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Background: Microfracture (MFx) is the most common procedure for treating chondral lesions in the knee; however, initial
improvements decline after 2 years. Autologous matrix-induced chondrogenesis (AMIC) may overcome this shortcoming by
combining MFx with collagen scaffolds. However, the outcomes of AMIC and MFx in the knee have not been compared.

Purpose: To compare the clinical and radiological outcomes of AMIC and MFx over a minimum 2-year follow-up.
Study Design: Systematic review; Level of evidence, 4.

Methods: A systematic search of the MEDLINE, Embase, and Cochrane Library databases identified studies of patients who
underwent AMIC or MFx and that reported validated clinical outcome measure and/or radiological evaluation findings at a follow-
up of >2 years. There were 2 reviewers who performed study selection, a risk of bias assessment, and data extraction.

Results: Overall, 29 studies were included in this systematic review. The mean improvement on the Lysholm score, Tegner activity
scale, and visual analog scale for pain did not differ significantly between the 2 procedures. The mean improvement on the
International Knee Documentation Committee (IKDC) subjective score was significantly greater in the AMIC (45.9 [95% Cl,
36.2-55.5]) than in the MFx (27.2 [95% ClI, 23.3-31.1]) group (P < .001). In addition, the mean magnetic resonance observation of
cartilage repair tissue score was significantly higher in the AMIC (69.3 [95% CI, 55.1-83.5]) versus MFx (41.0 [95% CI, 27.3-54.7])
group (P = .005), and the mean adequate defect filling rate on magnetic resonance imaging scans was significantly better in the
AMIC (77.3% [95% ClI, 66.7%-87.9%]) versus MFx (47.9% [95% ClI, 29.2%-66.6%]) group (P = .008) (odds ratio, 1.58 [95% ClI,
1.07-2.33)).

Conclusion: No significant differences in clinical outcomes, except for the IKDC subjective score, were found between the AMIC
and MFx groups. Greater improvement in IKDC subjective scores and magnetic resonance imaging findings were seen in patients
treated with AMIC compared with MFx at a minimum 2-year follow-up.
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The treatment of articular chondral lesions in the knee
remains a challenge to orthopaedic surgeons, given the lim-
ited healing potential of cartilage tissue.!!:39:35:41:42 If
untreated, full-thickness chondral lesions may develop and
potentially lead to pain, recurrent effusion, decreased activ-
ity, and progression of osteoarthritis in the long term.'*2%
Chondral lesions accompanying such symptoms usually
necessitate surgical treatment. Several options are
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currently available to repair articular chondral lesions
including a marrow stimulation method, autologous chon-
drocyte implantation, and osteochondral autograft and
allograft transplantation.®-10:63.69

Microfracture (MFx), a marrow stimulation technique, is
considered the first-line treatment for chondral lesions
because it is simple, cost-effective, minimally invasive, and
a single-stage procedure, which is in contrast to other car-
tilage repair techniques.>*”®” MFx recruits mesenchymal
stem cells (MSCs) and growth factors in chondral defects by
penetrating the subchondral plate.>3%2 The resulting blood
clot enriched with MSCs and growth factors, a so-called
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superclot, is capable of stimulating and differentiating into
fibrocartilage for cartilage repair.?>%% Although MFx has
demonstrated good short-term outcomes, potential concerns
remain that the superclot may not be mechanically stable to
sustain the tangential forces of the knee and the MSCs may
widely diffuse into the joint rather than remain contained at
the defect site 21244761

Autologous matrix-induced chondrogenesis (AMIC) was
proposed to resolve these concerns by applying a collagen
matrix at the microfractured chondral defect site.®2%:26 The
collagen matrix enhances mechanical stability and confines
the superclot to the defect site to provide a proper stimulus
for chondrogenic differentiation and cartilage regenera-
tion.?226:3% Although AMIC is becoming a well-established
treatment option with satisfactory clinical results com-
pared with those of MFx,1%¢ systematic evidence with
respect to clinical efficacy comparing AMIC and MFx for
cartilage repair in the knee is lacking. To address the lack
of systematic information regarding the clinical efficacy of
AMIC and MFx, a systematic review and meta-analysis of
clinical studies was performed to determine the clinical
efficacy of cartilage repair in the knee using both techni-
ques. We compared the clinical and radiological outcomes of
AMIC versus MFx at a minimum 2-year follow-up because
short-term outcomes after different cartilage repair proce-
dures have been acceptable in most patients.2847-61

METHODS
Literature Search

This systematic review and meta-analysis was performed
according to the recommendations of Cochrane review meth-
ods. The study protocol was registered with the International
Prospective Register of Systematic Reviews (PROSPERO;
CRD42020145264). A systematic literature search was per-
formed in the PubMed (MEDLINE), Embase, and Cochrane
Library databases up to June 2019 with no restriction on
language or year of publication based on the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines.*® The search terms used in the title,
abstract, medical subject headings, and keywords fields
included ([(“knee” OR “knees” OR “knee joint” OR “knee
joints”) AND (“cartilage” OR “cartilages” OR “chondral”)
AND (“defect” OR “defects” OR “lesion” OR “lesions” OR
“damage” OR “damages”) AND (“chondroplasty” OR
“chondrogenesis” OR “repair” OR “regeneration”)] AND
[(“microfracture” OR “drilling”) OR (“autologous matrix-
induced chondrogenesis” OR “AMIC” OR “type I/III collagen
scaffold”)]) AND (“outcomes” OR “outcome” OR “scores” OR
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“score” OR “results” OR “result”). Manual searches were also
performed for articles that could have been missed by the
electronic search. Two investigators (J.-H.K. and J.-W.H.)
independently screened the abstracts and titles of studies
initially, and then full articles were reviewed when studies
met the inclusion criteria.

Study Selection

Studies meeting the following criteria were identified: (1)
patients who underwent AMIC or MFx for a cartilage defect
in the knee joint, (2) clinical studies evaluating cartilage
repair or clinical outcomes, (3) a full report of parameters
including means +SDs and sample numbers, and (4) follow-
up of >2 years. Studies not clearly reporting parameters,
biomechanical and cadaveric studies, technical notes, let-
ters to the editor, expert opinions, review articles, meta-
analyses, scientific conference abstracts, and case reports
were excluded. Studies of cohorts with all patients under-
going high tibial osteotomy with AMIC or MFx were also
excluded. Studies with a >10-year follow-up were excluded
because clinical results of AMIC have been reported only
since 2010.7%2%

Data Extraction

Two investigators (J.-H.K. and J.-W.H.) independently
extracted data from each article using a predefined data
extraction form. Any disagreements between the 2 reviewers
were resolved through a discussion. The data extracted were
study design, number of knees, sex, age, body mass index,
mean follow-up period, defect characteristics (mean size,
grade, and location), details of the surgical technique (bone
marrow stimulation method, membrane material, mem-
brane fixation method, and approach), postoperative reha-
bilitation protocol, clinical outcome, and radiological
outcome (magnetic resonance imaging [MRI] scoring system,
mean score, and details of MRI findings of defect filling).
Only data from outcome parameters with proven validity
and reliability were selected because of methodological het-
erogeneity for the clinical outcome evaluations in the
included studies. For clinical outcomes, the International
Knee Documentation Committee (IKDC) subjective score,
Lysholm score, Tegner activity scale score, and visual analog
scale (VAS) for pain score were aggregated from pooled stud-
ies; the Knee injury and Osteoarthritis Outcome Score was
excluded because of a lack of studies for the analysis. For
radiological outcomes, the magnetic resonance observation
of cartilage repair tissue (MOCART) score and details of
defect filling after cartilage repair on MRI scans were aggre-
gated from pooled studies.
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Figure 1. PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) flow diagram for the identification
and selection of studies included in this meta-analysis. AMIC, autologous matrix-induced chondrogenesis.

Assessment of Methodological Quality

The same 2 investigators independently assessed the meth-
odological quality of each study using the modified Coleman
Methodology Score (CMS).'>?2 Each study was scored for
each of the 10 criteria from 2 parts of the grading system for
a maximum score of 100. Any discrepancies in scores
between the 2 reviewers were resolved through a discussion.

Statistical Analysis

The main outcomes of the meta-analysis were the mean
difference in clinical outcomes and radiological outcome of
defect filling after the cartilage repair procedures of AMIC
versus MFx. Continuous variables, including the IKDC
subjective score, Lysholm score, Tegner activity scale
score, VAS for pain score, and MOCART score, were
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TABLE 1
Surgical Techniques of the AMIC Procedure®

Bone Marrow Stimulation
Author (Year) Method

Membrane Material

Membrane Fixation Method Approach

Anders (2013)
Glued Chondropick awl
(Steadman method)

Chondro-Gide®

Fibrin glue Mini-arthrotomy

Sutured Chondropick awl Chondro-Gide® Suture (PDS 5-0) Mini-arthrotomy
(Steadman method)

Dhollander® 1.2-mm K-wire drilling Chondro-Gide® with PRP gel Suture (Vicryl 6-0) Mini-arthrotomy
(2011) insertion under membrane

Dhollander!® Chondropick awl Chondrotissue® with immersing Transosseous bioresorbable pin  Mini-arthrotomy
(2012) (Steadman method) 3 mL autologous serum for (SmartNail?)

10 min
Gille? (2010) Chondropick awl Chondro-Gide® Fibrin glue Mini-arthrotomy

(Steadman method)
Chondropick awl
(Steadman method)
Chondropick awl

Gille?* (2013) Chondro-Gide®

6

de Girolamo® Chondro-Gide®

(2019) (Steadman method)

Kusano®® Chondropick awl Chondro-Gide®
(2012) (Steadman method)

Schiavone Chondropick awl Chondro-Gide®

Panni®® (Steadman method) or

(2018) 1.1-mm K-wire drilling
Pascarella® 2.0-mm K-wire drilling

Chondro-Gide? with immersing

Fibrin glue Mini-arthrotomy

Fibrin glue Mini-arthrotomy
Suture with fibrin glue injection Mini-arthrotomy
under matrix

Fibrin glue Mini-arthrotomy

Fibrin glue Mini-arthrotomy

(2010) 1-2 mL bone marrow aspiration

Sadlik®! (2017) Chondropick awl Chondro-Gide?
(Steadman method)
Schagemann®  Chondropick awl

(2018) (Steadman method)

Chondro-Gide®

Siclari®® (2014) 1.8-mm K-wire drilling

5-10 min
Volz®6 (2017)

Glued Chondropick awl
(Steadman method)
Chondropick awl
(Steadman method)

Chondro-Gide®

Sutured Chondro-Gide®

Chondrotissue® with immersing
3 mL autologous PRP for

Fibrin glue Dry arthroscopic
surgery

Mini-arthrotomy and
dry arthroscopic
surgery

Transosseous bioresorbable pin  Arthroscopic surgery
(SmartNail?) or fibrin-like

autologous PRP glue

Fibrin glue

Fibrin glue Mini-arthrotomy

Suture (PDS 5-0) Mini-arthrotomy

“AMIC, autologous matrix-induced chondrogenesis; PDS, polydioxanone suture; PRP, platelet-rich plasma.

bGeistlich Pharma AG.
‘BioTissue AG.
4ConMed Linvatec.

reported as means and 95% Cls. Binary outcomes includ-
ing the adequate defect filling rate on MRI scans were
reported as odds ratios (ORs) and 95% CIs. Heterogeneity
was determined by estimating the proportion of between-
study inconsistencies because of actual differences
between studies, rather than differences due to random
error or chance, using the I? statistic in which 25% was
considered low heterogeneity; 50%, moderate heterogene-
ity; and 75%, high heterogeneity. Random-effects meta-
analysis was performed to pool the outcomes across the
included studies. A random-effects model using the
restricted maximum likelihood method was applied, as
this model has been known to allow greater generalization
of conclusions for variable patient populations and

different surgical procedures.?®®? Forest plots were used
to show the outcomes, pooled estimate of effect, and over-
all summary effect of each study and were constructed
using OpenMeta[Analyst] (Brown University; http://
www.cebm.brown.edu/openmeta). Additional analyses
were performed using Comprehensive Meta-Analysis soft-
ware (Biostat) and R statistical software Version 3.4.0 (R
Foundation for Statistical Computing). The standardized
mean difference and standardized variance were calcu-
lated from the weighted estimates, standard errors, and
sample size of each group by using the logit method.%5:%8
Summary ORs and 95% CIs were calculated based on the
standardized mean difference and standardized variance.
Statistical significance was set at P < .05.
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TABLE 2

Surgical Indications and Rehabilitation Protocols of AMIC Group®

Author (Year)

Indication

Rehabilitation Protocol

Anders? (2013)

Dhollander*®
(2011)

Dhollander!®
(2012)

Gille? (2010)

Gille** (2013)

de Girolamo®®
(2019)

Kusano® (2012)

Schiavone
Panni®® (2018)

Pascarella®
(2010)
Sadlik®* (2017)

Schagemann®®

(2018)
Siclari®® (2014)

Volz®® (2017)

Age >18-<50y, defect
size 2-10 cm?

Age >18-<50y
Age >16-<40y

Defect size >1 cm?

Defect size >1 cm?

Age >18-<55y, defect
size 2-8 cm?

Adult but <50 y, defect
size >2 cm?

Defect size >2 cm?

Age >18-<50y
Age >18-<55y

Outerbridge grade III
or IV

Age >25-<65y

Age >18-<50 y, defect
size 2-10 cm?

For condylar lesions: PWB with crutches until 6 wk, FWB after 8 wk, 0°-60° of ROM until POD
10, and 0°-90° of ROM until 6 wk

For patellar lesions: PWB with crutches until 6 wk, FWB after 8 wk, 0°-30° of ROM until POD
10, and 0°-90° of ROM until 6 wk

For all lesions: swimming after 3-6 wk, cycling and jogging after 7 wk, and return to contact
sports after 18 mo

NWB until 2 wk, FWB after 10 wk, 0°-15° of ROM until POD 2, full ROM after 8 wk, and return
to low-impact sports after 12 mo

NWB until 2 wk, FWB after 10 wk, 0°-90° of ROM until 4 wk, full ROM after 8 wk, and return to
low-impact sports after 12 mo

NWB until 6 wk, immobilization with knee extension until POD 7, and CPM exercise for 6 wk

NWB until 6 wk, immobilization with knee extension until POD 7, and CPM exercise for 6 wk

For condylar lesions: NWB with crutches until 3 wk, FWB after 6 wk, and immediate full ROM

For patellar lesions: progressive restoration of full ROM and FWB from early PODs

CPM exercise at POD 10, 0°-60° of ROM until 4 wk, full ROM after 6 wk, PWB with crutches
until 6 wk, FWB after 6 wk, and return to sports after 1y

For condylar lesions: PWB at POD 1, FWB after 4 wk, 0°-90° of ROM at POD 1, and full ROM
after 4 wk

For patellofemoral lesions: PWB until POD 30 and 0°-60° of ROM until POD 30

For all lesions: heavy work after 3 mo and return to sports after 6 mo

NR

NWB with knee extension until 1 wk, PWB with crutches until 2 wk, FWB with knee extension
until 4 wk, FWB with knee flexion after 6 wk, and FWB without crutches after 8 wk

For condylar lesions: NWB with crutches until 8 wk, FWB after 8 wk, and 0°-70° of ROM until 8 wk

For patellar lesions: PWB with crutches until 2 wk, FWB after 2 wk, brace at 0°-20° until 8 wk,
and CPM at 0°-50° immediately postoperatively

NWB until 2 wk, PWB with crutches until 3 wk, FWB after 6 wk, swimming and cycling after
4 wk, and normal activities of daily life after 6 wk

For condylar lesions: PWB with crutches until 6 wk, FWB after 8 wk, 0°-60° of ROM until POD
10, and 0°-90° of ROM until 6 wk

For patellar lesions: PWB with crutches until 6 wk, FWB after 8 wk, 0°-30° of ROM until POD
10, and 0°-90° of ROM until 6 wk

For all lesions: swimming after 3-6 wk, cycling and jogging after 7 wk, and return to contact
sports after 18 mo

“AMIC, autologous matrix-induced chondrogenesis; CPM, continuous passive motion; FWB, full weightbearing; NR, not reported; NWB,
nonweightbearing; POD, postoperative day; PWB, partial weightbearing; ROM, range of motion.

RESULTS

Identification of Studies

360 knees evaluated the results after AMIC, and 18 studies
involving 606 knees evaluated the results after MFx. The
demographic data, study design, follow-up period, preopera-
tive cartilage defect details, and quality score (modified

Overall, 600 articles were identified. Details regarding study
identification as well as inclusion and exclusion criteria are
shown in Figure 1. An electronic search yielded 222 studies in
PubMed (MEDLINE), 290 in Embase, and 88 in the Cochrane
Library. An additional 3 studies were identified via a manual
search. After removing 345 duplicate studies, 258 studies
remained. After screening the titles and abstracts and read-
ing the full text, 229 studies were excluded. Ultimately, 29
studies were included in this systematic review.

Study Characteristics and Methodological Quality
Assessment

Of the 29 identified studies, only 2 studies directly compared
the results of AMIC with MFx. Overall, 13 studies involving

CMS) of each included study are presented in Appendix
Table Al. Although 14 studies were level 4, the mean mod-
ified CMS of the included studies was 72.9 £ 7.0 of 100 (95%
CI, 70.4-75.4), regarded as fair to good quality. The mean
modified CMS was 71.3 + 8.0 (95% CI, 66.8-75.7) in the
AMIC group and 74.3 + 6.0 (95% CI, 71.3-77.3) in the MFx
group, with a difference that was not statistically signifi-
cant (P = .226). Details of the specific surgical technique,
such as the bone marrow stimulation method, membrane
material, membrane fixation method, and methodological
approach, for the AMIC procedure are summarized in
Table 1. Surgical indications and rehabilitation protocols
for the AMIC group are presented in Table 2. Four para-
meters of clinical outcomes were compared between the 2
surgical procedures. MRI scores and adequate defect filling
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TABLE 3
Overall Radiological Outcomes®
MRI
Scoring MRI Findings Regarding Defect

Author (Year) System® Filling
AMIC group
Anders' (2013)

Glued Surgeon- >Two-thirds in 8/13, one-third to

specific two-thirds in 1/13, <one-third in
3/13, and no defect filling in 1/13

Sutured Surgeon- >Two-thirds in 5/8, one-third to
specific two-thirds in 2/8, <one-third in
1/8, and no defect filling in 0/8
Dhollander'® MOCART  Complete in 0/5, hypertrophy in
(2011) (53.0 [47- 2/5, incomplete >50% in 3/5,
59]) incomplete <50% in 0/5, and
subchondral bone exposure in 0/5
Dhollander’® MOCART  Complete in 1/5, hypertrophy in
(2012) (67 [50-83]) 2/5, incomplete >50% in 2/5,

incomplete <50% in 0/5, and
subchondral bone exposure in 0/5

Gille?® (2010) MOCART  Complete to >50% in 10/15

Gille** (2013) NR NR

de Girolamo'® MOCART >Two-thirds in 1/2 and one-third to
(2019) two-thirds in 1/2

Kusano®® MOCART  Complete in 3/16, hypertrophy in

(2012) 3/16, incomplete >50% in 4/16,
incomplete <50% in 4/16, and
subchondral bone exposure in
2/16

Schiavone MOCART  Complete in 14/21, hypertrophy in

Panni®® (68.6) 0/21, incomplete >50% in 5/21,

(2018) incomplete <50% in 2/21, and

subchondral bone exposure in 0/21

Significant enhancement of defect
filling, cartilage shape, and

subchondral edema in 53%

Sadlik® (2017) MOCART NR
(58.3 [30-
85])
Schagemann®® NR NR
(2018)
Siclari®® (2014) MOCART  Complete in 20/21, hypertrophy in
(99) 0/21, incomplete >50% in 1/21,
incomplete <50% in 0/21, and
subchondral bone exposure in
0/21

Pascarella® Surgeon-
(2010) specific

Volz®® (2017)
Glued Surgeon- >Two-thirds in 10/15, one-third to
specific two-thirds in 1/15, <one-third in
3/15, and no defect filling in 1/15

Sutured Surgeon- >Two-thirds in 8/14, one-third to
specific two-thirds in 1/14, <one-third in
2/14, and no defect filling in 3/14
MFx group
Anders! (2013) Surgeon- >Two-thirds in 3/4, one-third to
specific two-thirds in 1/4, <one-third in
0/4, and no defect filling in 0/4
Asik® (2008)  NR NR
Basad® (2010) NR NR

(continued)
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Table 3 (continued)

MRI
Scoring MRI Findings Regarding Defect
Author (Year) System® Filling

Chung'® (2014) Surgeon- >Two-thirds in 2/12, one-third to
specific two-thirds in 4/12, and
<one-third in 6/12

Domayer?’ MOCART  100% in 7/24, 75%-100% in 9/24,
(2008) 50%-75% in 3/24, 25%-50% in
4/24, and 0%-25% in 1/24
Gobbi* (2016) NR NR
Von Keudell®” MOCART  Complete in 1/13, hypertrophy in
(2012) (19.6) 0/13, incomplete >50% in 2/13,
incomplete <50% in 0/13, and
subchondral bone exposure in
10/13
Koh?®* (2016) MOCART  Complete in 4/40, hypertrophy in
(51.8 + 12/40, incomplete >50% in 11/40,
19.7) incomplete <50% in 7/40, and
subchondral bone exposure in
6/40
Krych®® (2012) NR NR
Lee* (2013) NR NR
Lim** (2012)  Surgeon- Outerbridge grade I in 4/25, grade

specific IT in 16/25, grade III in 3/25, and
grade IV in 2/25
Marquass®*® MOCART NR

(2012) (39.4+16.1)
Ossendorff*® MOCART NR
(2019) (54.1£12.8)
Saris®® (2014)  Surgeon- Complete to >50% in 53/69
specific
Sofu®® (2017)  MOCART  Complete in 4/24, hypertrophy in
0/24, incomplete >50% in 12/24,
incomplete <50% in 8/24, and
subchondral bone exposure in
0/24
Solheim®? NR NR
(2010)
Ulstein® NR NR
(2014)

Volz® (2017) Surgeon- >Two-thirds in 2/6, one-third to
specific two-thirds in 2/6, <one-third in

2/6, and no defect filling in 0/6

“AMIC, autologous matrix-induced chondrogenesis; MFx, micro-
fracture; MOCART, magnetic resonance observation of cartilage
repair tissue; MRI, magnetic resonance imaging; NR, not reported.

®Values are shown as mean, mean (range), or mean + SD.

on MRI scans of the 2 surgical procedures are compared in
Table 3.

Clinical Outcomes

There were 4 AMIC studies and 5 MFx studies that
reported changes in the IKDC subjective score from the
preoperative to postoperative periods. Significant mean
improvements in the IKDC subjective score were identified
and were significantly in favor of AMIC: 45.9 (95% CI,
36.2-55.5) for AMIC and 27.2 (95% CI, 23.3-31.1) for MFx
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Studies Estimate (95% C.I.)
Kusano 2012 28.800 (23.298, 34.302)
Schiavone Panni 2018 48.900 (46.153, 51.647)
Pascarella 2010 53.000 (51.379, 54.621)
Sadlik 2017 52.700 (43.983, €1.417)

Subgroup AMIG (152=96.87 % , P=0.000) 45.855 (36.163, 55.547)

Chung 2014 20.600 (12.717, 28.483)
Gobbi 2016 35.000 (29.352, 40.8648)
Krych 2012 22.700 (17.864, 27.536)
Lee 2013 26.500 (22.988, 30.012)
Saris 2014 29.500 (25.786, 33.214)

Subgroup MFx (142=70.49 % , P=0.005) 27.192 (23.252, 31.132)

Overall (1*2=97.48 % , P=0.000) 35.338 (27.450, 43.227)
Studies Estimate (95% C.I.)
Gille 2010 40.000 (33.886, 46.114)
Gille 2013 29.800 (25.680, 33.920)
de Girolamo 2019 20.900 (14.335, 27.465)
Kusano 2012 30.100 (25.452, 34.748)
Schiavone Panni 2018 33.800 (27.820, 39.780)
Pascarella 2010 44.000 (39.245, 48.755)
Schagemann 2018 33.600 (29.336, 37.864)

Subgroup AMIC (142=85.24 % ,P=0.000) 33.261 (28.286, 38.236)

Asik 2008 32.200 (31.039, 33.361)
Basad 2010 14.000 (5.334, 22.666)
Gobbi 2016 35.000 (29.765, 40.235)
Lee2013 35.200 (33.695, 36.705)
Lim2012 34.400 (32.587, 36.213)
Ossendorff 2019 39.000 (32.433, 45.567)
Sofu2017 34.500 (32.360, 36.640)
Solheim 2010 20.000 (16.910, 23.090)

Ulstein 2014 21.500 (11.562, 31.438)
Subgroup MFx (1*2=987.13 % ,P=0.000) 30.145 (25.253, 35.038)

Overall (1"2=95.4 % , P=0.000) 31.511 (27.950, 35.073)
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Figure 2. Forest plots of the included studies showing changes in the (A) International Knee Documentation Committee score and
(B) Lysholm score before and after cartilage repair using autologous matrix-induced chondrogenesis (AMIC) and microfracture
(MFx). Squares represent the mean change in outcomes, with the size of the square being proportional to the sample size.

(P < .001) (Figure 2). The mean improvements on the
Lysholm score and the Tegner activity scale were not signif-
icantly different (P = .38 and P = .37, respectively). Likewise,
the mean reductions in the VAS for pain score were not sig-
nificantly different for AMIC and MFx (P = .06) (Figure 3).

Radiological Outcomes

There were 5 AMIC studies and 4 MFx studies that
reported statistically significant differences in pooled
MOCART scores based on postoperative MRI findings,
which were significantly in favor of AMIC: 69.3 (95% CI,
55.1-83.5) for AMIC and 41.0 (95% CI, 27.3-54.7) for MFx

(P = .005) (Figure 4). Also, 9 AMIC studies and 9 MFx
studies reported statistically significant differences in
mean defect filling rates after cartilage repair on postoper-
ative MRI scans: 77.3% (95% CI, 66.7%-87.9%) for AMIC
and 47.9% (95% CI, 29.2%-66.7%) for MFx (P = .008) (Fig-
ure 4). The summary OR was 1.58 (95% CI, 1.07-2.33),
which was significantly in favor of AMIC.

DISCUSSION

The most important findings of this systematic review and
meta-analysis indicated that clinical outcomes were
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Figure 3. Forest plots of the included studies showing changes in the (A) Tegner score and (B) visual analog scale for pain score
before and after cartilage repair using autologous matrix-induced chondrogenesis (AMIC) and microfracture (MFx). Squares
represent the mean change in outcomes, with the size of the square being proportional to the sample size.

comparable between the AMIC and MFx techniques after
a minimum 2-year follow-up in terms of the Lysholm
score, Tegner activity scale, and VAS for pain score. How-
ever, the IKDC subjective scores of the AMIC group were
better than those of the MFx group. Furthermore, radio-
logical outcomes as represented by the MOCART score
and acceptable defect filling rates on MRI scans after
AMIC were superior to those after MFx.

Despite the potential advantages of AMIC, the results of
this study revealed that clinical outcomes, except for the
IKDC subjective score, demonstrated comparable results
over a 2-year follow-up between the AMIC and MFx proce-
dures. Several potential explanations are proposed for the
similar clinical outcomes. First, MFx is a crucial surgical
step in the AMIC procedure, and thus, the clinical success

of MFx may have depended on several prognostic factors,
such as patient age, sex, body mass index, defect size, defect
location, and depth of subchondral bone perfora-
tion.?2%33:37:39 The heterogeneity of those factors might have
resulted in confounding of the outcomes. Second, clinical out-
comes could not fully represent the exact results of AMIC or
MFx despite the use of well-established patient-reported
scoring systems in this study.?4#334" Other factors, such as
inflammation, increased vascular penetration, nerve growth,
complexity of the knee injury, and patient history, may have
negatively affected the surgical outcome.'*1"-33 Third, a lack
of high-quality studies comparing the 2 techniques may have
been a possible reason for the lack of statistical power to def-
initely define the superiority of clinical outcomes. Fourth, the
follow-up period might not have been long enough to assess
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Figure 4. Forest plots of the included studies showing changes in the (A) magnetic resonance observation of cartilage repair tissue
score and (B) adequate defect filling rate on magnetic resonance imaging scan before and after cartilage repair using autologous
matrix-induced chondrogenesis (AMIC) and microfracture (MFx). Squares represent the mean change in outcomes, with the size of
the square being proportional to the sample size. Ev/Trt, observed number of events in the treatment group.

differences in outcomes between the 2 techniques, although
we excluded studies with a short-term follow-up. However,
the IKDC subjective score for AMIC, in contrast to other
scores, was significantly superior to that of MFx in this study.
Differences in the IKDC score over the 2-year follow-up are
meaningful because the IKDC subjective score has been

validated as an excellent tool for the assessment of cartilage
repair surgery.3232 Furthermore, a few studies have demon-
strated that the IKDC score is strongly correlated with MRI
parameters after cartilage repair.t”36:3747

MRI has been considered a standard imaging tool for
structural evaluation after cartilage repair.”*>*” de Windt
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et al,'” in a systematic review and meta-analysis, found a
correlation between MRI parameters and clinical outcomes
after cartilage repair and reported that the MOCART score
and defect filling rate were reliable predictors of clinical
outcomes, although strong evidence supporting defect fill-
ing as a reliable parameter on MRI scans is lacking. Herein,
the radiological outcomes of AMIC, in terms of the
MOCART score and adequate defect filling rate on MRI
scans, were significantly better than those of MFx over a 2-
year follow-up. Our findings suggest that displacement of an
initially fragile superclot from the MFx site may represent a
potential explanation for inferior MOCART scores and lack
of defect filling resulting from MFx compared with AMIC,
as also described previously in experimental studies.3%*’
Furthermore, insufficient concentrations of MSCs required
to promote cartilage restoration may be another reason for
inferior MRI results observed for MFx.%2* The proposed
benefits of AMIC theoretically derive from the enhanced
concentration of MSCs available in the superclot and its
stability during the healing process.2*?2*% These encour-
aging results and the advantages of a single-stage AMIC
procedure are attractive considerations for knee surgeons
when deciding on the first-line treatment for articular car-
tilage repair, as MFx is currently being challenged as a
first-line treatment option, given the questionable long-
term durability of the repair tissue,*347-54:60.61

The current study had several limitations. First, the var-
iable follow-up period of patients might represent a poten-
tial bias because the healing and maturation process of the
repair tissue might have differed between the 2 groups,?®
although we limited the follow-up duration to 2 to 10 years
for the included studies. Second, because the outcomes of
AMIC and MFx were examined only in 2 comparative stud-
ies, this meta-analysis was based on observational studies
(level 4 evidence), which inevitably subjects this study to
the limitations of a retrospective design including variabil-
ity in sample sizes, patient characteristics, surgical techni-
ques, chondral defect information, and cartilage repair and
imaging techniques that may act as confounding factors.
However, the advancement of meta-analyses has enhanced
the performance of single-arm studies. Furthermore, we
anticipate that the results of this meta-analysis could con-
tribute to the establishment of level 1 or 2 evidence. A third
potential limitation was the potential risk of bias caused by
heterogeneity of the chondral defect location. The majority
of the included studies evaluated in this systematic review
failed to differentiate between femoral condylar and patel-
lofemoral lesions. Although it is still unclear whether
results vary depending on the location, some studies have
found important differences,?3” whereas other studies have
not found any significant effects due to location.®® Thus,
further studies are needed to specifically assess outcomes
based on the defect location after cartilage repair.

CONCLUSION

The results of the present systematic review and meta-
analysis indicate that clinical outcomes, with the exception
of the IKDC subjective score, did not differ significantly
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among patients who underwent cartilage repair using the
AMIC or MFx techniques and were assessed at a follow-up
of >2 years. Improvement on the IKDC subjective score was
greater in the AMIC group than in the MFx group. Further-
more, the MOCART score and adequate defect filling rate
on MRI scans were improved after AMIC compared
with MFx.
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APPENDIX
TABLE Al
Study Details®
Mean Mean Size ICRS or Mean
Mean Follow- of Chondral Outerbridge Location of Chondral Modified
Study Type No. of Knees (M/F) Age,y up, mo Lesion, cm? Grade Lesion CMS

Main Findings

AMIC group 360 36.1 383 3.5 71.3
Anders? (2013)
Glued RCT (vs MFx and 13 (10/3) 39.0 24 3.8 III(m=5), NR 72
sutured AMIC) IV(in=2_8)

Sutured

Dhollander®
(2011)

Dhollander®®
(2012)

Gille? (2010)

Gille** (2013)

de Girolamo!®
(2019)

Kusano®®
(2012)

Schiavone
Panni®®
(2018)

Pascarella®
(2010)

Sadlik®! (2017)

Schagemann®®
(2018)

Clinical outcome scores (ICRS and Cincinnati) showed significant improvement, irrespective of the technique used. MRI
scans showed satisfactory and homogeneous defect filling.

RCT (vs MFx and 8 (7/1) 35.0 24 3.8 IIIn=3), NR 70
glued AMIC) IV(n=25)

Clinical outcome scores (ICRS and Cincinnati) showed significant improvement, irrespective of the technique used. MRI
scans showed satisfactory and homogeneous defect filling.

Case series 5(3/2) 370 24 2.0 IIT or IV PU 64

AMIC was combined with PRP gel. Clinical outcome scores (KOOS and VAS for pain) showed gradual improvement, but
improvement was not confirmed on MRI scans.

Case series 5 (4/1) 36.0 24 2.3 IIT or IV MFC (n = 2), LFC 64

n=2),PUM=1)

Clinical outcome scores (KOOS and VAS for pain) showed significant improvement. MRI scans showed adequate defect

filling in 60% of cases.

Case series 32 (16/11) 37.0 37 4.2 v MFC (n =7), LFC 78
(n=3), TG (n=2),
PU (n =9),

multiple (n = 6)
Clinical outcome scores (Meyer, Tegner, Lysholm, ICRS, and Cincinnati) showed significant improvement. MRI scans
showed moderate to complete defect filling in most cases.

Case series 57 (38/19) 373 24 3.4 III (n = 20), MFC (n =32),LFC 55
IVn=37 (=6),TG(n=4),
PU (n = 15)
Clinical outcome scores (Lysholm and VAS for pain) showed significant improvement. Most patients were highly satisfied.
RCT (vs BMAC) 12 (7/5) 30.0 24 3.8 I or IV MFC (n =7), LFC 75

(n=3),PFJ(n=2)
AMIC and BMAC were effective treatment methods for focal chondral lesions with beneficial effects on pain, functional
scores, and MRI results.
Case series 40 (23/17) 35.6 28.8 3.9 III or IV FC (n = 20), PU 71
(n = 20)
Clinical outcome scores (IKDC, Lysholm, Tegner, and VAS for pain) showed significant improvement. MRI scans showed
generally incomplete tissue filling.

Case series 21 (NR) NR 84 4.3 III or IV MFC (n =11),LFC 81
(n=3), TG (n=6),
PUMn=1)

Clinical outcome scores (IKDC and Lysholm) showed significant improvement, with 66.6% of patients showing good-quality
repair tissue on MRI scans. Also, 76.2% of patients were satisfied or extremely satisfied.
Case series 19 (12/7) 26 24 3.6 IIT (n =12), MFC (n =12), LFC 64
IVin="17) n=5),TG(n=2)
Clinical outcome scores (IKDC and Lysholm) showed significant improvement. MRI scans showed a significant reduction of
the defect area in 53% of patients.
Case series 12 (7/5) 36 38 2.5 IIIn=7, PU 77
IV(n=25)
Dry arthroscopic AMIC of patellar lesions was performed using a specific retraction system. Clinical outcome scores (IKDC,
KOOS, and VAS for pain) and MRI scan showed significant improvement.
Case series 50 (30/20) 355 24 3.3 III or IV MFC (n = 23), LFC 62
(n=28), TG (n=3),
PU (n =15), TP
n=1
Mini-open AMIC was equivalent to the arthroscopic procedure. AMIC led to significant improvement of VAS for pain, KOOS,
and Lysholm scores for up to 2 years compared with those before surgery.

(continued)
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TABLE Al (continued)

Author (Year)

Mean Mean Size ICRS or Mean
Mean Follow- of Chondral Outerbridge Location of Chondral Modified
Study Type No. of Knees (M/F) Age,y up, mo Lesion, cm? Grade Lesion CMS

Main Findings

Siclari®® (2014)

Volz® (2017)

Case series 52 (20/32) 44.0 60 3.0 III (n = 16), MFC (n = 12), MTP 74
IV(n=36) (n = 31), LTP
n=9)

AMIC was combined with absorbable polymer-based implants immersed with autologous PRP. Clinical outcome scores
(KOOS) showed significant improvement. MRI scans showed complete defect filling in 95% of patients.

Glued RCT (vs MFx and 17 (15/2) 39.0 60 3.9 I or IV NR 80
sutured AMIC)
Significantly better clinical outcome scores (modified Cincinnati) were observed in the AMIC group, and MRI scans showed
better defect filling in the AMIC group rather than the MFx group.
Sutured RCT (vs MFx and 17 (12/5) 340 60 3.8 I or IV NR 82
glued AMIC)
Significantly better clinical outcome scores (modified Cincinnati) were observed in the AMIC group, and MRI scans showed
better defect filling in the AMIC group rather than the MFx group.
MFx group 606 35.7 52.8 3.3 74.3
Anders’ (2013) RCT (vs sutured 6 (4/2) 41.0 24 3.8 IIIn=1), NR 70
AMIC and glued IVin=5)

Asik® (2008)

Basad® (2010)

Chung®? (2014)

Domayer?°

(2008)

Gobbi®? (2016)

Von Keudell®”

(2012)

Koh?* (2016)

Krych®® (2012)

AMIC)
Clinical outcome scores (ICRS and Cincinnati) showed significant improvement, irrespective of the technique used. MRI
scans showed satisfactory and homogeneous defect filling.

Case series 90 (43/47) 345 68 <2(n=68), IV MFC (n = NR), LFC 76
>2(n= (n =NR)
22)

MFx was quite effective with regard to the improvement of daily activities, with a favorable effect on pain relief and better
functional results at midterm follow-up.

Case control study 20 (17/3) 340 24 4-10 NR FC (n = 15), PFJ 72
(vs MACI) (n=5)
MACI was superior to MFx in the treatment of larger (4 cm?) symptomatic articular defects over 2 y.
PCS (vs MFx + 12 (2/10) 443 24 1.5 IIT or IV MFC (n = 6), LFC 68
biomembrane) (n=2), TG (n=2),
PU (@ =2)

Compared with conventional MFx, a biomembrane cover after MFx yielded superior outcomes in terms of the degree of
cartilage repair during 2 y of follow-up.
Case series 24 (17/7) 41.0 29 2.0 NR MFC (n=19), LFC 70
(n=5)
T2 mapping was sensitive to assess repair tissue function and provided information in addition to morphological MRI scans
in the monitoring of MFx.

PCS 25 (16/9) 427 60 4.5 v MFC (n = 15), LFC 67
(n=11), PU
(n=3)

An HA-based scaffold with activated BMAC provided better clinical outcomes and more durable cartilage repair at medium-
term follow-up compared with those with MFx.

Case series 15 (9/6) 45.0 48 1.9 IIT or IV MFC (n = 10), LFC 62

(n=15)

In 80% of patients, the cartilage defect size increased after MFx. Those with leg varus malalignment were more prone to an
increase in defect size.

PCS (vs adipose- 40 (16/24) 39.1 274 4.6 IIT or IV NR 74
derived MSCs with
MFx)

KOOS Pain and Symptom subscores were lower in the MFx alone group, but there were no differences in daily activity,
sports, or quality of life subscores in both groups. In single cartilage defects that were >3 cm?, similar structural repair
tissue was observed in both groups.

RCT (vs OATS 48 (32/16) 325 60 2.6 I or IV MFC (n =27),LFC 78
mosaicplasty) (n =16), TG
(n =5)

Clinical outcome scores (SF-36 and IKDC) showed significant improvement in both groups. There was no difference in
clinical outcome scores for both groups.

(continued)
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TABLE Al (continued)

Author (Year)

Mean Mean Size ICRS or Mean
Mean Follow- of Chondral Outerbridge Location of Chondral Modified
Study Type No. of Knees (M/F) Age,y up, mo Lesion, cm? Grade Lesion CMS

Main Findings

Lee®® (2013)

Lim** (2012)

Marquass*®

(2012)

Ossendorff*®
(2019)

Saris®® (2014)

Sofu®® (2017)

Solheim®?
(2010)

Ulstein®*
(2014)

Volz® (2017)

RCT (vs MFx + PRP) 25 (15/10) 46.0 28.0 <4.0 I or IV FC 79

There were significant improvements in clinical results between the preoperative evaluation and 2 y postoperatively in both
groups. At 2 y postoperatively, clinical results were significantly better in the MFx + PRP group than in the MFx alone
group.

Case control study 30 (17/12) 329 804 2.8 IIT or IV MFC (n =23), LFC 82
(vs OATS and ACI) nn="7)

All 3 procedures showed improvement in functional scores (Lysholm, Tegner, and HSS). There were no differences in
functional scores and postoperative MRI results among the groups.

Case control study 19 (NR) 42.6 629 1.7 v MFC 67
(vs OATS)
OATS had an unaltered significance in treating full-thickness cartilage defects and led to satisfying midterm results.
Case control study 22 (12/10) 40.5 120 2.4 III or IV MFC (n =12),LFC 74
(vs ACI) n=1,TG(n=4),
PU@m =5)

The final Lysholm and functional pain scores were significantly higher in the MFx group than the ACI group. MRI scans
showed similar results between the 2 groups.

RCT (vs MACI) 72 (48/24) 329 24 4.7 III (n = 15), MFC (n =53), LFC 83
IV(in=57) (n = 15), TG
n=4)

Clinical outcome scores (KOOS) were significantly higher in the MACI group than the MFx group. Similar safety and defect
filling results were observed in both groups.

Retrospective cohort 24 (7/17) 43.0 25.7 3.6 III or IV MFC (n =19), LFC 81
study (vs MFx + (n=25)
HA-based cell-free
scaffold)

Cartilage regeneration surgery using an HA-based cell-free scaffold in combination with MFx for focal osteochondral lesions
of the knee revealed promising clinical outcomes at 24-mo follow-up.
Case series 110 (64/46) 38.0 60 4.0 v MFC (n = 62), 78
LFC(n=29),
LTP (n =11),
TG (n = 18),
PU (n =10)
Clinical outcome scores (Lysholm and VAS for pain) showed significant improvement but were better in single defects rather
than multiple defects.
RCT (vs OATS) 11 (6/5) 31.7 1176 26 IIT or IV MFC (n = 10), 76
LFC(n=1)
At long-term follow-up, there were no significant differences between MFx and OATS in clinical outcomes, muscle strength,
or radiological outcomes.
RCT (vs sutured 13 (10/3) 40.0 60 2.9 IIT or IV NR 80
AMIC and glued
AMIC)
Significantly better clinical outcome scores (modified Cincinnati) were observed in the AMIC group, and MRI scans showed
better defect filling in the AMIC group rather than the MFx group.

“ACI, autologous chondrocyte implantation; AMIC, autologous matrix-induced chondrogenesis; BMAC, bone marrow aspirate concen-
trate; CMS, Coleman Methodology Score; F, female; FC, femoral condyle; HA, hyaluronic acid; HSS, Hospital for Special Surgery; ICRS,
International Cartilage Repair Society; IKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Out-
come Score; LFC, lateral femoral condyle; LTP, lateral tibial plateau; M, male; MACI, matrix-induced autologous chondrocyte implantation;
MFC, medial femoral condyle; MFx, microfracture; MRI, magnetic resonance imaging; MSC, mesenchymal stem cell; MTP, medial tibial
plateau; NR, not reported; OATS, osteochondral autograft transfer system; PCS, prospective comparative study; PFdJ, patellofemoral joint;
PRP, platelet-rich plasma; PU, patellar undersurface; RCT, randomized controlled trial; SF-36, 36-Item Short Form Health Survey; TG,
trochlear groove; TP, tibial plateau; VAS, visual analog scale.
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