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The treatment of articular cartilage defects is difficult and needs a specialized physi-
cian to select the appropriate procedure from a variety of established and new thera-
peutical approaches. The therapy has to be orientated by the etiology of the cartilage
defect. The following categories can be distinguished: degenerative, posttraumatic,
inflammatory, metabolic, and vascular toxic cartilage damages. Independent from
these categories is the osteochondritis dissecans [22, 51]. The classification of the
International Cartilage Repair Society (ICRS) is the standard to describe an articular
cartilage defect and is based on the classification of Outerbridge [36]. According to
this classification grade III and 1V defects have to be treated.

The Structure of Cartilage

The hyaline articular cartilage shows an unique architecture, A superficial tangential
zone with approximately 10 to 20% of the whole volume, a middle zone with 40 to 60%
volume, and a deep zone with 30% volume can be distinguished. In the superficial
zone the cells and the collagen type II fibers are orientated tangentiaily. In the middle
zone the cells are organized in columns and the collagen fibers show a reticular pat-
tern. In the deep zone the cell-fiber mash is attached to the subchondral bone. In this
area the fibers have a vertical orientation [20, 23, 34]. The use of MRI has simplified
the diagnosis of articular cartilage defects. Today, with the help of cartilage-specific
sequences (e.g. 3D-flash sequences) excellent images of the joint cartilage and the
subchondral bone are possible [2, 6,32]. However, regular X-ray to determine the axi-
al and patellar position and ligament instability still has to be performed.

Physiological Cartilage Repair

The therapy of articular cartilage defects is only successful if the concomitant injuries
are also treated. In this context, existing varus and valgus deformity and ligament
instability have to be considered {7, 10, 28]. The physiological reaction of the organ-
ism to a damage of the articular cartilage depends on different factors. The cartilage
of growing children has an extremely high regenecration capacity. In contrast, grown
man and particularly elderly people have a very low regeneration. Whether this is due
to a lower number of MSCs in elderly people is still unclear [8, 9, 49]. The answer of
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the organism to a damage of the articular cartilage depends on the patient’s age and
the type and size of the defect.

Chondral and osteochondral defects have to be distinguished. In the surround-
ing of chondral defects an increase of mitosis and proteoglycan synthesis has been
described in animal experiments. However, a cure of these defects has not been
observed {12, 15]. The progress of such lesions to ostecarthritis is proven [1, 30, 33,
35]. Similar reactions are detectable in osteochondral defects with an intact sub-
chondral bone plate but healing can also not be expected {31]. As known for chon-
dral lesions the progress to osteoarthritis is also proven. In contrast, osteochondral
defects with access to the subchondral bone show limited regeneration. From the
bleeding of the subchondral bone a blood clot with a mixture of progenitor cells and
fibrin forms, which over time differentiates to a fibrous-like cartilage repair tissue.
However, the biomechanical loading capacity of this repair tissue is markedly lower
and the collagen composition is not specific for hyaline cartilage. In the long-term
regular physiological loading destroys the repair tissue and leads to osteoarthritis
(43, 48].

Therapy of Cartilage Defects

The low regeneration capacity makes the refixation of a detached cartilage or carti-
lage bone fragment with resorbable pins necessary. The indications are flake-fractures
and the osteochondritis dissecans. The healing process of these osteochondral lesions
is determined by the bone fragment. A horizontal integration of the cartilage frag-
ment into the surrounding intact cartilage can not be expected.

An other procedure is a debridement. This shaving technique combines a lavage,
the removal of free bodies and degenerative cartilage fragments, and a limited exci-
sion of osteophytes. Studies of Kim et al. [27] have shown that a regeneration of the
cartilage is not possible using this technique. Osteoarthritis can not be prevented by
washing out degenerative enzymes and detached cartilage pieces. The relatively good
clinical results (32 to 74%) at one to four years after surgery [11, 44] could be
explained by the removal of active metabolic enzymes from the synovia. Therefore, a
debridement is only a palliative method to temporarily relieve patients from pain suf-
fering from an osteoarthritic joint. The use of different laser systems is not recom-
mended because of chondrolysis and osteonecrosis.

The Pridie-drilling [40] is one of the marrow-stimulating techniques. In this pro-
cedure holes are drilled into the subchondral bone marrow underneath the regions of
the damaged cartilage. The generated blood clot contains progenitor cells and fibrin
and differentiates into fibrous cartilage. One of the disadvantages is the heat-induced
tissue necrosis at the tip of the drill. The technique is indicated for the treatment of
small osteochondral defects and osteochondritis dissecans grade IV. Clinical studies
suggest that patients get most benefit from this procedure when axial mal-positioning
is corrected as well [47].

In the last years Pridie-drilling was increasingly replaced by microfracturing. The
technique is a modification of the Pridie-drilling and thus relays on the same biolog-
ical principles promoting resurfacing by the formation of fibrocartilaginous repair
tissue, The very smatl micro-holes generated with a special instrument (Chondropick)
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should be put across the entire cartilage lesion at a distance of 3 to 4 mm and a depth
of 4 mm, thus yielding in about 3 to 4 holes per cm? Good clinical results with
improved joint function and pain reduction during daily activities in 31 to 69% over
3 to 6 years have been reported [37]. The quality of the repair tissue can be improved
significantly using CPM after surgery [41].

Another procedure that was first described by Magnuson [29] is the abrasion chon-
droplasty, This technique gives surgical access to the bone marrow, which together
with other vicinal compartments gets stimulated to form a blood clot. The formed tis-
sue is called bioprosthesis, which is fibrous in nature and not durable. The results
show that there is a temporary improvement in 60% of the patients [14], but 99% are
restricted in their activities of daily life. After 62 months only 12% of the patients are
pain free [24-26].

The autologous osteochondral transplantation {OCT or mosaicplasty) is one of the
newer procedures in the treatment of cartilage defects. An autologous osteochondral
cylinder is harvested from a low weight-bearing area of the joint on transferred into
the osteochondral defect. If positioning of the autograft is correct a good surface
reconstruction can be expected. Histological analysis revealed a mixture of hyaline
{70 to 80%) and fibrous (20 to 30%) cartilage. Symptomatic relief of pain and
improvement in joint function have been reported as good and very good (70 to 90%)
after one to six years [4, 5, 16, 17]. The procedure is recommended up to a defect size
of 3 cm?, With more cylinders harvested, 5 to 20% of all patients have complaints that
may be due to donor site morbidity.

The periosteal transplantation is based on a self-regeneration procedure. The
biclogical background of this principle lies in a cambial layer at the back of the
transplanted membrane. This special layer contains progenitor cells that are capable
to induce the formation of hyaline-like cartilage. Therefore, the back of the mem-
brane with the cambial layer must be placed into the defect area. The group of
Homminga [18] reported about §0% good results using this procedure. Frequently
occurring problems are incomplete defect filling and calcification of the periosteal
mernbrane.

For antologous chondrocyte transplantation (ACT) a cartilage biopsy is taken from
a non weight-bearing area. The chondrocytes are released and cultured in a special
laboratory under GMP-conditions. The quality standards of the ACT and the tissue
engineering committee under the patronage of the DGOOC and DGU have to be fol-
lowed [45]. After expanding, the cells are transported in a special vessel to the hospi-
tal. Our own investigations have shown an average cell vitality of more than 84% over
a time period of 72 hours after leaving the laboratory (Fig. 5.1A). Required is a contin-
uous cell cooling. Under these conditions 93% of all vital cells are adherent (Fig, 5.1B).

In a second surgical procedure the cartilage defect is prepared. A periosteal flap is
harvested and sutured waterproof over the damaged area. The cells are injected
underneath the periosteal flap. The cells attach to the subchondral bone and form a
cell lawn. They start to produce extracellular matrix and the defect gets filled with a
high-quality regenerative tissue. A differentiation of the tissue is possible even with-
out weight-bearing for the first 6 to 8 weeks. CMP for 6 hours a day plays an impor-
tant role in the nutrition and stimulation of the cells to produce cartilage-like tissue.
The use of a periosteal flap revealed in 70 to 90% of all cases good and very good
results after two to eleven years [39]. The generated tissue also shows good biome-
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Fig.5.1A,B, Average cell vitality (A} and cell adhesion (B) of human chondrocytes 24 to 72 hours
after leaving the laboratory.

chanical properties. Stiffness tests revealed average solidity values of 3.08 N for healthy
hyaline cartilage compared to 2.77 N for the repair tissue after ACT, and 1.23 N for
fibrous cartilage after marrow stimulation techniques [38].

Function of the Periosteal Flap

Using periosteum, cartilage formation is promoted by the cambial layer and the
injected cells..So far no experimental study has clarified the origin of the cells in the
repair tissue. Also, there is no study that has proven a sufficient number of vital cells
in the cambial layer of the periosteal flap after cutting the blood supply at the time of
harvest. The efficiency of a periosteal graft without ACT could be explained in part
because of the bleeding from the subchondral bone and subsequent blood clot for-
mation.

Also, the production of cytokines and growth factors could stimulate the forma-
tion of the repair tissue. Qur own experiments using periosteal cells have shown a
significant synthesis of BMP-2, -4, and -7 but no synthesis of IL-2, IL-6, and IL-8. In
310 25% of the cases when a periosteal flap was used a symptomatic hypertrophy has
been seen at the repaired surface. Usually the hypertrophic tissue has to be removed
in a second intervention. Histologically, the hypertrophic surface is fused to the deep
hyaline-like zone [19], However, especially the superficial tangential zone is of great
importance for the biomechanical properties of articular cartilage [50]. The hyper-
trophic surface leads to an increased friction and progressive fissuration and split-
ting between the repair tissue and the surrounding healthy cartilage. The conse-
quence is a delamination with loss of the repair tissue. Hypertrophy is not seen in all
cases and this is probably due to the fact that the flap is worn out very early after sur-
gery in some cases. A thick periosteal flap harvested from the tibial head comprises
a variety of different cell types (e.g. fibroblasts, precursor cells, osteoblasts, and fat
cells) that can mix with the transplanted cells and form an inhomogeneous tissue. It
is of special importance that fibroblasts have a significant higher proliferation rate
compared to chondrocytes.
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Distribution of the defect localiza-
tion in the Freiburg ACT study.

Use of a Collagen Membrane Instead of a Periosteal Flap

The idea that the main function of the periosteal flap is to cover the prepared defect
area has inspirited various biotechnology companies to develop different biomateri-
als for ACT. Collagen is naturally occurring in cartilage and its degradation products
are physiological and therefore non-toxic. Due to its good biocompatibility collagen is
used in different fields of medicine such as abdominal, plastic or maxillo-facial sur-
gery. The Chondro-Gide® membrane is a bi-layer membrane from porcine collagen
type I and III with a smooth outside and a porous inside. The outside has a good
mechanical solidity and serves as a barrier, while the inside stimulates through its
porous surface the cells to produce cartilage-specific matrix molecules [13]. The
membrane is degraded by enzymatic digestion (collagenases). The resulting collagen
fragments denature to gelatin and through enzymes such as gelatinase and proteinase
to oligopeptides and amino acids.

Animal Experiments Using the Chondro-Gide® Membrane

Osteochondral defects with a diameter of 7 mm were set into the trochlea of the adult
sheep. A total of 18 animals were divided into 3 groups. Group I had no treatment,
group II was treated with an ACT and a periosteal flap, and in group III an ACT with
the Chondro-Gide® membrane was performed. After 1 year the defect was examined
histologically and biomechanically, There were no significant differences between
group ITand IIL A complete defect filling could be detected in both groups [42].

Clinical Results

In a clinical study, 125 patients were treated with ACT. Twenty-six% were treated with
ACT/periosteal flap and 74% with ACT/Chondro-Gide®, The mean defect size was
4.35 cm? and the mean age 30.9 years. Clinical results after one year turned out to be
good or excellent in 89% of all cases. Arthroscopic evaluation after one year revealed



m.§ LG EL DS WIS

in both groups 80.2% ICRS grade I to II cartilage lesions. There were no significant
differences in the defect healing and the clinical outcome [3]. Qur own clinical stud-
ies showed similar results. Cartilage defects in 47 knees with 78 defects were treated
either with ACT/periosteal flap (Group I) or with the ACT/Chondro-Gide® membrane
(Group II). The mean age was 34.1 years and the mean defect size 5.49 cm? The
patients underwent 2.88 surgical interventions before the ACT and were examined
clinically with the IKDC-score [21] and radiologically after 3, 6,and 12 months,

In 53% of the cases only one defect and in 47% multiple lesions were treated with
ACT. The defects were in 21% at the trochlea, in 27% at the patella, and in 52% at the
femoral condyle. The medial femoral condyle was involved most frequently with 85%.
In both groups, approximately 80% of the patients had grade IV and 20% grade III
lesions. The average value in the ICRS score was 3.81 (SD = 0.39) versus 3.85 (SD =
0.36) in the Chondro-Gide® group. After 6 months the following results were found in
the two groups.
¢ ACT/periosteal flap group: 4.5% grade IV, 5396 I11, 38% I1, and 4.5% grade 1.

* ACT/Chondro-Gide® group: 4.8% grade 1V, 47.6% III, 47.6% I, and 0% grade L.

The middle score in both groups was 2.57 {SD = 0.66/0.58). After 12 months (Fig. 5.3)
the clinical score improved in the ACT/periosteal flap group to 0% grade IV, 30% III,
55% 1II, and 15% grade L. The ACT/Chondro-Gide® group revealed after 1 year better
results: 0% grade IV, 209 II1, 40% I, and 40% grade L. The average score was 2.15 (SD
= 0.65, periosteal flap) and 1.80 (SD = 0.75, Chondro-Gide®). The study shows a time
dependent increase of the IKDC score after 1 year. This could be explained with the
biolegical cartilage remodeling and regeneration after ACT.
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Fig. 5.3. Comparison of the IKDC-score one year after ACT.
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Discussion

Considering all the advantages and disadvantages of the different resurfacing meth-
ods the surgical therapy of a grade I defect seems not to be necessary. Grade II lesions
are usually treated with a arthroscopic debridement. Grade III and IV defects have to
be treated. The microfracture technique or the Pridie-drilling can be recommended
up to a defect size of 2 cm? Good results can be expected for defect sizes between 1.5
and 3 cm? with osteochondral autografts. Defect sizes between 3 and 10 cm? can be
treated successfully only with ACT (Fig. 5.4). The results are good and very good even
after follow-up periods of 10 years. There is no other procedure capable to perform an
extensive and durable reconstruction of these large cartilage defects. Nevertheless,
this procedure has also disadvantages such as hypertrophic changes of the periosteal
flap with consecutive pain. The hypertrophic cartilage has to be removed arthroscop-
ically. Another aspect is the remaining superficial unevenness reflecting a not perfect
repair of the uppermost cartilage layer. The use of biomaterials may probably solve
this problem (Fig. 5.5). However, the effectiveness of such modifications must be test-
ed in clinical studies. The results of our study show that a significant increase {p <0.05)
of the clinical scores was observed in both groups. No significant differences could be

Fig. 5.4,

Collagen membrane
(ChondroGide®, Geistlich
Biomaterials) sutured aver
the prepared defect area
instead of a periosteal flap.
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Fig. 5.5. Algorithm for the indication of different surgical techniques in the treatment of carti-
lage defects.

seen comparing the ACT/periosteal flap group and the ACT/Chondro-Gide® group.
High revision rates by periost hypertrophy (5 to 40% in the literature), large inter-
individual quality differences of the periosteal flap, and an increase of the morbidity
by a separate incision are still risk factors in the surgical procedure. According to our
clinical results the use of the Chondro-Gide® membrane has the same clinical effec-
tiveness and seems to prevent the complications described above (see Fig. 5.4). The
ACT has opened a new dimension in the therapy of cartilage defects. In the treatment
of cartilage defects more than 3 cm? the transplantation of chondrocytes is the only
procedure to generate a biomechanically high-quality regenerative tissue {46]. The
procedure should be performed by specialized surgeons and especially in younger
patients with cartilage damages of this size. Future developments will provide a wider
application of this technology.

Conclusion ;

Today, the repair of cartilage defects with hyaline-like repair tissue is possible with 2
methods: the OCT as a one step procedure and the ACT as a two step procedure in the
treatment of large isolated defects. For successful ACT a stable bone with an intact tide
mark, a high-quality of the chondrocytes, and an-exact suture of the flap for closing
the bioactive chamber are required. The hypertrophy of the periosteal flap, observed
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in some cases, can be avoided by the application of biomaterials. The future goal is tis-
sue engineering with mesenchymal stem cells and minimal invasive technologies for
a faster rehabilitation and good long-term results in the therapy of articular cartilage
repair.
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