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Background: Matrix-induced autologous chondrocyte implantation (MACI) is an established cell-based therapy for the treatment
of chondral defects of the knee. As long-term outcomes are now being reported in the literature, it is important to systematically
review available evidence to better inform clinical practice.

Purpose: To report (1) subjective patient-reported outcomes (PROs) and (2) the rate of graft failure, reoperation, and progression
to total knee arthroplasty (TKA) after undergoing MACI of the knee at a minimum 10-year follow-up.

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

Methods: A comprehensive search of Ovid MEDLINE and Epub Ahead of Print, In-Process & Other Non-Indexed Citations and
Daily; Ovid Embase; Ovid Cochrane Central Register of Controlled Trials; Ovid Cochrane Database of Systematic Reviews; and
Scopus from 2008 to September 15, 2022, was conducted in the English language. Study eligibility criteria included (1) full-text
articles in the English language, (2) patients undergoing a MACI within the knee, (3) clinical outcomes reported, and (4) a minimum
10-year follow-up.

Results: In total, 168 patients (99 male, 69 female; mean age, 37 years [range, 15-63 years]; mean body mass index, 26.2 [range,
18.6-39.4]) representing 188 treated chondral defects at a minimum 10-year follow-up after MACI were included in this review.
Significant and durable long-term improvements were observed across multiple PRO measures. Follow-up magnetic resonance
imaging (MRI), when performed, also demonstrated satisfactory defect fill and an intact graft in the majority of patients. The all-
cause reoperation rate was 9.0%, with an overall 7.4% rate of progression to TKA at 10 to 17 years of follow-up.

Conclusion: At a minimum 10-year follow-up, patients undergoing MACI for knee chondral defects demonstrated significant and
durable improvements in PROs, satisfactory defect fill on MRI-based assessment, and low rates of reoperation and TKA. These
data support the use of MACI as a long-term treatment of focal cartilage defects of the knee.
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Articular cartilage injuries of the knee joint can be painful, These procedures can be successful in alleviating symp-
causing significant disability and diminished quality of toms, allowing patients to return to activity in a timely
life. %13 If these defects are left untreated, they can quickly manner; provide mechanical stability; and possibly delay
deteriorate, causing degenerative changes as cartilage has or prevent symptomatic, degenerative changes within the
no intrinsic capacity to repair because of its lack of blood knee.

supply, nerves, access to the lymphatic system, or stem/ While there is currently no gold standard surgical pro-
progenitor cells.>'%37 This can lead to posttraumatic oste- cedure for knee cartilage lesions, orthopaedic surgeons
oarthritis and eventual joint replacement surgery. For have multiple treatment options spanning debridement,
these reasons, cartilage repair surgery has become the cur- microfracture, mosaicplasty, and osteochondral allograft
rent clinical standard of care for treating chondral injuries. transplantation, depending on the size, depth, and location

of chondral injury.3®4%%¢ One of the highly promising cell-
based therapies is autologous chondrocyte implantation

. o (ACI), which has shown overall successful long-term out-
zgg 4Ag;'(3;)°;:0‘;8;zﬁ of Sports Medicine comes.?® However, first- and second-generation ACI tech-
DOI: 10.1177/03635465231205309 niques relied on suture-fixated periosteum or collagen
© 2024 The Author(s) membranes to contain cell suspension injectate, resulting
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in technically challenging chondral defect treatment.*'®

More recently, third-generation matrix-assisted chondro-
cyte implantation (MACI) has become popular as it uses
a collagen matrix onto which cells are seeded, thereby sub-
stantially streamlining cell implantation.

Short- and midterm prospective randomized trials using
MACI have shown promise and satisfactory outcomes.*>*!
With peer-reviewed, long-term data on MACI now emerg-
ing, it is important to systematically review the available
literature to allow patients and surgeons to compare out-
comes with other techniques’ and to effectively counsel
patients on outcomes. Therefore, the purpose of this sys-
tematic review was to report (1) subjective patient-
reported outcomes (PROs) and (2) the rate of graft failure,
reoperation, and progression to total knee arthroplasty
(TKA) after undergoing MACI of the knee at a minimum
10-year follow-up.

METHODS

The protocol for this systematic review was developed
according to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)>® guidelines and
registered in the PROSPERO international prospective
register of systematic reviews® (registration ID CRD4202
3387909).

Search Criteria

A comprehensive search of several databases from 2008 to
September 15, 2022, was conducted. The databases
included Ovid MEDLINE and Epub Ahead of Print, In-
Process & Other Non-Indexed Citations and Daily; Ovid
Embase; Ovid Cochrane Central Register of Controlled Tri-
als; Ovid Cochrane Database of Systematic Reviews; and
Scopus. The search strategy was designed and conducted
by an experienced librarian with input from the study’s
principal investigator (M.H.). Controlled vocabulary sup-
plemented with keywords was used to search for studies
of MACI in patient knees. The actual strategy listing all
search terms used and how they are combined is available
in the Appendix (available in the online version of this
article).

The American Journal of Sports Medicine

Eligibility Criteria

Study eligibility criteria included (1) full-text articles in
the English language, (2) investigation of MACI of the
knee, (3) clinical outcomes reported with scoring systems
validated for minimal clinically important difference
(MCID) or Patient Acceptable Symptom State estimates
in cartilage restoration of the knee, and (4) a minimum
10-year follow-up. Studies were excluded if they (1)
reported on revision cartilage procedures not including
debridement/chondroplasty or (2) used first- or second-
generation or biologically augmented MACI (Bone Marrow
Aspirate Concentrate (BMAC), platelet-rich plasma (PRP),
microfracture, etc). No restrictions on type of study design
were included as long as patient outcomes were recorded.

Article Selection and Data Extraction

All studies were reviewed for eligibility by 2 independent
reviewers (A.S.W. and C.V.N.). Any discrepancies were dis-
cussed to make a final decision. One reviewer (A.S.W.)
manually extracted study characteristics, study patient
characteristics, and primary and additional outcome
data. This process was repeated by another reviewer
(C.V.N.) who was blinded to the previous extraction. Dis-
crepancies between the 2 extractions were resolved by dis-
cussions with the senior author (M.H.). Any additional
data considered to be important to the study were
requested from individual study authors via email.

Quality Assessment

The methodological quality of studies was assessed by 2
authors independently (A.S.W. and A.L.) using the meth-
odologic index for non-randomized studies (MINORS) cri-
teria.*® Reviewers scored each article independently, and
discrepancies were discussed extensively before consensus
was reached.

Data Analysis

When possible, the Cochrane formula for combining
groups'? was applied sequentially for means and standard
deviations between groups. Determination of the MCID
was based on previous studies pertaining to (non-MACI)
ACIL?* including an International Knee Documentation
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Studies included in review
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Figure 1. Study selection for systematic review.

Committee (IKDC) score of 16.4, Knee injury and Osteoar-
thritis Outcome Score (KOOS) Pain of 18.8, KOOS Activi-
ties of Daily Living of 17.3, KOOS Sport and Recreation
of 16.9, and KOOS Quality of Life (QL) of 19.6.

RESULTS
Study Identification

The initial search of several databases resulted in 251
articles. Titles and abstracts were reviewed for prelimi-
nary application of inclusion and exclusion criteria, result-
ing in 7 articles. Full-text reviews of the remaining articles
were performed, with 5 articles meeting all inclusion crite-
ria. 115172532 One additional record was identified during
methodological quality assessment. Two studies by the
same author were further evaluated to determine overlap-
ping patient populations. We reached out to the lead
author who confirmed that the patient cohort used in the
initial study was also included in full for their later study.
Figure 1 summarizes the article selection process. Both
reviewing authors had selected the same articles for inclu-
sion, resulting in 100% agreement with a kappa of 1.00. All
5 studies were case series with level 4 evidence and
MINORS scores of 11 = 1.1 (range, 9-12).1:15:17:25:32

Study Population

In total, 168 patients representing 188 treated chondral
defects were included in the present systematic review.
Study periods covered 1998 to 2018, with a mean follow-
up of 12.9 years (range, 10-17 years). Across all studies,
138 of 310 (44.5%) patients were lost to follow-up, with
individual studies reporting rates ranging from 14.7% to
73.4%. The mean age of the patients was 37 years (range,
15-63 years). The mean body mass index was 26.2 (range,
18.6-39.4). Chondral defects were most commonly seen at
the femoral condyles (129 defects; 68.6%), with a mean
chondral lesion size of 3.5 cm? (range, 1.0-10.0 cm?). Type
1/3 collagen matrices were the most frequently used
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scaffold types, which were used in 151 (80.3%) of treated
chondral defects. Overall, 101 (60.1%) patients had surgery
to their knee before undergoing MACI. Study characteris-
tics, patient characteristics, and defect characteristics are
shown in Tables 1 and 2.

Surgical Technique

All studies proceeded with the typical 2-stage surgical
technique employed for MACI (harvest, implantation). An
initial arthroscopic procedure was performed to harvest
cartilage from a nonweightbearing articular surface of
the knee. Chondrocytes were subsequently isolated from
the sample via enzymatic digestion, expanded in vitro,
and seeded onto a scaffold. Expansion took place over
a 3- to 4-week period in 4 studies’!”?%3% and a 6- to 8-
week period in 1.'® At the time of the second stage surgery,
an open arthrotomy was performed, the cartilage defect
was debrided down to a stable base to the level of the cal-
cified cartilage layer, and the graft was inserted. Fixation
of the graft was reported in 4 studies, with 2 using fibrin
glue, ! 1 using transosseous sutures,?® and 1 using either
sutures on surrounding articular cartilage or resorbable
polylactide pins.??

Postoperative Rehabilitation

There was excellent agreement among studies in postoper-
ative rehabilitation protocols. In general, patients with
tibiofemoral joint defects were kept partial weightbearing
until 8 to 10 weeks postoperatively. Patients with patello-
femoral defects were managed with varying, generally
accelerated weightbearing protocols. Return to impact
sports was not recommended before 12 months postopera-
tively. Kreuz et al®® used a uniform rehabilitation protocol
regardless of defect location, with gradual return to full
weightbearing beginning at 13 weeks postoperatively.

Outcome Measures

All 5 studies reported PROs, and a summary of these
scores is included in Table 3. The IKDC score?® was the
most commonly used PRO and was reported in 4 stud-
ies.1'172%32 The mean preoperative and postoperative
IKDC scores ranged from 31.3 to 50.6 and 59.0 to 71.15,
respectively (Table 3). Three of these studies!”2>32 demon-
strated pre- and postoperative differences that exceeded
the MCID, although a statistically significant improve-
ment in IKDC was observed in all studies. When combin-
ing study results, there was a mean pre- to postoperative
improvement in IKDC of 23.9 (41.2 = 21.6 to 65.1 =
20.6), exceeding MCID.

The KOOS® was used in 3 studies.!"'®?® Significant
improvements were reported in KOOS Pain and KOOS
QL subscores across all studies. Two studies'®?® reported
specific pre- and postoperative values for KOOS subscales,
with both exceeding the MCID for KOOS Pain, Sport and
Recreation, and QL subscores.

The visual analog scale (VAS) for pain was used in 3
studies, but was reported as general VAS pain,! VAS
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TABLE 1
Study and Patient Characteristics®
Study Study No. of Patients Sex, Mean Loss to

Study LOE Type Period MINORS  (cartilage defects) M/F, n Follow-up, y° Age, y° BMI® Follow-up®
Aldrian et al, 2014" 4 Case series  2000-2002 11 16 (23) 11/5 10.8 = 0.4 333 *+6.9 NR 21/37 (56.7)

(10.0-11.0) (19.8-44.0)
Gille et al, 20167 4 Case series  1998-2001 12 14 (15) 8/6 16 (15-17) 35 (18-58) NR 20/38 (52.6)
Kreuz et al, 2019%° 4 Case series  2001-2003 12 21 (21) 8/13 11.75 (10.17-13.08) 45.35 (29-63)  26.08 (18.59-37.14) 58/79 (73.4)
Niethammer 4 Case series  2004-2018 9 30 (30) 19/11 Minimum 10 y; 33.9 (15-57) 25.3 (19.0-35.4) 24/54 (44.4)

et al, 2020°2 mean and range, NR

Ebert et al, 2021'° 4 Case series  2002-2007 11 87 (99) 53/34 13.1 £ 1.7 373 £11.2 26.6 = 3.9 15/102 (14.7)

(10.5-16) (16-58) (19.4-39.4)

“BMI, body mass index; F, female; LOE, level of evidence; M, male; MINORS, methodological index for non-randomized studies; NR, not reported.

®Values are reported as mean + SD (range) or mean (range).
“Values are reported as number lost/total (percentage of total).

TABLE 2
Defect Characteristics and Previous Surgeries®
Previous
Lesion Surgical
Study Study Period Scaffold Type (No.) Defect Location (No.) Size, cm? Procedures®
Aldrian et al, 2014! 2000-2002 Type 1/3 collagen bilayer (7), MFC (11), LFC (2), 3.8 = 1.7 (1.2-6.7) 13 (81.3)
hyaluronic acid—based trochlea (4),
scaffold (16) patella (6)
Gille et al, 20167 1998-2001  Type 1/3 collagen MFC (7), patella (4), 3.6 (1.5-8.75) 9 (64.3)
multiple lesions (4)
Kreuz et al, 2019% 2001-2003  Polymer Femoral condyle (12), 2.0 (1-3) 8(38.1)
patella (6), trochlea (3)
Niethammer et al, 2020°2  2004-2018 Type 1/3 collagen MFC (14), LFC (2), patella (14) 5.5 (2.25-10) 9 (30.0)
Ebert et al, 2021'° 2002-2007 Type 1/3 collagen MFC (57), LFC (24), 3.2 = 1.8 (1.0-10.0) 62 (71.3)

trochlea (11), patella (7)

“LFC, lateral femoral condyle; MFC, medial femoral condyle.
®Values are reported as mean = SD (range) or mean (range).
‘Reported number (%) of previous procedures.

pain frequency and severity,'® or VAS pain at rest and
with movement.?? Other reported PROs included Tegner
scores, Noyes sports activity rating scale,® 36-Item Short
Form Health Survey, Brittberg score,'® and Likert scales
for surgery satisfaction or subjective improvement. All
studies demonstrated statistically significant improve-
ments across multiple PROs at a minimum 10-year
follow-up (Table 3). Gille et al'” reported that 85.7% of
patients felt “better” or “much better” after MACI, and
Ebert et al'® reported that 88.5% of patients were satisfied
with surgery.

Magnetic resonance imaging (MRI)-based scoring
(magnetic resonance observation of cartilage repair tissue
[MOCART]>1%32 and Henderson-Kreuz?®) was used in 4
studies. The MOCART scoring system by Marlovits
et al®® provides subjective evaluations of 9 separate param-
eters for graft outcomes: degree of defect fill, integration to
the border zone, surface and structure of the repair tissue,
signal intensity on 2 different sequences, integrity of the
subchondral lamina and bone, and presence of adhesions
and/or effusion. However, different point-allocating meth-
ods have been described.?**3 Aldrian et al' and Nietham-
mer et al®? reported mean scores on a scale of 0 to 100

(70.4 = 16.1 and 59.2 [range, 20-100], respectively). Ebert
et al'® used a scoring system with a weighting factor,
resulting in a score on a scale of 1 to 4 (2.95 = 0.61 [range,
1.20-3.95]). Kreuz et al?® used the Henderson-Kreuz score,
which combines the Henderson scoring system?! and
Kreuz score?® for graft hypertrophy. The authors reported
that normal or nearly normal values were present in
a mean of 74.29% of all subcategories. Gille et al'” did
not perform MRI-based scoring but reported that 6
patients had follow-up radiographs showing signs of pro-
gressive osteoarthritis, such as the development of osteo-
phytes or subchondral sclerosis.

Complications, Reoperations, and Arthroplasty Rates

Complications and reoperations were explicitly reported in
3 of the 5 studies (Table 4).'532 The most commonly
reported postoperative complication was arthrofibrosis/
adhesions, affecting 5 patients. The incidence of graft fail-
ure was only explicitly defined by Ebert et al,'® who noted
an overall failure rate per MRI of 9.1%. However, all other
studies that used MRI scoring did identify filling of the
chondral defect, reporting incomplete filling in 23.1% to
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TABLE 3
Outcome Measures®
No. of Patients Change
Study (cartilage defects) Outcome Measures Preoperative® Postoperative® in PRO P Value
Aldrian 16 (23) IKDC 44.1 + 26.9 59.0 = 274 +14.9 .007
et al, 2014* Brittberg 3.1+0.7 2.3 = 0.7 -0.8 NS
Tegner 2.1+ 2.0 3.3 +24 +1.2 NS
Noyes 37.7 + 30.1 62.1 = 31.3 +24.4 .005
VAS pain 52 * 2.6 43 *+ 2.6 -0.9 NS
KOOS Pain NR NR — <.007
KOOS Symptoms NR NR — NS
KOOS ADL NR NR — NS
KOOS Sport NR NR — NS
KOOS QL NR NR — <.007
MOCART — 70.4 = 16.1 — —
Gille et al, 14 (15) Lysholm-Gilquist 59.6 = 24.6 82.7 = 11.3 +23.1 NR
20167 IKDC 50.6 = 22.7 69.7 + 18.7 +19.1 NR
Tegner 3.0 x22 5.2 = 1.7 +2.2 NR
Number of patients — 12/14 — —
who reported their
knee to be “better”
or “much better”
Kreuz et al, 21 (21) IKDC 46.92 * 13.63 71.15 + 16.56 +24.23 <.001
2019%° Lysholm Median 56 Median 86 +30 <.001
KOOS Pain 63.2 = 17.88 84.0 = 12.88 +20.8 <.001
KOOS Symptoms 72.53 = 15.48 72.0 = 16.69 -0.53 NS
KOOS ADL 65.64 + 20.09 93.0 = 9.47 +27.36 <.001
KOOS Sport 17.11 = 21.62 56.0 = 26.26 + 38.89 <.001
KOOS QL 28.71 + 16.64 58.0 = 21.45 +29.29 <.001
Noyes Median 20 Median 75 +55 <.001
Henderson-Kreuz — Normal/nearly normal in — —
74.29% of all subcategories
Niethammer 30 (30) IKDC score 31.3 = 19.5 62.1 = 19.3 +30.8 <.001
et al, 202032 VAS pain, rest 3.7+ 3.1 14+ 15 -2.3 <.001
VAS pain, movement 7.7+ 22 3.7 + 2.8 -4.0 <.001
MOCART — 59.2 (20-100) — —
Ebert 87 (99) KOOS Pain 64.1 = 20.0 84.1 = 17.0 +20.0 <.0001
et al, 2021 KOOS Symptoms 65.7 = 19.3 82.8 = 16.9 +17.1 <.0001
KOOS ADL 74.8 = 18.9 91.4 + 13.6 +16.6 <.0001
KOOS Sport 25.1 + 25.1 67.6 = 28.7 +42.5 <.0001
KOOS QL 29.6 + 21.2 62.4 = 245 +32.8 <.0001
SF-36 Physical 37.6 +9.9 48.8 = 8.9 +11.2 <.0001
SF-36 Mental 51.2 + 9.1 55.0 = 7.9 +3.8 .004
VAS pain frequency 55+ 28 22+ 25 -3.3 <.0001
VAS pain severity 4.7 £ 2.2 19*15 -2.8 <.0001
Surgery satisfaction — 77 (88.5%) — —
MOCART — 2.95 = 0.61 — —

“ADL, Activities of Daily Living; IKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome
Score; MOCART, magnetic resonance observation of cartilage repair tissue; Noyes, Noyes sports activity rating scale; NR, significant, but value
not reported; NS, not significant, value not reported; PRO, patient-reported outcome; QL, Quality of Life; SF-36, 36-Item Short Form Health

Survey; Sport, Sport and Recreation; VAS, visual analog scale; bold P values, signficant and p <0.05; dashes indicate not reported.
bValues are reported as mean = SD (range), No. (%), or mean (range), unless otherwise noted.

42.9% of cases. Gille et al'” used radiographs and Kellgren-
Lawrence scores to note that 6 of 14 (42.9%) showed signs
of progressive osteoarthritis. Of note, Aldrian et al® noted 1
patient with an oblique meniscal tear of the posterior horn
of the medial meniscus, but it is unknown when postoper-
atively that this occurred.

In total, there were 17 all-cause reoperations across the
5 studies analyzed. When applicable, all studies had
excluded patients who progressed to TKA before the final

follow-up. However, all studies also reported the number
of patients excluded as a result of progressing to TKAs,
as well as the number of years after MACI at which
patients progressed to TKA. Overall, there were 15 TKAs
that occurred at a mean of 7.1 years (range, 4-10 years)
after MACI. Including these patients in the present study
cohort and thus representing a total patient population of
203 treated chondral defects would represent an overall
7.4% rate of progression to TKA.
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TABLE 4
Complications, Reoperations, Arthroplasties®
Time to Time to

Study Complications (No.) Reoperations (No.) Reoperation  Arthroplasty Arthroplasty, y
Aldrian et al, 2014'  Meniscal tear (1), Arthroscopic release 3 and 12 mo None NA

adhesions (2) of adhesions (2)
Gille et al, 2016'7  NA NA NA 4 7 (5-10)
Kreuz et al, 20192 NA NA NA NA NA
Niethammer Pain (1), arthrofibrosis Diagnostic arthroscopy All NR 6 7.2 (4-10)

et al, 2020%? (3), partial graft deficiency without intervention,

with small cartilage defect arthroscopic arthrolysis,

(2), bone marrow edema microfracturing, retrograde

with cyst (1) drilling, iloprost therapy
Ebert et al, 2021 Graft failure per MRI (9) Revision MACI (1), ACLR (1), 8y,10y, NR, 5 7.2 (5-9)

HTO (1), arthroscopic meniscal NR, NR

debridement (3), symptomatic
hypertrophic MACI (2)

“ACLR, anterior cruciate ligament reconstruction; HTO, high tibial osteotomy; MACI, matrix-induced autologous chondrocyte implanta-
tion; MRI, magnetic resonance imaging; NA, not available; NR, not reported.

DISCUSSION

The purpose of the present study was to systematically
review available literature to report patient outcomes with
MACI for the treatment of knee cartilage injuries at a mini-
mum 10-year follow-up. Our main findings were that (1)
patients demonstrated significant and durable improve-
ments across multiple PROs at a minimum 10-year follow-
up, 2) MRI-based scoring modalities demonstrated regener-
ation of articular cartilage or hyaline-like cartilage with
overall low rates of graft failure, and 3) satisfactory, low
rates of reoperations and progression to TKA were observed.
This study represents the first comprehensive systematic
review of the literature that reports on long-term, minimum
10-year outcomes of MACI in the knee.

Since first being described by Brittberg et al,'® [MJACI
has become a widely used cell-based surgical procedure for
the repair of articular cartilage defects. A systematic review
of first- and second-generation ACI by Pareek et al*® demon-
strated significant improvements of multiple PROs over an
11.4-year mean follow-up. DiBartola et al'* demonstrated
similar improvements in their systematic review of the
use of ACI in adolescent patients with a mean follow-up of
4.4 years. The evolution of third-generation MACI has fur-
ther improved on the technical challenges and limitations
of the first and second generations of ACI through the use
of seeded biomaterial scaffolding/matrices.?° These improve-
ments have made MACI a popular treatment option with
growing use in general orthopaedic practice.**

The presented review observed results consistent with
those of previously published, shorter-term series on patient
outcomes after MACI. A systematic review by Grossman
et al'® on the 1-, 2, and 5-year outcomes after MACI found
significant improvements with medium to large effect sizes
in all KOOS subscales. Another systematic review by Iord-
ache et al®? reported on typical MACI graft findings on
MRI, noting that there was a tendency for MOCART scores
to improve until 2 years postoperatively, with a subsequent

modest decline after the 5-year follow-up, although MRI
scores remained significantly improved overall. Brittberg®
also performed a systematic review in 2010 and reported
improvements in both Lysholm-Gilquist and IKDC scores
at short- and midterm follow-up for patients undergoing
MACI. In the present systematic review, we similarly
observed durable, efficacious improvements in a variety of
PROs at minimum 10-year follow-up after MACI. In addi-
tion, MRI also demonstrated normal findings or full-graft
infill in the majority of patients. Importantly, it is of note
that there was substantial heterogeneity in not only use of
MRI-based scoring, but also how these scores were pre-
sented. Of studies reporting MRI scoring, 1 used the
Henderson-Kreuz score,?? whereas 3 used MOCART
scores."'%32 Of the studies using MOCART scores, none
reported specific values for the 9 parameters that make
up the MOCART score, 1 did not report a standard devia-
tion of their mean score,®> and 1 used a modified score
with a weighting factor.'® There is a need for increased
homogeneity in both selection of PROs and mode of presen-
tation, as this would allow for more robust, granular analy-
sis of existing literature. Previous studies of first- and
second-generation ACI found rates of reoperation as high
as 68%, further highlighting the low rates of reoperation
in the present study.’’3¢ A database study by Anigwe
et al® also found a decreasing risk of reoperation since
2017 and the introduction of MACI. Our study expands on
previously published midterm evidence by demonstrating
significant improvement in PROs with low rates of second-
ary complication at a minimum 10-year follow-up.

This systematic review along with previous evidence
supports MACI as an efficacious and durable treatment
for cartilage lesions of the knee. However, a discussion of
MACI would not be complete without noting the practical
limitations of the procedure. First, MACI is a 2-stage pro-
cedure requiring an initial harvest procedure, 3 to 8 weeks
of in vitro chondrocyte proliferation, and then final implan-
tation. Besides donor-site morbidity, additional risks are
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associated with 2 separate anesthesia events in addition to
the logistical and rehabilitation considerations of 2-stage
intervention. Furthermore, there is the need for MACI
biopsy specimen shipment to a separate facility meeting
Food and Drug Administration Good Manufacturing Prac-
tice standards. While this does not often directly affect sur-
geons, the availability of MACI as a therapeutic remains
limited in some countries outside the United States given
the lack of an available licensed manufacturing laboratory.
Finally, the cost of MACI itself is worth mentioning given
the estimate of approximately $40,000%° for the graft itself
and a total cost of care estimated at >$80,000 in the US-
based population.?” However, with these considerations
taken into account, studies have demonstrated the overall
cost-effectiveness of MACI as compared with nonoperative
management?”*” and microfracture.? Further long-term
investigations of MACI outcomes as well as comparisons
with developing 1-stage surgical alternatives?**? remain
necessary.

Our review is not without important limitations. First,
there were only 5 level 4 studies available for review, of
which all achieved MINORS criteria scores <75% of the
global ideal score for noncomparative studies. Existing pro-
spective randomized clinical trials have only been pre-
sented with short- or midterm results,'*! and further
extension studies are necessary for a high level of evidence
supporting the use of MACI. Second, published long-term
follow-up data are likely limited by nonresponse bias,
which is challenging to evaluate in a granular manner at
the time of systematic review. Importantly, we identified
an overall 42% loss to follow-up across all studies. Third,
the information collected in the present study spans nearly
20 years of treatment, during which changes in surgical
technique or chondrocyte-culturing modalities may con-
tribute to treatment heterogeneity and thus limit the gen-
eralizability of results. Of note, this was mitigated, as is
possible, with the inclusion of only third-generation
MACI while excluding its first- and second-generation
ACI precursors. Finally, the absence of standardization
in data reporting in terms of timing and nature of out-
comes collected limits direct comparison of available pub-
lished study data.

CONCLUSION

At a minimum 10-year follow-up, patients undergoing
MACI for knee chondral defects demonstrated significant
and durable improvements in PROs, satisfactory defect
fill on MRI-based assessment, and low rates of reoperation
and TKA. These data support the use of MACI as a long-
term treatment of focal cartilage defects of the knee.
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