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Instructional lecture

Autologous chondrocyte implantation: where do we stand now?
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Abstract Chondral damage to the young knee is common. In 
symptomatic patients current surgical treatment has focused 
on fi lling the defect with fi brocartilage; however, this tissue 
has poor resistance to shear forces, leading to failure and the 
onset of degenerative osteoarthritis.

Introduction

The success of autologous chondrocyte implantation 
(ACI), as an alternative treatment for symptomatic 
chondral defects, was fi rst reported by Brittberg et al. 
in 1994.1 The technique involved fi lling the defect with 
the patient’s own cells to restore the hyaline cartilage. 
These cells had been harvested from the trochlear 
groove of the patient, grown in the laboratory, and then 
reimplanted underneath a periosteal membrane to 
contain the cells within the defect. The membrane was 
sutured over the defect and sealed with Tissel Fibrin 
glue (Baxter, Deerfi eld, IL, USA) to ensure that it 
remained watertight.2 Brittberg et al. confi rmed a 
hyaline-type repair, with the presence of type II colla-
gen, on performing an arthroscopy and biopsy at 1 year.1 
Further reports have suggested that the regenerate is 
durable with continued improvement in patient’s symp-
toms up to 11 years.3,4

This article provides a concise review of autologous 
chondrocyte implantation and reports the senior 
author’s experience with this technique at the Royal 
National Orthopaedic Hospital, Stanmore, UK for 
managing symptomatic chondral knee defects.

Structure, properties, and function of 
articular cartilage

Hyaline articular cartilage consists of 65%–80% water, 
15%–22% collagen (wet weight), and 4%–7% aggre-
can.5 The only cells in articular cartilage are chondro-
cytes, and they account for less than 5% by volume.6 
The chondrocytes are responsible for the normal syn-
thesis and degradation of extracellular matrix (ECM) 
components and in the adult have low metabolic activ-
ity, low matrix turnover, and only occasionally divide.7 
The chondrocytes are dispersed throughout the matrix 
and lie in lacunae. They are not in contact with each 
other but, instead, interact with the ECM. Articular 
cartilage does not have a blood or nerve supply, and it 
relies on receiving its nutrients by diffusion through the 
ECM.8 It therefore has limited capacity to repair itself 
after injury or an infl ammatory process such as rheuma-
toid arthritis (RA).7

Articular cartilage is a specialized connective tissue 
covering apposing joint surfaces. It is perhaps the most 
important tissue of a synovial joint and is well adapted 
to perform an exacting mechanical function. It is a non-
homogeneous, nonlinear, anisotropic, solid structure 
that provides stiffness, elasticity, and absorption of 
external compressive, tensional, and shear forces. It 
thus helps distribute stress evenly and prevent stress 
peaks within the joint.9 These biomechanical properties 
are principally provided by the ECM. Articular carti-
lage is essentially a type II collagen sponge supported 
by water molecules attached to proteoglycans, which 
are produced by chondrocytes. The major structural 
polymers are type II collagen and proteoglycan aggre-
gates composed of aggrecan, link protein, and hyaluro-
nan. The collagen network gives the articular cartilage 
its tensile strength as the fi bers are aligned in such a way 
that the compressive forces are distributed evenly.9 The 
aggrecan aggregate is highly hydrophilic and lies embed-
ded in the collagen fi brillar network.5 Compressive 
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forces are resisted by a hydrostatic pressure generated 
by viscous drag and swelling pressure. The aggrecan 
aggregate is underhydrated, and the resultant swelling 
pressure gives healthy cartilage its ability to withstand 
long-term compression.5 For shorter periods of time, 
less than 6 h, compressive forces are largely resisted by 
a hydrostatic pressure generated by the resistance of 
fl ow of fl uid through the ECM.5

Articular cartilage is highly organized and consists of 
four layers, or zones: superfi cial layer, transitional layer, 
radial layer, and calcifi ed cartilage layer.10 In the super-
fi cial layer the cells are fl attened and lie parallel to the 
surface. Likewise, the collagen fi brils also run parallel 
to the articular surface, maintaining the tensile proper-
ties of the cartilage and enabling it to resist shear forces 
during normal joint function and loading.10–12 This layer 
has the highest water content, with more collagen and 
less proteoglycan than the other layers.13,14 The transi-
tional layer has a makeup (in both morphology and 
ECM composition) that lies between that of the super-
fi cial and radial zones. Here the cells are more rounded 
and produce more proteoglycan and less collagen 
(although the fi brils are thicker) than the superfi cial 
layer.10 In the radial layer, the cells are aligned in 
columns perpendicular to the joint surface.10 This layer 
is the largest with the thickest collagen fi bers, the most 
concentrated proteoglycans, and the lowest water 
content.10 The “tidemark” lies between the radial and 
calcifi ed cartilage layer. The purpose and structure of 
this area is uncertain; however, as it is an undulating 
junction, it may help tether the cartilage by increasing 
the contact area between the layers.15 The deepest layer, 
which is calcifi ed cartilage, forms the transition between 
the soft articular cartilage and the hard underlying bone. 
It functions to help prevent the shearing of cartilage 
from bone. The cells are almost completely surrounded 
by calcifi ed cartilage, suggesting that they have a low 
metabolic rate.15

In normal articular cartilage, chondrocytes rarely 
divide and there is a very slow ECM turnover. 
It has been reported that synovial fl uid has a low 
oxygen tension (4%–10%) and that articular cartilage 
is even more hypoxic.16 At the surface of articular 
cartilage there is an oxygen tension of about 10%, 
whereas in the deepest layers it is about 1%.17 This 
means that chondrocyte metabolism is mainly anaero-
bic, with the conversion of glucose to lactic acid.17 
Articular cartilage has a low metabolic rate compared 
to other tissues, such as muscle; but when damaged 
the chondrocytes form clusters, and cellular activity 
increases.10 Articular cartilage is thicker, with greater 
proteoglycan content, in load-bearing areas and thinner 
in areas where loading is minimal.18 Mechanical loading 
affects the morphology and metabolic activity of the 
chondrocytes.

Injuries to articular cartilage

In most cases, the clinical application of cartilage repair 
is predominantly in patients under the age of 40 years 
who have lesions causing symptoms such as pain, insta-
bility, locking, and swelling. A number of painful condi-
tions can lead to early osteoarthritis (OA), including 
previous ligament and meniscal injuries of the knee fol-
lowed by persistent pain; osteochondral fractures after 
sporting injuries, which can occur in isolation or with 
ligament or meniscal injuries; and chondromalacia 
patellae, which is a common condition in adolescents 
resulting in the breakdown of the articular cartilage of 
the patella that is recognized at arthroscopy.19 Osteo-
chondritis dissecans (OCD) is a rare condition of teen-
agers and young adults. Fragments of cartilage, with or 
without the underlying bone, become separated from 
the joint surface, which can give rise to loose bodies in 
the joint.20

The true incidence of chondral injuries of the knee is 
unknown. Many lesions, especially those that are partial 
thickness, are asymptomatic; and there is no scientifi c 
evidence justifying surgical treatment for them. Twyman 
et al. reported on the long- term outcome of 22 knees 
with osteochondral lesions of the knee diagnosed before 
skeletal maturity.20 They found that when followed-up 
prospectively into middle age 32% had symptomatic 
OA at 33.6 years. Shelbourne et al. reported on the 
long-term outcome of untreated chondral defects 
detected at anterior cruciate ligament (ACL) recon-
struction compared to patients without chondral 
defects.21 They found that there was a poorer outcome 
in the group with a chondral defect; but symptoms in 
both groups were mild. However, it is well known that 
full-thickness chondral defects have a poor capacity for 
regeneration and repair. Noyes et al. reported that 25% 
of knee injuries with acute haemarthrosis are associated 
with cartilage damage.22 Furthermore, on a review of 
31 516 arthroscopies, full-thickness loss of articular car-
tilage was found in 5% of patients less than 40 years; 
and of these cases, 63% were osteochondral injuries.23 
Prior to magnetic resonance imaging (MRI) there was 
a delay in diagnosis, because in one third of patients 
chondral injuries were not detected on routine 
radiography.24

With the advent of MRI, it is now known that “bone 
bruising” of the articular surface at the subclinical level 
is common when patients sustain an injury to the knee. 
Bone bruising is the result of blunt trauma to the sub-
chondral bone and may indicate a microtrabecular frac-
ture. Much of the research has involved the ACL-injured 
population. Bruising is a focal signal abnormality best 
appreciated on short TI-weighted inversion recovery 
(STIR) sequences.
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Management options for symptomatic chondral defects

Various methods have been used by orthopedic sur-
geons to manage patients with severe and persistent 
pain caused by osteochondral injury, many of which aim 
to induce fi brocartilagenous reparative tissue (Table 1). 
The methods include débridement, drilling and fi xation, 
abrasion chondroplasty, microfracture, and the inser-
tion and use of carbon fi ber pads. Other treatment strat-
egies aim for repair with hyaline cartilage. Each 
treatment method has advantages and disadvantages 
(Table 2).

Autologous chondrocyte implantation

Chondrocyte culture

In 1986, Aston and Bentley were the fi rst to culture 
rabbit chondrocytes and use them successfully to treat 
full-thickness articular defects.25 In 1994, Brittberg et al. 
published their work on using autologous cultured 

chondrocytes to treat full-thickness chondral defects of 
the knee.1 The cells were harvested from the medial 
aspect of the trochlea during an arthroscopy assessing 
the suitability of the patient for the technique. Cartilage 
specimens were minced, washed, and digested; and the 
resulting cells were cultured in suitable medium. The 
transplantation of cells took place 2–3 weeks after the 
initial arthroscopy and biopsy. The fi nal volume of 
the cell suspension was 50–100 μl, with a total of 2.6 
million to 5.0 million cells. At reimplantation the cells 
were injected into the defect, which had been carefully 
prepared and sealed with a periosteal fl ap sutured 
around the defect. Brittberg et al. were the fi rst to report 
the successful treatment of isolated chondral defects of 
the knee, with 1-year postimplantation biopsies of the 
repair tissue in some of the patients showing hyaline-
like cartilage.

ACI/MACI techniques

Autologous chondrocyte implantation (ACI) combined 
with a periosteal fl ap was fi rst implanted in the human 
knee in 1987. This was used for the repair of knee artic-
ular cartilage defects that were symptomatic.1,3,4 Implan-
tation consisted of an arthrotomy, preparation of the 
defect, harvesting of a periosteal fl ap (from the proxi-
mal tibia), securing the fl ap to the defect, securing a 
watertight seal with fi brin glue, implanting the cultured 
chondrocytes, and then wound closure and postopera-
tive rehabilitation.

The initial report was of 23 patients with deep car-
tilage defects of the knee, with an age range of 14–48 
years.1 The full-thickness cartilage defects ranged in 
size from 1.6 to 6.5 cm2. The patients were followed up 

Table 1. Fibrocartilage and hyaline cartilage repair

Fibrocartilage repair techniques
 Conservative physiotherapy
 Débridement
 Drilling and fi xation
 Abrasion chondroplasty
 Microfracture

Hyaline cartilage repair techniques
 Articular cartilage autografting
 Osteochondral allografting
 Autologous chondrocyte implantation

Table 2. Advantages and disadvantages of the treatment methods

Treatment Advantages Disadvantages

Arthroscopic shaving/
débridement

Minimally invasive
Cost-effective
Short rehabilitation time

Recurring symptoms
Progressive deterioration

Microfracture Cost-effective
Technically feasible
Reported improvement in function and 

symptoms of 75% of patients, average 7 
years after operation

Does not produce hyaline cartilage

Mosaicplasty High survival rate of chondrocytes
Hyaline cartilage characteristics

Donor site morbidity
Poor matching of articular surface and 

fi brocartilage formation in gaps
Massive osteochondral 

allografts
High survival rate of chondrocytes
Hyaline cartilage characteristics

Immunological reaction and disease transmission
Cell viability and fi xation problems
Limited supply of grafts
Long rehabilitation

Autologous 
chondrocyte 
implantation

Hyaline cartilage repair and characteristics
Autologous cell implantation
One-time treatment

Restricted activity for 1 year to allow cell 
integration

Expensive
Two surgeries
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for 16–66 months (mean 39 months), and it was noted 
that initially the transplants reduced knee locking and 
pain and swelling in all patients. At 3 months, arthros-
copy showed that the transplants were level with the 
surrounding tissue. At 2 years after transplantation, 
87.5% of the patients with medial femoral condylar 
lesions had good or excellent results, although two 
patients required a second procedure because of severe 
central wear on the transplant with locking and pain. 
In terms of patellar transplantation, the results were 
good or excellent in 28.5% of patients, fair in 43% of 
patients and poor in 28.5%. It was noted that another 
two patients required a second procedure because of 
severe chondromalacia. Biopsies were performed and 
showed that 73% of the femoral transplants and 14% 
of the patellar transplants had regions of hyaline car-
tilage. It was therefore concluded that cultured autolo-
gous chondrocytes can be used to repair deep cartilage 
defects in the femoral and tibial articular surfaces of 
the knee joint.

Peterson et al. have reported on 61 cases that have 
now been followed up for a mean of 7.4 years (range 
5–11 years).4 The results after 2 years confi rmed that 
82% of patients had good or excellent outcomes, and at 
5–11 years 84% of patients again were good or excel-
lent. A few patients underwent arthroscopy at a mean 
of 54 months; it showed that 73% demonstrated more 
than 90% stiffness of the reparative tissue using electro-
mechanical indentation probes; and on biopsy 67% 
were hyaline-like. They concluded that ACI had a 
durable outcome for as long as 11 years. Peterson et al. 
also reported that among 58 patients with osteochon-
dral defects of the knee (39 of which were of the medial 
condyle and 19 of the lateral femoral condyle) 91% had 
good or excellent outcomes after a follow-up of 2–10 
years.26 Other surgeons have since produced similar 
encouraging early results with osteochondral defects in 
the femoral condyle using the same technique.27–30

This technique of harvesting periosteum to use as a 
fl ap, usually taken from the proximal tibia or distal 
femur, can be diffi cult especially in patients over 35 
years of age. Furthermore, suturing the harvested fl ap 
into the edges of the defect can potentially damage the 
surrounding healthy articular cartilage. Also, the role of 
the periosteum in the production of hyaline-like articu-
lar cartilage is controversial. Some think that it is impor-
tant, especially the cambium layer, whereas others 
believe that if the cultured chondrocytes are of good 
quality the periosteum may have no role to play other 
than as a seal to keep the cells within the defect.31 A 
recent article reported 497 adverse events among a 
group of 294 patients undergoing ACI using the perios-
teum patch technique.32 The most common complica-
tion was graft failure, accounting for 25%. Tissue 
hypertrophy, also reported by Peterson et al.,3 was seen 

in 22% of cases and may be a problem with specifi c use 
of the periosteum.32

In view of this, the importance of the periosteum 
patch in ACI and the regenerative tissue has been 
raised; and since 1998 surgeons at the Royal National 
Orthopaedic Hospital Trust have attempted to answer 
this question by using an inert type I/III collagen mem-
brane to cover the defects and rely on the cultured 
chondrocytes alone to form the regenerative tissue.

The two-stage operative technique involves the 
following.

First Stage
1. Arthroscopic chondrocyte harvest from a non-load-

bearing region of articular cartilage (e.g., medial 
edge of the trochlear groove)

2. Chondrocyte culture (approximately 6 weeks) ± 
incorporation on a tissue scaffold — depending on 
whether patient randomised to ACI-C (ACI under-
neath the collagen membrane) or MACI (matrix-
induced ACI)

Second Stage
1. Arthrotomy and preparation of defect by débriding 

edges to normal articular cartilage
2. Implantation of chondrocytes

Cultured chondrocytes can be reimplanted underneath 
the collagen membrane (ACI-C) (Fig. 1). Alternatively, 
during matrix-induced autologous chondrocyte implan-
tation (MACI) the cells are cultured in the same manner 
as ACI-C but are then seeded directly onto the mem-
brane’s rough surface; the membrane acts as a carrier 
for the cells. The membrane is then inserted directly 
into the defect, with the cells lying against the intact 
subchondral plate (Fig. 2). The inert collagen mem-
brane is resorbed within a few months, leaving the cells 
and the regenerative tissue.

A personal 7-year experience with autologous 
chondrocyte implantation

Patients and methods

This prospective cohort study of ACI, with the addition 
of MACI since 2003, was conducted at a single center 
by the senior author. Prior ethics approval was 
obtained.

Since 1998, all patients undergoing ACI or MACI by 
one surgeon (TWRB) were entered into this prospec-
tive study. In total, 156 patients (88 male, 68 female) 
with a mean age of 33.4 years (range 15–52 years) were 
operated on, with the primary indication for surgery 
being persistent pain resulting from an isolated osteo-
chondral defect > 1 cm2 in the articular surface of the 
knee. Trauma, osteochondritis dissecans, and chondro-
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malacia patellae were the principal indications for 
surgery, with a large proportion of patients having pre-
viously undergone other surgical treatments.

All patients entered a structured rehabilitation 
program. Joint instability, abnormal joint alignment, 
osteoarthritis, and infl ammatory joint disease were all 
exclusion criteria. Since 2003, patients have been ran-
domized to ACI or MACI as part of an ongoing multi-
center clinical study.

In addition to the normal preoperative investigations, 
all patients were assessed prior to chondrocyte implan-
tation using the following validated clinical scoring 
systems.

• Modifi ed Cincinnati Rating Score (MCRS)33 (0–100)
• Visual Analogue Score (0–10)
• Bentley Functional Rating Score (BFRS)34 (0–4)
• Lysholm and Gilchrist Score (LG)35 (0–100)
• Patient Functional Outcome Score (PFOS) (0–10)
• Brittberg Score (poor, fair, good, excellent)1

• Patient Rating Score (PRS) (better, same, worse)

Annual functional outcome was assessed using a postal 
questionnaire with the same scoring systems. The 
response rate was above 85% throughout all annual 

patient assessments. Patients lost to follow-up were 
allocated poor/low outcome scores.

The size of the osteochondral defect was similar in 
both the ACI and MACI groups, with three patients 
having dual defects treated with ACI and nine patients 
having dual defects treated with MACI. The area of the 
osteochondral defects repaired using ACI (3.14 cm2, 
range 1.0–7.0 cm2) was not signifi cantly different (P < 
0.07) from those treated using MACI (4.35 cm2, range 
1.0–12.2 cm2).

Results — clinical outcome

The sequential MCRS for ACI and MACI are detailed 
in (Fig. 3) and Table 3, with the corresponding statistical 
signifi cance in comparison to the preoperative level 
using an unpaired t-test.

Although at 1 year ACI demonstrated a signifi cantly 
better MCRS than did MACI (unpaired t-test, P = 
0.021), there was no signifi cant difference (P > 0.05) 
between the two techniques in subsequent years.

Compared to the preoperative VAS, both ACI and 
MACI show sequential signifi cant improvement on 
the postoperative VAS (P < 0.0001, unpaired t-test) 

A B

Fig. 1. Autologous chondrocyte implantation 
(ACI) procedure. A Chondral defect following 
débridement. B Water test being performed 
prior to insertion of the cultured chondrocytes

Fig. 2. Matrix-induced ACI (MACI) membrane 
that has been secured into the defect with Tissel 
glue around the perimeter
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(Fig. 4). There was no signifi cant difference (P > 0.05) 
in the VAS between ACI and MACI up to 2 years of 
follow-up.

There was no signifi cant difference (P > 0.05) in the 
BFRS between ACI and MACI up to 2 years after 
surgery, although both techniques demonstrated 
signifi cant and sequential improvements (P < 0.0001, 
unpaired t-test) in comparison to their preoperative 
scores (Fig. 4).

The overall combined 6-year PRS results for both 
techniques are shown in Fig. 5, which indicates that 
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Table 3. Sequential modifi ed Cincinnati Rating Score for 
ACI and MACI

Time of 
score

ACI MACI

Score
P relative to 
preop. value Score

P relative to 
preop. value

Preop. 60.13 44.03
1 Year 72.07 <0.0001 64.23 <0.0001
2 Years 69.07 <0.0001 73.45 <0.0001
3 Years 67.96 <0.0001 87.33 <0.0001
4 Years 67.48 <0.0001
5 Years 84.60 <0.0001
6 Years 85.80 <0.0001

ACI, autologous chondrocyte implantation; MACI, matrix-induced 
ACI; preop., preoperatively
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Better

Same

Worse

Fig. 5. Sequential combined ACI and MACI patient rating 
scores. Both techniques demonstrated postoperatively a sig-
nifi cant increase (P < 0.0001) in the percentage of patients 
describing their knee function as “better”

most of the patients (>60%) described their knee func-
tion as “better.”

All PFOS scores were signifi cant (unpaired t-test, P 
< 0.0001) in comparison to the respective mean preop-
erative scores (Table 4). Comparing the two techniques, 
ACI had superior PFOS scores at 1 year in comparison 
to MACI (P = 0.0454), although there was no signifi cant 
difference (P > 0.05) in subsequent years. Similar to the 
PFOS, there are sequential annual improvements in the 
LG scores for both ACI and MACI, with ACI being 
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Table 4. Sequential improvement in Patient Functional 
Outcome Score following ACI and MACI

Time of score ACI MACI P for ACI /MACI

Preop. 3.68 3.78
1 Year 6.05 5.23 0.0454
2 Years 5.97 6.43 0.4261
3 Years 6.43 8.00 >> 0.05
4 Years 6.79
5 Years 7.54
6 Years 8.40
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(LG) following ACI and MACI. Both 
techniques demonstrated sequential, sig-
nifi cant improvement (P < 0.0001)
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Fig. 8. Pathway involved in BMP stimula-
tion of mesenchymal stem cell differentia-
tion into articular chondrocytes. BMP, 
bone morphogenetic protein; FGF, fi bro-
blast growth factor

signifi cantly better at 1 year (P = 0.0066), but no signifi -
cant difference (P = 0.89) between the techniques at 2 
or 3 years (Fig. 6).

The rate of improvement seen with both techniques 
was quantifi ed using the trendline gradient. Trendlines 
created from both LG and PFOS scores exhibit a coef-
fi cient of determination of >0.87. These data identifi ed 
MACI as having a rate of annual improvement superior 
to that of ACI.
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The Brittberg rating enabled patients to score their 
knee function subjectively as poor, fair, good, or excel-
lent. Figure 7 shows the sequential results for both ACI 
and MACI techniques, with responses being grouped as 
“excellent or good” compared with “fair or poor.” Con-
tinued sequential increases in benefi cial responses (good 
or excellent) from the preoperative level were observed 
for both techniques (bars in Fig. 7), with a correspond-
ing reduction in adverse responses (lines in Fig. 7). The 
rate of improvement of benefi cial responses and the 
rate of decline of adverse responses — using the trend-
line gradient — was three times greater for MACI than 
for ACI.

Results — histology

The mean timing of the biopsy was 14.8 months (range 
3–55 months). The biopsy results show that in group A 
(biopsy performed < 2 years; n = 92) 19% had hyaline-
like cartilage, 58% fi brocartilage, 21% mixed tissue, and 
2% fi brous tissue. Group B (biopsy performed > 2 years; 
n = 23) had 48% hyaline-like cartilage, 26% fi brocarti-
lage, and 26% mixed tissue (Table 5). A moderate cor-
relation (ϕ and Cramer’s V 0.297, P = 0.017) was found 
between the type of tissue and the timing of the 
biopsy.

Discussion

Outcome studies over the past decade have helped 
refi ne the indications and techniques for ACI, 
de monstrating continued improvement in clinical 
results.

The strength of this study is based on the utilization 
of seven independent scoring systems to evaluate the 
functional outcomes following autologous chondrocyte 
implantation using either the ACI or MACI technique 
for up to 6 years of follow-up. The MCRS, PFOS, and 
LG score indicated continued improvement in the 
patients’ knee function. Signifi cant improvement was 
reported in all scores compared to preoperative scores 
(P < 0.0001). The VAS, BFRS, and PFOS indicated 
there was signifi cant improvement compared to the pre-
operative scores (P < 0.0001), and the scores indicated 

annually that the improvement had been maintained up 
to 6 years.

The technical ease and practical advantages of MACI 
have led to its preference by some surgeons performing 
chondrocyte transplantation, although the long-term 
durability and survivorship of the MACI graft is cur-
rently unknown. Furthermore, although our results 
suggest that MACI has a superior rate of clinical 
improvement in comparison to ACI, further clinical and 
histological evidence are required to validate either 
technique.

Our histology results suggest that repair tissue remod-
els and its quality improves with time: In later biopsies, 
hyaline tissue had more than doubled, fi brocartilage 
had halved, and fi brous tissue was no longer found. The 
results from this study are encouraging and provide 
further evidence of the benefi t in the medium term of 
transplanting autologous chondrocytes to areas of 
osteochondral defects.

Conclusion

Compared with presurgical scores, the postoperative 
scores show statistically signifi cant improvement during 
follow-up. The improvement has been maintained for 
up to 6 years of follow-up.

Future of autologous chondrocyte implantation

At present, medium-term results of ACI, using either 
periosteum (ACI-P) or manufactured collagen (ACI-C) 
membrane look encouraging, but long-term results are 
awaited. However, the fundamental question of the 
importance of the cultured chondrocytes in the repara-
tive process needs to be answered. Hence, a prospective 
randomized blinded study is under way at our institu-
tion that will compare matrix-assisted chondrocyte 
implantation (MACI), which we have shown to be as 
effective as ACI-C at 3 years, against microfracture 
covered with the type I/III collagen membrane (autolo-
gous matrix-induced chondrogenesis, or AMIC). This 
will allow direct comparison between marrow stimula-
tion techniques and cultured chondrocytes. Research is 

Table 5. Correlation between timing of biopsy and histology result

Histological diagnosis
Biopsy at <2 years

(n = 92)
Biopsy at >2 years

(n = 23)

Hyaline-like 18 (19%) 11 (48%)
Mixed hyaline + fi brocartilage 19 (21%)  6 (26%)
Fibrocartilage 53 (58%)  6 (26%)
Fibrous tissue 2 (2%) 0
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also underway in second-generation engineering tech-
niques, such as arthroscopic implantation of cells, and 
delivering the chondrocytes on a three-dimensional 
matrix/gel.

There is also evidence that the reparative process 
can be infl uenced and enhanced by bone morphoge-
netic proteins (BMPs), which are members of the trans-
forming growth factor-β superfamily.36 They are 
multifunctional growth factors and stimulate cells to 
proliferate.37 They also have two other functions: BMP 
signalling is required for the formation of precartila-
ginous condensations from the mesenchymal precur-
sors and for the differentiation of precursors into 
chondrocytes.37

It is known that BMP-2, -4, -6, -7, -9, and -13 stimulate 
the synthesis of type II collagen and aggrecan by adult 
chondrocytes, which are the main constituents of the 
cartilage matrix.36 Researchers have also shown that the 
local delivery of BMPs by genetically engineered stem 
cells enhances chondrogenesis and repair of articular 
cartilage.38 To date, this has been shown only in animal 
experiments; no human studies have been undertaken. 
This is because enhanced BMP activity has been 
reported in some tumor cells, such as breast carcinoma, 
and one should question whether enhancement with 
BMPs may have the potential for tumorigenesis.39

Bone morphogenetic proteins also stimulate the 
chondrogenic differentiation of stem cells, another 
important avenue of research in cartilage repair. It has 
been shown that BMP-4 and other BMPs can induce 
embryonic stem cells and mesenchymal progenitor cells 
to undergo chondrogenesis36,40 (Fig. 8). The mesenchy-
mal differentiated chondrocytes induce cartilage repair 
similar to ACI within 4 weeks after transplantation 
in vivo.41 This does not require the use of collagen 
scaffolds (unlike MACI) and is currently under 
investigation.

Conclusions

Untreated, articular cartilage defects of the knee may 
cause pain and/or disability and may ultimately progress 
to early OA. The aim of any cartilage repair technique 
is to produce a joint that moves fully without pain 
and a repair that is durable for the medium/long-term. 
It is hoped that if a durable repair can be achieved 
this in itself may prevent further deterioration of the 
local cartilage and the subsequent development of 
osteoarthritis.

Autologous chondrocyte implantation has become a 
popular technique for treating isolated chondral defects 
of the knee and has now been performed on an esti-
mated 10 000 patients worldwide. Most groups have 
reported good to excellent clinical and histological 

results following this technique.26,31,42–45 However, there 
is still scepticism among many surgeons on its effective-
ness, the type of repair produced, and its durability. 
Surgeons are still uncertain on whom it should be used 
and the timing of its use in relation to other techniques, 
such as microfracture.

Based on a review of the available literature and our 
study looking at the clinical outcomes for isolated chon-
dral defects of the knee using autologous chondrocyte 
transplantation, we are able to draw a number of 
conclusions.

• There is no current evidence to justify treatment of 
asymptomatic chondral defects of the knee.

• Adult patients with symptomatic full-thickness defects 
do poorly if not treated.

• Young patients have better outcomes.
• Patients who undergo ACI earlier do better.
• Always correct instability/malalignment.
• Small, well-contained lesions may be suitable for 

microfracture.
• In patients who fail microfracture, ACI offers a sat-

isfactory alternative salvage procedure.
• ACI-C leads to signifi cant improvement in objective 

and patient-reported clinical outcome scores (74%).
• ACI-C produces durable outcomes for as long as 

7 years.
• Clinical results of ACI-C and MACI techniques are 

comparable at 3 years.
• The percentage of hyaline cartilage at biopsy appears 

to improve with time.

Further research is crucial to enhance our understand-
ing of the molecular and cellular events involved in 
cartilage repair. With this information we can improve 
the outcome for patients.
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