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Introduction

Articular hyaline cartilage damage is difficult
to repair since the chondrocytes often fail 
to multiply in vivo. William Hunter (1743)1

famously noted that “From Hippocrates
down to the present age, we shall find that an
ulcerated cartilage is universally allowed to be
a very troublesome disease; that it admits of a
cure with more difficulty than a carious bone;
and that when destroyed, it is never recov-
ered”. Despite two centuries of advances in
medical science this statement unfortunately
remains true till date. 

The incidence of osteo-chondral injury among
patients with acute haemarthrosis with a nor-
mal clinical and radiographic examination
has been estimated to be 20%2. However,
small cartilage injuries seen at the time of
anterior cruciate ligament reconstruction are
recorded as remaining asymptomatic at a
mean of 8.7 years3.

The natural history of isolated asymptomatic
cartilage defects still remain poorly under-
stood. It appears definite that partial thickness
cartilage defects will never undergo sponta-
neous repair whereas full thickness defects
can produce fibro-cartilage or fibrous tissue
repair which is deficient in type II collagen,
has inferior biomechanical characteristics

which result in inferior load bearing capacity
and predictably short term symptom relief. It
still remains unclear as to why some of these
full thickness cartilage defects remain asymp-
tomatic for a significant time and it is often
thought that the involvement of sub-chondral
bone is the source of pain.

The aim of any cartilage repair technique is to
produce durable symptomatic and functional
benefit1, and prevent osteoarthritis in patients
with symptomatic chondral/osteochondral
defects. A logical solution to achieve durable
benefit in patients is to produce hyaline carti-
lage repair tissue with comparable macro-
scopic, microscopic and biomechanical char-
acteristics to that of the adjacent native carti-
lage. Most of the newer treatment modalities
aimed at repairing hyaline cartilage defect
appear promising in the short term. However,
they often fail to result in long-term symptom
relief. Autlogous chondrocyte implantation
technique appears to be a promising scientific
advance in the right direction to cause regen-
eration of hyaline articular cartilage. 

Development of Clinical Autologous
Chondrocyte Implantation (ACI)

Chondrocytes, like most mesenchymal cells
fail to multiply in vivo. Attempts currently
focus on making them multiply under labora-
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tory conditions and to implant the chondro-
cytes/chondrocyte-precursor cells into the
cartilage defects to affect hyaline cartilage
repair. For cartilage implantation to be suc-
cessful, the chondrocytes must survive preser-
vation and retain their capacity to produce
normal matrix components: proteoglycans
and Type II collagen. 

Audrey Smith (1965)4 reported the first suc-
cessful isolation and freezing of living chon-
drocytes. It was noted that the frozen-thawed
chondrocytes retained viability ex vivo.
Bentley and Greer (1971)5 reported the first
successful chondrocyte allografts (homotrans-
plantation) in rabbits. Kimura et al. (1984)6

reported that chondrocytes embedded in 
collagen gels maintain cartilage phenotype
during prolonged culture. It was demonstrat-
ed that, under specific culture conditions,
chondrocytes assumed a rounded morphol-
ogy, accumulated metachromatic matrix, 
and took on the cytological characteristics of
the in vivo cartilage cells. Aston and Bentley
(1986)7 reported on successful cultured chon-
drocyte allografts without bony compo-
nents for the repair of chondral defects in 
rabbits.

Brittberg et al (1994)8 reported the first suc-
cessful regeneration of human osteochon-
dral defects using cultured chondrocytes –
the autologous chondrocyte implantation
technique. Since then, this technique has
been evolving with the later development 
of various matrices and covering mem-
branes.

Autologous chondrocyte implantation pro-
cedure: This is done in two stages. The first
stage involves a diagnostic arthroscopy when
the presence of a chondral defect is confirmed
and the suitability of the patient for the proce-
dure is assessed. A small piece of full thick-
ness cartilage is then harvested from a non-

significant part of the knee joint (usually the
medial or lateral edges of the trochlea) and
the tissue is sent to the laboratory for isolation
and culture of chondrocytes.

The second stage involves an open procedure
when the cultured chondrocytes are implant-
ed into the defect. The chondrocytes are
either injected into the defect after covering
the defect with a piece of periosteum (ACI-P)
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Figure 1. First stage ACI procedure: 
arthroscopic appearance of harvesting 

of a full thickness piece of cartilage from the edge
of trochlea. (By kind permission of the Journal 

of Bone and Joint Surgery [Br])

Figure 2. Second stage ACI-C: the collagen 
membrane is sutured to the edges 

of the defect and chondrocytes are seen 
injected beneath the membrane
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or type I/III collagen membrane (ACI-C)
(Figure 2) which is sutured in position.
Alternatively, the cells are stuck down on 
to the defect using a tissue glue after impreg-
nating them in a bio-synthetic membrane
(MACI) (Figure 3).

Our rehabilitation regime includes full
weight-bearing mobilisation in a cylinder cast
which is removed at the 10th post-operative
day. Patients are then allowed to bend their
knees and outpatient physiotherapy is insti-
tuted for the first two weeks in order to ensure
a full range of motion. All patients are advised
to avoid impact loading and twisting move-
ments of the knee.

Stanmore experience of autologous 
chondrocyte implantation

We began performing ACI in Stanmore in
1998 and since then have performed this pro-
cedure in more than one thousand cases. All
these patients are reviewed prospectively at 
6 weeks, 6 months, and one year and then on
a yearly basis. A check arthroscopy and needle
biopsy of the repair tissue is performed at one
year, when ever possible.

We used initially periosteum as covering
membrane (ACI-P) and later used a porcine-
derived type I/III collagen covering mem-
brane (ACI-C) since it was found to reduce
the morbidity of periosteum harvest site with-
out compromising the clinical outcome9.

Currently a nationwide multi-centre RCCT
comparing ACI-C technique with the MACI
(Matrix carried ACI) technique of ACI is
underway. In the MACI technique, the cul-
tured chondrocytes are seeded in a bilayered
type I/III collagen membrane which has two
surfaces: (1) a smooth surface comprising of
high density collagen fibres which faces the
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Figure 3. Combined MACI (for three discrete
chondral defects) and PCL reconstruction in a
patient with multiple post-traumatic chondral

defects and PCL deficiency

Figure 4. Appearance of repair tissue 
at I year following ACI – the defect is completely

filled with cartilage

Figure 5. Tissue obtained by needle biopsy 
from the middle of the repair site



joint and (2) a rough surface where the spaces
between the collagen fibres are seeded with
chondrocytes. The matrix of MACI remodels
after few months and is replaced by the extra-
cellular matrix regenerate. The advantages of
MACI technique include a quicker procedure
that can be done through a smaller incision
and the membrane can cover larger and inac-
cessible defects with indiscrete margins.
There is less damage to surrounding normal
cartilage since there is no need for suturing to
secure the membrane. There is also no risk of
leakage of cells or uneven distribution of cells,
unlike in ACI-C. The disadvantages of MACI
include a lower number of chondrocytes and
the potential for displacement of the graft.

Patients who benefited most with ACI are
younger patients (15 to 40 years old) with
higher pre-operative modified Cincinnati
scores, a less than two-year history of symp-
toms, those with a single defect, a defect on
the trochlea or lateral femoral condyle and
patients with fewer than two previous proce-
dures on the index knee10. Revision ACI-C in
patients with previous ACI and mosaicplas-
ties, which had failed, produced significantly
inferior clinical results.

RCCT* comparing ACI and mosaicplasty
(2003)11: A total of 100 patients with a mean
age of 31.3 years (16 to 49) and with a symp-
tomatic lesion of the articular cartilage in the
knee that was suitable for cartilage repair were
randomised to undergo either ACI or mosaic-
plasty; 58 patients had ACI and 42 mosaic-
plasty. The mean follow-up was 19 months
(12 to 26). Functional assessment using the
modified Cincinnati and Stanmore scores 
and objective clinical assessment showed that
88% had excellent or good results after ACI
compared with 69% after mosaicplasty.
Arthroscopy at one year demonstrated excel-
lent or good repairs in 82% after ACI and in
34% after mosaicplasty. This study concluded
that the continued use of mosaicplasty in treat-
ing chondral defects was of dubious value.

Experience of ACI in patients with osteo-
chondritis dissecans12: Of the 37 patients
who had ACI for osteochondritis dissecans,
excellent and good clinical outcomes were
seen in 82.1% with juvenile-onset disease
whereas only 44.4% of those with adult-onset
disease had a similar result at a mean follow-
up of 4.08 years. The age at the time of ACI-
C determined the clinical outcome for juve-
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Figure 6. Hyaline-like cartilage repair tissue 
following ACI: Needle biopsy at 1 year

Figure 7. Fibro-cartilage repair tissue with normal
adjacent hyaline cartilage: Biopsy at 1 year 

showing good integration along the rim of repair

* Randomized Controlled Clinical Trial (note of
the chief editor)
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nile-onset disease (p = 0.05), whereas the size
of the defect was the major determinant of
outcome in adult-onset disease (p = 0.01).

Early results of ACI-C versus MACI tech-
nique – prospective RCCT13: 44 patients
underwent ACI-C and 47 patients underwent
MACI in this prospective RCT. Both treat-
ments resulted in improvement of the clini-
cal score after one year. The mean modified
Cincinnati knee score increased by 17.6 in the
ACI-C group and 19.6 in the MACI group 
(p = 0.32). Arthroscopic assessments per-
formed after one year showed a good to excel-
lent International Cartilage Repair Society
score in 79.2% of ACI-C and 66.6% of MACI
grafts. Hyaline-like cartilage or hyaline-like
cartilage with fibrocartilage was found in the
biopsies of 43.9% of the ACI-C and 36.4% of
the MACI grafts after one year. We conclud-
ed that the clinical, arthroscopic and histo-
logical outcomes are comparable at one year
for both ACI-C and MACI.

The three year results of this trial showed that
the proportion of patients with excellent and
good mean modified Cincinnati knee score
were 63.5% among the ACI-C group (n = 44)
and 60.2% among the MACI group (n = 58).
These results appear less successful than others
reported in the literature. This is due to the
strict criteria used for this study and also due
to patients of all categories has been accepted
and many of these patients have had unsuc-
cessful previous surgery. Long-term results of
this trial are currently being evaluated. 

Worldwide experience of autologous 
chondrocyte implantation

Peterson et al (2000)14 reported the clinical,
arthroscopic, and histological results from the
first 101 patients who underwent ACI in
Sweden since 1987 for the treatment of large

(1.5-12.0 cm2) full thickness chondral defects
of the knee at 2 to 9 year follow-up. Good or
excellent clinical results were seen in individ-
ual groups as follows: Isolated femoral
condyle (92%), multiple lesions (67%), osteo-
chondritis dissecans (89%), patella (65%),
and femoral condyle with anterior cruciate
ligament repair (75%). Arthroscopic findings
in 53 evaluated patients showed good repair
tissue fill, good adherence to underlying bone,
seamless integration with adjacent cartilage,
and hardness close to that of the adjacent tis-
sue. However, hypertrophic response of the
periosteum or graft or both was identified in
26 arthroscopies (49%); seven were sympto-
matic and resolved after arthroscopic trim-
ming. Graft failure occurred in seven (four of
the first 23 and three of the next 78) patients.
Histological analysis of 37 biopsy specimens
showed a correlation between hyaline-like tis-
sue (hyaline matrix staining positive for 
Type II collagen and lacking a fibrous com-
ponent) and good or excellent clinical results.

Knutzen et al (2007)15 in a prospective RCCT
of 80 patients, compared micro-fracture with
the autologous chondrocyte implantation tech-
nique and reported significant improvement
in clinical results among both groups at two
and five years and found no significant advan-
tage of one technique over the other at five
years from the primary procedure. Further
long-term follow-up was recommended to
determine if one method is better than the
other. They also found no significant differ-
ence in the histological features of regenerate
tissue in either group.

Saris et al (2008)16 reported the results of a
multi-centre RCT at one year where they
compared the clinical and histological out-
come of 57 patients who underwent “charac-
terised” chondrocyte implantation against 
61 patients who underwent micro-fracture. In
“characterised” chondrocyte implantation,
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they used an autologous cartilage cell therapy
product that has been optimised for its bio-
logical potency to form stable cartilage tissue
in vivo. At one-year evaluation they found that
the chondrocyte phenotype and tissue struc-
ture were superior in the “characterised” chon-
drocyte implantation group compared with the
micro-fracture group. However, there was no
significant difference in the clinical outcome
between the groups. They concluded that the
superior structural outcome might result in
improved long-term clinical benefit with
“characterised” chondrocyte implantation.

Cost-effectiveness of ACI

Clar C et al (2005)17 conducted a systematic
review and economic evaluation of the cost-
effectiveness of ACI and concluded that 
ACI could be cost-effective when compared 
to microfracture technique only if it could be
shown that ACI is more likely to produce hya-
line cartilage which would in turn be more
likely to be durable and to prevent osteoarthri-
tis in the longer term (e.g. 20 years). There is
at present insufficient data to conclude that
ACI is cost-effective compared with microfrac-
ture or mosaicplasty.

Reported complications

Niemeyer P et al (2008)18 in a case series of
309 patients with 349 ACI procedures of the
knee identified four major complications
which comprised 88.5% of reasons for revision
surgery among 52 patients at a mean follow
up of 4.5 years (standard deviation, ± 1.5).
They were 1. graft hypertrophy 2. integration
insufficiency 3. insufficient regenerate and 4.
graft delamination. The overall complication
rate was highest in the group of patients treat-
ed with periosteum-covered ACI as opposed
to those who had Chondrogide or membrane-
covered ACI as covering membrane. The inci-
dence of complications in this series was 14.9%.

Wood et al (2006)19 reviewed the adverse
events with the “Carticel” implantation that
were reported to the Food and Drug Admin-
istration agency (FDA) in the United States
between 1996 and 2003. A total of 497 adverse
events among 294 patients receiving Carticel
were reported. The median interval from
Carticel implantation to the diagnosis of an
adverse event was 240 days (range, one to
2105 days). The most commonly reported
adverse events were graft failure (25%),
delamination (22%), and tissue hypertrophy
(18%). However, based on the manufacturer's
reported distribution of 7500 Carticel lots
between 1995 and 2002, only 285 patients
(3.8%) had an adverse event that was report-
ed to the Food and Drug Administration.

Recent advances in cartilage repair strategy

Current cartilage repair strategies fail to pro-
duce reproducible levels of long-lasting hya-
line cartilage tissue that meets the functional
demands placed upon this tissue in vivo in all
cases. The reasons for this can be attributed to
matrix degradation, differentiation or integra-
tion insufficiencies, or loss of the transplanted
cells and tissues.

Current techniques include the transplanta-
tion of a fully “in vitro” differentiated construct
or a graft containing a homogeneous popula-
tion of rather undifferentiated cells and sig-
nalling molecules, to ensure that the desired
differentiation process takes place in vivo
under physiological conditions of mechani-
cal loading. Each approach has its advan-
tages and disadvantages20. The former allows
chondrogenic differentiation under con-
trolled in vitro conditions, but is often asso-
ciated with biocompatibility and integration
problems. The latter promotes integration
well, but presents the risk of uncontrolled and
undesired differentiation processes to occur.

Biomechanica Hungarica II. évfolyam, 1. szám

22

ST
A

T
E

 O
F 

T
H

E
 A

R
T



The ultimate strategy should aim at engineer-
ing cartilage constructs by combining cells,
scaffold materials and environmental factors,
including growth factors, signalling mole-
cules, and physical influences.

Role of bone morphogenetic proteins (BMP) 
and stem cells in cartilage repair

Bone morphogenetic proteins are multifunc-
tional growth factors belonging to Trans-
forming Growth Factor Beta (TGF-β) super
family. BMP signalling is required both for
the formation of pre-cartilaginous condensa-
tions from the mesenchymal precursors and
for the differentiation of precursors into chon-
drocytes.

BMPs 2, 4, 6, 7, 9 and 13 stimulate the synthe-
sis of cartilage matrix constituents, type II col-
lagen and aggrecan by adult chondrocytes
and therefore have the potential to accelerate
and modify cartilage repair in ACI.

The use of BMPs in cartilage repair has not
been tested in humans to date and the avail-
able studies are all animal experiments.
Enhanced BMP activity has been reported in
tumour cells and concerns on their potential
for tumour genesis require clarification.

The local delivery of BMPs by genetically-
engineered stem cells has been shown to
enhance chondrogenesis and repair of articu-
lar cartilage in animals1. Stem cells form
alternative source of chondrocytes and could
avoid the first stage of the current two-stage
procedure of ACI and prevent donor site mor-
bidity. BMP4 and other BMPs can induce
embryonic stem cells and mesenchymal pro-
genitor cells to undergo chondrogenesis. The
mesenchymal derived stem cells (MDCs)
induce cartilage repair similar to ACI within
4 wks after transplantation in vivo. This do
not require the use of collagen scaffolds
(unlike ACI) and are currently being investi-
gated. BMP4-transduced MDSCs can pro-
mote either cartilage or bone formation as an
end point, depending upon the culture condi-
tions. The site of implantation in vivo also
determines whether cartilage or bone repair
occurs.

Wilke et al (2007)21 injected an autogenous
fibrin vehicle containing MSCs or fibrin
alone as control into twelve full thickness 
cartilage defects in 6 young mature horses.
Arthroscopic second look and biopsies at 30
days and 8 months were performed. They
concluded that the MSCs improved early
healing response, but did not significantly
enhance the long-term histologic appearance

23

Biomechanica Hungarica II. évfolyam, 1. szám

ST
A

T
E

 O
F 

T
H

E
 A

R
T

Figure 8. Pellet culture showing human chondrocytes at 14 days (a) control and (b) shows increased cells
and matrix in culture treated with BMP (Published with the kind permission of Mr. A Goldberg)

a) b)



or biochemical composition of full thickness
cartilage lesions. Much further work is need-
ed to test this method.

Gene therapy in cartilage repair

Gene therapy involves the transfer of genes
encoded with specific growth factors into
chondrocytes or progenitor cells. For gene
expression, the transferred DNA material
must enter the nucleus where it can be tran-
scripted and this result in the generation of
m-RNA which is then transported outside the
nucleus, and serves as a matrix for the pro-
duction of growth factors in the ribosome.
Successful gene transfer of IGF-1 and TGF-
Beta into chondrocytes, in monolayer cul-
tures and on the surfaces of cartilage explants,
has been shown to increase matrix biosyn-
thesis and to maintain the chondrocyte phe-
notype, especially the production of collagen
type-II.

Mason et al (2000)22 combined the tech-
niques of gene therapy and tissue engineer-
ing to produce cartilage repair tissue. Rabbit
mesenchymal stem cells were transduced
with retroviral vectors encoded for the gene of
BMP-7. These were then seeded on polymer
scaffold grafts and implanted into osteochon-
dral defects in rabbit knees.

The major concerns in gene therapy are 
the safety of the gene transfer and the control
of gene expression. Vectors integrating into
the genome of the cells bear the risk of 
insertional mutagenesis and the development
of a malignancy or an abnormal regulation 
of cell growth and toxicity because of chron-
ic over-expression of the growth factor.
Pharmacologically-controlled gene expres-
sion appears to be a promising strategy to
control the timing and level of gene expres-
sion.

Potential areas of improvement 
in cartilage repair strategy

The current problems with ACI technique
include a prolonged rehabilitation period
because of the two stage surgical procedure
and the time taken for graft maturation; and
an unpredictable line of differentiation of the
implanted cells into hyaline cartilage, fibro-
cartilage or fibrous tissue. This is possibly
influenced by the implantation site environ-
ment, loading characteristics, availability of
growth factors, the influence of the bio-
degradable matrices on cell differentiation,
migration, matrix production etc., and the dis-
tribution and concentration of chondrocytes
or precursor cells in the scaffold.

Emerging techniques to address these prob-
lems include the use of arthroscopic implanta-
tion of cells thus avoiding the need for arthro-
tomy for the second stage procedure, the use of
stem cells or minced cartilage in various scaf-
folds in an attempt to make this a single stage
procedure, harvesting of cells from the defect
margin to prevent donor site morbidity, the use 
of combination techniques such as ACI with
microfracture and the use of “characterised”
cells (by gene marking) to achieve quality
control in the type of cells used for repair. 

Summary

The ideal candidate for ACI appears to be
younger patients (15 to 40 years old) with
higher pre-operative modified Cincinnati
scores, a less than two-year history of symp-
toms, those with a single defect, a defect on
the trochlea or lateral femoral condyle and
patients with fewer than two previous proce-
dures on the index knee. Patients with a high
body mass index, smokers and those who had
revision ACI-C following previous failed ACI
and mosaicplasties produced significantly
inferior clinical results.

Biomechanica Hungarica II. évfolyam, 1. szám

24

ST
A

T
E

 O
F 

T
H

E
 A

R
T



25

Conclusion

Adults with symptomatic osteochondral
defects in the knee often deteriorate and
require surgical intervention for severe pain
and may develop disabling osteoarthritis.
Currently there is no evidence to justify treat-
ment of asymptomatic osteochondral defects
smaller that 1 cm in diameter. Micro-fracture
appears a cost-effective procedure for smaller
well-contained lesions whereas ACI is suc-
cessful in 70% to 80% of larger lesions in the

short to medium term. Much work needs to
be done to control and or enhance matura-
tion of implanted condrocytes or chondro-
cyte-precursor cells to produce repair tissue
with durable clinical improvement. Joint
instability and mal-alignment should be cor-
rected in order to produce optimum outcome
while attempting repair of damaged articular
cartilage. New technologies such as the use of
stem cells, genetic engineering and gene ther-
apy appear promising but require extensive
laboratory and translational research.
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