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Abstract
Background: Until today, no universally successful
therapy to treat substantial articular cartilage defects
has been available. Numerous therapeutic approach-
es can only improve clinical symptoms of joint lesions,
but cannot stimulate the regenerative and reactive
capacity of the biological tissue in the defect, and,
thus, cannot restore an articular surface capable of
functional load bearing. Some other therapeutic
options promised impressing results at the begin-
ning, but did not withstand the process of a closer
investigation. Even after laborious, invasive and
expensive therapies, patients still complain about
pain, joint effusions, restricted movement, or articu-
lar blockage.
Established and Novel Therapies: The aim of all 
therapeutic procedures to treat patients with 
damaged articular cartilage is to reconstruct the
integrity of the articular cartilage surface in order to
enable them to live an unrestricted painless 
professional and private life. This article gives an
overview of the clinically established procedures,
their indications and the present long-term results, 
as well as a crucial look on the limitations of each
approach. Novel therapies, which integrate 
molecular biology techniques and tissue engineering
into transplantation surgery, are introduced and 
analyzed in terms of their capability and future
potential.
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Introduction
A cause for lesions or defects of articular cartilage, aside
from osteoarthrosis and osteochondrosis dissecans, is
the trauma, which plays a significant role, especially
when dealing with younger and active patients [48, 79].
Cartilage, as tissue with the exclusively mechanical
tasks of reducing relative load transfer by enlarging con-
tact area and providing damping and gliding, has a high
sensitivity to mechanical injuries [12].

These injuries and their consequences are relevant
especially in the weight-bearing joints of the lower
limbs, such as the knee or ankle joints. Trauma can be
single or repetitive. Usually, it is not an isolated cartilage
defect, but occurs in combination with complex joint
injuries of cartilage, bone, ligaments, menisci, and cap-
sule. For example, 20–40% of the anterior cruciate liga-
ment ruptures are combined with cartilage injuries [19,
37, 48, 51, 68].
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Cartilage defects > 1 cm2 are symptomatic with
pain, joint effusion, limited range of motion, or even
blockage of movement (Figures 1 and 2).

Already in 1743, the surgeon and scientist Sir W.
Hunter remarked: “If we consult the standard Chirurgi-
cal Writers 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 recovered” [33]. This
statement has to be underlined until today.

The hyaline cartilage actually only has a very small
potential of self-repair [4, 7, 17, 42]. Superficial cartilage
lesions only get smoother but do not heal on account of
missing blood supply, differentiated status of adult
chondrocytes with very little proliferation tendency and
lack of mesenchymal stem cells within this differentiat-
ed cartilage tissue [12, 13, 16, 25, 42, 65]. Deeper lesions
which reach down to the blood supply of the subchon-
dral spongy bone, are only replenished with a scar tissue
consisting of biomechanically and biochemically inferi-
or fibrous cartilage [16, 17, 61, 65, 78]. Experimental
data by Jackson et al [35] suggest even nonhealing and
progressive resorption processes with deep full-thick-
ness defects. There are different approaches to surgical-
ly treat a cartilage damage: small defects (< 1 cm2) may
be treated with a certain success through Pridie drilling,
the abrasion arthroplasty or microfracturing tech-
niques, which have the same concept of achieving sub-
chondral stimulation of healing capacity but from there,
only fibrocartilage scars can be expected [46]. In the
case of larger lesions with profound influence on joint
mechanics, transplantation techniques, e.g., osteochon-
dral transplantations, have been established.

Extensive cartilage defects of, e.g., one complete
femoral condyle, or a “kissing lesion” on femur condyle
and tibial plateau, and generalized osteoarthrosis of the
entire joint still require radical substitution of the joint
surface by an endoprosthesis. Since, however, artificial
joints only have a limited durability, the indication for
younger patients is restricted, and, thus, arthrodesis is a
possible alternative [44, 60]. The search for procedures
to gain ideal mechanical and tissue-adequate repair of
the joint surface remains a central topic for all treatment
modalities of cartilage defects.

Established Procedures
The following arthroscopic techniques are not able 
to stimulate cartilage growth and will only improve

clinical symptoms resulting from articular cartilage
defects.

Lavage
Rinsing with physiological solutions of the affected
joint represents one of the oldest and simplest meth-
ods of cartilage defect therapy [41]. Jackson [36]
describes, that the rinsing of a joint decreases inflam-
mation mediators and removes loose cartilage bodies
and fibrin debris. This way, an improvement of the
symptoms can be achieved in about 80% of the
patients, and this alleviation will last for 3.5 years in
45% of these cases. However, 20% of the patients do
not gain any benefit from this method. In particular for
young people, this therapy cannot be the definitive
solution, since it does not repair the joint damage
itself, but only supports temporary improvement of the
situation. However, it may be used to, e.g., put off the
date for endoprosthetic solutions.

Shaving and Debridement
Destroyed cartilage can lead to mechanical obstacles,
which reach up to the complete knee joint blockage.
This phenomenon is to be traced back to loose cartilage
particles or extensive deposits of fibrin clots in the joint.
Beyond that, cartilage fragments can lead to reactive
synovitis and joint effusions [50, 75]. Removing injured
cartilage through shaving or debridement leads to an
elimination of the mechanical hindrance, and removing
fibrin clots decreases the accompanying inflammatory
reaction. Magnusson [41] reported in 1941 that he
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Figure 1. Medial femoral condyle of a 38-year-old man with full-thick-
ness cartilage defect 3.0 cm in diameter after arthroscopic removal of
the dissected cartilage layer. 
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achieved good to excellent results in 70% of his patients
with this method. Follow-up trials showed that after car-
rying out shavings no reparation of cartilage could be
witnessed. Beyond that, investigations demonstrate
that, on a long-term basis, it even comes to an increased
deposit of fibrin after a shaving procedure in the affect-
ed joint and that the bordering healthy cartilage shows
signs of necrosis in the process [39]. Similar to the
lavage, shaving and debridement decrease only the clin-
ical symptoms, but do not lead to sufficient cartilage
repair.

Repair Techniques by Subchondral Stimulation
By using these techniques, bleeding from the spongiosa
cavities into the cartilage defect is created by punctual
and linear perforations of the subchondral bone lamel-
la. Mesenchymal stem cells and vessels migrate into the
clot and into the defect. They are able to differentiate to
cells of the chondrogenic line and are thus capable of
producing extracellular matrix of cartilage. However, as
a great number of experimental and clinical studies
show, the defect is filled up only with fibrous cartilage
consisting of matrix with high content of the inadequate
collagen type I, and, thus, of minor quality concerning
joint facets.

All of these procedures, that can be performed
arthroscopically, have to be combined with intensive
physiotherapeutic rehabilitation programs and with
limited weight-bearing periods up to 6 weeks.

With the Pridie procedure, named after the primary
descriptor [59], multiple holes with an average diameter
of 1.5 mm are drilled in the subchondral bone lamella

from the joint surface in the area of the cartilage defect.
In the investigations of Tippet, who carried out Pride
drilling in connection with valgus osteotomy of the tib-
ia, 70.8% of the patients achieved an excellent result
over a period of 62 months, 15.4% a good and 6.9% a
satisfactory to poor result [72]. Modern therapy con-
cepts still contain this kind of bone drilling [49]. In the
case of lesions on less accessible areas (e.g., plateau of
the tibia and posterior facets of the patella), a so-called
retrograde drilling can also be performed.

With the microfracture technique developed by
Steadman et al [69, 70], punctures are hit, with a conical
and cranked awl with a tip diameter of 1.5 mm, arthro-
scopically through the defect into the subchondral
lamella which leads to connecting fissure lines
(microfractures) between the punctures. Unlike the Pri-
die drilling, a two-dimensional regeneration field is cre-
ated. A further advantage of this procedure compared
to drilling is the lack of heat-related necrosis of the bone
[67]. Moreover, microfractures can also be directly car-
ried out in slightly amenable areas with different crank-
ing angles of the instruments.

In the largest follow-up trial investigating this
method on more than 1,200 patients in a period of 2–8
years, Steadman et al [70] report that the patients indi-
cated clear improvements even after 7 years concerning
pain symptoms. The authors further state that in histo-
logic investigations, the newly formed tissue contains
partly hyaline and partly fibrous cartilage. Other inves-
tigations described similar results after microfracture
treatment [5, 26, 27, 67].

Transplantation Techniques
On account of the limited ability of spontaneous and
induced regeneration of cartilage and the still unsatis-
factory results of the aforementioned therapies for
more expanded defects, grafting procedures of cartilage
and related cells or tissues are performed. It has to be
mentioned that grafting of pure articular cartilage alone
is of no success, nor is the replantation of isolated carti-
lage flakes after traumatic dissociation, ablation with-
out a bony support, as cartilage does not heal to bony
surfaces nor bone manages cartilage fixation. Only
experimental and clinical data from one group suggest
some success with fibrin-glue fixation [55–57]. Conse-
quently, cartilage is usually transplanted with the under-
lying bone plate (= osteochondral grafts). Bone healing
has proven to give quick and secure fixation of these
osteochondral transplants.

Figure 2. MRT of the same cartilage defect in sagittal view with osteo-
chondrotic necrosis in situ. 



Autologous Osteochondral Grafts
The clinically most successful therapy applied at present
is the autologous osteochondral transplantation. With
this procedure, first presented by Lexer [40] in 1908, the
defective chondral area is replaced by an autologous car-
tilage-bone block. For this, the damaged cartilage area
with it underlying bone has to be milled out. The resulting
defect is filled through an intact cartilage-bone block,
which is taken from a less loaded area, for example in the
knee joint, from the retropatellar facet of the femoral
condyles, the dorsal part of the condyles, or from the edge
of the intercondylar notch (Figures 3A to 3F).

In 1972, Wagner [76] performed autologous carti-
lage-bone transplantations. He milled, with a hand-dri-
ven steel trephine, a block out of the posterior part of
the femoral condyle and fitted it into the anterior
defect. 2–5 years after the operation, good results in
terms of pain reduction and increased mobility were
achieved in 70% of the patients treated with this
method. In 30% of the patients, no improvement was
obtained. Wagner explained these failures by the insuf-

ficient fixation of the transplants, overloading, or the
incongruence of the donor and recipient articular areas.

In a current trial [45], after performing cartilage-
bone grafting on 52 patients with larger cartilage lesions
between 1 and 9 cm2 conditioned traumatically (n = 15)
or in eleven cases by osteochondrosis dissecans, 100%
of good and excellent results were achieved until 24
months postoperatively. In 26 cases of osteoarthritis,
76.9% of the patients had good and excellent results.
The instruments for this operation are of certain impor-
tance for the outcome of the procedure, as a cool and
sharp cut will lead to undisturbed bony healing of the
transplant. We extract the osteochondral pegs of
2.8–20.05 mm diameter with the aid of an airmotor-
driven, diamond-studded and internally chilled milling
device combined with cartilage punches of the same
diameter (Diamond Bone Cutting System [DBCS®],
recently renamed Surgical Diamond Instruments
[SDI®]; MedArtis AG, Keltenring 1–3, 82041 Deisen-
hofen, Germany) developed by Draenert & Draenert
[22].
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Figures 3A to 3F. Osteochondral transplantation with DBCS® instrumentation in a 45-year-old man with painful cartilage defect.
A) Large cartilage defect in the medial condyle of the right knee.
B) Preparation for resection of the defect zone with the diamond trephine.
C) Removal of cylinder of defective bone and cartilage.
D) Former lacerated zone irrigated and ready for implantation.
E) Osteochondral cylinder transplant taken from a less weight-bearing zone of the edge of the patellar groove.
F) Osteochondral transplantation leads to a homogeneously plane joint surface.
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A similar concept of osteochondral grafting is the
autologous osteochondral mosaicplasty described by
Hangody et al [30]. With a punch, 10–15 mm long
blocks are taken out of the retropatellar region of the
femur and replanted in a mosaic-like fashion into the
articular cartilage defect. The difference to the
DBCS® is that the defect is not filled through one or
several big cylinders toothed in each other (like a puz-
zle) but by several small blocks placed side by side.
The void area is filled by fibrocartilage only, and the
thin implants might dislocate under load (own obser-
vations).

In the trial by Hangody et al [30], 8 weeks after the
operation the blocks were connected by fibrous carti-
lage among one another and with the surrounding tis-
sue. In 91% of the patients, good to excellent results
concerning pain and range of motion could be found.

The indication for autologous osteochondral grafts
are full-thickness articular defects of 1–9 cm2 in the cen-
tral loading region of the joint and osseochondrosis dis-
secans lesions.

A further interesting option, described by Stone &
Walgenbach [71], is to place a paste made out of autolo-
gous cartilage and bone into the articular defect after
microfracturing it, as a combination of the subchondral
stimulation concept and transplantation. An autologous
condylar block is arthroscopically punched from the
notch entry and worked up to a paste. This paste is then
pressed into the microfractured and debrided cartilage
defect. The presently available results are promising,
especially when taking into account, that exclusively
athletes were treated. However, extensive rehabilita-
tion programs are an indispensable condition. Histolo-
gies proved that the nonstructured graft converts into
hyaline-like cartilage.

As drawback of all transplantation techniques, the
necessity for donor site defects with coherent joint mor-
bidity has to mentioned. To limit this morbidity, the
DBCS® method, for example, fills those defects with
bone cylinders from the iliac crest, with adhering periost
covering, that converts into fibrocartilage.

Cartilage-Bone Allografts
This method would offer the advantage of an almost
exact anatomic reconstruction of an articular defect by
the use of a corresponding joint area of an organ donor.
Moreover, no donor defect results [77]. Theoretically,
the implants are available at any time and in every size.
Considering the dangers of transmission of life-threat-

ening infections such as AIDS, hepatitis or Creutzfeld-
Jakob disease [11, 18], the implantation of allogenic tis-
sue has to be avoided in our opinion unless there is a
vital indication, e.g., liver or heart transplantation.
Moreover, the results are not definitely convincing alto-
gether, as allografts will undergo major necrotic
changes [2–4, 20, 21, 63].

Periosteum and Perichondrium Grafts
The transplantation of perichondrium into a cartilage
defect was proposed by Homminga et al [31]. O’Driscoll
et al [52–54] described an analogous procedure, but
used periosteum as a graft. Both techniques are based
on the consideration that cells which have a potency of
chondrogenesis and are fixed in a biological matrix, can
be brought into the articular cartilage defect. The
periosteum is mostly taken from the tibia and the peri-
chondrium from rib cartilage. The grafts are then fixed
via fibrin glue into the defect, or they are stitched on.

In the affirmative case, the graft then fixes to the
debrided subchondral bone and the surrounding
healthy cartilage. Advantages of this method lie in the
use of autologous, cell-containing material. As a disad-
vantage it is to be mentioned, that only quite small car-
tilage defects can be treated in such a way and that the
operative effort is by far higher in comparison to the
procedures with subchondral stimulation, which mostly
can be performed arthroscopically.

The fact that periosteum and perichondrium have
the ability to give rise to hyaline-like cartilage in the
joint was shown in several studies [9, 10, 15, 62]. The first
clinical trials showed good results concerning the func-
tion of the joints and the symptoms immediately after
the operation [31]. Long-term results are yet to come.

Autologous Chondrocyte Transplantation (ACT)
Tested first in 1989 in an animal experimentation,
Grande et al [29] took a small biopsy from cartilage of
an unloaded joint area, isolated the cartilage cells and
proliferated them in monolayer tissue cultures until
there was a sufficient amount of chondrocytes available.
The chondrocyte suspension was then injected under a
periosteal flap, which was stitched over the debrided
articular defect. The periosteum was taken from the tib-
ia via the same incision. The authors reported good
results with defects filled by cartilage-like tissue.

In 1994, Brittberg et al [7] then published first clini-
cally approved successes on 23 patients using this
method. 16 patients achieved good to excellent results.



In the biopsies taken during arthroscopy, hyaline-like
cartilage appeared in twelve out of 22 probes. In 2002,
Peterson et al [58] reported about 61 patients treated
with chondrocyte transplantation. After a period of
5–11 years, 51 patients showed good to excellent results.

Different results were reported by Breinan et al [6]
in 1997. In an experimental study with rabbits, they
compared empty articular defects covered only with a
periosteal flap toward defects containing grafted autol-
ogous chondrocytes. The authors could show that the
defects were only filled with a mixture of hyaline-like
tissue and fiber tissue, but not with hyaline cartilage.
However, the reparative tissue in the defects always
contained collagen I. As result of a comparative clinical
trial, Horas et al [32] preferred osteochondral trans-
plants over ACT because of mainly fibrocartilage repair
from the latter.

As a serious disadvantage of this method, only 
dedifferentiated connective tissue cells of unknown
function instead of well-differentiated chondrocytes are
grafted into the defect. The possible redifferentiation to
cells, the probable production of a cartilage-like matrix,
and the mechanical properties of the developing tissue
are not under steering control of surgeon and molecular
biologist nor is the definitive stop of the stimulated pro-
liferation process.

Tissue Engineering
All therapies mentioned up to now offer no perfect
solution dealing with articular defects, and most cases of
a cartilage lesions result in progressive degeneration
changes. The only procedure which replenishes the
defect in the long run with typical hyaline cartilage suit-
able for joint surfaces is the autologous cartilage-bone
grafting, carried out with DBCS® or as mosaicplasty.
The great disadvantage of this procedure consists in the
fact that the donor defect is as large as the area that has
to be repaired or even somewhat larger, as by milling a
substance loss of instrument wall thickness follows.

Relevant donor defects do not occur, if a graft of
autologous chondrocytes is gained from a small biopsy,
cultured in vitro and inserted into the defect covered by
a periosteal flap (ACT). Only a small, exclusively chon-
dral defect in marginal articular areas is generated.

The combination of the indisputable advantages of
both procedures, i.e., the grafting of well-differentiated
and three-dimensionally structured cartilage tissue with
leaving only a tiny donor defect, would meet the
demands on an ideal procedure to treat articular carti-

lage defects. The in vitro production of articular carti-
lage grafts by tissue engineering allows for definitive
control over the processes of cell isolation, prolifera-
tion, differentiation, and matrix production for a nor-
mally structured autologous transplant.

Cartilage is best suitable for in vitro culturing. The
articular cartilage merely consists of a single cell type,
the chondrocytes. Vessels and nerves are not associated.
The nutrition in vivo is obtained by diffusion as in cell-
culture conditions. Differentiated chondrocytes are
able to produce all typical protein matrix components.

Regarding the aforementioned assumptions, the
following method for the in vitro production of cartilage
is focused:

First, the biopsy of cartilage tissue is taken, e.g., dur-
ing an arthroscopy of the injured joint. After isolation of
the chondrocytes by enzymatic digestion of the extra-
cellular matrix, the cells are suspended into a culture
flask. The cells proliferate with a doubling time of
approximately 2 days and to a factor of > 1,000-fold
within regular cell culture media supplemented with
growth factors [1]. As soon as the cell layer is confluent,
the cells are freed from plastic dishes by trypsin diges-
tion and spread into new flasks. After the necessary
number of cells has been attained for tissue engineering,
the cells are trypsinized again from the culture flasks,
and are assembled into a three-dimensional arrange-
ment by several techniques.

In this close contact to each other or with biomate-
rials (e.g., collagen sponge, polymer fleece, bone substi-
tute material), the cells do not proliferate any longer but
start to produce typical extracellular matrix containing
glycosaminoglycan and collagen II structured in a more
ore less characteristic manner for hyaline cartilage (Fig-
ure 4).

This basic concept for tissue engineering was car-
ried out by several authors. Guiding work was done in
Boston, MA, USA, by Joseph and Charles Vacanti,
Robert Langer, und Lisa Freed. Vacanti et al [73, 74]
took cartilage from shoulders of newborn calves, isolat-
ed the chondrocytes and seeded them on to different
PGA/PLLA-polymeric carriers (PGA: polyglycolic
acid, PLLA: poly-lactic acid). Following cultivation, the
chondrocytes-polymer complexes were implanted
beneath the skin of nude mice. After explantation, it
could be observed that the complex had turned into
hyaline-like cartilage tissue, which contained gly-
cosaminoglycans and collagen as characteristic ingredi-
ents of the extracellular matrix of articular cartilage.
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Freed et al [23, 24] took probes from knee and costal
cartilage of calves, in another trial rabbit cartilage. The
cultivation was carried out on PGA in vitro and
implanted in the knees of the rabbits. The polymer-cell
complex was macroscopically and microscopically very
similar to hyaline cartilage and contained glycosamino-
glycan and collagen.

Bujia et al [14] and Sittinger et al [66] used human
cartilage from the femoral head. After monolayer culti-
vation, the cells were given onto the polymers. This cell-
polymer complex was then embedded in agarose gel, and
cultivation was continued within an automatic cultivating
system (bioreactor). An implantation has not been per-
formed to date. Here, also glycosaminoglycan and colla-
gen could be traced in tissue engineering products.

There are further authors who described the
method mentioned above. The setup mainly differs in
regard to the origin of the cartilage [34, 38, 47, 50], age
of the animals, cultivation time, and the carrier.

Different cell sources for cartilage tissue engineer-
ing were used by other investigators. For example, But-
nariu-Ephrat et al [16] employed bone marrow cells,
Martin et al [43] used mesenchymal stem cells. We
equally conduct experiments with the scope to substi-
tute differentiated cartilage cells as cellular basis for tis-
sue engineering of articular cartilage with stem cells, as

for the proliferation process the dif-
ferentiated cartilage cells lose the dif-
ferentiated status and possibly return
to stem cell-like situation.

All the above listed setups have in
common, that tissue similar to hyaline
cartilage is produced in vitro regard-
ing collagen content, proteoglycan
composition and three-dimensional
structure, a prerequisite for adequate
mechanical properties and successful
use in joint defects.

Crucial for the process of carti-
lage tissue engineering is the incapa-
bility of the isolated cartilage tissue to
fasten onto subchondral bone. Even
traumatically originated autologous
cartilage flakes are not promising to
replant, only in the case of an adher-
ing bone pad, the replantation can
succeed. The simple attachment or
application of the cartilage pellet into
the defect or to the surrounding car-

tilage would not even satisfy the mechanical requests of
the fixation [8]. But there are some interesting ideas for
anchoring the cartilage in the bone:

Grande et al [28] used an anchor consisting of
PLLA with a PGA fleece connected to it. After cultur-
ing chondrocytes in PGA in vitro, the cartilage could be
fixed into the subchondral bone with the anchor. The
results after 3–6 weeks with sheep showed a good
anchorage of the implants and the development of
hyalin-like cartilage tissue in the PGA.

Schaefer et al [64] extracted cartilage and perios-
teum from calves, isolated the cells and cultivated the
chondrocytes on PGA, the periosteal cells on foams
made of a blend of poly-lactic-co-glycolic acid and poly-
ethylene glycol carriers. After 1–4 weeks the two origi-
nated tissues were sutured to each other and cultivated
together for another 0–4 weeks. The histologic evalua-
tion showed hyaline cartilage-like and bone-like tissue,
but the connection between the two tissues was only
moderate.

To obtain a good osseous fixation of tissue-engi-
neered implants, we examine the contact of cultivated
cartilage tissue brought onto biodegradable carriers of
bone substitute biomaterial. The aim is to achieve a fast
and tight contact between the carrier and the bone or
the cartilage. Further investigations have to demon-

Figure 4. Diagram of in vitro cartilage tissue engineering. After cell isolation from a small
biopsy of an unloaded area and amplification in monolayer culture, the cells are seeded into
a three-dimensional arrangement on top of a bone-integrative carrier made of calcium phos-
phate where they produce extracellular matrix, typical of hyaline cartilage. This biohybrid
compound with the tissue-engineered cartilage is then transplanted into the defect like an
osteochondral graft.



strate how the degradation of the carrier and the substi-
tution of the basal layer with bone takes place and which
influence this bone remodeling has on the overlying 
cartilage.

Conclusion
All procedures currently in clinical practice are more
ore less successful attempts to repair articular cartilage
defects. Now it is left to further work and in vivo studies
to prove, if in vitro engineered chondral implants inte-
grate, if they can fulfill the mechanical demands on
articular cartilage, and if they can achieve a definite cure
of cartilage defects under all conditions and in all
dimensions.
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