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Abstract
The management of full thickness articular cartilage defects is a challenging problem for
orthopaedic surgeons. It has limited potential for healing and can be a significant source of pain
and loss of function. Multiple cartilage repair strategies have been attempted. Matrix-induced
Autologous Chondrocyte Implantation (MACI) has been shown to produce hyaline-like cartilage
into chondral defects. The goal of this review is to provide the current principles and technique of
the MACI procedure along with reported clinical outcomes with its use.
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INTRODUCTION
Isolated chondral lesions of the knee are common and are often found during arthroscopy.(1)
They may be incidentally found or due to trauma, abnormal alignment, or osteochondritis
dissecans (OCD).(2,3) These chondral lesions have limited capacity for self repair.(4)
Untreated lesions can lead to debilitating pain and degenerative arthritis.(5)

Multiple strategies have been described to repair or preserve articular cartilage lesions.
These include debridement, bone marrow stimulation, cell based, and whole-tissue
transplantation techniques.(6) Successful early treatment of these lesions can potentially
prevent long term morbidity.
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Cell based procedures have had promising results for cartilage restoration.(7–10) The first
generation cell therapy, autologous chondrocyte implantation (ACI), was introduced in 1987
and published in 1994.(11) This involves implantation of a suspension of cultured
autologous chondrocytes into a chondral defect under a periosteal patch. The periosteal
patch must be sutured water-tight to the surrounding cartilage to contain the injected
suspension. This technique while successful is technically challenging and sometimes
cumbersome. It requires an arthrotomy for access to the lesion and, if the lesion is located in
a far posterior location on the femoral condyle or on the tibia, may require a large
arthrotomy including a takedown of meniscus and collateral ligaments to reach the defect.
The periosteal harvest required for the original ACI technique is technically cumbersome
and increases operative time and morbidity.(12) Complications associated with the
arthrotomy and use of the periosteal patch due to graft hypertrophy have been reported.(13–
15) Due to the technical difficulty and associated complications, the second generation of
ACI was developed using a collagen scaffold instead of a periosteal patch.(12,16–18)
However, this technique still requires an arthrotomy and labor-intensive repair to the
surrounding cartilage.

The third generation of chondrocyte implantation involves culturing the chondrocytes on to
a scaffold.(19) Specifically, culturing the cells on to a biodegradeable type I/III collagen
membrane is commonly referred to as matrix-induced autologous chondrocyte implantation
(MACI, Genzyme Biosurgery, Cambridge, Massachusetts).(20) MACI is currently not
approved for use in the United States of America but has been widely used in Europe and
Australia. MACI is the forerunner of other product lines of three dimensional membrane
bound cultured chondrocytes such as Hyalograft-C (Fidia Advanced Biopolomers, Abano
Terme, Italy).(21,22)

This paper will provide an overview of the MACI technique and current clinical data with its
use.

INDICATIONS
Cell based procedures such as ACI or MACI are typically used for symptomatic full-
thickness chondral defects of the femoral articular surface in younger patients. The reported
average age range for this type of procedure is 15 to 55 years of age.(23–26) It is not
indicated for those patients who have tri-compartmental advanced arthritis. However, it has
been used in the setting of early osteoarthritis with radiographic Kellgren-Lawrence grades
of 2 to 3.(27) Cell based procedures have been effective for treatment of variable sized
lesions from 2 to 10 cm2 on average.(23–26) These lesions may be idiopathic, related to
trauma (such as ACL injuries), or due to other reasons such as osteochondritis dissecans.(28)
It is important to evaluate the alignment of the lower extremity as well as ligamentous
stability. In general, any malalignment or instability must be addressed prior or
concomitantly with the ACI procedure. The primary theoretical advantage for use of
autologous cell based procedures in younger patients is the development of hyaline-like
cartilage as opposed to fibrocartilage.(16) This would presumably lead to better long term
outcomes.

This technique has also been advocated for patients with osteochondritis dissecans and
subchondral bone loss. Defects greater than 3 to 4 cm2 with bone loss have been treated with
MACI along with autologous bone grafting.(10,23,29,30) Good clinical and magnetic
imaging results have been reported with this procedure.(30)
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CLINICAL AND RADIOGRAPHIC ASSESSMENT
When evaluating patients for possible cell based procedures, it is extremely important to
confirm that the patient’s source of pain is indeed due to a chondral lesion. Typically
patients will have pain localized to the joint line. They often times will have an associated
effusion. There may be crepitus noted with joint range of motion. It is essential to rule out
other sources of pathology contributing to the patient’s pain. This would include
ligamentous instability, meniscal pathology, and abnormal extremity alignment. Localizing
the patient’s pain must be consistent with radiographic evaluation.

Radiographic assessment should include weight bearing anterior-posterior, lateral, flexed
posterior-anterior (PA), and merchant views. Flexed PA views may help localize posterior
tibio-femoral OCD lesions. Long leg alignment views are often needed to assess for
abnormal alignment of the tibio-femoral joint. This must be addressed concomitantly or
prior to cartilage restoration procedures. Magnetic resonance imaging is the diagnostic gold
standard and should be utilized when a chondral injury is suspected.(31,32) It may also
provide information about the quality of the surrounding articular cartilage, persistent
subchondral bone damage such as bone bruising. Subchondral bone edema or bone bruising
has become more of a focus due to its effect on overall outcome with cell based procedures.
It is the focus of the article on “subchondroplasty”. Addressing bone loss with grafting at the
time of surgery may improve results of the cell-based procedure.(30) Adding a T2 Mapping
Sequence to routine knee MR imaging protocol has been reported to improve the sensitivity
of detecting cartilage lesions within the knee joint from 74.6% to 88.9%.(33)

ARTHROSCOPIC ASSESSMENT AND CARTILAGE BIOPSY
Once a patient has been found to be a potential candidate for a MACI procedure, the next
step is direct arthroscopic visualization in order to assess eligibility for the MACI procedure.
Factors that need to be considered during arthroscopy include location, depths, ICRS grade,
number of lesions, kissing lesions and associated injuries. Another important factor is to
obtain an idea of the “character” of the joint environment. Chondral repair requires normal
or nearly normal chondral margins to be successful. If the lesion is embedded in a condyle
that shows ICRS grade 2 changes throughout, the success of a chondral repair procedure
may be compromised. It is also important take into consideration the fact that better
outcomes can generally be expected when treating corresponding lesions between the femur
and tibia as opposed to the patella-femoral joint.

After a thorough assessment of the chondral lesion is complete and the patient is found to be
a good candidate for MACI, it is necessary to obtain a biopsy of articular cartilage. The
cartilage biopsy is usually taken from a non-weight bearing portion of the intercondylar
notch or trochlear ridge. A full thickness cartilage specimen is harvested using a sharp-
edged ring curette or osteotome. Approximately 200 to 300 mg of healthy cartilage is
harvested.(19) It is placed into sterile transport medium and sent to the manufacturer for
preparation.

The chondrocytes are then enzymatically isolated from the cartilage specimen. Once a
sufficient number of cells have been cultured, they are seeded onto a three dimensional
porcine type I/III collagen scaffold. It typically takes 3 to 4 weeks before the cells are ready
for implantation. This is usually sufficient time for the patient to rehabilitate from the initial
arthroscopy. If other procedures are performed at the time of biopsy, additional time may be
needed for rehabilitation.
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MACI SURGICAL IMPLANTATION
In general, implantation of the chondrocytes can be performed using a mini-open arthrotomy
or arthroscopy. This typically depends on the size and location of the lesion. The chondral
defect is initially debrided down to the calcified cartilage layer without penetration into the
underlying subchondral bone (Figure 1). The surrounding rim of cartilage should be healthy
and stable. This is best performed with a non-angulated, round-eyed sharp curette.(34,35)
After careful debridement, the lesion is sized with a template. The scaffold is then cut to fit
the measured template. It is important that the graft lay within the defect and does not ride
over the rim of the surrounding articular margins. This is different than the traditional ACI
technique that required the membrane to span the defect. The implant is then placed into the
defect, cell-seeded side face down, and secured with fibrin glue (Figure 2). Digital pressure
is then applied to the scaffold to ensure fixation to the underlying subchondral bone and
surrounding cartilage. It is important to check the stability of the implant with several cycles
of motion. The use of sutures or anchors may prevent delamination if the implant is unstable
or the lesion is uncontained and large in size.(20) For select lesions this technique can be
modified to be performed arthroscopically with the use of an inflatable silastic catheter as
described by Cortese et al.(36) This in turn had led to reduced surgical times and reduced the
overall surgical morbidity.(12)

REHABILITATION
All patients will undergo rehabilitation with goals of restoring normal motion and strength
while protecting the implanted graft. This process should include protected weight bearing
for generally 6 weeks with progression to full weight bearing by 12 weeks after surgery to
prevent delamination of the graft.(37,38) Depending on the size and location of the repair,
weight bearing can be adjusted accordingly. Trochlear and patellar repairs may initiate
weight bearing earlier with the leg locked in extension for ambulation. Each patient’s
progress is different and should be guided by their symptoms.

The use of continuous passive motion (CPM) has been shown to enhance chondrocyte
regeneration and decrease the potential for intra-articular adhesions.(39,40) The majority of
studies have reported CPM use initiated within 12 to 24 hours of implantation and for 6 to 8
hours a day for approximately 6 weeks.(41–43) Range of motion may vary depending on the
size and location of the repair. In general for weight bearing repairs, higher impact activities
such as running are not permitted until graft hardening has occurred. Typically after 9 to 12
months the repair cartilage has similar consistency to the surrounding cartilage but may be
up to 18 months for larger lesions.(41)

CPM use for trochlear and patellar repairs is typically used with range of motion from 0° to
40°. CPM from 40° to 70° is not recommended due to increased patella-femoral contact
pressures within this range.(41) The remainder of motion may be obtained with physical
therapy and home exercises such as prone hangs and heel slides. The focus of rehabilitation
for these repairs is centered on decreasing patella-femoral contact pressures.

MACI OUTCOMES
MACI promised to improve the technical aspects of cell based chondral repair by improving
surgical morbidity and ease of application without compromising clinical results. It appears
that MACI has been able to achieve this goal as clinical outcomes have been similar to those
seen with first and second generation ACI. It has been reported to successfully improve pain
and function due to symptomatic isolated chondral defects. Even though literature is limited
to short and medium-term follow-up the results are encouraging.(29,42,44–48) A review of
relevant clinical results of MACI and comparative studies are summarized in Table 1.
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Ebert et al treated chondral lesions with MACI and evaluated them clinically and with MRI
at 5 years after transplantation.(45) A significant improvement was noted with both the
Knee Injury and Osteoarthritis Outcome Score (KOOS) (average of 45.6 to 74.8) as well as
SF-36 subscales (average of 44.5 to 53.55) in the 41 patients treated. MRI composite scores
were significantly improved with 67% of grafts showing complete infill, and 89% showing
good to excellent infill. Similarly, Marlovitz et al reported 5 year follow-up of clinical and
radiological outcomes for chondral defects treated with MACI.(42) Significant
improvements (P < 0.05) were noted for all 5 KOOS subcategories at year 1 and maintained
through year 5 in 19 of the 21 patients (90.5%) treated. Significant improvements were also
noted for the International Knee Documentation Committee score (IKDC) (30.1 to 74.3), the
modified Cincinnati score (38.1 to 79.6), and the Tegner-Lysholm activity score (1.8 to 4.3).
After 5 years, complete filling (83%) and integration (82%) of the graft were seen in the
majority of patients. Subchondral bone edema was still present in 47% of patients at 5 years.

Several prospective studies have compared cell based procedures to marrow stimulation
techniques. Basad et al performed a randomized control trial and found superior results of
MACI over microfracture within the first 2 years after the procedure.(44) Sixty patients
were randomized according to a 2;1 scheme into two groups with 40 patients receiving the
MACI procedure and 20 patients receiving the microfracture procedure. Significant
improvements were noted for both groups with respect to the Lysholm, Tegner, patient
ICRS and surgeon ICRS scores (all P < 0.0001). However, at 2 years time MACI was
significantly more effective than microfracture according to the Lysholm (P = 0.005),
Tegner (P = 0.04), ICRS patient (P = 0.03) and ICRS surgeon (P = 0.02) scores. Similarly,
Kon et al performed a prospective cohort study comparing arthroscopic third-generation cell
based repair using Hyalograft C with microfracture.(47) Good and excellent results were
noted 2–5 years after implantation with the Hyalograft C group over time whereas the
microfracture group progressively deteriorated after 2 years. In another study, similar results
were found in high level male soccer players over time. The microfracture group returned to
sport earlier but had declines in results over time. The authors concluded that the cell based
membrane cultured repair (Hyalograf-C) procedure offered more durable clinical results.
(46)

Zeifang et al performed a randomized control trial investigating differences between the
original periosteum-covered ACI and MACI technique.(48) Improvements were noted in
both groups but no difference was found between the two techniques at 12 and 24 months
regarding the IKDC score (P = 0.5573, P = 0.4994) and Tegner Activity Score (P = 0.4063,
P = 0.1043). Similarly, Bartlett et al performed a prospective, randomized study comparing
ACI with a collagen sheet covering and MACI for treatment of symptomatic chondral
defects.(29) The authors concluded that both procedures were similar with regards to
clinical, arthroscopic, and histological results at short-term follow-up. Although clinical
results are similar between the two techniques, a theoretical advantage of the use of a
membrane based ACI is that the scaffold provides support for cell adhesion and production
of chondrocyte matrix.(49) Use of a scaffold has been shown to maintain chondrocyte
differentiation as opposed to dedifferentiation lost during liquid culture.(50) Additionally,
Gomoll et al recently reported a significant decrease in reoperation rates for symptomatic
hypertrophy using a type I/III bilayer collagen membrane.(13) The author noted a decrease
in reoperation rate from 25.7% to 5% (P < 0.0001) for graft hypertrophy when comparing
ACI using a periosteal patch to the type I/III bilayer collagen membrane, which is also used
for the MACI technique.

MACI has also been used in the setting of subchondral bone loss associated with
osteochondritis dissecans. Ochs et al evaluated 26 patients with symptomatic condylar
lesions. These defects were treated using yet another matrix-associated cell based repair
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technique similar to the MACI technique. In this study the authors used Novocart 3D
(TETEC AG, Reutlingen, Germany) combined with bone grafting using monocortical
cancellous cylinders and cortical graft.(30) After an average follow up of 39.8 months, all
scores improved significantly. Nineteen patients (73%) obtained good/excellent results with
the Lysholm-Gillquist score (average 53.2 to 88.5), Cincinnati knee rating score (51.7 to
84.6), and IKDC score (50.5 to 78.4). The authors concluded that addressing subchondral
bone loss combined with a cell based procedure was feasible in one step. Simultaneous
remodeling of the articular cartilage and subchondral lamina was noted. However, this
synchronization in not yet completely understood.

CONCLUSION
The management of articular lesions of the knee remains a challenging problem for
orthopaedic surgeons. Significant improvements have been made with cell based repair
strategies. The MACI technique provides hyaline-like cartilage repair with potential
decreased operative times and arthroscopic implantation. The potential for reduced long
term morbidity and the available mid to long term follow up in the literature makes this an
attractive procedure. In general, short and medium-term clinical outcomes suggest
symptomatic improvement in patients. Additional long term studies are needed to further
validate the efficacy of the MACI procedure. Nonetheless, the MACI procedure appears to
be a promising cell based technique at restoring hyaline-like cartilage.
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Figure 1.
Preparation of the defect: The subchondral bone needs to be prepared carefully with a ring
curette to be void of any calcified cartilage. Care must be taken not to violate the
subchondral bone. If a previous microfracture has been performed it may be necessary to
stop subchondral bleeding with a small amount of fibrin glue that can be pressed into the
bleeding surface to stop the bleeding. Stable shoulders need to be created for the repair
tissue to have a good attachment point.
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Figure 2.
After preparation of the subchondral bone and sizing of the defect, the membrane is cut to
size and carefully lifted onto the defect. The membrane is glued into place using a thin layer
of fibrin glue and kept in place using digital pressure. The graft should be contained inside
the defect and not ride over the rim of the prepared defect. Some authors will choose to
secure the edges of the graft with a 6-0 resorbable suture, however, this is not required for
the technique. (Courtesy of Peter Verdonk, Antwerp, Belgium)
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