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Review

Prior Bone Marrow Stimulation
Surgery Influences Outcomes After
Cell-Based Cartilage Restoration

A Systematic Review and Meta-analysis

Charles J. Cogan,* MD, James Friedman,* MD, Jae You,* MD, Alan L. Zhang,* MD,
Brian T. Feeley,* MD, C. Benjamin Ma,* MD, and Drew A. Lansdown,*† MD

Investigation performed at the University of California, San Francisco,
San Francisco, California, USA

Background: Cell-based cartilage restoration with autologous chondrocyte implantation (ACI) is a safe and effective treatment for
symptomatic cartilage lesions. Many patients undergoing ACI have a history of prior surgery, including bone marrow stimulation
(BMS). There is mounting evidence that a history of prior BMS may impede healing of the ACI graft.

Purpose/Hypothesis: The purpose of this study was to compare the failure rates of primary ACI with ACI after prior BMS. We
hypothesized that ACI after BMS would have a significantly higher failure rate (defined as reoperation, conversion to arthroplasty,
and/or imaging-based failure) compared with primary ACI.

Study Design: Systematic review; Level of evidence, 4.

Methods: A literature search was performed by use of PubMed and Embase databases for relevant articles published through
October 2, 2020, to identify studies evaluating outcomes and failures rates of ACI after prior BMS in the knee.

Results: Included were 11 studies comprising 1479 ACI procedures. The mean age at surgery ranged from 18.3 to 39.1 years, and
the mean follow-up ranged from 3 to 20.6 years. All studies reported failure rates. The overall failure rate was significantly higher in
the patients who underwent ACI after BMS, at 26.4% compared with 14.8% in the ACI group (P< .001). Meta-analysis demon-
strated an increased risk of failure in patients with a history of prior BMS (log odds ratio¼–0.90 [95% confidence interval, –1.38 to
–0.42]).

Conclusion: This systematic review demonstrated that failure rates were significantly higher for patients treated with ACI after
BMS relative to patients undergoing ACI without prior BMS. This finding has important implications when considering the use of
BMS for defects that are amenable to cell-based restoration and when determining treatment options after failed BMS.

Registration: PROSPERO (CRD42020180387).

Keywords: articular cartilage; autologous chondrocyte implantation; microfracture

Cartilage lesions in the knee are a common problem, pre-
sent in up to 75% of knees at the time of arthroscopy.36,40

One analysis of>30,000 knee arthroscopies showed there is
an incidence of 41% grade 3 and 19% grade 4 changes,6

demonstrating that many of these lesions are advanced and
have the potential for significant morbidity. Furthermore,
cartilage lesions are difficult to treat because of the poor
intrinsic healing potential of chondrocytes, and untreated
cartilage lesions are known to cause morbidity related to
pain, swelling, mechanical obstruction, and ultimate

development of osteoarthritis.7,33 Surgical treatment
options for symptomatic cartilage lesions range from sur-
face treatments, such as arthroscopic debridement, to bone
marrow stimulation (BMS) techniques, such as microfrac-
ture, and restorative techniques, such as autologous chon-
drocyte implantation (ACI), osteochondral autograft
transfer system (OATS), and osteochondral allograft.

Marrow stimulation procedures, such as microfracture,
were popularized by Steadman and colleagues37 and have
long been considered the gold standard for initial manage-
ment of most grade 3 to 4 cartilage lesions. BMS using
methods such as microfracture exposes subchondral bone
marrow and its mesenchymal stem cells to induce healing
of a fibrocartilaginous layer over the cartilage lesion.38

The Orthopaedic Journal of Sports Medicine, 9(9), 23259671211035384
DOI: 10.1177/23259671211035384
ª The Author(s) 2021

1

This open-access article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (https://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE’s website at
http://www.sagepub.com/journals-permissions.

https://doi.org/10.1177/23259671211035384
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Traditionally, this has been an effective treatment for
smaller-sized lesions in the short-term follow-up, and it is
often viewed as a low-morbidity surgery.12,39 The durability
of BMS is questioned because outcomes do seem to deteri-
orate in medium-term follow-up, which may result in
patients needing revision surgery.3,10,12

Restorative techniques, such as ACI or osteochondral
transfer, have typically been seen as second-line treat-
ments because of their increased surgical morbidity, rigor-
ous recovery, and resource intensity. These options are
often considered for patients with ongoing symptoms after
BMS. ACI relies on implantation of a cartilaginous matrix
onto intact subchondral bone, and some have speculated
that an induced fibrocartilaginous scar from prior micro-
fracture may inhibit healing of ACI graft and thus lead to
inferior outcomes.15,20,32,33 Despite this idea, there have
been variable reports of clinical outcomes regarding ACI
following prior BMS.

The purpose of this study was to systematically review
the literature on patients undergoing ACI after a previous
BMS procedure to identify the influence of prior BMS on
eventual ACI failure. We hypothesized that reported fail-
ure rates would be significantly higher for patients with a
history of prior BMS relative to patients with ACI without
prior BMS.

METHODS

Study Identification

A systematic review was performed in accordance with
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. To identify all relevant arti-
cles, we used the following search terms: (“revision” or “failed”)
AND (“cartilage” or “chondral” or “osteochondral” or “ACI” or
“MACI” or “autologous chondrocyte”) and (“knee”). This liter-
ature search was performed by 2 independent authors (C.J.C.
and J.F.), and the PubMed and Embase databases were
searched through October 2, 2020. Article titles were first
reviewed independently by the same 2 authors to determine
potential inclusion. The abstract for any article selected by
either reviewer was then reviewed for appropriateness.
Finally, the full manuscript for any study with an abstract
selected by either reviewer was reviewed independently by the
same 2 authors for inclusion. There was also a manual search
through references of the selected studies for any additional
studies that may have been missed with the database search.
Figure 1 shows the study selection process. This study was
registered on PROSPERO (CRD42020180387).

Studies were included if they were primary research arti-
cles written in the English language; evaluated patients
undergoing knee ACI after prior BMS; and reported vali-
dated outcome measures, including report of failure. Dupli-
cate manuscripts were excluded; however, some authors
published data on aging cohorts at different time points,
and these studies were included as separate cohorts. Of
note, studies that included ACI with a concomitant proce-
dure were included. Studies were excluded if they were not
primary research articles, they did not include a subgroup
analysis for patients undergoing ACI with prior BMS, or
the full text could not be acquired.

Data Extraction

A standardized data extraction form was compiled indepen-
dently on a prespecified data form by 2 authors (C.J.C. and
J.F.). The data collected for analysis included year of publi-
cation, level of evidence, basic demographics (age, sex, body
mass index), lesion location, lesion size, number of lesions,
procedures, generation of ACI technique, follow-uptime, con-
comitant procedures, clinical outcomes, and survivorship. A
quality assessment of each study was performed using the
MINORS (methodological index for non-randomized studies)
criteria.35 All discrepancies about data were resolved by con-
sensus after the initial data collection was performed.

Statistical Analysis

Failure rates were extracted when described for patients
with a history of prior BMS and for those undergoing pri-
mary ACI. A meta-analysis and funnel plot were performed
using a random-effects model. The relative likelihood of
failure was estimated using the log odds ratio, including
the 95% confidence interval. Data heterogeneity was deter-
mined using I2, and significance was defined as P < .05.
Statistical analysis was performed using Stata Version
16.1 (StataCorp).

RESULTS

Study Characteristics

A total of 11 studies were included in this review (Tables 1
and 2). The level of evidence varied among these studies,
with 2 level 2 studies,20,41 4 level 3 studies,15,23,32,33 and 5
level 4 studies.4,21,26,29,31 Publication dates ranged between
2009 and 2020. The mean age of patient cohorts in each
study ranged from 18.3 to 39.1 years. Mean follow-up
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ranged from 3 to 20.6 years. Minimum follow-up was 1.3
years, and maximum was 21 years. One study included only
unipolar femoral condyle lesions,4 2 studies included only
patellofemoral lesions,26,31 3 studies excluded patients with
lesions of the patella,4,9,41 and 6 studies had no exclusion
criteria based on location of injury within the
knee.15,20,21,23,32,33 Mean lesion size ranged from 4.2 to
11.8 cm2. For 7 of the studies15,20,23,31-33,41 included in this

review, mean lesion size ranged from 4.2 to 5.6 cm2. Four
studies4,21,26,29 reported a mean lesion size >8 cm2.

Failure Rates

Failure was defined in a variety of ways, including reop-
eration, conversion to arthroplasty, imaging characteris-
tics, patient-reported outcomes (PROs), or clinical
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram.

TABLE 1
Included Studiesa

Lead Author Journal Year Country Study Design Level of Evidence MINORS Score

Minas20 AJSM 2009 USA Prospective cohort 2 19
Zaslav41 AJSM 2009 USA Prospective cohort 2 9
Riff 33 AJSM 2020 USA Retrospective cohort 3 16
Müller23 KSSTA 2020 Germany Prospective cohort 3 17
Pestka32 AJSM 2012 Germany Retrospective cohort 3 15
Jungmann15 AJSM 2012 Germany Retrospective cohort 3 5
Ogura26 AJSM 2019 USA Case series 4 15
Beck4 Adv Orthop 2018 USA Retrospective cohort 4 6
Ogura29 AJSM 2017 USA Case series 4 9
Minas21 CORR 2014 USA Prospective cohort 4 10
Pascual-Garrido31 AJSM 2009 USA Case series 4 18

aAdv Orthop, Advances in Orthopedics; AJSM, American Journal of Sports Medicine; CORR, Clinical Orthopaedics and Related Research;
KSSTA, Knee Surgery, Sports Traumatology, Arthroscopy; MINORS, methodological index for non-randomized studies.
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symptoms (Table 3). For definitions of failure, 7 stud-
ies20,21,26,29,31,33,41 included conversion to arthroplasty, 5
studies15,20,26,29,31 included imaging-based criteria, 10 stud-
ies4,20,21,23,26,29,31-33,41 included reoperation, 1 study15

included clinical assessment, and 1 study41 included a
PRO-based definition of failure.

Failure rates were higher for patients undergoing a prior
microfracture in all except 2 studies.31,41 This included
studies within the range of 2- to 5-year follow-up (Figure
2) as well as those with >12-year follow-up data (Figure 3).
For all studies having a minimum 2-year follow-up, the
failure rate ranged from 0% to 30% in the primary ACI

TABLE 2
Study Characteristicsa

Lead Author
Age, y

Mean ± SD (range) Site of Lesion, %

Follow-up, y
Mean ± SD (range) N

Sex
(M/F), n

Prior Cartilage
Procedures

Defect Size, cm2,
Mean ± SD (range)

Workers’
Compensation,

n (%)

Minas20 35 ± 9.2 (13-60)a

35.4 ± 10.1 (14-55)b
– 4.5 ± 2.3 (2-11)a

4.7 ± 2.5 (2-12)b
325 185/136 MFX (n¼25)

AA (n¼33)
Drill (n¼53)

4.6 ± 2.7 (0.5-21)a

5.2 ± 3.1 (0.7-16.8)b
28 (13)a

24 (22)b

Zaslav41 35.5 ± 8.6a

32.9 ± 7.6b
MFC (64-68)
LFC (16-18)

Troch (16-18)

3.8 ± 2.4 143 106/48 MFX (n¼42)
Drill (n¼16)
Other (n¼2)

AA (n¼9)

4.7 ± 2.1a

4.6 ± 4.1b
–

Riff 33 30.4 ± 9.4a

30.3 ± 9 (14.9-49.9)b
MFC (29-38)
LFC (10-18)

Troch (25-28)
Pat (19-25)

3.6 ± 1.7a

3.9 ± 2.0b
192 102/90 BMS 5.0a

5.0b
24 (25)a

23 (25)b

Müller23 32.9 ± 11.8 (16-55)a

39.1 ± 10 (19-53)b
Femoral (50-55)

Pat (40-45)
Troch (5)

3 40 14/26 BMS 5.4 ± 2.6 (2-15)a

4.8 ± 2 (2-10)b
–

Pestka32 33.6 ± 10.1 (19.2-54.2)a

34.1 ± 9 (14.8-45.8)b
MFC (57.1)
LFC (7.1)
Troch (2)
Pat (10.7)

3.5 ± 1.4 (1.3-7)a

4 ± 1.4 (1.3-6.3)b
55 32/24 MFX (n¼28) 4.7 ± 1.6 (2.5-9.0)a

4.6 ± 2.7 (1.5-7.5)b
–

Jungmann15 34.9 ± 9.0 – 4.4 ± 0.9 (2-11.8) 383 237/176 BMS 5.6 ± 3.0 –
Ogura26 36.6 ± 9.2 (16-55) Bipolar PF (100) 8.8 ± 4.2 (2-16) 60 34/22 BMS 10.2 ± 4.1 (2.7-19.7) –
Beck4 18.3 ± 0.2 (15-22) MFC (60)

LFC (40)
12 ± 4.5 10 5/5 BMS 9.1 ± 2.0 (2.3-24) –

Ogura29 35.4 ± 10.4 (13-52) – 20.6 ± 0.3 (20-21) 24 16/7 BMS 11.8 ± 8 (2.4-30.5) 8 (33)
Minas21 35.8 ± 9.6 (8-57) – 12 ± 2 210 113/97 MFX (n¼13)

AA (n¼30)
Drill (n¼46)

8.4 ± 5.5 46 (22)

Pascual-
Garrido31

31.8 ± 8.6 – 4 (2-7) 37 26/26 MFX 4.2 ± 1.6 –

aControl group. Dashes indicate data was not available. AA, abrasion arthroplasty; BMS, bone marrow stimulation; LFC, lateral femoral
condyle; M/F, male/female; MFC, medial femoral condyle; MFX, microfracture; Pat, patella; PF, patellofemoral; Troch, trochlea.

bBMS group.

TABLE 3
Failure and Outcome Dataa

Lead Author Definition of Failure Outcome Measure

Minas20 Conversion to arthroplasty, imaging based, reoperation Treatment failure
Zaslav41 Conversion to arthroplasty, PRO based, reoperation mCKR, KOOS
Riff 33 Conversion to arthroplasty, reoperation Tegner, Lysholm, IKDC, KOOS, SF-12
Müller23 Reoperation IKDC, VAS
Pestka32 Reoperation IKDC, KOOS, VAS
Jungmann15 Clinical assessment, imaging based Treatment failure
Ogura26 Conversion to arthroplasty, imaging based, reoperation mCKR, WOMAC, VAS, SF-36
Beck4 Reoperation IKDC, KOOS, mCKR
Ogura29 Conversion to arthroplasty, imaging based, reoperation mCKR, WOMAC, SF-36
Minas21 Conversion to arthroplasty, reoperation mCKR, WOMAC, KSS, SF-36
Pascual-Garrido31 Conversion to arthroplasty, imaging based, reoperation Lysholm, IKDC, KOOS, SF-12, mCKR, Tegner

aIKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome Score; KSS, Knee Society Score;
mCKR, modified Cincinnati Knee Rating; PRO, patient-reported outcome; SF-12, 12-Item Short Form Health Survey; SF-36, 36-Item Short
Form Health Survey; VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.
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group and 0% to 75% in the ACI after BMS group. Six of the
studies15,20,21,23,26,32 reported statistically significant
(P< .05) increases in failure rate for patients undergoing
prior BMS. One study4 did not offer a comparison withcontrol
but reported a failure rate of 20%, consistent with other stud-
ies. The remaining 4 studies29,31,33,41 did not find any statis-
tically significant difference between groups.

Overall, failure was observed in 26.4% of patients with
previous BMS (139/527 patients) and in 14.8% of patients

without prior BMS (139/942 patients). Meta-analysis dem-
onstrated a higher failure rate in patients with a prior his-
tory of BMS (log odds ratio¼–0.90; 95% confidence interval,
–1.38 to –0.42) (Figure 4). Heterogeneity between studies
was moderate, with an I2 value of 50.26%. A funnel plot
analysis was performed to assess bias, and all but 1 study41

were within the established confidence limits (Figure 5).

ACI Techniques Used

Reflecting the time period over which these studies were
published, a variety of ACI techniques were used in these
studies. Five studies used only first-generation ACI tech-
nique with periosteal flaps.20,21,29,31,41 One study32 evalu-
ated only a second-generation ACI technique with collagen
membrane. One study23 evaluated only a third-generation
ACI technique with allogenic or autogenic stem cell–medi-
ated cartilage regeneration. Three studies evaluated both
first- and second-generation ACI techniques,4,26,33 and 1
study15 evaluated all 3 generations of ACI.

Patient-Reported Outcomes

All studies recorded PROs as outcome variables. Report-
ing of PROs can be seen in Table 3. Six of the 11 stud-
ies21,23,31-33,41 offered comparative analysis of PROs
between the primary ACI group and ACI with prior BMS
group. Four of the studies demonstrated no difference in
PROs both in the primary ACI and ACI after BMS
groups.21,31,33,41 Two of the studies demonstrated signifi-
cantly better PROs for patients undergoing primary ACI
compared with ACI after prior BMS.23,32
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Figure 2. Failure rates at 2- to 5-year follow-up. *Statistically significant difference between primary ACI and ACI after BMS
(P< .05). ACI, autologous chondrocyte implantation; BMS, bone marrow stimulation.
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Figure 3. Failure rates at >12 years’ follow-up. *Statistically
significant difference between primary ACI and ACI after BMS
(P< .05). ACI, autologous chondrocyte implantation; BMS,
bone marrow stimulation.
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BMS Procedures Used

There was much heterogeneity in the reporting of the def-
inition of BMS procedure among studies. Two studies
reported that all prior BMS procedures were microfrac-
tures.31,32 Three studies reported and specified a variety
of techniques, including microfracture, abrasion arthro-
plasty, or drilling.20,21,41 Six studies did not specify which
BMS procedure their cohorts underwent prior to
ACI4,15,23,26,29,33 (Table 2).

DISCUSSION

The purpose of this study was to evaluate outcomes of ACI
after prior BMS relative to primary ACI, and we observed
via pooled analysis that failure is significantly more likely

for patients undergoing ACI after prior BMS. Using BMS
as a first-line therapy for cartilage injury in the knee has
been a common approach for many years likely because of
the ease, familiarity, and low cost of the procedure.17 How-
ever, the data presented in this review suggest patients
who have cartilage lesions amenable to ACI may benefit
more from primary ACI than ACI after failed BMS and that
patients with failed BMS may have more predictable
results with alternative treatment options such as osteo-
chondral grafting when possible.13,33 This observation of
higher failure rates is likely due to changes in the subchon-
dral bone, such as sclerosis, subchondral cysts, and intrale-
sional osteophytes seen after microfracture that may
inhibit proper healing of the ACI graft.8,37 These histologic
changes suggest that the milieu of a cartilage lesion after a
BMS may in fact be detrimental to future ACI.

The goal of an ACI procedure is to restore the physiologic
weightbearing surface of the joint, which requires not only
a healthy articular surface but also healthy subchondral
bone, and the 2 together are known as the osteochondral
unit.11 As such, a successful ACI relies on healing of the
graft onto healthy subchondral bone. Given that the basis
of BMS is to injure the subchondral bone lamellae to induce
a healing response, it is thought that this injury may
jeopardize future ACI graft healing potential.18 Prior stud-
ies have demonstrated a 27% to 33% incidence of subchon-
dral plate thickening and intralesional osteophytes after
BMS,16,22 and often subchondral bone defects >2 to 3 mm
deep require filling before ACI transplantation; this may
explain why higher failure rates are seen with patients
having undergone prior BMS.24 Interestingly, the finding
of subchondral edema following ACI remains a contro-
versial topic, and this should be an area of future
research. It has been suggested that edema in the sub-
chondral bone is part of the healing response of the ACI

Figure 4. Forest plot. ACI, autologous chondrocyte implantation; BMS, bone marrow stimulation.

Figure 5. Funnel plot. REML, random-effects model.
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graft,25 whereas others have suggested it may portend a
worse prognosis.18,24

Of the 11 studies presented in this review, 1 study4 did
not compare outcomes of ACI after BMS with a control
group, such as primary ACI, and 4 studies29,31,33,41 found
no statistical difference between failure rates for ACI after
BMS compared with primary ACI. One limitation that
affected many of these studies on ACI, particularly with
long-term follow-up data, was an underpowered sample
size. The infrequency of osteochondral lesions that are indi-
cated for ACI makes it difficult to collect data with
high-quality, long-term follow-up, and this often results
in studies that are underpowered. Another possible reason
that some studies may not have demonstrated any differ-
ence between groups is that there is inherent selection bias
in determining treatment for patients in nonrandomized
study designs. Riff et al33 compared primary and secondary
ACI and found there was no difference in postoperative
functional scores, subjective satisfaction, reoperation rate,
or clinical failure. This was, however, a retrospective cohort
study, so it is possible that careful patient selection for
treatment with ACI after BMS contributed to the observed
good outcomes. Further studies to identify potential factors
for favorable ACI outcome after microfracture could help us
better understand how to optimize patient outcomes. The
heterogeneity both in ACI techniques and in definitions of
failure is important to note when comparing outcomes in
primary and secondary ACI literature.

It is also important to note that results after revision
surgery in general will likely have a greater likelihood of
failure in general, and it is not possible to clearly delineate
the factors that cause treatment failure. Ogura et al27 dem-
onstrated this phenomenon in a study on revision ACI in
which their analysis demonstrated failure rates of 30% to
50% at 5- and 10-year follow-up for revision ACI, which is
inferior to that seen in primary ACI.2,5,19 This has also been
seen for other cartilage procedures in the knee, such as
osteochondral allograft.14 Given that ACI after a prior BMS
represents a revision scenario, it is not surprising that the
results of this paper demonstrated a similar trend to other
revision cartilage restoration techniques, which suggests
that a revision setting alone may contribute to increased
failure rates. In addition to the revision setting, however,
the alteration of the subchondral bone from BMS and other
cartilage restoration techniques is what creates an unfavor-
able milieu for future surgery.27

Another interesting finding in this review was regarding
the heterogeneity of the definition of failure. Common defi-
nitions were any subsequent procedure that violated the
subchondral bone, magnetic resonance imaging scan or
arthroscopic evidence of graft delamination, and conversion
to arthroplasty. However, some of the indications and defi-
nitions were less clear, such as failure of PROs to improve
from baseline for >18 months, revision procedure for pain
or discomfort, and revision cartilage repair. Although we
cannot comment on the reason for failure in each case for
comparison, 10 of the 11 studies were comparative cohort
analyses, so the definitions of failure were evenly applied to
both groups and did not introduce bias that would explain
the higher failure rate in the patients with prior BMS.

Despite heterogeneous definitions of failure among studies,
the same definition of failure was applied to each patient in
the primary ACI and ACI after BMS groups in each study.

These indications do not clearly define the patient popu-
lation meeting criteria for “failure.” Furthermore, certain
definitions of failure do not represent the clinical condition
of all patients in the cohort of ACI recipients. For instance,
for young, healthy patients undergoing ACI, using conver-
sion to arthroplasty as a definition of failure may not be
appropriate because they are extremely unlikely to reach
this endpoint. Likewise, referring to any revision procedure
as a failure may be too aggressive, especially for patients
who do well after a simple revision procedure such as
arthroscopic debridement. Though this heterogeneity
makes it difficult to clearly define outcomes for the pur-
poses of research, it does demonstrate the reality of
“failure” being variably interpreted by both physician and
patient. As such, it is important in practice that the surgeon
and patient make their decision on an individualized
patient basis depending on their expectations of improve-
ment and recovery. Establishing clear and consistent clin-
ical definitions of failure can be an important direction for
future cartilage research studies.

In addition to overall increased rates of failure in the
group undergoing ACI after BMS, 2 studies demonstrated
additional variables in subgroup analysis as independent
risk factors for failure. Minas et al20 found that both complex
and salvage defects were independent risk factors for failure
at 30% and 24%, respectively, compared with 11% for the
simple defects. In their study, complex defects were defined
as multifocal lesions; single lesions >4 cm2; or lesions in the
trochlea, tibia, or patella. Salvage defects were defined as
bipolar lesions or any defects with signs of early arthritis.
They did not find any differences in workers’ compensation
(WC) status. The analysis by Riff et al,33 however, demon-
strated a higher rate of failure in the WC group undergoing
ACI after BMS. They found a failure rate of 17% in the WC
group compared with 6% for the non-WC group.

There are a variety of both patient-specific and lesion-
specific risk factors that have been found to predispose
patients to ACI graft failure. Patient-specific factors
include increased age, female sex, and WC status.19,30,33

Lesion-specific factors include complexity of lesion, history
of prior surgeries of the affected joint, first-generation ACI
technique, lesion size >4.5 cm2, and the failure to perform
concomitant tibial tubercle osteotomy when
indicated.15,21,28,30 These risk factors have been described
elsewhere in the literature, and given the heterogeneity of
data reporting in the included studies, we could not adjust
for all these factors in our review. However, given the
results of the studies highlighted in this review, a history
of prior BMS is another risk factor that should be added to
the list of factors predisposing to ACI graft failure.

It is interesting to consider primary ACI versus BMS in
the setting of cost-effectiveness because, although primary
ACI may lead to a better outcome, it is not always feasible
in an ability- or resource-limited setting. In a recent
review of level 1 and 2 studies with 5-year follow-up, Aae
et al1 demonstrated that microfracture had greater cost-
effectiveness when compared with ACI for focal chondral
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defects.1 This was also supported by a review by Schrock
et al,34 who demonstrated that microfracture had the
greatest cost-effectiveness for focal chondral defects com-
pared with OATs and first- and second-generation ACI.
However, they demonstrated that second-generation ACI
had the greatest improvement in functional outcomes.
These studies did not provide analysis beyond the mid-
term, however, which is when microfracture is most likely
to fail, leading to increased costs in additional visits and
invasive procedures. In a resource-limited setting, it may
be acceptable to perform the BMS procedure before ACI,
but this should warrant a frank discussion with the
patient that it may not yield as promising a long-term
solution. In a setting where resources and ability to per-
form ACI are not limited, it is our recommendation that
primary ACI be performed instead of BMS given the
results of this analysis.

Limitations

The limitations of this systematic review include only 11
studies meeting the inclusion criteria and the exclusion of
all studies written in a non-English language. The majority
of these studies were level 3 or 4 evidence, which subjects
much of the data to the biases of case series studies. This
includes lack of randomization and retrospectively col-
lected data. Similarly, retrospective studies are subject to
surgeon decision-making bias. It is important to note there
was some overlap between cohorts by authors Minas
et al20,21 and Ogura et al26,29 because they published on
cohorts at different maturities. These data were stratified
by follow-up time frame for failure rates; however, we were
not able to completely exclude this overlap for the meta-
analysis. In addition, there was significant heterogeneity
in the populations and their procedures, such as BMS tech-
niques and ACI generation, which makes it difficult to draw
definitive comparisons among the studies as a whole. There
was no way to control for concomitant procedures such as
osteotomies and ligament reconstruction. It is possible that
some amount of patient improvement in outcome in these
studies is clouded by these concomitant procedures as well.
The meta-analysis findings will be subject to this heterogene-
ity as well as the heterogeneity in definition of treatment
failure; however, the pooled analysis still offers insight
regarding the relative outcome of ACI with or without a
history of prior BMS. We were not able to perform a meta-
analysis on outcome scores or control for patient-specific fac-
tors in the meta-analysis of failure rates. Follow-up was
robust, with a minimum of 2 years for all studies; however,
greater follow-up duration would be ideal for evaluating out-
comes from cartilage procedures. Finally, there was no way to
perform subgroup analysis for ACI generation because we did
not have granular patient data for some of the studies report-
ing multiple generations of ACI technology.

CONCLUSION

This systematic review demonstrated that failure rates
were significantly higher for patients treated with ACI

after a history of prior BMS relative to patients undergoing
primary ACI without prior BMS. This finding has impor-
tant implications when considering using BMS for defects
that are amenable to cell-based restoration and when deter-
mining treatment options after failed BMS.
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