered in a quiet setting, with available assistance for clarification if required. The Lysholm Knee Scoring Scale
evaluated eight domains, including pain, instability, locking, swelling, limp, stair climbing, squatting, and the need for
support. Total scores ranged from 0 to 100, with higher scores indicating better outcomes. The minimum clinically
important difference was determined as 8.9 points and 8.8 points for the IKDC and Lysholm scores, respectively, based
on existing literature. The Knee Injury and Osteoarthritis Outcome Score assessed five subscales: Pain, symptoms,
activities of daily living, sport and recreation function, and knee-related quality of life. Range of motion was measured
using a goniometer with the patient in the supine position, recording both active and passive flexion and extension. Thigh
circumference was measured 15 cm above the superior pole of the patella to evaluate quadriceps atrophy. The single-leg
hop test was conducted at 6 months and 12 months for patients without contraindications, and the limb symmetry index
was calculated. Patient satisfaction was evaluated using a 5-point Likert scale ranging from “very dissatisfied” to “very
satisfied” with the treatment outcomes.

MRI protocol and T2 mapping analysis

MRI examinations were conducted on a 3.0T scanner (Siemens Magnetom Prisma, Erlangen, Germany) using a dedicated
15-channel knee coil at baseline and at 6 months and 12 months post-injection. The standardized protocol comprised: (1)
Sagittal proton density-weighted sequences with and without fat suppression [repetition time/echo time (TR/TE): 3000/
30 milliseconds, slice thickness: 3 mm, field of view: 160 mm, matrix: 384 x 384]; (2) Coronal T2-weighted sequences with
fat suppression (TR/TE: 3500/70 milliseconds); (3) Axial proton density-weighted sequences (TR/TE: 3000/30
milliseconds); and (4) Three-dimensional double-echo steady-state sequences for morphological assessment (TR/TE:
14.5/5 milliseconds, slice thickness: 0.7 mm). Quantitative T2 mapping was performed using a multi-echo spin-echo
sequence with eight echo times (TE: 10 milliseconds, 20 milliseconds, 30 milliseconds, 40 milliseconds, 50 milliseconds, 60
milliseconds, 70 milliseconds, and 80 milliseconds), a TR of 2000 milliseconds, a slice thickness of 3 mm, and an in-plane
resolution of 0.5 mm x 0.5 mm. T2 relaxation times were calculated using a mono-exponential fitting algorithm with noise
correction. The meniscus was manually segmented by an experienced musculoskeletal radiologist, blinded to the clinical
outcomes, into the anterior horn, body, and posterior horn regions. Mean T2 values were calculated for each region and
for the entire meniscus, with lower T2 values indicating better tissue organization and reduced water content. The MRI
Osteoarthritis Knee Score was utilized for the semiquantitative evaluation of meniscal morphology, signal intensity, and
extrusion. Meniscal extrusion was measured as the distance between the peripheral meniscal margin and the tibial
plateau edge on coronal images, with more than 3 mm considered pathological extrusion. The presence of bone marrow
lesions, cartilage defects, and synovitis has also been documented as potential confounding factors affecting the clinical
outcomes.

Rehabilitation protocol

A standardized progressive rehabilitation protocol was implemented for all patients under the supervision of
experienced physical therapists. During phase 1 (weeks 0-2), the focus was on protection and inflammation control.
Interventions included non-weight-bearing or toe-touch weight-bearing with crutches, gentle passive range of motion
exercises within pain-free limits, quadriceps isometric exercises, and cryotherapy for 20 minutes three times daily.
Patients were advised against using anti-inflammatory medications during this phase to prevent interference with the
MSC-mediated healing response. Phase 2 (weeks 3-6) emphasized progressive loading and range of motion restoration.
Patients advanced to partial weight-bearing (50% body weight) using a bathroom scale for feedback, performed active-
assisted range of motion exercises targeting full extension and 120° of flexion, started closed kinetic chain exercises such
as mini-squats and heel raises, and commenced stationary cycling with minimal resistance once achieving 100° of flexion.
Proprioceptive training with balance boards was introduced as tolerated. Phase 3 (weeks 7-12) focused on strength and
functional recovery, advancing to full weight-bearing and discontinuation of assistive devices upon normalized gait.
Progressive resistance training was initiated using elastic bands and weight machines to target the quadriceps,
hamstrings, and hip muscles. Functional exercises like step-ups, lunges, and single-leg squats were introduced based on
individual capacity. Aquatic therapy was included for patients experiencing persistent pain during land-based exercise.
Low-impact aerobic conditioning, including cycling, elliptical training, and swimming, was recommended. Phase 4
(months 4-6) focused on return to activities, incorporating sport-specific training for athletic patients, including agility
drills, plyometric exercises, and gradual return to running programs following established guidelines. Patients were
cleared for return to sports upon achieving a limb symmetry index greater than 90% on functional testing, full pain-free
range of motion, and absence of joint effusion. Education on activity modification, weight management, and long-term
joint protection strategies was provided throughout the rehabilitation period.

Statistical analysis

Statistical analysis was conducted using SPSS version 28.0 (IBM Corporation, Armonk, NY, United States) with a
significance level set at P < 0.05 for all tests. Continuous variables were presented as mean + SD for normally distributed
data or median with interquartile range (IQR) for non-normally distributed data. Normality was assessed using the
Shapiro-Wilk test and visual inspection of histograms and Q-Q plots. Categorical variables were reported as frequencies
and percentages. Primary outcome measures (VAS, IKDC, and Lysholm scores) were analyzed using repeated-measures
ANOVA with Greenhouse-Geisser correction for violations of sphericity. Post hoc pairwise comparisons with Bonferroni
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adjustments were conducted to identify specific time points showing significant changes. Effect sizes were calculated
using Cohen’s d to quantify treatment effects, with values of 0.2, 0.5, and 0.8 representing small, medium, and large
effects, respectively. Secondary outcomes, including MRI T2 mapping values, were analyzed using paired f-tests for
comparisons between baseline and follow-up time points. Correlation analyses using Pearson or Spearman coefficients
were employed to examine the relationship between clinical outcomes and imaging parameters. Subgroup analyses based
on age (< 50 years vs = 50 years), BMI (< 30 kg/m? vs > 30 kg/m?), meniscal tear location (medial vs lateral), and baseline
symptom severity were conducted using mixed-effects models to identify factors influencing treatment response. Missing
data were addressed using multiple imputation with 10 imputed datasets for patients with incomplete follow-up,
assuming data were missing at random. Sensitivity analyses comparing the complete case analysis with the imputed data
were performed to assess the robustness of the findings. The number needed to treat was calculated based on the
proportion of patients achieving minimal clinically important differences in primary outcomes. All analyses were carried
out following intention-to-treat principles, with a per-protocol analysis conducted as a sensitivity analysis.

RESULTS

Patient demographics and baseline characteristics

Among the 245 patients initially screened, 80 met all inclusion criteria and were enrolled between September 2023 and
March 2024. Four patients (5%) were lost to follow-up (two relocated, one withdrew consent, and one underwent
unrelated surgery), resulting in 76 patients (95%) completing the 12-month assessment. The study cohort included 42
males (52.5%) and 38 females (47.5%), with a mean age of 48.3 £ 9.7 years (range: 30-65 years). The mean BMI was 27.2 +
3.8 kg/m? with 31 patients (38.8%) classified as overweight (BMI = 25-30 kg/m?) and 18 patients (22.5%) classified as
obese (BMI > 30 kg/m?). The median duration of symptoms prior to enrollment was 14.5 months (IQR: 8-24 months), with
58 patients (72.5%) reporting symptoms for more than 12 months. Regarding meniscal pathology, 52 patients (65%) had
medial meniscal tears, 21 patients (26.3%) had lateral meniscal tears, and 7 patients (8.7%) had both medial and lateral
involvement. On MRI, 45 patients (56.3%) demonstrated grade II signal changes and 35 patients (43.7%) demonstrated
grade III changes. The posterior horn was involved in 61 patients (76.3%), the meniscal body in 38 patients (47.5%), and
the anterior horn in 15 patients (18.8%), with 28 patients (35%) showing multi-regional involvement.

Clinical outcomes

The VAS pain scores showed significant improvement at all follow-up time points (Table 1). The average baseline VAS
score of 6.8 £ 1.3 decreased to 4.2 £ 1.5 at 3 months (P < 0.001), 3.1 + 1.2 at 6 months (P < 0.001), and 2.1 + 0.9 at 12 months
(P < 0.001). The effect size for pain reduction was substantial (Cohen’s d = 3.92) after 12 months. Notably, 68 patients
(89.5%) experienced a reduction of > 2 points on the VAS scale, which is considered clinically significant, and 42 patients
(55.3%) achieved = 50% pain reduction from baseline.

IKDC scores demonstrated a progressive enhancement from 42.3 + 8.7 at baseline to 71.5 + 10.2 at 12 months (P <
0.001), with 62 patients (81.6%) achieving the minimal clinically important difference of 8.8 points. Similarly, Lysholm
scores increased from 58.4 + 11.3 to 85.2 £ 9.8 (P < 0.001), with 65 patients (85.5%) surpassing the 8.9-point minimum
clinically important difference threshold. The percentage of patients with “good” or “excellent” Lysholm scores (= 84)
rose from 0% at baseline to 68.4% at 12 months.

MRI findings and T2 mapping results

Quantitative T2 mapping demonstrated significant alterations in meniscal tissue composition post-MSC therapy (Table 2,
Figure 2). The average T2 relaxation time for the complete meniscus decreased from 38.5 + 4.2 milliseconds initially to
34.8 £ 3.9 milliseconds at 6 months (P < 0.001) and 31.2 + 3.8 milliseconds at 12 months (P < 0.001), indicating enhanced
tissue structure and reduced moisture content. Regional assessment indicated that the posterior horn, initially exhibiting
the highest T2 values (41.2 + 5.1 milliseconds), displayed the most substantial enhancement (reduction to 32.5 + 4.2
milliseconds at 12 months, P < 0.001).

Morphological assessment using the MRI Osteoarthritis Knee Score criteria indicated an enhancement in meniscal
signal intensity in 48 patients (63.2%), among whom 31 patients (40.8%) exhibited complete resolution of intrasubstance
signal abnormalities. Initially observed in 34 patients (mean: 3.8 + 1.2 mm), meniscal extrusion reduced to 2.9 + 1.0 mm at
12 months (P = 0.003), with 12 patients (35.3%) achieving a reduction below the 3 mm threshold. There was no
progression of existing meniscal tears or development of new tears during the follow-up period.

Subgroup analysis

Age-stratified analysis indicated that younger patients (aged < 50 years, n = 42) exhibited more substantial enhancements
in IKDC scores (mean difference: 32.4 + 11.2) compared to older patients (aged > 50 years, n = 38; mean difference: 25.8 +
10.5, P = 0.024). However, both age groups achieved clinically meaningful improvements. Analysis by BMI subgroups
revealed no significant disparity in pain reduction between patients with BMI < 30 kg/m? and those with BMI > 30 kg/m?
(P =0.182). However, individuals with lower BMI demonstrated a tendency toward superior functional outcomes.
Patients with isolated medial meniscus tears showed slightly better outcomes compared to those with lateral or combined
tears, achieving higher final Lysholm scores (86.8 + 9.2 vs 82.5 £ 10.1, P = 0.048). Baseline symptom duration did not
significantly affect the treatment response, with similar improvements observed in patients with symptoms at <
12 months vs = 12 months (P = 0.364).
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Table 1 Clinical outcome scores following bone marrow-derived mesenchymal stem cell therapy for meniscal pathology

Outcome measure Baseline 3 months 6 months 12 months P value'
VAS pain score (0-10) 68+13 42+15" 31+£1.2° 21+09" <0.001
IKDC score (0-100) 423 £8.7 55.6 +9.3° 64.8 £10.1° 71.5+10.2" <0.001
Lysholm score (0-100) 58.4+11.3 69.2 £10.8" 78.3 +10.2° 85.2+9.8" <0.001
KOQOS pain 452+121 58.3 £11.5" 68.4+10.8" 75.6 +11.2° <0.001
KOQOS symptoms 48.6+13.4 60.2+12.7% 69.8+11.9" 76.3 £12.1° <0.001
KOOSs ADL 523+14.2 64.5+13.1" 73.2+12.5" 79.8+11.8" <0.001
KOQOS Sports/Rec 354+15.6 45.2+14.8" 56.3 +15.2" 65.4 £14.9° <0.001
KOOS QoL 38.7+16.2 51.3 £15.4" 62.5+14.7° 70.2£13.8" <0.001
ROM flexion (degrees) 118.5+12.3 125.3 £10.2° 131.2£8.7% 1345+7.2° <0.001
ROM extension (degrees) -32+21 -1.8+1.5° -0.8+1.2° -0.2+0.8" <0.001

1Repeated measures ANOVA.

Significant difference from baseline (P < 0.001 with Bonferroni correction).

VAS: Visual Analog Scale; IKDC: International Knee Documentation Committee; KOOS: Knee Injury and Osteoarthritis Outcome Score; KOOS ADL: Knee
Injury and Osteoarthritis Outcome Score activities of daily living; KOOS Sports/Rec: Knee Injury and Osteoarthritis Outcome Score sport and recreational
function; KOOS QoL: Knee Injury and Osteoarthritis Outcome Score quality of life; ROM: Range of motion.

Table 2 Magnetic resonance imaging T2 mapping values across meniscal regions

Meniscal region Baseline (milliseconds) 6 months (milliseconds) 12 months (milliseconds) Change from baseline (milliseconds)

Anterior horn 35.8+3.9 332+35" 30.1£3.2% -15.9
Body 374+4.1 345+3.8" 31.3+3.5° -16.3
Posterior horn 41.2+5.1 36.8+4.5" 32.5+4.2° -21.1
Overall meniscus ~ 38.5+4.2 34.8+3.9° 31.2+3.8° -19.0

2P < 0.001 vs baseline.
P < 0.01 vs baseline.

Figure 2 Representative magnetic resonance imaging images of meniscal tissue post-mesenchymal stem cell treatment. A: Pre-treatment
sagittal T2-weighted image showing high signal intensity (arrow) in the posterior horn of the medial meniscus, indicating grade Il degenerative changes; B: Pre-
treatment coronal T2-weighted image demonstrating intrasubstance signal abnormality (arrow) in the medial meniscus; C: Post-treatment (12 months) sagittal T2-
weighted image showing reduced signal intensity (arrow) and improved tissue homogeneity in the posterior horn.
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Safety profile

No significant adverse events associated with the MSC injections were documented throughout the study. Minor adverse
events comprised transient pain at the injection site in 18 patients (23.7%), mild swelling in the knee lasting less than 48
hours in 12 patients (15.8%), and temporary stiffness in eight patients (10.5%). All minor events resolved spontaneously,
without requiring intervention. There were no instances of infections, allergic reactions, or systemic complications
observed. Laboratory assessments at 3 months and 12 months revealed no notable alterations in the complete blood
count, inflammatory markers (erythrocyte sedimentation rate, C-reactive protein), or metabolic parameters.

Patient satisfaction and return to activities

At the 12-month follow-up, 58 patients (76.3%) indicated satisfaction with the treatment outcomes, with the majority
reporting being “satisfied” or “very satisfied”. Out of the 32 patients who engaged in recreational sports before the injury,
24 (75%) successfully resumed their previous activity levels, although 8 patients opted for lower-impact sports. The limb
symmetry index for the single-leg hop test showed improvement from 68.4% + 12.3% at baseline to 89.2% + 8.7% at
12 months (P < 0.001) among patients capable of performing the test.

Correlation between clinical and imaging outcomes

Pearson’s correlation analysis demonstrated moderately negative correlations between T2 relaxation times and the
following clinical scores at 12 months: VAS pain (r = -0.482, P < 0.001), IKDC (r = 0.524, P < 0.001), and Lysholm (r = 0.498,
P < 0.001). Patients with more than 20% reduction in T2 values exhibited significantly better clinical outcomes compared
to those with less than 20% reduction (mean IKDC difference: 75.3 + 9.1 vs 66.8 + 10.5, P = 0.002).

DISCUSSION

This study demonstrates that autologous BM-MSC injection offers substantial and lasting enhancements in pain and
functional outcomes for patients with chronic meniscal injuries. The observed clinical advantages, together with
measurable enhancements in meniscal tissue quality revealed by MRI T2 mapping, indicate that BM-MSC therapy has
regenerative effects. These findings suggest that BM-MSC therapy may present a promising treatment option for selected
patients with meniscal pathology who have not responded to conservative management.

The significant pain reduction observed in our group, with average VAS scores decreasing from 6.8 to 2.1 over
12 months, is consistent with recent meta-analyses demonstrating the effectiveness of MSC therapy for musculoskeletal
conditions[16]. The extent of improvement observed in this study is greater than that reported for other non-surgical
interventions, such as platelet-rich plasma and hyaluronic acid injections. A recent systematic review by Li and Weng[17]
revealed that VAS reductions of 0.76 points were typically achieved with platelet-rich plasma injections for meniscal
tears, which is significantly lower than the 4.7-point reduction noted in our study. The superior outcomes of MSCs may
be attributed to their broader mechanisms of action, which include the release of growth factors, direct cellular differen-
tiation, and potent immunomodulatory effects[18].

The notable progression in functional scores during the 12-month follow-up period is particularly noteworthy. In
contrast to corticosteroid injections that provide temporary relief and surgical debridement that may accelerate
degeneration, MSC therapy promotes ongoing tissue healing[19]. The sustained enhancement between 6 months and
12 months indicates that the regenerative processes initiated by MSCs extend beyond the initial treatment phase. This
aligns with preclinical studies illustrating that transplanted MSCs can persist and remain metabolically active in the joint
environment for several months, continuously releasing bioactive factors, and potentially differentiating into meniscal
tissue[20].

Quantitative T2 mapping has shown clear evidence of enhanced meniscal tissue quality post-MSC treatment. A 19%
decrease in the total T2 relaxation times indicates reduced water content and enhanced collagen structure, indicative of
healthier meniscal tissue[21]. These results hold significance as prior T2 mapping studies on meniscal injuries have
mainly concentrated on diagnostic uses rather than treatment monitoring. Our findings propose that T2 mapping could
be a valuable biomarker for monitoring responses to regenerative therapies. The notably greater enhancement in the
posterior horn, where tears are most frequent and healing is typically limited due to poor vascularity, implies that MSCs
might be particularly effective in addressing injuries in anatomical regions that are conventionally challenging[22].

The correlation between imaging improvements and clinical outcomes enhances the evidence for the true biological
effect of MSC therapy, rather than just a placebo response. Patients with larger reductions in T2 values demonstrated
better functional improvements, indicating a direct link between clinical benefits and tissue regeneration. This association
has significant implications for patient selection and prognosis, as baseline T2 values can assist in identifying individuals
most likely to benefit from MSC therapy[23].

Our safety profile compares favorably with those of surgical interventions and other injection therapies. The lack of
serious adverse events and the minor, self-limiting nature of the observed side effects support the safety of intra-articular
MSC injections when conducted with appropriate cell processing and quality control measures[24]. This is particularly
relevant considering the current apprehensions regarding the potential risks associated with cell-based therapies, such as
the theoretical risks of tumorigenicity or ectopic tissue formation. Our thorough cell characterization protocol, which
includes karyotype analysis and senescence assessment, probably played a role in the outstanding safety profile noted in
this study.
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The subgroup analysis reveals superior outcomes in younger patients. This finding is consistent with the recognized
age-related decrease in endogenous repair capability and might indicate enhanced integration of transplanted cells with
the host tissue in younger individuals[25]. However, the observation that older patients attained clinically significant
improvements implies that age by itself is not a contraindication for MSC therapy. The absence of a substantial impact of
BMI on outcomes differs from surgical literature that demonstrates inferior results in obese patients, potentially due to
MSC therapy targeting biological rather than solely mechanical factors[26].

Comparison of surgical outcomes is particularly relevant considering the current shift away from arthroscopic
debridement for degenerative meniscal tears. Recent randomized controlled trials have indicated that arthroscopic partial
meniscectomy does not yield superior outcomes compared to sham surgery or physical therapy alone for degenerative
tears[27]. In contrast, our findings exhibited distinct superiority over the initial status, showing sustained enhancement
over time. Moreover, unlike meniscectomy, which involves tissue removal and may hasten osteoarthritis, MSC therapy
seeks to enhance tissue integrity and alter disease progression[28].

Mechanisms underlying the observed clinical improvements likely involve multiple pathways. Although the relative
contribution of this mechanism to paracrine effects remains unclear, the direct differentiation of MSCs into meniscal
fibrochondrocytes may contribute to tissue regeneration[29]. Prolonged clinical improvement suggests that beyond
immediate anti-inflammatory effects, MSCs may establish a regenerative microenvironment that promotes ongoing
healing. Recent evidence indicates that MSC-derived extracellular vesicles carrying microRNAs, proteins, and lipids play
crucial roles in intercellular communication and tissue repair[30]. These vesicles modulate inflammation, promote
angiogenesis, and stimulate the proliferation of resident progenitor cells, which may persist even after the transplanted
cells are no longer viable.

This study has several limitations. The single-arm design without a control group limits our ability to definitively
attribute improvements to MSC therapy rather than to placebo effects or natural history. However, the magnitude and
duration of the improvements, coupled with objective imaging changes, suggest true biological effects beyond the
placebo. The relatively short follow-up period of 12 months precluded the assessment of long-term durability and
potential disease-modifying effects. Long-term studies are needed to determine whether MSC therapy can prevent or
delay the progression to osteoarthritis and to confirm its long-term safety beyond 12 months. Heterogeneity in the
meniscal tear patterns and locations may have influenced the outcomes, although our sample size was limited for more
detailed subgroup analyses. Additionally, all injections were performed by a single surgeon, which ensured procedural
consistency but may limit generalizability and reproducibility across different practitioners. We did not perform second-
look arthroscopy to directly visualize meniscal healing; instead, we relied on noninvasive imaging assessment.

CONCLUSION

This study provides convincing evidence that autologous BM-MSC injection is a safe and effective treatment for chronic
meniscal injuries, leading to significant improvements in pain, function, and tissue quality over 12 months. The treatment
targets the underlying pathology through regenerative mechanisms rather than solely offering symptomatic relief,
presenting a paradigm shift in meniscal injury management. Although additional research is necessary to refine protocols
and validate long-term benefits, MSC therapy signifies a promising advancement in the nonsurgical management of
meniscal pathology and could aid in maintaining joint health and preventing progression to osteoarthritis.
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