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Surgical Techniques for Knee Cartilage Repair: An
Updated Large-Scale Systematic Review and Network
Meta-analysis of Randomized Controlled Trials
Radoslav Zamborsky, M.P.H., Ph.D., and Lubos Danisovic, M.Sc., Ph.D.

Purpose: The aim of this study was to investigate the most appropriate surgical interventions for patients with knee
articular cartilage defects from the level I randomized clinical trials. Methods: We searched ﬁve databases for level I
randomized clinical trials. Treatments were compared if reported in more than one study using network meta-analysis to
boost the number of included studies per comparison. Results: We studied 21 articles that included 891 patients. Traumatic
lesion was the most common cause in the included patients. There were signiﬁcantly higher failure rates in the microfracture (MF) group compared to autologous chondrocyte implantation (ACI) group at 10-year follow-up. Moreover,
osteochondral autograft transplantation (OAT) showed signiﬁcantly more excellent or good results at > 3-year follow-up
compared to MF, whereas MF showed signiﬁcantly more poor results versus ACI and matrix-induced autologous chondrocyte implantation (MACI). Furthermore, OAT showed signiﬁcantly more poor results than MACI at 1-year follow-up.
Similarly, patients who underwent OAT had higher return-to-activity rates than those with MF. It is noteworthy that the
Knee injury and Osteoarthritis Outcome Score was higher in patients who underwent characterized chondrocyte implantation or MACI compared to MF. Finally, there were no signiﬁcant differences among the various interventions regarding
reintervention, biopsy types or adverse events. According to the P scores for interventions ranking, there was a disagreement
concerning the best intervention; however, MF was always ranked as the last. Conclusions: Cartilage repair techniques,
rather than MF, provide higher quality repair of tissue and have lower failure and higher return-to-activity rates. Moreover,
OAT had signiﬁcantly more excellent or good results compared to MF, whereas MF had signiﬁcantly more poor results than
ACI and MACI. Future studies need to have longer follow-up periods and more representative populations to investigate the
efﬁcacy and safety of these interventions. Level of evidence: Level I: meta-analysis of Level I studies.

See commentary on page 859

K

nee cartilage lesions remain a challenging clinical
practice due to the limited intrinsic healing
capacity of the knee cartilage tissue.1 Indeed, the fullthickness lesions in > 60% of adults can signiﬁcantly
affect the knee-associated quality of life. Additionally,
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patients with full-thickness cartilage defects of the knee
experience considerable pain and impairment of activity. Articular cartilage is prone to damage from traumas,
repetitive shear and torsional forces applied to the
surface.2 Although the majority of these lesions are
asymptomatic, cartilage defects of the knee still represent a large source of pain and disability.3,4 Furthermore, focal chondral lesions left untreated may
progress to clinically relevant joint pain with dysfunction, osteoarthritis and detrimental inﬂuences on the
quality of life.5,6 The lack of a successful endogenous
repair mechanism has been attributed to the poor
recruitment of regenerative cells into the cartilage
defect area.7
After the theory of marrow stimulation by subchondral drilling, the concept was popularized by
introducing the microfracture (MF) intervention,
whereby the migration of mesenchymal stem cells and
growth factors from subchondral bone facilitates the
restoration of hyaline-like ﬁbrocartilage.8 The use of
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articular resurfacing interventions has become
increasingly widespread. A biologic approach to articular cartilage lesions is a new challenge, because it has
inherent limited healing potential. Between 30,000 and
100,000 knee cartilage procedures are performed
annually.3,9 MF and debridement form more than 98%
of these procedures, due largely to their simplicity, low
cost and established clinical track records.3,10,11 Moreover, MF is still considered to be the ﬁrst-line treatment
for the chondral defects of the knee joint, and it shows
good short-term results.12 However, there is evidence
that the results of MF deteriorate over time, may
compromise the results of cell-based therapies and have
a limited ability to regenerate the hyaline cartilage.10,11
Moreover, there are concerns surrounding suboptimal
repair with ﬁbrocartilage inﬁll13 and long-term clinical
outcomes compared with other available cartilagerestoration procedures, such as autologous chondrocyte implantation (ACI), mosaicplasty/osteoarticular
transfer system (OATS) and osteochondral allograft
transplantation (OAT).14-18
There is no uniform approach to managing hyaline
cartilage defects in the knee. Treatment options,
intended primarily to achieve symptomatic relief,
include knee washout (lavage) with debridement.19
Interventions that also attempt to reestablish the articular surface include marrow stimulation techniques,
such as abrasion arthroplasty, drilling and MF, and
mosaicplasty (or OAT).20 Lesions treated with these
procedures, especially larger lesions (> 2 cm2),
commonly require subsequent operative intervention.21 A study by Brittberg et al. described the stimulation of hyaline-like repair tissue and resulting
successful repair of femoral condyle defects of the knee
using implantation of autologous cultured chondrocytes, and this generated signiﬁcant interest.22 A
number of studies have subsequently suggested that
ACI is an effective procedure for cartilage defects of the
knee.23 So far, various techniques have been suggested
to be effective for treating articular cartilage defect of
the knee joint, yet knowledge regarding which method
is best still remains uncertain. Hence, the aim of this
systematic review and network meta-analysis was to
investigate the most appropriate surgical interventions
for patients with knee articular cartilage defects from
the level I randomized clinical trials (RCTs). We hypothesized that the patients would have better clinical
improvements through using the more advanced
cartilage tissue-repair techniques rather than MF.

Methods
Search Strategy
This systematic review was performed according to
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement24 and the

PRISMA Network Meta-analysis Extension Statement25
(Appendix 1). The study protocol was registered in the
International Prospective Register of Systematic Reviews PROSPERO (CRD42019125604). In December
2018, we performed searches to identify pertinent
studies in the following databases: PubMed, Institute of
Science Index, Scopus, Cochrane Central Register of
Controlled Trials (CENTRAL), and Embase. Prespeciﬁed
search terms were used and adapted to each database to
yield the most accurate results (Appendix 2). A manual
search, using references of the included RCTs and the
previous systematic reviews, was conducted to retrieve
additional articles.26-29 Both authors (RZ, LD) independently screened titles and abstracts according to our
inclusion and exclusion criteria.
Selection Criteria
The inclusion criteria were level I RCTs comparing
different surgical interventions for patients with articular cartilage defects of the knee. No restrictions
regarding language, race, sex, country, year, or age
were applied. Our exclusion criteria were articles
comparing alternative medical treatments, such as
rehabilitation, anti-inﬂammatory medications and
physical therapy, enrolling patients with diseases other
than those in the knee, and animal studies or other
study designs. All full texts were reviewed carefully by
both authors independently to reach the ﬁnal decision.
Data Extraction
We developed and pilot-tested a data-extraction sheet
against the included papers and modiﬁed it accordingly
(Appendix 3). Both authors extracted independently
each paper’s data, and any disagreements were resolved
through discussion. Potentially duplicated data from the
same research group studying the same factors were
veriﬁed using year and place of recruitment, and the
largest dataset was chosen for ﬁnal analysis to prevent
overlapping of patients. In order to be comprehensive,
all data from texts, tables, graphs, and supplementary
materials were extracted. Data from ﬁgures or error
bars were extracted using WebPlotDigitizer software,
version 3.8 (http://arohatgi.info/WebPlotDigitizer/
index.html).26,30,31
Appraisal of Bias
The quality of randomized studies was evaluated in
accordance with the methods of the Cochrane Collaboration tool.32 It includes sequence generation, allocation sequence concealment, blinding of participants and
personnel, blinding of outcome assessment, incomplete
outcome data, selective outcome reporting, and other
potential threats to validity. For each of the 7 items,
each author prepared a review of the empirical evidence, a discussion of speciﬁc issues and uncertainties
and a proposed set of criteria for assessing protection
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from bias as low risk, high risk or unclear. The level of
evidence was determined based on the criteria established by the Oxford Centre for Evidence-Based Medicine.33 Moreover, appraisal of bias was conducted
carefully by both authors independently, and if any
discrepancies in ratings or disagreements happened,
both authors discussed them to reach the ﬁnal decision.
Outcomes and Extracted Data
We extracted data, such as age, sex, length of followup, previous knee surgery, duration of symptoms,
articular cartilage defect characteristics, surgical technique, clinical outcome measures, histology and treatment failures, lesion size, frequency of postoperative
complications, and all reported pre- and postoperative
clinical outcome scores (such as International Knee
Documentation Committee Subjective Knee Form, visual analog scaleepain, Lysholm score, Cincinnati,
Western Ontario and McMaster Universities Osteoarthritis Index, magnetic resonance observation of cartilage repair tissue score, Tegner activity scale, Knee
injury and Osteoarthritis Outcome Score [KOOS]), if
reported (Table 1) (Table 2). Different treatments were
compared if reported in more than 1 study by using
network meta-analysis to boost the number of included
studies per comparison and to take all evidence (both
direct and indirect comparisons) into account
simultaneously.
Statistical Analysis
We performed the network meta-analysis using
RStudio software version 1.0.44 (https://www.rstudio.
com/) by the netmeta package to generate risk ratios
for categorical outcomes, mean difference for continuous outcomes and 95% conﬁdence intervals (CI). A
ﬁxed-effect model34 was used when there was no evidence of heterogeneity between studies; otherwise, a
random-effects model was chosen.35 The heterogeneity
among studies was evaluated using the Q statistic and
the I2 test, which describes the percentage of variability
in the effect estimates that occur because of heterogeneity beyond sampling error.27,31,35-37 For heterogeneity across studies, we utilized c2 and I2 tests, where
the P value ¼ 0.10 and/or I2 > 50%, indicating significant heterogeneity.26,31,37-40
Forest plots were presented to give a visual overview
of the ﬁndings. Most trials compared MF to other
treatments, so we generated the forest plots for MF, as
the control, against other treatments, yet all other direct
and indirect comparisons were already conducted as
well (Table 3).
Furthermore, we demonstrated the network metaanalysis ranking of all surgical interventions according to the methods of Rücker and Schwarzer using P
rank scores.41 The P score of a certain treatment can
be interpreted as the mean extent of certainty where

that treatment is better than another treatment. The
statistical signiﬁcance was considered if the P value
was < 0.05.

Results
Search Results
Our search retrieved 3,697 articles, among which
1,142 duplicates were removed (Fig 1). The rest underwent abstract screening to yield 100 articles for fulltext review. Ultimately, a total of 21 articles18,42-61
(from 12 RCTs) that met our eligibility criteria were
included in our study.
Studies’ and Patients’ Characteristics
Table 1 describes the characteristics of included
studies, which enrolled a population of 891 patients.
The follow-up periods ranged from 12 months42,56,58 to
15 years.48
Our study population contained more male than female patients (479 (53.76%) and 412 (46.24%),
respectively). The patients’ mean age ranged from 14.4
years to 40.4 years; the mean defect size ranged from
2.1 to 6.1 cm2; the mean duration of symptoms ranged
from 21.24 to 103.2 months, and the mean prior surgeries ranged from 1.1 to 2.2 (Table 1). Of note, traumatic lesion was the most common cause in the
included patients (ranging from 42.9% to 100% in
some studies). There were 3 studies that were conducted multicentrically.18,50-56 There were 2 articles51,62 that were conducted on a subset of patients
reported in another article.18,50,52
In addition to that, failure of the intervention was
deﬁned differently by the included studies; some studies
deﬁned it as failure of graft, due to the lack of healing of
the defect or reintervention affection of > 20% of the
index lesion (Table 2).
Appraisal of Bias
All of our included studies are of level I, so most of
them had low risk regarding selection, attrition,
reporting, and other biases (Appendix 4). It is noteworthy that performance bias was nearly present in all
included articles, because it was not possible to blind
the surgeon performing the various surgical techniques.
Further, it was not possible to blind the patients to their
interventions if it involved the use of a 2-stage intervention such as matrix-induced autologous chondrocyte implantation (MACI), ACI, bioscaffold
technology-cartilage gel (BST)-CarGel, or characterized chondrocyte implantation (CCI).46,47,51,53,63
Quantitative Synthesis
Moreover, MF was used alone in most of the studies
or in combination with other treatments such as BSTCarGel.55 There were signiﬁcantly higher failure rates
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ACI or Mosaicplasty

MACI or MF
ACI or MF
ACI or MF
ACI or MF
CCI or MF
CCI or MF
CCI or MF
CCI or MF
MACI or MF
MACI or MF
MF or MF þ BST-CarGel
MF or MF þ BST-CarGel
MF or MOCT
MF or MOCT
MF or MOCT
MF, AMIC glued or AMIC
sutured
ACT or abrasive techniques

Bentley, UK, 201245

Crawford, USA, 201246
Knutsen, Norway, 200449
Knutsen, Norway, 200747
Knutsen, Norway, 201648
Saris, MC, 200818
Saris, MC, 200950
Vanassche, MC, 201051
Vanlauwe, MC, 201152
Saris, MC, 201489
Brittberg, MC, 201854
Stanish, MC, 201356
Shive, MC, 201555
Gudas, Lithuania, 200559
Gudas, Lithuania, 201260
Gudas, Lithuania, 200961
Volz, Germany, 201757
50

30
80
80
80
118
118
67
112
144
128
80
80
57
57
47
34

100

Patients (n)
91
60
100

12

26
24
60
180
18
36
24
60
24
60
12
60
37.1 (36-38)
124.8 (86-132)
50.4
60

120

Mean followup (months)
12
24
19 (12 to 26)

30.84

40.4 " 9
32.2
32.2
32.2
33.9
33.9
31
33.4
33.85
34 and 38*
36.2
36.1 (18-55)
24.3 (15-40)
24.3 (15-40)
14.4
27-47

31.3 (16-49)

Mean age
(years)
33.6
34.2
31.3 (16-49)

34

25
48
48
48
41
41
46
76
93
82
48
36
36
37

57

Sex, male
54
42
57

3.72 (2-9.4)

2.8
2.8

2.4

2.4
2.4

2.69
4.8
4.8
4.8
" 1.2 (1-5)
" 1.2 (1-5)
2.4
" 1.2 (1-5)
5.55
5
2.1
2.25
(1-4)
(1-4)
3.2
3.6

4.2 (1-15.25)

Mean defect
size (cm2)
6.1
4
4.66 (1-12.2)

43 (86)

52 (65)
52 (65)
52 (65)
32 (56.1)
32 (56.1)
-

46 (46)

Traumatic
cause No., %
39 (42.9)
60 (100)
46 (46)

-

Mean duration
of symptoms
(months)
103.2
27.6
86.4 (9 months
-20 years)
86.4 (9 months
-20 years)
36 " 60
36
36
36
21.24
21.24
21.24
57
57
20.52
26.4*
21.32 " 5.57
21.3
23.54
-

-

1.5
1.5
1.5
1.1
1.1
1.1
-

1.5 (0-4)

Mean prior
surgeries (n)
2.2
1.5

ACI, autologous chondrocyte implantation; ACT, autologous chondrograft transplantation; AMIC, autologous matrix-induced chondrogenesis; CCI, characterized chondrocyte implantation;
MACI, matrix-induced autologous chondrocyte implantation; MC, multicenter; MF, microfracture; MOCT, mosaic osteochondral autologous transplantation; OAT, osteochondral autograft
transplantation.
*The numbers are median.

Visna, Czech Republic, 200490

Treatment groups
ACI or MACI
MACI or MF
ACI or Mosaicplasty

Author, country, year
Bartlett, UK, 200542
Basad, Germany, 201043
Bentley, UK, 200344

Table 1. Characteristics of the Included Studies
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10 years

2 years

2 years

5 years

15 years

2 years

5 years

1 year

5 years

37.1 months

Bentley, UK, 201245

Crawford, USA, 201246

Knutsen, Norway, 200412

Knutsen, Norway, 200747

Knutsen, Norway, 201648

Saris, MC, 201492

Brittberg, MC, 201854

Stanish, MC, 201356

Vanlauwe, MC, 201152

Gudas, Lithuania, 200591

BST-CarGel
MF
CCI
MF
OAT
MF
OAT
MF

MF
MACI

ACI
MF
ACI
MF
MACI
MF

Treatment groups
ACI
MACI
MF
ACI
ACI
OAT
MACI
MF
ACI
MF

7
10
1
9
4
11

Not stated

3
1

9
9
17
13
0
2

2
1

Failure
0
2
1
0
10
23
Not stated

If the patient needed reoperation because of a lack of healing symptoms of the
primary treated defect
Reoperation because of symptoms to primary defect

Reintervention affecting > 20% of the index lesion

The operation was considered to have failed if a reoperation was performed because of
symptoms resulting from a lack of healing of the treated defect.
If, at any time after week 24, they had a patient and physician global assessment result
that was the same as or worse than at baseline, a < 10% improvement in the KOOS
pain subscale, physician-diagnosed failure ruling out all other potential causes, and
the physician deciding that surgical retreatment was needed
If, at any time after week 24, they had a patient and physician global assessment result
that was the same as or worse than at baseline, a < 10% improvement in the KOOS
pain subscale, physician-diagnosed failure ruling out all other potential causes, and
the physician deciding that surgical retreatment was needed
-

If the patient needed a reoperation because of symptoms due to a lack of healing of
the primary treated defect; the need for shaving or trimming a lesion was not deﬁned
as a failure
Reoperation because of symptoms due to lack of healing of the defect

Clinically poor results with arthroscopic
evidence of the graft or revision surgery to a defect of any kind
-

Not stated

Deﬁnition of failure
Failure of the graft

P < 0.05

NS
P ¼ 0.561
P ¼ 0.012

-

P ¼ 0.361

NS

NS
P ¼ 0.101
P ¼ 0.35

NS

-

P < 0.001

NS

Signiﬁcant difference
NS

ACI, autologous chondrocyte implantation; ACT, autologous chondrograft transplantation; AMIC, autologous matrix-induced chondrogenesis; CCI, characterized chondrocyte implantation;
KOOS, knee injury and osteoarthritis outcome score; MACI, matrix-induced autologous chondrocyte implantation; MC, multicenter; MF, microfracture; MOCT, mosaic osteochondral
autologous transplantation; OAT, osteochondral autograft transplantation.

Gudas, Lithuania, 2012

10 years

2 years

Basad, Germany, 201043

92

Follow-up
1 year

Author, country, year
Bartlett, UK, 200542

Table 2. Failure Rates and Their Deﬁnitions in Various Cartilage Repair Interventions in the Included Studies
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Table 3. Network Meta-analysis Showing the Direct and Indirect Comparisons Among the Available Treatments
Comparisons
Treatment failure
2 years
Intervention
MF
ACI
MACI
5 years
Intervention
MF
ACI
MACI
CCI
10 years
Intervention
MF
ACI
OAT
Rate of excellent or good
1 year
Intervention
MF
ACI
MACI
OAT
More than 3 years
Intervention
MF
OAT
Rate of poor results
1 year
Intervention
MF
ACI
MACI
OAT
Biopsy
Intervention
MF
ACI
MACI
OAT
Reintervention
Intervention
MF
MACI
CCI
AMIC-g
Return to activity
Not more than 1 year
Intervention
MF
OAT
3-5 years
Intervention
MF
OAT
10 years
Intervention
MF
OAT
Adverse events
Intervention
MF

MF
2 (0.18; 21.18)
0.18 (0.02; 1.63)

ACI
0.5 (0.05; 5.3)
0.09 (0.004; 2.29)

MACI
5.4 (0.61; 48.05)
10.85 (0.44; 269.83)
-

MF
1 (0.44; 2.26)
0.32 (0.04; 3.02)
0.73 (0.32; 1.75)

ACI

0.32 (0.03; 3.5)
0.73 (0.22; 2.4)

MACI
0.32 (0.04; 3.02)
3.1 (0.29; 33.44)
2.27 (0.21; 24.99)

MF
0.61 (0.07; 5.44)
0.88 (0.09; 8.36)
results

ACI
1.65 (0.18; 14.88)
1.46 (0.16; 13.19)

OAT
1.14 (0.12; 10.77)
0.69 (0.08; 6.22)
-

MF
1.37 (0.52; 3.63)
1.67 (0.79; 3.55)
1.27 (0.8; 2.02)

ACI
0.73 (0.28; 1.9)
1.22 (0.66; 2.28)
0.93 (0.39; 2.2)

MACI
0.6 (0.28; 1.27)
0.82 (0.44; 1.52)
0.76 (0.42; 1.38)

OAT
0.79 (0.5; 1.25)
1.08 (0.46; 2.54)
1.32 (0.73; 2.38)
-

MF
1.59 (1.22; 2.07)

OAT
0.64 (0.45; 0.9)
-

MF
0.01 (0.0001; 0.51)
0.01 (0.0001; 0.32)
0.13 (0.01; 2.15)

ACI
119.29 (1.95; 7287.18)
0.7 (0.27; 1.86)
15.33 (0.77; 307.04)

MACI
169.89 (3.13; 9229.53)
1.42 (0.54; 3.78)
21.84 (1.28; 371.46)

OAT
7.78 (0.47; 129.99)
0.07 (0.003; 1.31)
0.05 (0.003; 0.78)
-

MF
1.75 (0.93;3.28)
1.43 (0.47; 4.39)
1 (0.86; 1.17)

ACI
0.57 (0.31; 1.07)
0.82 (0.32; 2.07)
0.57 (0.3; 1.09)

MACI
0.57 (0.31; 1.07)
1.22 (0.48; 3.09)
0.7 (0.23; 2.16)

OAT
1 (0.86; 1.17)
1.75 (0.92; 3.34)
1.43 (0.46; 4.44)
-

MF
0.83 (0.3; 2.34)
0.84 (0.42; 1.68)
0.73 (0.05; 10.49)

MACI
1.2 (0.43; 3.39)
1.02 (0.29; 3.52)
0.88 (0.05; 15.33)

CCI
1.19 (0.6; 2.36)
0.98 (0.28; 3.41)
0.87 (0.06; 13.57)

AMIC-g
1.15 (0.07; 17.97)
1.13 (0.07; 19.67)
1.36 (0.09; 19.5)
-

MF
1.86 (1.46; 2.37)

OAT
0.54 (0.42; 0.69)
-

MF
2.98 (1.79; 4.96)

OAT
0.36 (0.2; 0.56)
-

MF
3.57 (1.7; 7.47)

OAT
0.28 (0.13; 0.59)
-

MF
-

MACI
1.09 (0.93; 1.29)

CCI
1.04 (0.8; 1.34)

OAT
0.19 (0.01; 3.85)

1 (0.44; 2.26)
-

CCI
0.73 (0.32; 1.75)
1.37 (0.42; 4.5)
0.44 (0.4; 4.86)
-

(continued)
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Table 3. Continued
Comparisons
MACI
CCI
OAT
KOOS
Intervention
MF
MACI
CCI

0.92 (0.78; 1.08)
0.97 (0.74; 1.25)
5.18 (0.26; 103.17)

-

0.95 (0.7; 1.29)

MF
8.45 (1.62; 15.28)
7.1 (6.09; 8.12)

MACI
e8.45 (e15.28; -1.62)
e1.35 (e8.26; 5.55)

1.05 (0.78; 1.43)
5.64 (0.28; 113.06)

5.36 (0.27; 108.03)

0.18 (0.01; 3.55)
0.19 (0.01; 3.76)
-

CCI
e7.1 (e8.12; e6.09)
1.35 (e5.55; 8.26)
-

NOTE. Signiﬁcant values are in boldface type.
ACI, autologous chondrocyte implantation; ACT, autologous chondrograft transplantation; CCI, characterized chondrocyte implantation;
KOOS, knee injury and osteoarthritis outcome score; MACI, matrix-induced autologous chondrocyte implantation; MC, multicenter; MF,
microfracture; MOCT, mosaic osteochondral autologous transplantation; OAT, osteochondral autograft transplantation.

in the MF group compared to the ACI group at the 10year follow-up period (RR, 95% CI 0.12 (0.04; 0.39));
however, there was no signiﬁcant difference among MF
and OAT, CCI or MACI at the same follow-up period
nor at the 2- and 5-year follow-up periods (Table 2).
Moreover, OAT had signiﬁcantly more excellent or
good results at the > 3-year follow-up period than MF,
whereas MF had signiﬁcantly more poor results versus
ACI and MACI. Furthermore, OAT had signiﬁcantly
more poor results over MACI at the 1-year follow-up
period (RR, 95% CI 0.05, (0.003; 0.7791)). Notwithstanding this, patients who had undergone OAT had
higher rates of return to activity than those having
undergone MF at 1-, 3- to 5-, as well as 10-year followup periods (Fig 2) (Fig 3).

It is noteworthy that the KOOS score was higher in
patients who underwent CCI or MACI than in those
who underwent MF (mean difference 95% CI 7.10
(6.08; 8.12) and 8.45 (1.62; 15.28), respectively.
Finally, there was no signiﬁcant difference among the
various interventions regarding reintervention, biopsy
types or adverse events (Fig 4).
According to the P scores for interventions ranking,
arranged according to their efﬁcacy and safety, ACI was
the best intervention, followed by OAT, then MF for the
failure outcome at 10-year follow-up. OAT ranked as
the best for the excellent or good results, then MF,
whereas for poor results, MACI was followed by ACI
and OAT, then MF. Additionally, OAT was better than
MF for the return-to-activity outcome. Finally, MACI

Fig 1. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) chart showing the ﬂow of publications throughout the review process.
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Fig 2. Network plots representing direct and indirect comparisons. (A) reoperation or reintervention rates among different
techniques; (B) rate of poor results among different techniques at 1-year follow-up period. Connections (purple line) between 2
nodes (red circles) indicate that those interventions have been compared directly in at least 1 head-to-head study. ACI, autologous chondrocyte implantation; ACT, autologous chondrograft transplantation; AMIC-g, glued autologous matrix-induced
chondrogenesis; CCI, characterized chondrocyte implantation; MACI, matrix-induced autologous chondrocyte implantation;
MF, microfracture; OAT, osteochondral autograft transplantation.

came in at ﬁrst place, followed by CCI, then MF, when
evaluating the KOOS outcome (Appendix 5).
Other Individual Studies
Stanish et al. conducted an international multicenter
RCT to evaluate BST-CarGel as an MF adjunct
compared with MF alone in the repair of cartilage lesions in the knee in 80 patients. After 12-month followup, BST-CarGel treatment resulted in a greater lesion
ﬁlling and superior repair of tissue quality than MF.
However, the clinical beneﬁts and safety levels were
similar in both groups.56 Subsequently, at 5-year
follow-up, the BST-CarGel treatment lead to sustained
and signiﬁcantly superior repair of tissue quantity and
quality compared to MF alone.55
Moreover, Van Assche et al. demonstrated the functional performance across a 2-year period after ACI
against MF and concluded that after ACI, patients had
similar overall functional outcome compared to patients
with MF.51

Discussion
We found that there were signiﬁcantly higher failure
rates in the MF group compared to the ACI group at 10year follow-up. Second, OAT showed signiﬁcantly more
excellent or good results at the > 3-year follow-up
period as compared to MF, whereas MF had signiﬁcantly more poor results versus ACI and MACI.
Furthermore, OAT had signiﬁcantly more poor results
over MACI at the 1-year follow-up period. Similarly,
patients who had undergone OAT had higher returnto-activity rates at 1-, 3- to 5- and 10-year follow-up
periods than those after MF. It is noteworthy that the

KOOS scores were higher in patients who had undergone CCI or MACI compared to MF. Hence, advanced
cartilage repair techniques perform better than MF,
with lower failure and higher return-to-activity rates.
These ﬁndings are similar to those of previously published studies.64
MF, a bone marrow stimulating procedure,65 is
frequently used to repair speciﬁc cartilage injuries.
Although MF provides good clinical outcomes, they are
not always sustained.10,47,66,67 This has been attributed
largely to the questionable durability of ﬁbrocartilage
tissue, which lacks the nascent hyaline articular structure.68 Previous studies show that patients with smaller
lesions have better clinical outcomes with MF than
patients with larger lesions,69 whereas lesions on the
trochlea do not improve as well as those on the femoral
condyle.70 Repair tissue with MF has been shown to be
ﬁbrous in nature18 compared to the more hyaline-like
repair tissue reported with MACI.71 In addition, intralesional osteophytes may result from MF and could
compromise any successful clinical outcomes after the
procedure.72,73 Also, MF may negatively affect outcomes of subsequent cell-based cartilage-repair
treatment.72
Given that previous literature demonstrates inferior
long-term outcomes following MF, many surgeons are
giving stronger consideration to alternative cartilagerestoration procedures such as ACI and OAT, despite
the limitations of some of these techniques, including
the need for a 2-stage procedure, donor-site morbidity
and the increased cost and limited availability of allograft donor tissue. Saris et al. demonstrated superior
clinical outcomes with matrix-applied characterized
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Fig 3. Forest plots that depict all pairwise treatment comparisons. The vertical line represents the null line (line of no effect). The
point estimate for each risk ratio, for categorical outcomes, is represented by a gray square, and the 95% CI is represented by a
horizontal line. If the 95% CI does not cross the null line, the given pairwise comparison reaches statistical signiﬁcance. Failure
rates at (A) 2-year follow-up period, (B) 5-year follow-up period, (C) 10-year follow-up period. Rates of excellent or good results
at (D) 1-year follow-up period, (E) more than 3-year follow-up period, (F) rate of poor results at 1-year follow-up period, (G)
rate of return to activity at 1-year follow-up period, (H) 3- to 5-year follow-up period, (I) 10-year follow-up period. ACI,
autologous chondrocyte implantation; ACT, autologous chondrograft transplantation; CCI, characterized chondrocyte implantation; MACI, matrix-induced autologous chondrocyte implantation; MF, microfracture; OAT, osteochondral autograft
transplantation.

ACI for symptomatic chondral defects $ 3 cm relative to
MF. Akin to that ﬁnding, Krych et al. demonstrated that
osteochondral autograft/mosaicplasty has superior activity levels as measured by the Marx Activity Rating
Scale at 2-year follow-up and beyond when compared
with MF.15 However, future high-quality randomized
controlled trials are necessary to compare directly
augmented MF with other cartilage-restoration procedures so as to determine differential efﬁcacy and costeffectiveness.
In comparison with our study, a number of other
systematic reviews were conducted, focusing on MF,10
ACI,74 OAT,75 and MACI.76 However, most of these
studies included levels II to IV studies, yet revealed
beneﬁcial effects across the available surgical techniques, thus giving little clarity about which articular
cartilage intervention to use. For instance, Bekkers and

colleagues77 concluded that smaller lesions should be
treated by MF or single-plug OAT, whereas in active
patients with large articular lesions, ACI or OAT resulted in improved outcomes as compared to MF. Moreover, another review found that osteoarthritis and
clinical failure were the norm with MF beyond the 5year follow-up, regardless of lesion size.78 On the contrary, Lynch et al. demonstrated improved clinical
outcomes with OAT. These patients were able to return
to sport 6 months after the intervention, and they
proposed that OAT could be more appropriate for lesions % 2 cm2 with a known risk of treatment failure
between 2 and 4 years.79
Previous animal and human studies have attributed
the poor tissue quality and gradual decline in clinical
outcomes following MF to either the instability of
marrow-derived blood clots formed during the healing
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Fig 4. Forest plots that depict all pairwise treatment comparisons. The vertical line represents the null line (line of no effect). The
point estimate for each risk ratio for categorical outcomes, or mean difference for continuous outcomes, is represented by a gray
square, and the 95% CI is represented by a horizontal line. If the 95% CI does not cross the null line, the given pairwise
comparison reaches statistical signiﬁcance. (A) reoperation, or reintervention rates in different techniques, (B) biopsy types, (C)
adverse events, (D) KOOS score. ACI, autologous chondrocyte implantation; ACT, autologous chondrograft transplantation;
AMIC-g, glued autologous matrix-induced chondrogenesis; CCI, characterized chondrocyte implantation; MACI, matrix-induced
autologous chondrocyte implantation; MF, microfracture; OAT, osteochondral autograft transplantation.

process, which shrink and detach in response to subchondral stimulation,80,81 or to the insufﬁcient concentration of marrow precursors required to facilitate
cartilage repair.56,82,83 The proposed advantage of MF
plus scaffolding and injectable adjuvants is the theoretical ability to increase the concentration of mesenchymal stem cells in the formed clot as well as to
facilitate stabilization on clot formation.84
It is worth mentioning that the future is now looking
to the repair of whole cartilage surfaces beyond the
focal defects. In previous studies, small- and largeanimal models of MF, supplemented by a wide variety of these adjuvant treatments, have consistently
demonstrated superior histologic integration and cartilage restoration, biomechanical properties and repairtissue durability in vivo85-87 and may be a viable
single-stage alternative for cartilage repair. Among
these marrow-stimulation adjuncts, scaffolding supplements that have been investigated include matrices
derived from synthetic copolymers, chitosan and
collagen.88 Strauss et al., using a rabbit model,
demonstrated that viscosupplementation with intraarticular hyaluronic acid injections promoted more tissue inﬁll and more hyaline-like tissue quality compared
with controls.85

Limitations
Although our comprehensive study included a large
number of RCTs, there are a limited number of studies
of each intervention. This review showed that there
was a heterogeneity in patient selection, indications,
scoring of the defects, scoring of the results, period of
follow-up, deﬁnition of failure, and technique of surgery. Hence, difﬁculties occurred in comparing objectively the results of the various studies. Differing
surgical approaches were another issue; for example,
there is an RCT that reported on the deterioration of
results after mosaicplasty performed by arthrotomy but
not by arthroscopy.44 In addition, the scoring system
used was different from that used in RCTs by Gudas
et al.59-61

Conclusions
Cartilage repair techniques, rather than MF, provide
higher-quality repair tissue and have lower failure and
higher return-to-activity rates. Moreover, OAT had
signiﬁcantly more excellent or good results compared to
MF, whereas MF had signiﬁcantly more poor results
than ACI and MACI. Future studies need to have longer
follow-up periods and more representative populations
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so as to investigate the efﬁcacy and safety of these
interventions.
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