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Bone Marrow Aspirate Augmentation
Reduces Reoperation Rates After
Osteochondral Allograft Transplantation
of the Knee: A Systematic Review

Napatpong Thamrongskulsiri, M.D.,"*” & Jacob T. Morgan, B.A.,"*© Felipe Casanova, M.D.,"”
Logan D. Moews, B.S.,"” Adam B. Yanke, M.D., Ph.D.,"”* Brian J. Cole, M.D., M.B.A.,"*
and Jorge Chahla, M.D., Ph.D."**

Purpose: To systematically review the clinical, radiographic, and patient-reported outcomes of osteochondral allograft (OCA)
transplantation with versus without bone marrow aspirate (BMA) augmentation for the treatment of knee cartilage defects.
Methods: A comprehensive search was performed according to the 2020 Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines. Comparative clinical studies assessing OCA with and without BMA were included. Two reviewers
independently performed screening, data extraction, and methodological quality assessment using the Cochrane Risk of Bias
Tool 2.0 for randomized trials and the Methodological Index for Non-Randomized Studies for nonrandomized studies.
Results: Four studies (3 Level III, 1 Level I) involving 165 knees met the inclusion criteria. The mean follow-up duration across
studies ranged from 5.5 to 18.0 months. Across 2 comparative studies, BMA augmentation was associated with fewer reoperations
(2.4% vs 21.9%) compared with non-BMA augmentation. Radiographic findings were heterogeneous: 1 study showed earlier
integration and reduced sclerosis with BMA at 6 months, whereas 2 magnetic resonance imaging-based studies showed no
differences in OCA Magnetic Resonance Imaging Scoring System scores. Computed tomography assessment in 1 trial found
increased small cysts but a trend toward fewer large cysts in BMA-treated grafts. Patient-reported outcomes from 1 study
showed no significant differences in International Knee Documentation Committee or Knee injury and Osteoarthritis
Outcome Score for Joint Replacement scores between groups, although achievement of the Knee injury and Osteoarthritis
Outcome Score for Joint Replacement minimal clinically important difference favored the BMA cohort (88% vs 55%; P = .076).
Conclusions: OCA transplantation augmented with BMA is associated with significantly lower reoperation rates compared with
nonaugmented transplantation. Although short-term radiographic data show improved early subchondral remodeling, these
findings are not consistently corroborated by magnetic resonance imaging-based scores.
Level of Evidence: Level III, systematic review of Level I and III studies.
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resh osteochondral allograft (OCA) transplantation
Fis an established treatment for large articular carti-
lage defects of the knee in young and active patients,
with reported 10-year survivorship exceeding 80%."”
Despite these favorable results, graft failure remains
a significant concern,” with rates reaching 39.4% at
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mid- to long-term follow-up.>*> These failures are
most frequently associated with inadequate osseous
integration at the graft-host interface, which can lead
to graft subsidence, cystic degeneration, or subchondral
plate collapse.® Consequently, there is increasing
interest in biologic augmentation strategies designed
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to accelerate or enhance osseous healing and mitigate
these failure mechanisms.’

Despite the theoretical benefits of BMA, the current
literature is characterized by significant inconsistencies
across clinical and radiographic domains. Although some
investigations report expedited subchondral remodeling
and a potential reduction in reoperation rates, others show
no discernible difference in advanced imaging parameters
or patient-reported outcome (PRO) metrics. Furthermore,
reporting of adverse events and secondary surgical
interventions remains variable, with conflicting data
regarding the impact of biological augmentation on
long-term graft survival. These disparate results highlight
the need for a systematic evaluation of the efficacy of
bone marrow aspirate (BMA) augmentation in OCA
transplantation.

Among these strategies, BMA has emerged as a
promising autologous biologic augmentation. BMA
contains osteoprogenitor cells, growth factors, and anti-
inflammatory cytokines that may promote both osteogen-
esis and chondral repailr.g’9 However, studies evaluating
BMA augmentation in OCA have yielded inconsistent
findings. Oladeji et al. reported that BMA-augmented
femoral condylar allografts showed superior radiographic
integration and reduced sclerosis at early postoperative
time points."” In contrast, Ackermann et al. and Wang
et al. found no significant improvement in osseous integra-
tion or magnetic resonance imaging (MRI)-based healing
parameters with biologic augmentation use.'"'* More
recently, Yanke et al. conducted a randomized controlled
trial that showed no significant difference in PROs but did
find a significantly lower reoperation rate and a trend
toward reduced large cyst formation in the BMA augmen-
tation group, suggesting possible biological or anti-
inflammatory effects beyond structural integration."’
Although individual high-level studies, such as the ran-
domized controlled trial by Yanke et al.,"* have provided
critical evidence regarding reoperation rates, the existing
literature remains fragmented with small sample sizes and
varied outcome measures. This systematic review expands
on current knowledge by synthesizing disparate findings,
such as the early radiographic integration patterns
observed by Oladeji et al. alongside the more conservative
MRI-based parameters reported by Wang et al.'” and
Ackermann et al,'' to provide a more comprehensive
overview of BMA efficacy than any single primary study
can offer. By aggregating these comparative data, this
study aims to clarify whether biological augmentation
provides a consistent clinical or structural advantage
across different patient populations and surgical contexts.
These disparate results highlight the need for a systematic

evaluation of the efficacy of BMA augmentation in OCA
transplantation.

The purpose of this study was to systematically review
the clinical, radiographic, and PROs of OCA with versus
without BMA augmentation for the treatment of knee car-
tilage defects. It was hypothesized that BMA-augmented
OCA would yield improved graft incorporation and lower
reoperation rates compared with nonaugmented OCA,
with no significant differences in short-term PROs.

METHODS
Search Strategy

An independent and comprehensive systematic search
was conducted by 2 reviewers (N.T., J.T.M.) across the
PubMed, Ovid MEDLINE, and Scopus databases to identify
comparative studies evaluating outcomes of OCA trans-
plantation with versus without BMA augmentation for
the treatment of focal cartilage defects of the knee. All avail-
able records from database inception through November 4,
2025, were screened. This review was performed in
accordance with the 2020 Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines'* and
was prospectively registered on International Prospective
Register of Systematic Reviews (registration number:
CRD420251239552). The search strategy incorporated the
following terms: (“bone marrow aspirate concentrate”
OR “bone marrow aspirate” OR “BMAC” OR “bone mar-
row concentrate”) AND (“osteochondral allograft” OR
“OCA” OR “fresh osteochondral” OR “osteochondral trans-
plantation” OR “osteochondral graft” OR “osteochondral
plug”) AND (“knee” OR “femoral condyle” OR “trochlea”
OR “patellofemoral joint” OR “patella” OR “tibial plateau”).
Manual reference screening of all included articles was also
conducted.

Eligibility Criteria

Eligible studies were required to meet the following
criteria: (1) comparative clinical investigations providing
Level I to III evidence, (2) publication in the English
language, (3) direct comparison of OCA transplantation
with versus without BMA augmentation for the manage-
ment of focal cartilage defects of the knee, and (4) full-text
availability. Studies were excluded if they constituted basic
science or biomechanical investigations, case series or
single case reports, or narrative or systematic review
articles.
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Data Extraction

Study selection was independently performed by 2
reviewers (N.T., J.T.M.), who screened titles, abstracts,
and full-text articles for eligibility using the Covidence plat-
form (https://www.covidence.org/, Melbourne, Australia).
Any discrepancies in study eligibility were adjudicated
through consensus with a third reviewer (L.D.M.). For
all studies meeting the inclusion criteria, the following var-
iables were systematically extracted: (1) demographic char-
acteristics, (2) level of evidence, (3) clinical characteristics of
the patient cohort, (4) outcome assessment instruments,
(5) surgical technique, (6) concomitant procedures, (7) post-
operative rehabilitation protocols, and (8) adverse events
and reoperations.

Methodological Quality Assessment

The methodological quality and risk of bias of the
included studies were independently evaluated by 2
reviewers (F.C., L.D.M.). For randomized controlled trials,
the Cochrane Risk of Bias Tool 2.0 was used to assess ran-
domization processes, allocation concealment, blinding
procedures, completeness of outcome data, selective out-
come reporting, and other potential sources of bias."’
For nonrandomized comparative studies, methodological
quality was assessed using the Methodological Index for
Non-Randomized Studies (MINORS),"® a validated scoring
instrument designed specifically for surgical research. The
MINORS tool consists of 12 criteria applicable to compar-
ative investigations. Studies scoring 0 to 12 were catego-
rized as having low methodological quality, scores of 13
to 18 were classified as fair quality, and scores of 19 to
24 were considered good quality. All scoring was per-
formed independently by 2 reviewers (F.C., L.D.M.), with
discrepancies resolved through consensus discussion.

Statistical Analysis

All outcomes were synthesized descriptively, empha-
sizing ranges, proportions, and qualitative patterns across
studies. Continuous and dichotomous data were summa-
rized as reported by each study. All statistical analyses and
quantitative syntheses were performed using Review
Manager version 5.4 for Windows (The Cochrane
Collaboration). Quantitative synthesis was performed
for reoperation rates to calculate pooled odds ratios with
95% confidence intervals. Heterogeneity was assessed
using the I statistic, with values of 25%, 50%, and 75% rep-
resenting low, moderate, and high heterogeneity, respec-
tively. If the I2 value was less than 50%, a fixed-effect

The Journal of Arthroscopic and Related Surgery T

model was used; if it was greater than 50%, a random-
effects model was used.

RESULTS
Search Results

A total of 105 studies were identified through database
searching (Scopus, PubMed, and Ovid MEDLINE). After
removal of 22 duplicates, 83 studies underwent title and
abstract screening, of which 72 were excluded. Eleven
full-text articles were assessed for eligibility, resulting in
7 exclusions. Specific reasons for exclusion included the
lack of a nonaugmented control group (n=1), the use
of alternative biologics such as platelet rich plasma as
the primary intervention without a BMA comparator
(n=2), the absence of reported radiographic integration
or patient-reported metrics (n=2), and the inclusion of
nonknee articular defects (n = 2) Ultimately, 4 studies'*"*
met the inclusion criteria and were selected for data
extraction and analysis (Figure 1).

Included Studies

Four comparative studies'®"* were included, compris-
ing similar sample sizes between the BMA and non-BMA
cohorts. The mean follow-up duration across studies
ranged from 5.5 to 18.0 months. Three studies'®'* were
Level III evidence, and 1 study'® was Level I evidence.
Across studies, mean patient age was comparable between
groups, ranging from 29.9 to 37.2 years. Mean follow-up
duration was reported by 3 of the 4 studies,'' ' ranging
from 5.5 to 18.0 months with similar short-term observa-
tion between treatment arms in each study. Oladeji et al."’
did not report mean follow-up; however, patients under-
went radiographic evaluation at 6 weeks, 3 months, and
6 months. Mean body mass index values were also largely
equivalent amongst studies and between groups, ranging
from 26.1 to 33.2. The proportion of male patients varied
among studies without a consistent pattern favoring either
group (ranging from 27.3% to 76.5%) (Table 1).

Defect locations were predominantly localized to the
femoral condyles, with 34 (46.6%) of the 73 patients pre-
senting with medial femoral condyle lesions and 18
(24.7%) presenting with lateral femoral condyle lesions.
Involvement of the trochlea was noted in 13 (17.8%)
patients, whereas the patella was affected in 8 (11.0%)
patients. The mean defect area ranged from 3.3 = 1.0 to
4.5 + 1.8 cm” across studies. Concomitant procedures var-
ied by study; interventions included high tibial osteotomy,
distal femoral osteotomy, tibial tubercle osteotomy,
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FIGURE 1 PRISMA flow diagram summarizing study selection, resulting in 4 studies included in the review. (PRISMA, Preferred

Reporting Items for Systematic Reviews and Meta-Analyses.)

anterior or posterior cruciate ligament reconstruction, pos-
terolateral corner reconstruction, medial patellofemoral
ligament reconstruction, meniscus repair, meniscectomy,
and meniscal allograft transplantation. PROs were
inconsistently reported, with only 1 study providing
International Knee Documentation Committee (IKDC)
and Knee Injury and Osteoarthritis Outcome Score for
Joint Replacement (KOOS JR) scores. Imaging modalities
included magnetic resonance imaging, computed
tomography (CT), and plain radiography to assess graft
incorporation and postoperative changes. Concomitant
procedures were frequent and varied significantly across
the 4 studies. Reported interventions included high
tibial osteotomy, distal femoral osteotomy, tibial tubercle
osteotomy, anterior and posterior cruciate ligament

reconstructions, medial patellofemoral ligament recon-
struction, and meniscal allograft transplantation. In the
study reporting most reoperations, concomitant proce-
dures were performed in 50% of the patients (18/36).
Notably, within the reoperation cohort, 5 out of the 6
failures in the non-BMA group occurred in patients
who underwent the index transplantation without con-
comitant procedures. Conversely, the single failure in
the BMA-augmented group involved a patient who had
received a concomitant meniscal allograft transplantation
(Table 2). The surgical technique, BMA preparation, and
postoperative rehabilitation were also described (Table 3).

The surgical techniques and BMA preparation proto-
cols used across the included studies are summarized
(Table 3). Bone marrow was harvested from either the
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TABLE 1 Details of Included Studies: LOE, Sample Size, Mean Age, Mean FU, BMI, and Number of Male Patients

Male, n

Mean FU, Mo = SD Mean BMI + SD

Mean Age, Yr + SD

BMA

Sample Size

BMA

BMA No BMA

BMA No BMA BMA No BMA

No BMA

No BMA

LOE

Lead Author (Yr)

17 12

372 £ 99 355 £ 10.4 57 +1.0 55+ 1.0 28.6 = 5.1 282 = 5.2

29

29

111

Ackermann (2019)"!

6

334 £10.3 6.0 6.0 29.1 £ 5.1 332 6.3

32.8 £11.9

22

111

Oladeji (2017)*°

9 12

359 £ 124 37.0 £ 11.1 123 £ 1.9 114 £ 1.6 27.5 £ 3.5 26.1 + 4.4

16

18

111

Wang (2019)"?

6 13

343 £ 9.5 299 + 8.8 18.0 = 8.2 18.0 = 8.4 27.7 £ 5.2 27.7 £ 4.2

17

19

Yanke (2025)"3

BMA, bone marrow aspirate; BMI, body mass index; FU, follow-up; LOE, level of evidence; Mo, month; SD, standard deviation; Yr, year.
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distal femoral metaphysis or the ipsilateral iliac crest.
Processing methods varied significantly: 1 study used
4 mL of unprepared BMA, whereas the remaining studies
were processed between 50 and 120 mL of aspirate using
specialized centrifugation systems (Angel Bone Marrow
Processing System or Arteriocyte Magellan) to produce
3 to 4 mL of concentrate. The resulting BMA was applied
by saturating or soaking the osseous portion of the
allograft for 2 to 4 minutes immediately prior to
implantation.

Methodological Quality

Methodological quality assessment showed that the
included randomized controlled trial by Yanke et al."”
was evaluated using the Risk of Bias Tool 2.0 tool, which
indicated “low risk” for the randomization process and
deviations from intended interventions. However, “some
concerns” were noted in the domains of missing outcome
data and selection of the reported result, leading to an
overall assessment of “some concerns” for the trial.
Nonrandomized comparative studies'*'? were assessed
using the MINORS criteria, with scores ranging from 16
to 19 (maximum 24 for comparative studies). Points were
consistently deducted across all 3 investigations for the
lack of a prospective calculation of the study size and
the absence of a blinded or unbiased assessment of the
objective endpoints. Specifically, Oladeji et al.'’
(MINORS: 16) and Wang et al.'* (MINORS: 17) were also
noted for a lack of baseline equivalence between cohorts
regarding certain demographic variables, whereas
Ackermann et al."' (MINORS: 19) provided the most
robust comparative design among the nonrandomized
evidence.

Reoperation

Two comparative studies'®'* reported reoperation out-
comes. When these data were combined, the BMA-
augmented group experienced 1 reoperation among 41
knees (2.4%), whereas the non-BMA group had 7 reopera-
tions among 32 knees (21.9%). At the individual study
level, Oladeji et al.'’ reported 0 reoperations in the
BMA-augmented group (0/22) compared with 1 reopera-
tion in the non-BMA group (1/15). Yanke et al."* found
that patients receiving BMA were significantly less likely
to require subsequent surgery for graft debridement or
revision, with a reoperation rate of 5.3% (1/19) versus
35.3% (6/17) in the sham group. The pooled meta-analysis
showed that BMA augmentation was associated with a sta-
tistically significantly lower risk of reoperation compared
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TABLE 3 (Continued)

Lead

Author
(Yr)

Postoperative Rehabilitation

BMA Preparation

Surgical Techniques

- Fixation: manual press-fit using

dowel for
1 OCA graft; snowman configuration

for 2 OCA grafts

- Weight-bearing: NR

- Harvest site: ipsilateral iliac crest

- Graft: fresh OCAs

Yanke

- ROM: NR

- Volume: 60 mL harvested, 3 to 4 mL BMAC

- Approach: parapatellar arthrotomy

(2025)"3

- Return to activity: NR

- Centrifuge: Angel Bone Marrow Processing System (Arthrex)

- Defect preparation: reamed (6-8 mm)

using a dowel technique

- Application: 2-minute soak of the graft

- Graft preparation: pulse lavage or

pressurized carbon dioxide systems

- Fixation: manual press-fit

BMA, bone marrow aspirate; BMAC, bone marrow aspirate concentration; CPM, continuous passive motion; NR, not reported; OCA, osteochondral allograft; ROM, range of motion; Yr, year.

with the non-BMA group (odds ratio, 0.13; 95% confi-
dence interval, 0.02-0.80; P=.03). Analysis of study
heterogeneity revealed the I’ value of 0%, indicating
negligible statistical heterogeneity between the 2 trials
(Figure 2).

Radiographic Outcomes

Radiographic assessment across the included studies
showed no consistent advantage of BMA augmentation
in early graft incorporation or subchondral remodeling
(Table 4).

Ackermann et al."" used the OCA MRI Scoring System
(OCAMRISS) to descriptively assess graft integration. The
study found no significant differences between the BMA
and non-BMA groups regarding osseous, cartilage, or
ancillary subscores. Although most patients in both
cohorts achieved high scores for cartilage signal, fill,
and osseous integration, parameters such as cartilage
integration and subchondral bone congruity showed
comparable rates of disruption or incomplete flush
boundaries across groups (P>.05 for all subscores).
Notably, the graft’s calcified cartilage integrity was not
assessed owing to the lack of specialized ultrashort-echo
time MRI sequences.

In contrast, Oladeji et a reported serial radio-
graphic assessments at 6 weeks, 3 months, and 6 months
after OCA transplantation with or without BMA aug-
mentation. OCAMRISS scoring was not provided
because no MRI was performed, but plain radiographs
showed similar early graft integration patterns between
the 2 groups at all time points. At 6 weeks, the mean
graft integration percentage was 43.1 = 22.8 in the
BMA group compared with 25.6 = 25.0 in the non-
BMA group (P=.03). By 3months, integration pro-
gressed to 67.2 £ 17.9 versus 50.6 = 28.9, respectively
(P =.033), and by 6 months, it reached 84.1 + 8.4 versus
74.4 £ 15.9 (P=.017). Graft sclerosis scores were like-
wise comparable. At 6weeks, sclerosis measured
1.4 = 0.6 in the BMA group and 1.9 + 0.6 in the non-
BMA group (P=.016). Scores decreased at 3 months
(1.2 £1.2vs 1.7 £ 0.7; P =.017) and further at 6 months
(0.9 £ 0.9 vs 1.2 £ 0.5; P=.20). Overall, radiographic
findings indicated gradual remodeling with statistically
significantly earlier subchondral integration and less
sclerosis associated with BMA augmentation.

Wang et al."? provided quantitative MRI evaluation
using OCAMRISS subscores and total score. The BMA
group showed mean bone, cartilage, and ancillary sub-
scores of 2.7 £ 0.8, 3.1 £ 1.2, and 2.5 + 1.2, respec-
tively, resulting in a total OCAMRISS score of
8.3 £+ 2.6. The non-BMA group showed nearly identical

1 10
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BMA No BMA 0dds Ratio 0dds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% Cl
Oladeji 2017 0 22 1 15 224%  0.21(0.01,564] o
Yanke 2025 1 19 6 17 776%  0410[0.01,0.96 ——
Total (95% CI) 41 32 100.0%  0.13[0.02,0.80] R
Total events 1 7
ity: Chi#= =1 (P=0.71);F= : i " ;
Heterogeneity: Chi*=0.14, df=1 (P =0.71), F=0% 0005 01 10 200

Test for overall effect: Z= 2.20 (P = 0.03)

FIGURE 2 Forest plot comparing reoperation rates between BMA-augmented and nonaugmented osteochondral allograft
transplantation. (BMA, bone marrow aspirate; CI, confidence interval; M-H, Mantel-Haenszel.)

values, with bone, cartilage, and ancillary subscores of
29 +0.8, 3.1 1.7, and 2.4 £ 1.1, and a total score of
8.4 + 2.5. These findings indicated no statistically signif-
icant difference in early graft osseous integration
(P=.97), cartilage signal characteristics (P = .44), ancil-
lary MRI features (P=.83), or total OCAMRISS score
(P=.90) between BMA-augmented and nonaugmented
OCA grafts.

Yanke et al.'® evaluated postoperative CT scans and
reported no differences between groups in most of the
CT-based categories. However, the study did find a signif-
icant increase in the number of small cysts (<3 mm) in the
BMA group (P =.03) along with a trend toward reduced
large cyst (>3 mm) formation (P =.06), suggesting a pos-
sible shift in cyst morphology but without clear evidence of
improved healing.

Overall, radiographic findings across MRI, radiograph,
and CT modalities showed comparable graft incorpo-
ration, sclerosis, and subchondral changes between the
BMA and non-BMA groups in the early postoperative
period.

PRO Scores

Only 1 study by Yanke et al."” provided quantitative
PROs comparing OCA with and without BMA augmenta-
tion. At 2-year follow-up, the BMA group showed mean
IKDC and KOOS JR scores of 649 +24.1 and
73.6 = 13.6, respectively, whereas the non-BMA group
showed IKDC and KOOS JR scores of 63.4 + 18.1 and
74.9 = 18.6 (P=.71 and P =.95, respectively). These val-
ues indicate no statistically significant differences in func-
tional outcomes between groups. Additionally, the
proportions of patients achieving the minimal clinically
important difference (MCID) were comparable between
groups. MCID for the IKDC was reached in 81% of the
BMA cohort and 75% of the non-BMA group (P =.99).
For the KOOS JR, MCID was achieved in 88% of patients
in the BMA group compared with 55% in the non-BMA
group (P =.076).

DISCUSSION

The primary finding of this study is that BMA augmen-
tation of OCA transplantation in the knee is associated
with a significantly lower reoperation rate compared
with nonaugmented transplantation. Furthermore, meta-
analysis of the available data showed that BMA-treated
grafts have a reduced risk of failure requiring surgical
intervention. Radiographic assessment across the included
literature suggests that although BMA may be associated
with earlier osseous integration and reduced subchondral
sclerosis on plain radiographs, these findings are not con-
sistently corroborated by advanced imaging modalities.
Finally, PROs did not differ between groups. It is impor-
tant to note that this finding is derived exclusively from the
study by Yanke et al.,"”* which remains the only investiga-
tion to provide quantitative functional scores for this
comparison.

Incomplete graft osseous integration is a primary driver
of OCA failure and reoperation, with long-term reopera-
tion rates reported as high as 39.4%.>>° Although this
study suggests that biological augmentation with BMA
may mitigate these risks by enhancing subchondral
remodeling, these findings are derived largely from a
single randomized controlled trial.> Consequently, the
reliance on data from a single institution limits the current
generalizability of these positive outcomes despite prom-
ising consistency with available cohort data. Given the
high reoperation rates, Kunze et al.’ further characterized
risk factors for failure with a recent 2024 systematic review
and meta-analysis. They found that bipolar chondral
defects, patellar defects, male sex, higher BMI, and older
age significantly increased the odds that an OCA graft
would fail, citing a possible link between limited biological
graft incorporation and these risk factors.’ In this system-
atic review, the 2 available comparative studies'”'” were
associated with consistently lower reoperation rates in
knees treated with BMA-augmented OCA transplantation.
Although the consistently lower reoperation rates suggest
a potential protective effect of biological augmentation,
the evidence is limited by a small number of comparative
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studies and short-term follow-up. Furthermore, the lack of
a concentration step in some BMA protocols may reduce
the density of osteogenic proteins and cells available to
populate the subchondral scaffold, potentially influencing
the speed of integration."* Although the observed reduc-
tion in reoperations is promising, it is primarily driven
by a single study. Future large-scale randomized trials
are necessary to confirm long-term durability. These stud-
ies should use standardized reporting for PROs, reopera-
tions, and radiographic metrics, with adequate minimum
follow-up periods to ensure data consistency. Significant
heterogeneity in radiographic assessment remains a pri-
mary obstacle to drawing definitive conclusions regarding
the biological impact of BMA on OCA integration.'” The
included studies used disparate imaging modalities, rang-
ing from serial plain radiography and CT to advanced MRI
scoring systems (OCAMRISS), each evaluating distinct
biological characteristics of subchondral and cartilage
healing.'” Although standard OCA transplantation
without augmentation eventually achieves high rates of
incorporation at 2years, the lack of standardized early
assessment protocols makes it difficult to verify if BMA
truly accelerates this timeline. For instance, although
Oladeji et al.'” observed significantly faster osseous
integration and reduced sclerosis on radiographs,
Ackermann et al.” and Wang et al.'* found no discernible
differences using MRI-based metrics at 6 and 12 months.
These inconsistencies suggest that although biological
augmentation may influence early subchondral remodel-
ing, its impact on the overarching structural environment
remains unproven across varied imaging platforms.
Consequently, although current imaging data regarding
reduced cyst formation and improved cartilage filling
are encouraging, they highlight a critical need for stan-
dardized, prospective radiographic surveillance to evaluate
long-term durability.

Despite the lower reoperation rates and potentially faster
integration of BMA-augmented OCA grafts, PROs did not
differ between groups at any time point over a 2-year
follow-up. Notably, Yanke et al."* was the only study to com-
pare PROs for patients receiving BMA-augmented OCAs
versus those with nonaugmented grafts, and only 36 patients
(19 BMA-augmented and 17 control patients) were included.
IKDC and KOOS JR scores at final 2-year follow-up
(64.9 £ 24.1 and 73.6 £ 13.6, respectively) for the patients
receiving BMA augmentation all met MCID and were vastly
comparable to other literature on OCA outcomes without
BMA augmentation.”'”** It is notable that the percentage
of patients reaching MCID for KOOS JR (88% for BMA-
augmented and 55% for controls, P=.076) trended toward
statistical significance."” Data regarding PROs remain sparse
because only 1 study provided quantitative comparisons for
this metric. Additionally, there is currently a paucity of

The Journal of Arthroscopic and Related Surgery T

evidence comparing BMA-augmented grafts to alternative
biological techniques, such as platelet-rich plasma or mesen-
chymal stem cells. Future studies on PROs in this patient
population should evaluate a larger patient sample size
and focus on long-term outcomes to determine the clinical
significance of using BMA as a biological augmentation for
OCA transplantation.

Although these findings suggest a potential protective
effect of biological augmentation, the authors acknowledge
that the conclusions regarding reoperation and functional
outcomes are heavily weighted by the findings of a single
high-level randomized trial."> Although the consistency
between this trial and available retrospective data is encour-
aging, the lack of multi-institutional prospective data limits
the broader applicability of these findings.

Limitations

There are several limitations inherent to this system-
atic review. The low number of published comparative
studies precluded the performance of a meta-analysis
for radiographic outcomes and PROs. High heterogeneity
in imaging modalities, including MRI, plain radiographs,
and CT scans, prevented standardized comparisons of
chondral and osseous integration. Additionally, inconsis-
tent OCAMRISS score reporting and the absence of calcific
cartilage evaluation because of MRI sequence limitations
precluded further quantitative analysis. Meaningful com-
parisons between OCAMRISS scores from Ackermann
etal.'’ and Oladeji et al."” were limited owing to differen-
ces in BMA and BMA augmentation. Importantly, the lack
of a concentration step in BMA preparation may reduce
the number of osteogenic proteins and cells available to
populate the graft’s subchondral bone scaffold.” In addi-
tion, differences in evaluation of calcific cartilage because
of clinical MRI limitations and inconsistent OCAMRISS
score reporting styles precluded additional analysis.
Imaging modalities included MRI,'>'" plain radio-
graphs,'” and CT scans,"® preventing standardized com-
parisons and limiting conclusions about chondral and
osseous integration of OCA grafts because each modality
evaluates these differently. Additionally, PROs were only
reported by Yanke et al.’s randomized controlled trial of 36
patients,'” thus limiting the generalizability and clinical
applicability of these findings. Reoperation rates were
reported by 2 studies; however, a meta-analysis was not
performed because of small-study bias and limited statis-
tical rigor provided by the low study count. The relatively
large variability in concomitant operations with OCA
transplantation in the included studies adds heterogeneity
and introduces potential confounding that cannot be
accounted for. Furthermore, in accordance with the Sex
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and Gender Equity in Research guidelines, it must be
noted that none of the included investigations reported
outcomes disaggregated by sex. Given that sex-based dif-
ferences in bone metabolism and stem cell potency may
influence graft integration, the lack of gender-specific data
limits the ability to provide personalized clinical recom-
mendations and represents a significant gap in the current
OCA literature.

CONCLUSIONS

OCA transplantation augmented with BMA is associ-
ated with significantly lower reoperation rates compared
with nonaugmented transplantation. Although short-term
radiographic data show improved early subchondral
remodeling, these findings are not consistently corrobo-
rated by MRI-based scores.
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