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Abstract

Articular cartilage is susceptible to damage; however, it has limited capacity for repair.
Damage can lead to persistent symptoms including pain, swelling, and loss of function
and may ultimately progress to symptomatic degeneration of the joint. To restore
function and minimize symptoms, many advocate surgical intervention in selected
candidates, which can range from arthroscopic debridement to restorative procedures
depending on patient and lesion characteristics. Autologous Chondrocyte Implantation
(ACI) is a two-stage, typically second-line intervention where cultured autologous
chondrocytes are used with the aim of resurfacing symptomatic chondral defects with
hyaline or hyaline-like cartilage. Careful patient selection is important. We present an
overview of this procedure including indications and contraindications, surgical tech-
nique, and post-operative management. A review of published ACI outcomes is then
presented.

Introduction

Articular cartilage is susceptible to damage from acute high-energy
forces and from repetitive shear and torsional forces applied to the
superficial surface.1 Despite this vulnerability, articular cartilage has
limited capacity for regeneration and repair because of poor vascular
supply and the deficiency of an undifferentiated cell population
capable of migrating and responding to the insult.2 Therefore, pain,
swelling and mechanical symptoms caused by articular cartilage
lesions can be ongoing, lead to loss of function, and ultimately, lead
to symptomatic joint degeneration.

There are numerous surgical methods utilized for the management
of articular cartilage defects with the aim of providing symptomatic
relief and improving function. Arthroplasty is one option that has
long been used in the treatment of degenerative joint disease with
very satisfactory results. However, in younger, active patients with
symptomatic focal chondral defects, arthroplasty is a less satisfac-

tory treatment option. Such situations have prompted increasing
acceptance of ‘biologic’ treatment solutions when used judiciously
in carefully selected patients. Non-arthroplasty solutions can be
classified as palliative procedures (arthroscopic debridement),
reparative procedures (microfracture) and regenerative procedures
(osteochondral grafting and Autologous Chondrocyte Implantation
(ACI)).2 These methods are often used in a stepwise, graduated
treatment regimen to optimize joint function and reduce pain.

Currently, arthroscopic debridement and microfracture are com-
monly used as first-line treatment for symptomatic focal chondral
defects that are relatively small with minimal associated bone loss.
Microfracture techniques result in the defect filling with fibrin clot,
leading to the formation of reparative fibrocartilage. This has been
shown to provide relief to patients with smaller lesions or with
limited activity. Fibrocartilage, however, has limited resistance to
sheer forces and in larger defects or in high-demand patients may not
adequately relieve symptoms and restore function. Regenerative
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procedures including ACI and osteochondral grafting can be used as
second-line measures in this situation to repair chondral or osteo-
chondral defects with hyaline or hyaline-like cartilage. Hyaline car-
tilage is believed to have superior biomechanics and durability to
fibrocartilage. This article provides an overview of ACI and reviews
the literature assessing outcomes following ACI.

Indications and contraindications

Identifying appropriate candidates for ACI requires consideration of
both patient and chondral defect characteristics. ACI is generally
considered as a second-line treatment option after at least arthro-
scopic debridement or microfracture has produced an inadequate
clinical outcome.3 For example, one recent multi-centre report sup-
ported the role of ACI after failed treatment showing encouraging
results with a 76% success rate.4

Patient age, body mass index (BMI), symptoms, occupation, level
of sporting activity, willingness to engage in the rehabilitation and
the patients’ specific concerns are important to consider when con-
templating ACI as a treatment option.2 ACI is commonly performed
on patients between 15 and 50 years of age. However, of greater
importance than chronological age is physiological age and the
underlying condition of the joint. Rehabilitation for ACI is extensive
and demanding. Patients require motivation and living situations that
are conducive for optimal results. More important is that achieving
the ultimate clinical benefits following ACI may be delayed for at
least 6–12 months in some patients.

Chondral defect characteristics also determine suitability for ACI.
Patients with symptomatic grade III or IV focal defects of the
femoral condyles, trochlea and patella are potential candidates for
ACI.3 It is important that defect location on arthroscopy or imaging
correlates with the patient’s symptoms. Defects under 2 cm2 are
generally best treated with microfracture or osteochondral autograft
transplantation with consideration of ACI as second-line manage-
ment in patients with poor outcomes. ACI has been used to resurface
defects of up to 26.6 cm25; however, many recommend lesions
between 2 and 10 cm22 or 2 and 12 cm23 to be considered for ACI.
Patients should also have bone loss of less than 6–8 mm2; however,
simultaneous or staged bone grafting can be performed if required.6

Patients with over 50% joint space narrowing and bipolar disease are
less likely to benefit from ACI.3 Recipricol or ‘kissing’ lesions are
commonly cited as a contraindication to ACI.1 ACI is contraindi-
cated in patients with active inflammatory arthritis or infection.7

Careful evaluation for coexistant patello-femoral malalignment,
ligamentous instability or meniscal pathology is important. Poor
results were initially reported for patellofemoral lesions treated with
ACI8; however, with recognition of the importance of patello-
femoral malalignment, results have improved. Multiple series have
since reported on realignment procedures such as anterormedializa-
tion being performed with patello-femoral ACI as a combined pro-
cedure, and results have been very encouraging. Outcomes are now
approaching those for condylar lesions.9–12 ACI can also be per-
formed in conjunction with meniscus transplantation in a meniscal-
deficient knee to facilitate improved biomechanics. In addition, high
tibial or distal femoral osteotomy is liberally recommended for

coronal plane malalignment when treating tibio-femoral lesions in
the relevant compartments.

Operative technique

ACI is a two-stage surgical procedure, first performed on human
knees by Brittberg et al.,8 involving a cartilage harvest followed by
implantation of cultured autologous chondrocytes. The surgical pro-
cedure and its refinements have been described in several articles
since its development.3,12–16

The first stage of the procedure is an arthroscopic assessment of
the joint and cartilage biopsy. The size and depth of the chondral
lesion and the quality and thickness of the surrounding articular
cartilage are evaluated. Approximately 200–300 mg of articular car-
tilage is harvested from a non-weight-bearing region of the knee.
The cartilage then undergoes enzymatic digestion in order to release
cells and is cultured for between 3 and 6 weeks prior to implanta-
tion.8,13,14,17 In the case of a matrix-induced autologous chondrocyte
implantation (MACI), chondrocyte cells are incorporated into a
type-I/III collagen scaffold during the culturing process.6,13

The second stage involves implantation of the cultured chondro-
cytes. It requires surgical debridement of the defect to healthy articu-
lar tissue around its edge and subchondral bone at its base (Figs. 1
and 2).2,14 Care is taken to avoid penetration of the subchondral plate
to avoid contamination of the defect by bone marrow tissue, which
is believed to increase the risk of fibrocartilage formation.14 If bleed-
ing does occur, an adrenaline-soaked swab can be used to obtain
haemostasis.2,18 Alternatively, fibrin glue can be applied to the
surface during the suturing of the periosteal flap.

The next step varies depending on the type of ACI procedure
being performed. The original ACI technique involves a periosteal
flap being sewn over the defect, under which a suspension of cul-
tured chondrocytes is injected (ACI-P).2,8,13 Typically, the periosteal
flap is harvested from the proximal-medial part of the tibia and
should be at least 2 mm larger than the defect.3 Alternatively, syn-
thetic collagen-membranes have been used as a substitute for the
periosteal patch (ACI-C).2 Collagen-membranes are thought to be
advantageous because of decreased surgical exposure, reduced oper-
ating time and a reduction in the complications related to periosteal
flap use, including graft hypertrophy.2,6,13,18 The periosteal flap or
collagen-membrane is sutured in an interrupted fashion over the
chondral defect using 6-0 Vicryl (polyglactin; Ethicon Inc., Somer-
ville, NJ, USA).3 Sutures should be placed approximately 4 mm
apart, with a small interval left at the superior most aspect to allow
for chondrocyte injection (Fig. 3).2,3 Fibrin glue is then used to seal
the edges of the patch, and a ‘water-tight’ test may be per-
formed.2,3,6,14 Cultured chondrocytes are then implanted beneath the
patch through the interval using an 18-gauge angiocatheter (Fig. 4).
The interval is subsequently closed with suture and fibrin glue.2

The MACI technique has been developed amid concerns regard-
ing the use of chondrocytes in suspension resulting in uneven dis-
tribution and possible cell leakage.13,19 With this technique, the
cultured chondrocyte cells are seeded directly onto a biodegradable
porcine type I/III collagen scaffold. The membrane can be inserted
directly into the defect and secured without a cover using fibrin
glue.6,13 In addition to ensuring an even distribution of chondrocytes,
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the MACI procedure may also decrease operating time and surgical
exposure as it does not require sutures or periosteal harvest.13 It has
also been suggested that the scaffold may act as a barrier to fibroblast
invasion, which may otherwise induce fibrous repair.20

Post-operative management and
rehabilitation

The maturation of cartilage takes many months after implantation
and has been described as having three distinct phases.1,14 These
stages help to guide patient rehabilitation and predict the time
required for effective relief of symptoms.3 There are, however, dif-
ferences between rehabilitation regimes at various centres.6

The first phase is cellular proliferation and takes up to 6 weeks.1,3

Initially, chondrocyte cells must adhere to the subchondral bone, a
process requiring 12–18 h.1 Many rehabilitation protocols restrict

range of motion in this time frame to encourage the adherence and
proliferation of cells.1–3,6 The use of a continuous passive-motion
machine commencing between 12 and 24 h post-operatively for
6–8 h a day is advocated to provide chondrogenic stimulus in the
first 4–6 weeks post-operatively.1,2,6

The transition phase is the next in the maturation process and
occurs during the next 4–6 months.1,6,14 During this phase there is
expansion of the matrix released by the chondrocytes into a putty-
like consistency.1,6 Depending on lesion size and location, weight
bearing can be advanced beyond toe- or heel-touch weight bearing
as early as 4 weeks post-operatively for patients with femoral
condyle defects. Patients with a poorly contained lesion should
restrict weight bearing for 8–12 weeks, and patients with multiple
lesions will progress slower still.1

Patients with patellofemoral defects are permitted full weight
bearing with their knee locked in extension within the first 6 weeks

Figs 1–2. The chondral defect is exposed, marked and debrided to leave a peripheral border of healthy articular cartilage and a base of subchondral bone.

Fig. 3. The periosteal patch (or collagen membrane) is sized against the
lesion, trimmed and sutured over the defect with a small interval left at the
superior most aspect. Fibrin glue is used to seal the edges.

Fig. 4. Chondrocytes that have been previously harvested and cultured
are injected with an angiocatheter to fill the defect beneath the patch. The
interval in the patch is subsequently closed with suture and fibrin glue.
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post-operatively.1 Some advocate weight-bearing activity in the days
following surgery.2 Continuous passive motion is also used but typi-
cally progress more slowly than femoral condyle lesions.1 When a
concomitant tibial tuberosity is performed, weight bearing is pro-
tected to avoid a post-operative tibial fracture from occurring.

The final matrix remodeling phase commences approximately 6
months after surgery and continues for at least 6–12 months.1 In this
phase, the cartilage tissue progressively hardens, acquiring proper-
ties similar to the adjacent healthy cartilage.1,6 The gradual relief of
preoperative symptoms occurs during this phase, and the patient
may return to normal activities at 12 months post-operatively. Graft
maturation, and thus symptom relief, can continue for up to 3 years
post-operatively. Factors affecting cartilage maturation include
physiological age, size and site of lesion, and desired final activity
level.1

Review of outcomes

Short to medium outcome data for patients treated with ACI is
currently available and overall the results are encouraging (Table 1).

Case series and cohort studies of ACI

Following promising animal model results,21 a landmark study by
Brittberg et al.8 evaluated the treatment of deep cartilage defects of
the femoral condyle and patella with autologous chondrocytes. The
results were encouraging for patients with femoral condyle lesions;
14 of 16 patients had good to excellent results 2 years post-
operatively. In the patella transplant population the results were less
encouraging with good to excellent results achieved in only two of
seven patients, fair results in three and poor results in two at a mean
follow-up of 36 months.

In 2000, studies by Erggelet,22 Peterson16 and their associates also
showed positive outcomes following ACI. Erggelet et al. ’s case
series of 24 patients showed improvements in the Cincinnati knee
score from 3.6 preoperatively to 8.1 points at 12 months post-
operatively. Peterson et al. ’s 101 patient case series achieved good
to excellent outcomes in 76.5% of patients overall, with the greatest
overall outcomes in patients with isolated femoral condylar defects
(92% good to excellent) and osteochondritis dissecans (89% good to
excellent outcomes). Another prospective cohort study of 169
patients by Minas23 had similarly positive outcomes with 87% of
patients experiencing clinical improvement.

In 2002, Peterson et al.12 released further analysis of the long-term
durability of ACI within their patient population showing good to
excellent outcomes in 83.6% of the 61 patients at a mean follow-up
of 7.4 years. Peterson et al.15 in 2003 reported on a case series
looking at outcomes of patients with osteochondritis dissecans
treated with ACI. Of the 58 patients included, 91% achieved a good
to excellent rating on clinical evaluation after mean follow-up of 5.6
years. Significant improvement was documented using the Cincin-
nati (from 2.0 to 9.8, P < 0.001), Lysholm (from 44.3 to 92.4, P <
0.001), Tegner-Wallgren (from 6.3 to 10.2, P < 0.001) and Brittberg-
Peterson visual analog scale (VAS) (from 80.2 to 26.7, P < 0.001)
scoring systems.

In 2005, Mithofer et al.24 published the results of a case series
evaluating the use of ACI repair in patients with high physical

demands. Forty-five competitive and recreational soccer players
underwent ACI with mean follow-up of 41 months. Good to excel-
lent outcomes were achieved in 72% of patients with overall
improvement in Tegner activity score from 3.6 to 6.1 (P < 0.001).
Results were better in patients with isolated lesions (85% good to
excellent outcomes) and best in those with single defects in the
medial femoral condyle (93% good to excellent rating). In the same
year, Browne et al.25 released results from a multi-centre prospective
cohort study in the USA. There was a mean improvement of 2.6
points (P < 0.001) in the modified Cincinnati score for the 87
patients who completed 5-year follow-up assessments.

In 2007, studies by Steinwachs et al.,26 Kreuz et al.27 and Man-
delabaum et al.28 investigated the use of synthetic collagen mem-
branes in ACI, the use of physical activity in rehabilitation from
ACI and treatment outcomes of ACI for cartilage defects of the
trochlea, respectively. Steinwachs et al.26 used the International
Cartilage Repair Society (ICRS) and modified Cincinnati rating
systems to show significant (P < 0.05) improvement at all time
intervals post-operatively using type I/III collagen membranes.
Kreuz et al.27 concluded that physical activity improves the
outcome of ACI, showing significantly better results at 18 and 36
months (P < 0.05) in patients with regular sports involvement.
Mandelbaum et al.28 achieved significant improvement in pain (P <
0.0001), swelling (P < 0.0001) and overall (P < 0.0001) Cincinnati
scores when using ACI for the treatment of full-thickness lesions
of the trochlea.

Rosenberger et al.29 in 2008 reported good to excellent results in
72% of patients in a case series investigating ACI in patients aged 45
years or older (mean age 48.6). They also showed significant overall
improvement (P < 0.001) in Short Form 36 (SF-36) Health Survey,
Western Ontario McMaster Universities (WOMAC) Osteoarthritis
Index, Knee Society Score (KSS) and Cincinnati scores.

In 2009, Zaslav et al.4 published a prospective multi-centre cohort
study evaluating the effectiveness of ACI in patients with failed prior
treatments for articular cartilage defects. Of the 126 patients, 82%
completed the 48-month follow-up, and of these, 76% were deemed
treatment successes. Significant (P < 0.001) improvements were
observed from baseline to all time points on the International Knee
Documentation Committee (KOOS), Cincinnati, VAS and SF-36
scoring systems for all outcome measures.

Most recently, McNickle et al.5 reported significant mean
improvement in all outcome assessments including Lysholm (41–69,
P < 0.001) and International Knee Documentation Committee
(IKDC) (34–64, P < 0.001) scales in a study of 137 patients (140
knees) with full-thickness articular cartilage defects refractory to
prior treatments at a mean follow-up of 4.3 years. The study also
identified age and worker’s compensation status as independent
predictors of outcome.

Comparison of ACI with other cartilage
restoration techniques.

Numerous studies have directly compared ACI with other methods
for the treatment of articular cartilage lesions including microfrac-
ture, osteochondral grafting procedures and arthroscopic debride-
ment (Table 2).
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ACI versus microfracture

In 2007, Knutsen et al.30 randomized 80 patients with a single symp-
tomatic cartilage defect of the femoral condyle to treatment with
ACI or microfracture who were reviewed at 2 and 5 years. Both
groups had significant improvement in mean Lysholm and Visual
Analogue Pain Scales at final follow-up (P < 0.05); however, there
was no significant difference between groups in terms of clinical or
radiological outcomes. In a similar series investigating patients with
single symptomatic grade III to IV cartilage lesions on the femoral
condyles, Saris et al.31 randomized patients to ACI or microfracture.
Patients were evaluated at 12 and 18 months post-operatively for
histological and clinical outcomes. ACI was associated with better
structural repair as measured by histomorphology (P = 0.003) and
overall histologic evaluation (P = 0.012); however, short-term clini-
cal outcomes were similar for both groups. Kon et al.32 recently
published further results comparing a MACI to microfracture.
Eighty patients were randomized to each treatment group and fol-
lowed for 5 years. Similar to the Knutsen and Saris studies, both
groups showed significant improvement in clinical outcomes at
follow-up; however, Kon demonstrated greater improvement in the
International Knee Documentation Committee objective (P < 0.001)
and subjective (P < 0.003) scores for the MACI group compared
with those treated with microfracture.

ACI versus mosaicplasty

Bentley and associates17 conducted a randomized comparison of
ACI to mosaicplasty for patients with symptomatic articular carti-
lage lesions of the knee. Patients were followed for an average of 19
months and assessed using modified Cincinnati and Stanmore
scores. Good or excellent results were found in 88% of ACI patients
and 69% of mosaicplasty patients; however, the difference was not
significant (P = 0.277). For lesions on the medial femoral condyle,
however, ACI produced significantly better outcomes (88% good/
excellent versus 74% good/excellent, P < 0.032). At follow-up
arthroscopy, significantly better repairs were seen in the ACI group
(82% good/excellent versus 34% good/excellent, P < 0.01), and the
authors concluded that ACI is superior to mosaicplasty for the repair
of articular cartilage defects of the knee. In another randomized trial
comparing ACI with mosaicplasty published by Dozin et al.,33 47
patients underwent an initial arthroscopic debridement at the time of
enrolment and had the assigned treatment scheduled 6 months later.
Interestingly, 31.8% (n = 14) of patients were asymptomatic enough
at the 6-month mark to warrant no further treatment. Among the
other patients, 88% of the mosaicplasty and 68% of the ACI patients
obtained a complete recovery (P = 0.093).

ACI versus arthroscopic debridement

In a retrospective cohort study using registry data, 58 ACI patients
and 58 debridement patients were compared by Fu et al.34 Patients
were similar in terms of baseline characteristics; however, at
follow-up a minimum of 3 years later, 81% of the ACI group and
60% of the debridement group had improved (P < 0.05). Of these
patients, the median improvement was significantly better in the ACI
group (5 points ACI versus 2 points Debridement, P < 0.001).

Conclusions

ACI represents a promising treatment modality in the surgical man-
agement of articular cartilage defects when used judiciously in care-
fully selected patients. Short to medium-term results reported to date
have shown largely positive outcomes, and long-term follow-up is
eagerly awaited.
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