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Abstract

Purpose Matrix-induced autologous chondrocyte implan-
tation (MACI) has demonstrated effectiveness in treating
isolated cartilage defects of the knee but medium- and long-
term evidence and information on the management of postop-
erative complications or partially successful cases are sparse.
This study hypothesised that MACI is effective for up to
5 years and that patients with posttreatment problems may go
on to obtain clinical benefit from other interventions.
Methods A follow-on, prospective case series of
patients recruited into a previous controlled, randomised,
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prospective study or newly enroled. Patients were followed
up 6, 12, 24 and 60 months after surgery. Outcome meas-
ures were Tegner (activity levels) and Lysholm (pain, sta-
bility, gait, clinical symptoms) scores. Zone-specific sub-
groups were analysed 6, 12 and 24 months postoperatively.
Results  Sixty-five patients were treated with MACL
Median Tegner score improved from II to IV at 12 months;
an improvement maintained to 60 months. Mean Lysholm
score improved from 28.5 to 76.6 points (£19.8) at
24 months, settling back to 75.5 points after 5 years
(» > 0.0001). No significant differences were identi-
fied in the zone-specific analysis. Posttreatment issues
(N = 12/18.,5 %) were resolved with microfracture,
debridement, OATS or bone grafting.

Conclusions MACI is safe and effective in the majority of
patients. Patients in whom treatment is only partially suc-
cessful can go on to obtain clinical benefit from other carti-
lage repair options. This study adds to the clinical evidence
on the MACI procedure, offers insight into likely treatment
outcomes, and highlights MACI’s usefulness as part of an
armamentarium of surgical approaches to the treatment of
isolated knee defects.

Level of evidence Prospective case control study with no
control group, Level III.

Keywords Cartilage - Knee - Chondrocytes - Autologous
transplantation - Matrix-induced autologous chondrocyte
implantation

Introduction

Cartilage defects are currently treated with a variety of sur-

gical approaches. Osteochondral autologous grafts [8, 21,
36] are commonly used to replace the damaged cartilage
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but the usefulness of this technique is limited by the quan-
tity of harvesting possible without causing donor site mor-
bidity [34, 37]. Bone marrow stimulation techniques (abra-
sion, drilling and microfracture) [24, 37, 38] aim to prompt
a healing response by exposing the subchondral bone mar-
row and creating a blood clot that allows the migration of
mesenchymal stem cells. Autologous chondrocyte implan-
tation (ACI) is a regenerative technique aiming to stimulate
the production of hyaline-like cartilage repair tissue, which
contains type II collagen but does not share the structure
and biomechanical properties of endogenous hyaline carti-
lage [9].

First generation ACI techniques involved the injection
of chondrocytes in liquid suspension under an autologous
periosteal patch and showed successful long-term results
[11, 29-31]. However, drawbacks of the technique such
as periosteal hypertrophy, delamination of the defect and
a demanding surgical technique led to the development of
a second generation technique (ACI-C) in which a colla-
gen membrane was used to secure the chondrocytes in the
defect, negating the need for a periosteal patch [19].

Matrix-induced autologous chondrocyte implantation
(MACI®, Genzyme Biosurgery, Cambridge, MA) is a third
generation product in which the chondrocytes are supplied
seeded onto a type I/III collagen scaffold [7, 16], which is
simply secured into the defect with fibrin sealant. MACI
has been shown to not only deliver comparative clinical
results to traditional ACI [2, 31] but also to simplify the
surgical technique, prevent periosteal hypertrophy and pro-
vide better re-differentiation of the seeded chondrocytes [7,
16, 23].

The short-term effectiveness of MACI has been reported
in several single-armed and controlled studies [1-4, 7].
After first being introduced to Giessen University Hospital
in 1999, MACI was compared to microfracture in a con-
trolled, randomised, prospective study, which showed supe-
rior clinical results in the MACI group [4]. Subsequently,
patients from that study, plus additional recruits, were
enroled into the current follow-on, prospective case series
study which hypothesised that MACI offers long-term
symptomatic improvement, clinical improvement is inde-
pendent of defect location and that additional techniques
could be used to improve the clinical outcome of patients
achieving only partial success with MACI treatment.

Materials and methods

The study was conducted at Giessen University Hospital
between 2000 and 2010 and was open to patients of either
gender aged >18 and <50 years with a single, posttrau-
matic, isolated, symptomatic chondral defect (3—10 cmz) of
the femoral condyle or patella.

@ Springer

This prospective case series followed a previous pro-
spective, controlled, randomised study comparing MACI
with microfracture [4]. The decision to continue enrolment
and undertake a larger, single-arm MACI study was based
on the results of the controlled study, which showed signifi-
cantly better clinical scores in the MACI group compared
to microfracture in defects larger than 3.5 cm?.

Exclusion criteria included the presence of chronic
inflammatory arthritis, instability of the knee joint, prior
or planned subtotal meniscectomy (>30 % of the menis-
cus), BMI > 30, varus (>3°) or valgus (>5°) abnormality,
osteonecrosis, osteoarthritis, untreated patellar malalign-
ment and chondrocalcinosis. The treatment of concomitant
meniscus lesions during treatment was permitted, assuming
that the meniscus could be largely preserved.

Patients were followed up 6, 12, 24 and 60 months
after surgery for the evaluation of efficacy and safety.
Outcome measures were the Tegner (activity levels) and
Lysholm (pain, stability, gait, clinical symptoms) scores
[39]. Subgroups for medial femoral condyle (MFC), lat-
eral femoral condyle (LFC) and patellar-trochlear region
(PT) were formed to enable a zone-specific comparison of
outcomes. These comparisons were performed at 6, 12 and
24 months only as at 60 months the groups were statisti-
cally underpowered.

Operative technique

For consistency of quality and technique, all surgical pro-
cedures were performed at the same clinic by the same
surgeon.

Treatment with MACI was performed in two stages.
First, a cartilage biopsy was harvested and sent for cultur-
ing. Four to six weeks later, the chondrocyte-seeded colla-
gen scaffold was implanted via mini-arthrotomy. Patients in
the PT group with minor patellar malalignment (diagnosed
clinically, arthroscopically or radiologically) were either
excluded, treated successfully prior to implantation or,
where necessary, treated with soft tissue realignment (loose
reattachment of the lateral retinaculum) during MACI
implantation. No patients were recruited into the study
with pathological Q-angles requiring tubercle osteotomy,
MPFL-insufficiency requiring soft tissue reconstruction, or
varus/valgus deformities requiring realignment.

During surgery, the defect was prepared by removing all
fibrous tissue, cartilage fragments and calcifying cartilage
layer until the subchondral bone plate was exposed. Once
sharp, vertical walls of healthy cartilage of normal thick-
ness were achieved around the defect, the subchondral
bone plate was checked to ensure that it was completely
intact and free of fibrous tissue and bleeding.

A template of the defect was made from sterile alu-
minium foil and used to cut the MACI membrane to size
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Fig.1 Aluminium foil template placed via mini-arthrotomy into the
debrided defect

Fig. 2 Implant secured in a medial condyle defect

(Fig. 1). The implant was placed into the defect cell side
down, facing the subchondral bone, and affixed with fibrin
sealant (Fig. 2). No supplemental fixation with sutures was
necessary. The treated knee was moved through a full range
of motion to ensure the security of the implant prior to
closure.

Rehabilitation

Patients were required to follow a postoperative rehabilita-
tion programme which included a dorsal plaster cast (10°
flexion) for 2 days postoperatively (to prevent uncontrolled
flexion which might increase the risk of implant delami-
nation), followed by continuous passive motion, physi-
otherapy, and 8 weeks of partial weight bearing (10 kg)
on crutches. In the PT group, partial weight bearing was
limited to 3 weeks. Patients also received anti-thrombotic
prophylaxis with low molecular weight heparin certoparin-
natrium (Monoembolex s.c. 1 per day) for the entire period
of partial weight bearing.

Ethical approval

Both studies were approved by the Ethics Committee of
Giessen University Hospital (Ethik-Kommission Justus-
Liebig Universitét Giessen) reference 106/10.

Statistical methods

A fully nonparametric rank method [12] was used to ana-
lyse the time courses of each of the scores. This allowed
a unified longitudinal inferential analysis of the ordinal
outcome measures and for the (quasi-) metric scores (Teg-
ner and Lysholm). All available data (not just those from
patients with complete records) were used as missing val-
ues could be considered ‘missing completely at random’.
All statistical analyses were performed using the statistics
software R, version 2.8.0 (2008-10-20) [33] including the
Matrix [5] and MASS [41] packages.

Results

Sixty-five patients were included in the prospective case
series. Mean patient age was 32(£9) years, and mean BMI
was 24(43) kg/m’. Onset of symptoms, cartilage defect
location and gender disposition are shown in Table 1.

Follow-up was completed on all 65 patients (100 %) at
6 months, 61 patients (93.8 %) at 12 and 24 months, and 25
patients (38.5 %) at 60 months (due to losses to follow-up and
patients not yet reaching 5 years postoperatively or the 5-year
follow-up visit). The Lysholm score (mean/median) improved
from 51.9/52.0 preoperatively to 84.7/90.0 at 6 months,
90.0/93.0 at 12 months, 88.1/94.0 at 24 months and 85.4/95.0
at 60 months (Fig. 3). The median Tegner score improved
from II preoperatively to III at 6 months, IV at 12 months and
then remained at IV at 24 and 60 months. Both scores showed
a sharp improvement within the first 6 months, improve-
ment was significant (p = 0.0001) at all follow-up intervals
compared to baseline, and the maximum symptomatic relief
achieved was sustained to the 60-month follow-up.

Zone-specific results (subgroup analysis)

The 6, 12 and 24 month data were analysed for differences
in zone-specific treatment outcomes (Table 2). Due to the

Table 1 Patient demographics

. & Gender N (%) Symptoms N (%) Location N (%) Follow-up (months) N (%)
and disposition
Male 41 (63 %)  Acute 25 (38 %) LFC 12(18%) 6M 65 (100 %)
Female 24 (37 %)  Gradual 36 (55 %) MFC 24 (65 %) 12M 61 (94 %)
Sum 65 (100 %) NA’s 46 %) PT 11 (17 %) 24M 61 (94 %)
60 M 25 (38 %)
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Fig. 3 Mean Lysholm score over time

small numbers of patients in each subgroup and the rela-
tive dominance of the MFC subgroup (see Table 1), it was
not possible or desirable to draw any conclusions from this
analysis and there was no significant difference between
the three subgroups for Tegner or Lysholm scores.

Management of postoperative problems

As with all surgical techniques, the management of post-
operative symptoms requiring further treatment, and

MACI treatment failures, must be evaluated. Twelve
patients (18.5 %) developed symptoms such as persistent
pain, locking, crepitus or recurrent effusion between 6 and
36 months, underwent second-look arthroscopy or MRI
evaluation and were treated with a range of different tech-
niques (Table 3).

Two years after MACI implantation, three implants
showed mostly integrated regenerative tissue but with some
nonintegrated areas at the border with the surrounding car-
tilage. We interpreted these as being areas of less robust
regenerative tissue or areas of disintegration of the adjacent
cartilage. These small lesions were treated with debride-
ment and microfracture. Two patients with small diameter
(1-2 cm?) disintegration of the regenerated tissue and sub-
chondral plate defects (cysts) 1 year postimplantation were
treated with OATS. Two patients with persistent, painful,
deep subchondral oedema, but intact regenerated cartilage
tissue and subchondral bone plate, received a retrograde
subchondral bone graft from the iliac crest.

In four patients treated for patellar site defects, symp-
tomatic graft fibrillation without marked hypertrophy was
observed at 12 months and treated successfully with arthro-
scopic debridement.

In one patient, MACI was implanted in a medial con-
dyle defect after failed ACI. Twelve months postopera-
tively, there was a rapid increase in deep pain in the femo-
ral condyle and osteoarthritic symptoms. This patient was
classified as a treatment failure and went on to be treated
successfully with unicondylar medial compartment knee
resurfacing, achieving excellent clinical scores for up to
3 years subsequently. Any recurrent effusion and/or local

Table 2 Tegner and Lysholm scores in different zones over time (subgroup analysis)

Tegner score

Lysholm score

MFC mean/median () LFC mean/median (£) PT mean/median (+)

Time point MFC median LFC median PT median Time point
—-1M )i I I —-1M
6M 111 I I 6M

12M v v v 12M

24 M v \" v 24 M

58.0/67 (£26.0)
79.8/88 (£22.7)
85.2/93 (£19.1)
84.5/92 (£19.8)

45.4/46.5 (£29.2)
85.4/90.0 (£13.7)
92.4/95.5 (£10.6)
93.4/90.5 (£6.9)

53.1/55 (£21.2)
82.7/88 (£12.9)
90.80/90 (£7.76)
95.10/95 (£4.36)

Table 3 Management of problems and failures with alternative procedures

Symptom Time after MACI treatment Treatment N
in months (patients)

Partial disintegration of regenerated tissue 12 (1) 18 (2) MFX 3

(with subchondral cysts in 2 patients) 12(2) OATS—single 10-mm plug in subchondral 2
cysts patients

Inflammation and progression to OA (failure) 36 (1) Unicondylar medial compartment knee resurfacing 1

Symptomatic subchondral oedema 18 (1)24 (1) Retrograde spongiosa transplantation 2

Graft fibrillation 12 (4) Debridement 4

@ Springer
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pain in the scar region immediately postimplantation
resolved spontaneously within 3 months.

Discussion

The results of this prospective, single-centre case series
of 65 patients with isolated knee cartilage defects treated
with MACI, with 61 two-year and 25 five-year follow-ups,
confirm MACI as an appropriate treatment option. They
suggest that defect location does not influence treatment
outcome and demonstrate that patients who do not achieve
adequate or sustained clinical benefit from treatment with
MACI can go on to benefit from other interventions.

The results show statistically significant improvements in
outcomes at 6, 12 and 24 months postoperatively. Although
the high loss to follow-up rate at 5 years limits their value,
the data suggest that these clinical improvements may be
sustained for up to 60 months and add weight to the grow-
ing body of evidence showing successful medium- and long-
term results with cell-based cartilage repair techniques.

Peterson et al. followed up ACI patients (N = 224) for
10-20 years and reported successful clinical outcomes,
especially in isolated defects, though multiple lesions and
patellar site lesions showed smaller improvements in clini-
cal scores.

MACI has previously been shown to offer success-
ful short-term outcomes in the treatment of knee cartilage
defects [4, 20, 35, 40]. The first five-year retrospective
case series of MACI patients (N = 15) reported that 58 %
of patients experienced satisfactory results [6]. Another
multicentre case study (N = 41) reported satisfactory and
improved ratings from 98 and 86 % of patients, respec-
tively, during 5 years of follow-up, concluding that MACI
is a useful medium-term treatment option [13].

There is scant information in the literature enabling
comparison and definition of problems after MACI implan-
tation. According to a systematic review, ACI showed a
failure rate between 1.5 and 7.7 %, with the highest rates
in periosteal-covered ACI and the lowest with MACI [22].
Periosteal hypertrophy was commonly reported after first
generation ACI [10, 26, 28, 32] but MACT’s resorbable
membrane negates the need for a periosteal flap, and there-
fore, this problem has not been observed in these, or other
[27, 42], studies using MACI. Some patients in the current
study showed minor symptomatic graft fibrillation without
marked hypertrophy solely in patellar locations, which sug-
gests shear forces may affect graft growth.

Symptoms that required further treatment and treatment
failures could both be addressed with a variety of alternative
surgical procedures. Retrograde bone grafting, or revision
MACI after ACI, has to be categorised as salvage procedures,
especially in the knowledge that failed cartilage repair is

often followed by early osteoarthritic changes. The correla-
tion of postoperative clinical symptoms with changes in the
subchondral bone highlighted the vital role that subchondral
bone plays in the success of cartilage repair treatments [18].
The method of replacing pathologic subchondral bone with
autologous grafts confirms that chondral repair is likely to fail
without a viable subchondral bed. Depending on the age of the
patient resurfacing or osteotomy can also successfully comple-
ment partially successful cartilage regeneration. Except for the
one reported patient where joint resurfacing was necessary, all
other posttreatment complications in the current study could
be addressed with biologic joint sparing techniques.

There is consensus in the literature that MACI represents a
safe and effective regenerative technique in isolated cartilage
defects larger than 3 cm? [4, 14, 35, 40, 43] but it has been
difficult to correlate the clinical and macroscopic appearance
of regenerative tissue closely with the histological outcomes
[15]. Although their usefulness is limited by the small sample
size of the subgroups studied, the results of the present study,
which focuses on the functional status of a comparatively
high number of patients, are in agreement with this consen-
sus and add to the existing evidence [6, 13, 17, 25]. They also
offer insight into medium-term (5 years) effectiveness, zone-
specific outcomes and the successful management of post-
treatment complications and treatment failures.

Conclusion

This study shows that the treatment of isolated knee carti-
lage defects with MACI is safe and effective in the major-
ity of patients, with clinical scores showing significant
improvement at 2 years and some results suggesting clini-
cal benefit continuing for up to 5 years. Patients in whom
treatment was only partially successful can go on to obtain
clinical benefit from other cartilage repair options. This
study adds to the body of clinical evidence on the MACI
procedure, offers insight into likely treatment outcomes,
and highlights MACI’s usefulness as part of an armamen-
tarium of surgical approaches to the treatment of isolated
knee defects.
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