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Abstract

BACKGROUND
Knee osteoarthritis (OA) is a degenerative joint disease traditionally viewed
through the lens of cartilage degradation. However, emerging evidence positions
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subchondral bone pathology - particularly bone marrow lesions (BMLs) - as a key contributor to pain, progression,
and structural deterioration. Mesenchymal stem cell exhaustion within the osteoarthritic subchondral zone further
impairs intrinsic repair mechanisms, reinforcing the rationale for biologic interventions.

AIM

To evaluate the clinical efficacy of bone marrow aspirate concentrate (BMAC) therapy for knee OA, comparing
subchondral vs intra-articular delivery routes, and elucidating the therapeutic impact on symptom relief and
structural preservation.

METHODS

Following Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, five clinical studies
were included - comprising three randomized controlled trials and two prospective cohorts - with pooled data
from 298 knees. Data on functional outcomes, imaging findings, and progression to total knee arthroplasty (TKA)
were extracted and qualitatively synthesized.

RESULTS

Subchondral BMAC injections demonstrated superior improvements compared to intra-articular injection or
placebo: Knee Injury and Osteoarthritis Outcome Score improved from 49.1 £ 1.9 to 61.2 £ 6.3 at 12 months (P <
0.05), Knee Society Score increased from 57 + 12 to 87.3 + 12 at two years, and Western Ontario and McMaster
Universities Arthritis Index scores showed significant improvement favoring combined approaches. Magnetic
resonance imaging analyses revealed mean BML volume regression of 2.1 cm®, with 80% of knees avoiding TKA
over 13-year follow-up. Magnetic resonance imaging analyses revealed regression of BMLs and increased cartilage
preservation in subchondral-treated knees. Long-term data indicated delayed progression to TKA and biomech-
anical improvements (e.g., Hip-Knee-Ankle angle correction). No major adverse events were reported.

CONCLUSION

Targeting subchondral bone with BMAC addresses underlying OA pathology and may offer disease-modifying
potential beyond symptom relief. These findings support a paradigm shift toward whole-joint biologic therapy,
positioning the subchondral matrix as a therapeutic epicenter in OA management.

Key Words: Knee osteoarthritis; Bone marrow aspirate concentrate; Subchondral injection; Intra-articular injection;
Mesenchymal stem cells; Bone marrow lesions; Regenerative medicine; Orthobiologics
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Core Tip: Subchondral bone-targeted bone marrow aspirate concentrate therapy offers a promising biologic approach for
knee osteoarthritis, outperforming intra-articular delivery in symptom relief and structural preservation. Addressing bone
marrow lesions and mesenchymal stem cell depletion within the subchondral zone enhances pain scores, functional
outcomes, and cartilage integrity while delaying total knee arthroplasty. These findings support a paradigm shift toward
whole-joint biologic interventions that modify disease progression rather than merely alleviating symptoms.
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INTRODUCTION

Osteoarthritis (OA) of the knee is a highly prevalent degenerative joint disease and a leading cause of disability
worldwide[1]. It is characterized by progressive articular cartilage degradation, osteophyte formation, synovial inflam-
mation, and subchondral bone remodeling[1]. Traditionally, cartilage loss has been central to OA pathogenesis; however,
accumulating evidence highlights the critical role of subchondral bone changes in the onset and progression of knee OA
[2]. Structural alterations in the subchondral compartment - including sclerosis, cysts, and bone marrow lesions (BMLs)
visible as marrow edema on magnetic resonance imaging (MRI) - often precede or accompany cartilage degeneration[3,4].
These subchondral lesions are not merely bystanders of degeneration but actively contribute to disease progression and
symptoms.

Subchondral BMLs and edema have emerged as important biomarkers and drivers of OA progression[5-8]. BMLs are
regions of microdamage and repair in subchondral bone that correlate strongly with knee pain and structural deteri-
oration. Longitudinal studies have shown that BML presence and severity predict accelerated loss of adjacent articular

wjsC | https://www.wjgnet.com 2 December 26,2025 | Volumel17 | Issuel2 |

Jaishideng®


https://www.wjgnet.com/1948-0210/full/v17/i12/112778.htm
https://dx.doi.org/10.4252/wjsc.v17.i12.112778

Nallakumarasamy A et al. Subchondral BM-MSC injection in knee OA

cartilage and increased likelihood of joint replacement[9]. In one study, each unit increase in BML grade was associated
with a 1.14% per year faster tibial cartilage volume loss and a higher odds of needing total knee arthroplasty (TKA) over 4
years[9]. Notably, BMLs rarely resolve spontaneously, reflecting ongoing subchondral pathology that perpetuates joint
degeneration[4]. These lesions are thought to provoke pain via raised subchondral pressure and nociceptive nerve
ingrowth, and they release pro-inflammatory and pro-catabolic mediators that diffuse into the synovial joint[4]. Thus,
once considered a passive structural foundation, the subchondral bone is now recognized as a key player in OA
pathogenesis. Current standard non-surgical treatments for knee OA face significant limitations in addressing disease
progression. Non-steroidal anti-inflammatory drugs provide symptomatic relief but carry gastrointestinal and
cardiovascular risks with prolonged use, while offering no disease-modifying benefits. Corticosteroid injections yield
short-term pain reduction but demonstrate no long-term advantage over placebo and may accelerate cartilage loss with
repeated administration. Viscosupplementation with hyaluronic acid shows minimal clinically important benefit in most
trials and carries risks of adverse events, leading clinical experts to question its routine application. Exercise therapy and
weight management, while beneficial, provide modest symptomatic improvement without reversing structural deteri-
oration. This therapeutic gap underscores the critical need for disease-modifying interventions that address both
symptoms and underlying pathophysiology.

Compounding this issue, there is evidence of mesenchymal stem/stromal cell (MSC) dysfunction or depletion in the
osteoarthritic subchondral bone. Healthy subchondral bone harbors a reservoir of MSCs that contribute to tissue repair.
In primary OA, however, these skeletal progenitors appear numerically and functionally compromised[3]. Histological
analysis revealed a reduction in the resident progenitors in the subchondral matrix of cartilage affected by advanced OA
compared to normal regions[10]. A comparative analysis of subchondral bone-derived MSCs found that patients with
primary OA had “reduced” MSCs with reduced viability and osteogenic potential, unlike those with secondary
(dysplasia-related) OA[3]. Similarly, ageing and OA are associated with a decline in bone marrow MSCs within the
subchondral compartment[10]. Hernigou et al[4] noted that osteoarthritic knees had very low concentrations of MSCs in
subchondral aspirates (on the order of only approximately 50-65 colony-forming units per mL) - far fewer than in the iliac
crest marrow of the same patients. This MSC deficit in the subchondral niche may impair the bone’s intrinsic repair
capacity and has been hypothesized to “prime” the joint for degeneration[4]. Muthu et al[10] further confirmed the
findings in the ex vivo histopathological analysis. These findings underscore a rationale for therapeutic strategies that
replenish or stimulate the depleted regenerative cell population in the osteoarthritic subchondral zone.

Bone marrow aspirate concentrate (BMAC) has emerged as a promising orthobiologic therapy for knee OA that could
address symptomatic relief and the underlying degenerative processes. BMAC is an autologous concentrate of bone
marrow aspirate, containing a heterogeneous mix of MSCs, hematopoietic cells, platelets, growth factors, and cytokines.
Delivered via injection, BMAC directly provides a potent cocktail of regenerative and immunomodulatory factors to the
joint environment. Early clinical studies have demonstrated that BMAC injections are safe and can yield significant
improvements in pain and function for patients with knee OA[4]. In contrast to palliative treatments, BMAC therapy
offers the potential to favorably modify the joint microenvironment by promoting tissue repair and inhibiting inflam-
mation. For example, in severe knee OA (Kellgren-Lawrence grade III-IV) cases, a 4-year prospective study reported
substantial and sustained benefit after a single intra-articular BMAC injection: Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) scores improved from 40 to 18 and International Knee Documentation
Committee Score (IKDC) from 56 to 73, with 35 of 37 knees showing clinical improvement and no patient proceeding to
knee replacement in that period[11]. Such outcomes, maintained over mid-term follow-up, suggest that BMAC may help
delay or prevent the need for arthroplasty in advanced OA[12]. Current standard non-surgical treatments for knee OA
(exercise, weight loss, non-steroidal anti-inflammatory drugs, corticosteroids, and hyaluronic acid injections) are predom-
inantly symptom-focused and do not reverse disease progression. Repeated steroid injections, for instance, can provide
short-term pain relief but have shown no long-term advantage over placebo and may even accelerate cartilage loss[13].
Viscosupplementation with hyaluronic acid has minimal clinically important benefit in most trials and carries a risk of
adverse events, leading experts to question its routine use[13]. In the absence of any approved disease-modifying OA
drug, end-stage disease often culminates in TKA as the definitive solution[14]. In this context, BMAC represents an
innovative regenerative approach addressing the unmet need for therapies that not only alleviate symptoms but also
target the joint’s biochemistry and structural integrity.

Within the expanding domain of biologic injections, a compelling strategy is emerging: Delivering BMAC to the
subchondral bone, rather than solely into the intra-articular space. The biological rationale is twofold. First, targeting the
subchondral region directly addresses the site of BMLs and sclerosis that drive pain and structural progression. By
injecting regenerative cells and growth factors into subchondral bone, one aims to promote repair of microdamage,
enhance bone quality, and alleviate subchondral hypertension, thereby tackling a root cause of OA symptoms[4]. Second,
the subchondral route may enhance cell retention and engraftment. MSCs injected intra-articular face a hostile milieu -
they can be diluted by synovial fluid, impeded by hyaluronan, and largely cleared from the joint within days[4]. In
contrast, the subchondral bone niche may provide a more hospitable microenvironment and a direct conduit for cells to
influence both bone and cartilage. Preclinical evidence of crosstalk between bone and cartilage supports this concept:
Channels and microcracks in the osteochondral junction allow molecular exchange, meaning factors released in
subchondral bone can diffuse to nourish and influence the articular cartilage above[4]. Early clinical findings are
encouraging. Kon et al[15] first reported that combined intra-articular plus subchondral BMAC injections led to superior
outcomes in knee OA patients, with significant functional gains and MRI evidence of bone marrow edema reduction -
suggestive of a disease-modifying effect. Such improvements in BMLs and pain with subchondral BMAC hint at a
mechanism of action beyond what intra-articular injections alone can achieve. Given the growing recognition that
“whole-organ” OA management must address bone changes in tandem with cartilage, delivering BMAC into the
subchondral space is a logical evolution of regenerative therapy. We aim to systematically review the human clinical
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studies on BMAC treatment for knee OA, with a special focus on the subchondral injection approach. We seek to
synthesize current evidence on the safety and efficacy of BMAC in knee OA and to evaluate whether targeting the
subchondral bone confers added clinical or structural benefits compared to conventional intra-articular delivery. By
examining outcomes, imaging findings, and mechanistic insights from the literature, this review aims to clarify the
therapeutic value of subchondral BMAC injections and inform the rationale for their use in knee OA management.

MATERIALS AND METHODS

The systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines. A comprehensive literature search was performed across four major databases - PubMed,
EMBASE, Scopus, and Web of Science covering publications from January 2000 to June 2025. The search strategy

”oou

combined keywords and Medical Subject Headings terms related to “BMAC”, “knee osteoarthritis”, “subchondral
injection”, “intra-articular injection”, and “mesenchymal stem cells”. Boolean operators and filters were applied to refine
results to human clinical studies published in English.

Studies were eligible for inclusion if they met the following criteria: (1) Involved adult patients diagnosed with knee
OA based on clinical and radiographic criteria; (2) Evaluated the therapeutic use of autologous BMAC delivered via intra-
articular, subchondral, or combined routes; (3) Reported clinical outcomes such as pain, function, or imaging findings;
and (4) Had a minimum follow-up duration of 6 months. Exclusion criteria included animal studies, in vitro experiments,
reviews without original data, studies using culture expanded or allogeneic stem cells, and those lacking route-specific
outcome data.

Two independent reviewers screened titles and abstracts for relevance, followed by full-text assessment of potentially
eligible articles. Discrepancies were resolved through consensus or consultation with a third reviewer. Data extraction
was performed using a standardised template capturing study design, sample size, patient demographics, OA severity
(Kellgren-Lawrence grade), injection technique, BMAC preparation method, follow-up duration, and outcome measures.
Primary outcomes included pain scores [Visual Analog Scale (VAS)], functional indices [WOMAC, IKDC, Knee Injury
and Osteoarthritis Outcome Score (KOOS)], and imaging findings (MRI-based assessment of BMLs and cartilage
thickness). Secondary outcomes included adverse events and TKA progression.

To address heterogeneity across studies, we developed a systematic approach for handling variability in patient
populations and interventions. Studies were stratified by OA severity using Kellgren-Lawrence grades (I-II vs III-IV),
with separate analysis planned for early vs advanced disease stages. Age-related differences were addressed by recording
the mean patient age and standard deviation for each cohort, with subgroup considerations for patients above and below
65 years. BMAC protocol variations were systematically catalogued, including aspiration volume (range: 60-240 mL),
concentration methods (centrifugation vs filtration), final concentrate volume (5-20 mL), and cell counts where reported
(colony-forming units per mL). Injection technique differences were documented, including single vs multiple injection
sites, imaging guidance (fluoroscopy vs ultrasound), and combination with intra-articular delivery. Where studies
reported insufficient detail on these parameters, we contacted corresponding authors for additional information.

Risk of bias was assessed using the Cochrane Risk of Bias tool for randomized controlled trials (RCTs) and the
Newcastle-Ottawa Scale for observational studies. Each study was graded for methodological rigor, including random-
ization, blinding, completeness of outcome data, and selective reporting. Level of evidence was classified according to the
Oxford Centre for Evidence-Based Medicine criteria.

Statistical heterogeneity was assessed using the I* statistic, with values > 75% considered substantial heterogeneity
precluding meta-analysis. Clinical heterogeneity was evaluated by systematically comparing study populations (age, sex,
OA severity), intervention characteristics (BMAC volume, concentration, injection technique), and outcome assessment
methods. Where significant heterogeneity was identified, we performed sensitivity analyses excluding outlier studies and
conducted subgroup analyses based on predefined categories (early vs advanced OA, single vs combined injection routes,
short vs long-term follow-up). Forest plots were constructed for comparable outcomes, though formal meta-analysis was
not performed due to methodological diversity across studies.

Subgroup analyses were planned to compare outcomes between intra-articular, subchondral, and combined injection
routes. Where possible, effect sizes were extracted or calculated, and heterogeneity across studies was evaluated using I?
statistics. Due to variability in study designs and outcome reporting, a meta-analysis was not performed; instead, a
qualitative synthesis was undertaken to summarize trends and comparative efficacy.

The review protocol was registered prospectively in the PROSPERO database (CRD420251087709), ensuring
transparency and methodological integrity. Ethical approval was not required as the study involved secondary analysis
of published data. All included studies were cited appropriately, and data were interpreted in the context of current
clinical practice and biologic rationale for targeting subchondral pathology in OA.

RESULTS

This systematic review included five clinical studies evaluating the efficacy of BMAC administered via subchondral or
intra-articular injection for knee OA as shown in the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses flow diagram of inclusion of studies in Figure 1. Of the included studies, three were RCTs, while two followed
prospective cohort designs as shown in Table 1. The quality assessment of the included studies was satisfactory to be
included in the analysis. The total pooled sample size comprised 298 knees, with each study comparing either
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Table 1 Characteristics table of the included studies

Stud . Sample Sexratio KL grade Outcome  Follow-u
Ref. Country y Intervention  Control . P Age (lIC) g . P
type size (I/C) (M:F, l/C) (Vc) measures  duration
Hernigou et  France PCS BMAC SC TKR 140/140 754 53:87 Grade2-  KSS, BML Approximately
al[19], 2021 (range 65- 4/grade 2- volume, 15 years
90) 4 HKA angle
Hernigou et  France RCT BMACSC BMACIA 60/60 64 +21 25:35/25:35 ~ Grade1l-  KSS, MRI Approximately
al[17], 2021 alone 4/grade 1- 15 years
4
Madrazo- India RCT BMACSC Placebo 25/25 63.2+ 14:11/12:13  Grade3 & KOOS, VAS 12 months
Ibarra et al 8.2/66.5 £ 4/grade 3
[18], 2022 5.3 &4
Silva et al Italy RCT BMACSC+IA BMACIA 43/43 NR NR Grade3& WOMAC, 12 months
[16], 2022 alone 4/grade3 Tegner,
&4 IKDC, EQ-
VAS
Kon et al France PCS BMAC SC None 30/NIL 56.4+81 19:11 Grade2 & IKDC, KOOS, 24 months
[15], 2023 3/NIL WORMS MRI

I/C: Intervention vs control; M:F: Male to female ratio; KL: Kellgren-Lawrence; PCS: Prospective controlled study; BMAC: Bone marrow aspirate
concentrate; SC: Subchondral; TKR: Total knee replacement; KSS: Knee Society Score; BML: Bone marrow lesion; HKA: Hip-Knee-Ankle; RCT:
Randomized controlled trial; IA: Intra-articular; MRI: Magnetic resonance imaging; KOOS: Knee Injury and Osteoarthritis Outcome Score; VAS: Visual
Analog Scale; NR: Not reported; WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index; IKDC: International Knee Documentation
Committee Score; EQ-VAS: EuroQol Visual Analog Scale; WORMS: Whole-Organ Magnetic Resonance Imaging Score.

subchondral BMAC injection alone, intra-articular injection alone, or a combination of both. Across all studies, clinical
outcomes were assessed at multiple time points using standardised scoring systems - VAS, KOOS, WOMAC, IKDC,
Tegner, Lysholm, and Knee Society Score (KSS). Subchondral BMAC injections consistently demonstrated superior
improvements in functional scores, pain reduction, and imaging findings compared to intra-articular injections or
placebo.

The RCT by Silva et al[16] in 2022 compared intra-articular BMAC alone to combined subchondral plus intra-articular
injections. At 6 months, Tegner and WOMAC scores favoured the combined approach, with improved IKDC and
EuroQol-VAS scores. Similarly, Hernigou et al[17] in 2021 reported significantly higher KSS scores in the subchondral
BMAC group compared to intra-articular alone. MRI findings indicated reduced BML volumes in the subchondral group,
along with slowed progression toward TKA. Madrazo-Ibarra et al[18] in 2022 compared subchondral BMAC to placebo,
with KOOS scores improving from 49.1 £ 1.9 to 61.2 + 6.3 at 12 months. This study reinforced the pain-alleviating and
function-enhancing role of targeted BMAC delivery into subchondral bone.

A long-term prospective cohort study by Hernigou et al[19] in 2021 observed sustained benefits with subchondral
injections over two years. Among 140 patients, KSS scores improved from 57 + 12 to 87.3 + 12, and BML volumes
decreased significantly (mean regression of 2.1 cm?®). The authors also reported a correction in Hip-Knee-Ankle angle and
delayed progression to TKA, further suggesting the disease-modifying effect of subchondral biologic therapy. Kon et al
[15] in 2023 conducted a prospective cohort study evaluating subchondral injections with MRI-based Whole-Organ
Magnetic Resonance Imaging Score scoring. Patients experienced progressive improvement in IKDC (from 40.5 + 12.5 to
62.6 +19.4) and KOOS scores over 12 months. Structural MRI revealed regression of BMLs and increased cartilage preser-
vation in subchondral-treated knees.

No major adverse events were reported in any study. Subchondral BMAC injections consistently showed superior
clinical and radiological outcomes relative to intra-articular-only approaches or placebo. The cumulative findings
emphasize that targeting subchondral pathology addresses the underlying biomechanical dysfunction in OA and
supports the paradigm of whole-joint biologic therapy.

DISCUSSION

Emerging clinical data suggest that injecting BMAC into the subchondral bone can achieve equal or superior outcomes
compared to the traditional intra-articular route. The most direct evidence comes from a randomized trial by Hernigou et
al[17], in which 60 patients with bilateral knee OA received an intra-articular BMAC injection in one knee and a guided
subchondral BMAC injection in the contralateral knee. Over long-term follow-up (mean approximately 15 years), the
subchondral-treated knees fared significantly better: They had a prolonged time to joint replacement and greater pain
relief and functional improvement than their intra-articular treated counterparts[17]. In fact, knees that received BMAC
into the bone had a markedly lower conversion to TKA - reflecting a genuine disease-modifying effect - whereas the intra-
articular injections, while reducing pain initially, did not alter the course of structural degeneration[17]. This head-to-
head comparison provides high-level evidence that targeting the subchondral compartment can enhance the long-term
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w

Non-English studies - 1
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synthesis (7 = 5)

Studies included in qualitative
synthesis (7 = 5)

Figure 1 Preferred Reporting ltems for Systematic Reviews and Meta-Analyses flow diagram of inclusion of studies in the analysis. BVAC:
Bone marrow aspirate concentrate.

efficacy of BMAC therapy. Consistent with these findings, a multicenter pilot study employing combined subchondral
plus intra-articular BMAC reported durable clinical benefits at 2 years and significant reductions in MRI-detected bone
marrow edema lesions[15]. Patients in that cohort experienced improved pain and function scores that remained above
baseline through 24 months, with a low failure rate, and imaging showed that subchondral BMAC delivery led to
resolution of bone edema that was not observed with typical intra-articular treatments[15]. These outcomes reinforce the
notion that accessing the subchondral bone can augment the symptomatic and structural impact of BMAC.

It is important to acknowledge that not all studies have found a dramatic clinical divergence between subchondral and
intra-articular routes. A prospective case-matched study by Centeno ef al[20] compared two groups of patients with
advanced knee OA and MRI-confirmed BMLs: One group received intra-articular BMAC and platelet product injections
alone, while the other received a combined intra-articular plus subchondral regimen. After treatment, both groups
showed significant improvements in pain and function, but the differences between the intra-articular only and
subchondral + intra-articular groups did not reach statistical significance in patient-reported outcomes[20]. This suggests
that intra-articular BMAC is beneficial on its own, and the added value of a subchondral injection might be subtle or
require larger sample sizes to detect. The authors noted a trend toward better outcomes in the combined injection group
(especially in patients with large BMLs) that likely failed to reach significance due to limited power. Additionally, their
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use of adjunct platelet products and heterogeneity in injection techniques could have confounded the results[20]. Despite
this isolated null finding, the overall body of evidence - including the positive RCT data - points to at least equivalence,
and likely superiority, of subchondral BMAC delivery in appropriate candidates. Crucially, none of the comparative
studies have found subchondral injection to be inferior to intra-articular injection; at worst, it appears comparable in
symptomatic benefit, and at best it yields longer-lasting and more profound improvements in joint health. Given that the
subchondral route can be combined with intra-articular injection (rather than replacing it entirely), many clinicians are
adopting a dual-route approach to maximize patient outcomes[21].

Rationale for subchondral targeting

Several biological and biomechanical factors may explain why targeting the subchondral bone with BMAC could enhance
treatment efficacy. Mechanically, OA frequently entails increased subchondral bone turnover, microfractures, and loss of
bone quality, which in turn destabilize the overlying cartilage. BMAC injected into these subchondral regions can directly
participate in repair of microdamage and strengthening of the bone structure. The aspirate’s osteoprogenitor cells and
growth factors (e.g., transforming growth factor-, vascular endothelial growth factor, platelet-derived growth factor) can
stimulate new bone formation and angiogenesis within BMLs, potentially restoring the shock-absorbing capacity of the
osteochondral unit[22]. By “bolstering the foundation” of the joint, subchondral BMAC may reduce abnormal mechanical
stress on cartilage and mitigate one driver of cartilage breakdown. In essence, this approach treats the often-overlooked
bone pathology of OA, analogous to how the surgical procedure subchondroplasty injects bone substitute to stabilize
BMLs. Early BMAC studies indeed show bone lesion regression on MRI after subchondral injections[4], indicating that
the therapy is modifying the bone structure in a favorable way.

Biologically, the subchondral bone is a rich source of cross-talk in the joint, and targeting it allows BMAC to exert
wider intra-articular effects. The subchondral space in OA is characterized by an inflammatory and catabolic milieu (e.g.,
elevated interleukin-6, prostaglandin E2, and abnormal Wnt signaling in osteoblasts) that can diffuse upward and
damage cartilage[4]. Delivering MSCs and anti-inflammatory cytokines via BMAC into the bone can help counteract this
pathological microenvironment. MSCs are known to secrete mediators that suppress osteoclast activity and inflammation;
thus, a concentrated presence of these cells in subchondral lesions may rebalance bone remodeling and reduce the
production of cartilage-degrading enzymes[4]. In addition, recent histologic and imaging studies have confirmed
channels and vascular connections between subchondral bone and articular cartilage[4]. This anatomical continuity
means that therapeutic factors released by BMAC in the bone (such as growth factors, extracellular vesicles, or
chemokines) can permeate into the deep layers of cartilage and synovium[4]. In effect, the subchondral injection creates a
biological reservoir beneath the cartilage, from which reparative signals can be delivered directly to the undersurface of
the joint. This may enhance chondral healing and modulate synovitis more effectively than intra-articular injection, where
cells are dispersed in the synovial fluid and often cleared rapidly. Interestingly, in patients treated with subchondral
BMAC, concomitant decreases in synovial inflammation have been observed despite no direct injection to the synovium
[4]. Hernigou et al[4] reported that knees receiving subchondral MSC grafts showed an approximately 25% reduction in
synovitis scores at 2 years, along with a significant drop in MSC counts in the synovial fluid, suggesting a calming of the
whole joint environment. One hypothesis is that by repairing subchondral defects and reducing marrow lesion signals,
there is less inflammatory stimulus driving synovial hypertrophy and effusions. This “inside-out” mechanism -
improving joint biology by first healing the bone - is a paradigm shift in OA treatment rationales.

Implications for OA pathogenesis and disease modification

The success of subchondral BMAC injections has provocative implications for potentially altering the course of OA.
Traditional intra-articular therapies (steroids, hyaluronic acid, even platelet-rich plasma) are largely symptom-oriented
and have not demonstrated any ability to slow structural progression of OA. In contrast, the data emerging from
subchondral BMAC studies suggest that it may be possible to at least partially reverse or retard some pathological
features of OA. Patients treated with subchondral BMAC have shown evidence of cartilage repair and preservation on
imaging. In one long-term trial, MRI quantification revealed that knees injected with BMAC in the subchondral bone had
an increase in medial compartment cartilage volume (approximately +2.4% at 2 years) whereas OA typically causes
progressive cartilage loss[4]. Although the regenerated tissue in these cases may be fibrocartilage (as second-look
arthroscopy indicated), the finding of any cartilage gain is remarkable in a degenerative disease context and underscores
the regenerative influence of the therapy[4]. Moreover, by targeting subchondral “bone marrow edema” lesions, BMAC
appears to disrupt a vicious cycle of inflammation and degeneration. The significant regression of BML volume observed
after subchondral BMAC injections (on the order of a few cubic centimeters less edema by 24 months) corresponds with
reduced pain and improved function[4]. Because BML presence predicts cartilage loss and joint failure[9], their resolution
suggests a true modification of disease trajectory. Clinically, this has translated into a delay in the need for joint
replacement in treated patients. Across three RCTs encompassing 200 knees treated with subchondral BMAC, only 20% of
those knees proceeded to TKA over an average of 13 years follow-up[4]. In other words, four out of five knees were able
to avoid surgery long-term, even though many had been candidates for TKA initially. Comparatively, the contralateral
knees that underwent immediate arthroplasty (or knees treated with non-regenerative measures) obviously all required
TKA and some even needed revision surgeries within that time frame[4]. These findings hint that subchondral BMAC not
only provides symptomatic relief but may alter the natural history of OA in a subset of patients, preserving joint tissue
and function.

The potential to modulate OA pathogenesis by addressing subchondral bone is supported by mechanistic studies.
Laboratory research has shown that osteoarthritic subchondral bone undergoes pathological changes such as MSC
senescence, pro-inflammatory gene expression, and aberrant bone remodeling (e.g., high RANKL levels and osteoblast
hypertrophy)[22]. By introducing healthy autologous MSCs via BMAC, these deleterious processes might be countered.
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MSCs can differentiate and replace exhausted native progenitors, and their paracrine effects include inhibiting the
nuclear factor-kappa B pathway and other inflammatory cascades in the joint[4]. Notably, intra-articular BMAC injections
alone have not demonstrated such disease-modifying effects - as evidenced by the lack of MRI improvements in cartilage
or BMLs in trials of intra-articular injection[4]. Structural benefits are seen when BMAC is placed subchondrally,
reinforcing that the subchondral bone is a critical therapeutic target for altering disease progression. It also aligns with a
broader understanding of OA as an organ-level failure involving bone-cartilage crosstalk, rather than a cartilage-centric
wear-and-tear issue alone. Targeting the subchondral bone may help “reset” the joint homeostasis by restoring a healthier
bone milieu, which protects cartilage and reduces pain generation. While more research is needed to conclusively prove
disease modification, the current evidence is the most compelling for a minimally invasive injectable therapy in OA.

Synthesising evidence from heterogeneous studies presents several methodological challenges that warrant explicit
acknowledgement. The included studies demonstrate substantial diversity in patient selection criteria, with some
focusing on early-stage OA (Kellgren-Lawrence I-II) while others target end-stage disease requiring arthroplasty consid-
eration. This clinical heterogeneity complicates direct outcome comparisons and limits the generalizability of pooled
findings.

Intervention heterogeneity adds another layer of complexity. BMAC preparation methods vary significantly between
studies, from simple centrifugation protocols yielding (2-3) x concentration to sophisticated multi-step processes
achieving (8-10) x concentration ratios. Cell viability and potency assessments are rarely standardized, making
correlating therapeutic dosing with clinical outcomes impossible. Injection techniques show similar variability, ranging
from single-site subchondral delivery to multiple targeted injections based on MRI-identified BMLs.

Outcome assessment heterogeneity further challenges evidence synthesis. While most studies employ validated
patient-reported outcome measures, the specific instruments vary (WOMAC vs KOOS vs IKDC), and few studies report
minimal clinically important differences for their chosen measures. Imaging outcomes lack standardization, with some
studies using qualitative MRI assessment while others employ quantitative cartilage thickness measurements or BML
volumetrics. This methodological diversity, while reflecting the evolving nature of the field, limits our ability to draw
definitive conclusions about optimal treatment protocols and expected outcomes.

Technique considerations and outcome variability
The efficacy of BMAC treatment in knee OA can depend on technical factors related to the injection site and method.
There is variability in how different studies and practitioners perform subchondral injections, which may contribute to
differences in outcomes. Important considerations include the precise location of injection (e.g., femoral condyle vs tibial
plateau, or targeting specific MRI-identified BMLs), the depth of delivery, volume of injectate, and use of image guidance.
In the cited studies, subchondral BMAC is typically delivered under fluoroscopic or intraoperative guidance into areas of
bone pathology. For example, Kon et al[15] injected approximately 5 mL of BMAC into each of two locations in the tibial
plateau and femoral condyle under fluoroscopy, in addition to 4 mL intra-articular. Hernigou et al’s technique involved a
larger volume (approximately 20 mL) of concentrated marrow injected into each of multiple subchondral sites around the
knee, achieved in a surgical setting[4]. These protocol differences (single vs multiple injection points, combined intra-
articular + subchondral vs subchondral alone, etc.) can influence how uniformly the BMAC is distributed in the
subchondral bone and joint. It stands to reason that an injection directly into a sizable bone lesion under imaging
guidance would yield more pronounced lesion filling and structural benefit than a blind intra-articular injection hoping
for passive diffusion into bone. Consistent with this, trials that deliberately targeted BML regions showed clearer MRI
improvements[4,15], whereas those that injected BMAC simply into the joint space generally did not alter MRI structural
findings[4]. Another factor is the disease stage of the patient: Subchondral BMAC might provide the greatest incremental
benefit in patients who have evident bone marrow edema or osteopenia changes on imaging (i.e., those in mid- to late-
stage OA), whereas in very early OA with isolated cartilage softening, an intra-articular injection might suffice. Thus,
patient selection and tailoring the injection technique to the individual’s pathology are critical for optimizing outcomes.
Some variability in outcomes may also stem from differences in BMAC preparation and composition. The concen-
tration of MSCs and platelets in BMAC can vary widely depending on the volume of marrow aspirated, the device or
protocol used for concentration, and whether any adjuncts (like platelet-rich plasma or calcium activators) are added.
While these factors were not the primary focus of this review, they are worth noting because a higher cell dose or more
potent biologic profile in the injectate could theoretically enhance efficacy. Standardization in reporting BMAC
composition (e.g., number of nucleated cells or colony-forming units per mL) is needed in future studies to correlate
therapeutic content with outcomes. Additionally, the concomitant use of other therapies differs - some protocols combine
BMAC with arthroscopic debridement, microfracture, or scaffold implantation in one session[12]. These combined
approaches (often seen in focal cartilage repair settings) were not the subject here, but they illustrate that BMAC’s effect
can be context-dependent. In summary, the technique of delivery - including targeted subchondral injection - appears to
be a key determinant of BMAC's success, and careful attention to treating the “right lesion with the right method” will
likely improve therapeutic consistency across studies.

Limitations of current evidence

Despite the encouraging results, the current literature on BMAC, especially via subchondral injection, has limitations that
temper definitive conclusions. Many studies in this field are small-scale, single-arm case series or pilot trials without
control groups. The positive outcomes reported, while promising, need validation in larger RCTs with appropriate
comparators (e.g., BMAC intra-articular vs BMAC subchondral vs placebo). To date, only a handful of RCTs have been
conducted, and most involve relatively short follow-up (1-2 years), except for a few notable long-term studies[4]. The
heterogeneity of study designs also makes it challenging to compare results. Patient populations range from young
patients with milder OA to elderly patients with end-stage OA, and the stage of disease likely influences how much
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regeneration is achievable. Some trials mixed BMAC with other injectables (platelet-rich plasma or platelet lysate),
making it hard to isolate the effect of BMAC alone[20]. Outcome measures also vary - while most report pain and
function scores, fewer report imaging outcomes or biomarker changes. There is also potential publication bias toward
positive studies in the orthobiologics field; neutral or negative findings (like the Centeno et al’s study[20]) are less
frequently published, which could skew the perceived efficacy.

Another limitation is the lack of standardization in what constitutes “BMAC”. Different commercial systems and
preparation methods yield concentrates with varying cell counts and compositions. This inconsistency can lead to
variable biological potency between studies[12]. Doses are not uniformly reported - for example, Hernigou et al’s
extensive work[4] is notable for quantifying the average MSCs per mL delivered and correlating that with outcomes, but
many other studies state the volume of injectate. For evidence synthesis, it would be ideal if future publications detail the
cell dosage and viability in the BMAC product. Furthermore, the “active ingredient” in BMAC is multifactorial (MSCs,
growth factors, etc.), so pinpointing the mechanism is difficult. We do not yet know if the therapeutic effect comes mainly
from the live stem cells engrafting and differentiating or their paracrine signaling (which might be reproduced by cell-
free approaches in the future).

From a methodological standpoint, blinding is challenging in these injection studies, mainly when one group receives a
subchondral injection (often requiring drilling or fluoroscopy). Patients and providers are frequently aware of the
treatment allocation, which could introduce bias in reported outcomes. Sham-controlled trials would strengthen the
evidence, but are logistically and ethically complex for an invasive procedure. Additionally, there are limited data on
long-term safety. While BMAC is autologous and generally considered safe (no immunogenic issues), injecting into bone
marrow is not entirely benign - there is a small risk of infection, microfracture, or fat embolism, though serious adverse
events have not been reported in the reviewed studies. Current reports indicate no major complications attributable to
BMAC injections in the joint or bone[15], which is reassuring. Nonetheless, long-term surveillance for any unintended
effects (such as aberrant bone formation or tumorigenesis, theoretically) is prudent given the novelty of this approach.

Despite encouraging results, current literature on subchondral BMAC faces substantial methodological limitations that
constrain definitive conclusions. Sample sizes remain small across most studies, with individual cohorts ranging from 25-
140 participants, limiting statistical power to detect meaningful differences and increasing susceptibility to type II errors.
Follow-up durations vary considerably, with most studies reporting outcomes at 12-24 months, while only two studies
provide data beyond five years. This temporal limitation precludes assessment of long-term durability and safety profiles
essential for clinical adoption.

Study design heterogeneity presents additional challenges. Three studies employed randomized controlled designs,
while two utilized prospective cohort methods without control groups, introducing potential selection bias and
confounding variables. Patient populations demonstrate significant variability in age (mean range: 56-75 years), disease
severity (Kellgren-Lawrence grades I-IV), and comorbidity profiles, making outcome generalization difficult. BMAC
preparation protocols lack standardization across studies, with concentration ratios varying 3-fold and cell viability rarely
reported, potentially contributing to outcome variability.

Methodological limitations include inadequate blinding in most studies due to procedural differences between
subchondral and intra-articular routes, introducing potential performance and detection bias. Outcome assessment relies
heavily on patient-reported measures (VAS, WOMAC, KOOS) with limited objective endpoints, while imaging outcomes
lack standardized scoring systems across studies. Publication bias toward positive results remains a concern in the
orthobiologics field, as evidenced by the paucity of negative studies in our systematic search.

Future directions

The encouraging early findings on subchondral BMAC therapy pave the way for several important avenues of future
research. Foremost, well-powered randomized trials are needed to confirm the superiority of subchondral plus intra-
articular BMAC over conventional intra-articular treatment or placebo. At least one ongoing RCT is directly comparing
combined intra-articular + subchondral BMAC against intra-articular BMAC alone[16], which will provide higher level
evidence for the added value of the subchondral route. Future studies should incorporate MRI evaluations as standard, to
objectively assess changes in cartilage thickness, BML size, and other structural endpoints in addition to clinical
outcomes. A consensus on MRI scoring (e.g., Whole-Organ Magnetic Resonance Imaging Score or MRI Osteoarthritis
Knee Score) and reporting of subchondral changes will be useful to compare across trials. Moreover, stratified analyses
based on presence of baseline BMLs could clarify which patients benefit most from subchondral injections. It is plausible
that patients with large BMLs or subchondral cysts gain more from targeted subchondral therapy than those without
such findings. Identifying radiographic or MRI biomarkers of likely responders will help personalize treatment.

Another area for exploration is optimizing the delivery technique and BMAC product. Research could evaluate
whether multiple targeted subchondral injections (for example, addressing each major BML in a knee) yield better
outcomes than a single-site injection. The optimal volume and concentration of BMAC for subchondral use remain to be
determined - too small a volume might not sufficiently fill lesion defects, whereas too large could cause pressure effects
or extravasation. Biomechanical studies could assess how BMAC injection influences subchondral bone material
properties or stiffness, as this could directly impact load distribution on cartilage. On the cellular front, investigating the
fate of injected MSCs in vivo will illuminate how long they persist in subchondral bone and whether they truly engraft or
primarily exert transient paracrine effects. Techniques like labeled cell tracking or biopsy of treated areas (in animal
models or in patients undergoing subsequent surgery) could shed light here. Additionally, comparisons between BMAC
and other cell-based strategies (e.g., culture-expanded MSCs or allogeneic “off-the-shelf” products) would be valuable, as
culture-expanded cells might offer higher numbers but at greater cost and regulatory complexity. BMAC, being a point-
of-care autologous product, has regulatory advantages that should be leveraged, but its constituents could potentially be
enhanced (for instance, by adding adjuvant molecules or combining with scaffold materials that retain cells in
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subchondral defects).

CONCLUSION

Long-term follow-up of patients who receive subchondral BMAC is essential to determine if the early disease-modifying
signals translate into meaningful outcome differences at 5, 10, or 15 years. It will be important to see if the delay in
arthritis progression holds and whether repeated injections are needed to maintain benefit. If subchondral BMAC can
consistently show prolonged TKA-free survival and sustained quality of life improvements, it could herald a shift in the
treatment algorithm for knee OA - intervening at the level of bone biology to treat what has historically been managed as
primarily a cartilage problem. Future research priorities must include adequately powered, multicenter RCTs with
sample sizes exceeding 200 participants per arm to establish definitive efficacy. These studies should incorporate
standardized BMAC preparation protocols, uniform outcome assessment tools, and a five-year follow-up period to
evaluate long-term safety and disease-modifying potential. Comparative effectiveness research comparing subchondral
BMAC against established treatments (corticosteroids, hyaluronic acid, physiotherapy) will inform clinical decision-
making and health economic evaluations. Biomarker studies identifying patient subgroups most likely to benefit from
subchondral intervention will enable precision medicine approaches and optimize treatment selection algorithms.
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