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the investigation. The experiment was approved by the
local legal representative (TVV33/04, State Directorate
Leipzig, Germany) and performed in accordance with the
guidelines of the European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other
Scientific Purposes.25

Two operations were performed in each animal. After
fasting for 12 hours, the animals were anaesthetised by
intramuscular administration of 11.0 mg/kg ketamine,
0.22 mg/kg xylazine and 0.02 mg/kg atropine.26,27 After
endotracheal intubation, anaesthesia was maintained by
continuous intravenous administration of ketamine
(8.25 mg/kg/h) and xylazine (0.165 mg/kg/h).28 Analgesia
was supplemented by fentanyl (0.1 mg bolus intravenously)

prior to surgery,29 and as needed during the operation. Dur-
ing anaesthesia, supplementary oxygen (flow: 8 l/min to
10 l/min) was given, and in the event of capillary saturation
falling below 90%, ventilation was assisted manually. The
knee joint was prepared in a standard sterile manner, the
medial condyle was exposed by a small parapatellar medial
arthrotomy, and the articular surface was assessed before
and after creating the defect.

A standardised circular osteochondral defect 7 mm in
diameter was created in the main load-bearing region of the
medial condyle, extending for 2 mm into the subchondral
bone (Fig. 1). First, a circular cartilage lesion 7 mm in diam-
eter was made with a tube harvester (Arthrex Inc., Naples,
Florida) without penetrating the subchondral bone. The

Fig. 1d

Photographs showing preparation of the defect. After marking the defect with a sharp tube (a), cartilage can be harvested by a
curette (b). Under guidance of the tube, the subchondral endplate is penetrated by a drill (c), resulting in an osteochondral defect
(d).
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cartilage was carefully excised manually down to the calci-
fied cartilage layer with a curette. Before drilling, and in
order to minimise damage to the perilesional cartilage, a
sharp tube was pressed on to the osteochondral border30 as a
guide for the 7 mm cylindrical flat-tipped drill (B. Braun
Melsungen AG, Melsungen, Germany). The depth of the
osteochondral defect was controlled by a custom-made drill
stop on the tube. There was bleeding at the base of the defect
in all cases.

A 1.8 mm diameter osteochondral biopsy specimen was
harvested 2 mm from the edge of the cartilage lesion of the left
knee in eight sheep using a 13-gauge Jamshidi bone marrow
biopsy needle (Cardinal Health Inc., McGaw Park, Illinois).

One month after the first operation, a second procedure
was performed (T1). The knee was opened in the manner
previously described and a 1.8 mm diameter biopsy speci-
men was obtained as before.

All the wounds were sutured and covered with a spray
bandage. The animals received metamizol (Novaminsulfon,
Ratiopharm, Ulm, Germany) as analgesia for the first seven
days. Immediately after operation, they were allowed to
move freely and bear weight fully without restriction. They
were monitored at all times by a veterinary surgeon. At three
months after the first operation eight animals were killed
(T3), a further eight after four months (T4) and seven after
seven months (T7) (Fig. 2).

At the time of the two operations and after killing, the
appearance of both the osteochondral lesion and the mar-
ginal area of the defect was rated according to the Interna-
tional Cartilage Repair Society Cartilage Injury Classificaton
(ICRS-CIC),31 and possible abnormalities within the joint
were documented.

The biopsy specimens of the perilesional cartilage of the
sheep were prepared as described below for the human tissue
samples. After removing the left femur, osteochondral cylinders
(15 × 15 × 15 mm) containing the defect and the surrounding
cartilage were obtained using a water-cooled precision-saw
(Exakt-Trennschleifsystem, Exakt Apparatebau GmbH,

Norderstedt, Germany), the tissue samples fixed in 4% buff-
ered formalin for one to three days. The specimens were then
decalcified in a 20% EDTA solution at pH 7.4 for 16 weeks.
They were then dehydrated in a graded series of ethanol,
embedded in paraffin, and sectioned at a thickness of 3 μm.
After dewaxing the slices, a described staining protocol for
Safranin O, haematoxylin and eosin (HE)32 was followed to
enable histological examination. In some cases an additional
toluidine blue staining was performed to provide better con-
trast. These two or three stains were necessary to enable pre-
cise histomorphological analysis of the biopsies.33,34

Histological scoring of the perilesional cartilage was under-
taken using the Mankin score35 and the ICRS Visual Histo-
logical Assessment Scale (ICRS-VHS).33

Human biopsies. A total of ten patients were recruited after
appropriate Institutional Board Review approval and giving
their informed consent. Inclusion criteria were age between
16 and 65 years, and radiological (MRI) evidence of a focal
grade IV osteochondral lesion, according to the ICRS classi-
fication, requiring arthroscopy.31 The presence of any carti-
lage lesion, including the size and the grade, was recorded.

The patients underwent diagnostic arthroscopy and rou-
tine exploration of the joint cavity. Abnormal findings were
recorded and graded using ICRS-CIC.31 The surgeon then
obtained a 1.8 mm diameter biopsy specimen as described
for the animal model above.36 Any relevant surgical thera-
peutic procedures necessary were then performed and
microfracture2 was undertaken.

The biopsy specimens were fixed in 4% buffered formal-
dehyde for a maximum duration of six to nine hours. After
fixation, decalcification using 20% EDTA pH 7.4 was
undertaken for at least 12 to 15 hours. Afterwards the
specimens were dehydrated, embedded in paraffin, and sec-
tioned at a thickness of 2 μm with a conventional micro-
tome. The sections were stained with Safranin-O, HE and
toluidine blue, and graded using the histological scoring sys-
tem described by Mankin et al,35 with reliability testing
according to van der Sluijs et al.37

Statistical analysis. Data were expressed as mean with SD,
their normal distribution being examined by the
Kolmogorov-Smirnov test and for homogeneity using
Levene’s test. For the animal model a Kruskal-Wallis test was
used for each parameter against time. If significant findings
were detected, the Mann-Whitney U test was applied for
data which were not normally distributed to selectively anal-
yse differences that were considered statistically significant if
the p-value was < 0.05. Correlations were calculated using
Spearman’s rank correlation coefficient, and the correlation
was considered significant for values of r > 0.05 and
p < 0.001. Statistical analysis was performed with SPSS 14.0
software (SPSS Inc., Chicago, Illinois).

Results
Animals. All animals tolerated anaesthesia and their surgi-
cal procedures well. Although some sheep limped for the
initial two to three days after operation, normal gait soon
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The scheme for assessment of the sheep with osteochondral defects.
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collected values at T4 and T7 showed no statistical differ-
ences from each other and from T3 (Table II).

The Mankin histological score and ICRS-VHS clearly
correlated with time (rMankin = 0.73, p < 0.01; rICRS-VHS =
-0.86, p < 0.01) as well as with each other (r = -0.82,
p < 0.01). Both scores correlated with the macroscopic
findings of the perilesional cartilage (Mankin: r = 0.60,
p < 0.01; ICRS: r = -0.67, p < 0.01) and especially of the
subchondral bone (r = -0.64, p < 0.01).
Human biopsies. Arthroscopic perilesional biopsies were
evaluated from ten patients at a mean of 7.6 months (0.5
to 24) after injury to the knee (Table III, Figs 5 F, 6 E and
F). None of the knees showed macroscopic signs of gen-
eralised osteoarthritis. No softening of cartilage was
found further away from the defects. After biopsy, har-
vesting and subsequent debridement, the borders of the
lesions were found to have stable tissue. Three patients
required meniscal surgery and one had reconstruction of
the anterior cruciate ligament. According to the Mankin
score, all specimens except one showed superficial fis-
sures in the radial layer. In one case superficial cartilage
was absent, but in none of the biopsies was the calcified
layer involved (Table I). All biopsies showed changes on
the cellular level, eight with occurrence of chondrocyte
clusters that were accompanied by initial hypocellularity
in one case. In all but one specimen, mild to moderate
reduction in the intensity of Safranin-O staining could be
seen, especially in the superficial third. No correlation
was found between size or time and the histological or
macroscopic scores.

Discussion
We are aware of no data in the current literature concern-
ing the evaluation of perilesional cartilage using estab-
lished classification systems. Our results correspond with
those of other studies in large animals, where staining and
proteoglycan loss, hypercellularity and cartilage necrosis
were observed in the edges of the defect.38-42 However,
because all the listed literature refers to the edges, it is dif-
ficult to determine to what extent these data apply to the
perilesional cartilage investigated in the present study.

Although the site of the defect showed increased filling,
the macroscopic appearance of the perilesional cartilage
in the animal model was dominated by spreading degen-
erative changes. Similar findings were described for osteo-
chondral defects with a diameter of 6 mm in goats.39,43

Histological evaluation of the perilesional cartilage indi-
cated clear signs of degeneration incorporating the sub-
chondral bone after only one month. These changes were
progressive at three months. However, the Mankin histo-
logical scores showed values corresponding only to rather
moderate cartilage damage. This is in accordance with
histological results described for comparable macroscopic
findings in the articular cartilage of sheep.44 At four and
seven months, no further significant progression of the
degeneration could be seen at the microscopic level, but
there was a tendency towards regression of matrix degen-
eration and a consistent excess of subchondral bone min-
eralisation. A possible explanation for this might be
mechanical stabilisation of the edges of the defect due to
its increasing filling.
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Fig. 4b

Histograms showing the results of the macroscopic evaluation of the perilesional cartilage (a) and the defect (b) using the International Cartilage
Repair Society Cartilage Injury Classification (ICRS-CIC) (error bars represent two standard errors).
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not affect the subchondral bone are difficult to stan-
dardise.7,33,43 With a depth of 2 mm, the described model
resembles a severe osteochondral injury. In clinical practice,
osteochondral lesions may not be the most frequent pattern
of injury, but they account for over 9% of all cartilage
lesions40 and therefore pose a substantial problem.

In this study we investigated the perilesional cartilage at
a distance limited to 2 mm from the defect, because for
ethical reasons it was not acceptable to harvest biopsies
further away in human knees. Another limitation was the
short follow-up of seven months. For future studies it
would be useful to address multiple sites in the joint and

include longer follow-up to see how quickly and how far
degenerative changes spread with time.

The perilesional cartilage in the ovine defect model
showed signs of chronic degeneration at one and three
months. These may be comparable with those seen in
cross-sectional human biopsies of chronic defects after
trauma. Data are provided for future research in tissue-
engineered cartilage substitutes and their regenerative
potential in a chronic setting. Further research may focus
on the question of whether the degeneration of the perile-
sional cartilage can be arrested or slowed by various tech-
niques of repair. As a period of four weeks corresponds to

Table I. Histological evaluation of the perilesional cartilage by the Mankin histological score35 (all values mean, SD)

Sheep

T0 (n =  8) T1 (n =  23) T3 (n =  8) T4 (n =  8) T7 (n =  7) Human

Mankin (SD) 0.5  (0.8) 1.3  (1.4) 5.1  (1.6*) p < 0.001 5.1  (1.9) 4.4  (2.6) 4.2  (2.0)
Structure (SD) 0.0  (0.0) 0.4  (0.5) 2.4  (0.7*) p < 0.001 2.4  (0.7) 2.3  (1.8) 1.2  (1.0)
Cellular abnormalities (SD) 0.1  (0.4) 0.5  (0.7) 1.5  (0.8*) p = 0.003 1.5  (0.8) 1.4  (0.5) 1.9  (0.7)
Matrix staining (SD) 0.4  (0.5) 0.4  (0.5) 1.3  (0.5*) p = 0.004 1.3  (0.5) 0.7  (0.5) 1.1  (0.7)

* indicates a significant difference to T1, p < 0.05 (animal model only)

Table II. Animal model. Histological evaluation of the perilesional cartilage by the International Cartilage Repair Society
Visual Histological Assessment Scale (ICRS-VHS)31 (all values mean, SD)

Sheep

T0 (n =  8) T1 (n =  23) T3 (n =  8) T4 (n =  8) T7 (n =  7)

ICRS-VHS (SD) 17.9  (0.4) 15.7  (1.6*) p < 0.001 9.1  (3.4†) p < 0.001 8.5  (3.1) 9.7  (4.2)
Surface (SD) 3.0  (0.0) 2.5  (1.2) 0.4  (1.1†) p = 0.02 0.0  (0.0) 0.4  (1.1)
Matrix (SD) 3.0  (0.0) 2.5  (0.5*) p = 0.03 1.9  (0.4†) p = 0.023 2.0  (0.0) 1.7  (0.5)
Cell distribution (SD) 2.9  (0.4) 2.8  (0.4) 1.6  (0.7†) p < 0.001 1.5  (0.8) 1.7  (0.5)
Cell population viability (SD) 3.0  (0.0) 3.0  (0.0) 1.8  (1.0†) p = 0.007 2.3  (1.0) 2.4  (1.0)
Subchondral bone (SD) 3.0  (0.0) 1.9  (0.3*) p < 0.001 0.9  (0.4†) p < 0.001 0.9  (0.6) 1.3  (0.5)
Cartilage mineralisation (SD) 3.0  (0.0) 3.0  (0.0) 2.6  (1.1) 1.9  (1.6) 2.1  (1.5)

* indicates a significant difference to T0 
† indicates a significant difference to T1, p < 0.05 (animal model only)

Table III. Data from human cartilage biopsies from the medial femoral condyle (n = 10)

Patient Gender*
Age 
(yrs)

Time trauma to surgery 
(mths)

Defect size 
(cm2) ICRS-CIC† Concurrent injuries‡

  1 M 22   0.5 5 4 None
  2 M 48   2 5.25 4 MM
  3 F 51   2 3 4 None
  4 M 49   3 4.5 4 None
  5 M 44   5 1 4 None
  6 F 49   5 1.5 4 MM
  7 M 45   9 4.5 4 None
  8 M 60 10 4 4 MM, LM
  9 M 61 15 0.25 4 None
10 M 17 24 2.25 4 ACL, MM

Mean (range) 44.6  (17 to 61)   7.6  (0.5 to 24) 3.1 (0.5 to 53) 4.0  (4.0 to 4.0)

* M, male; F, female
† ICRS-CIC, International cartilage repair society-cartilage injury classification
‡ MM, medial meniscus lesion; LM, lateral meniscus lesion; ACL, rupture of the anterior cruciate ligament
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the usual duration for cell culture of ACI as well as bone
marrow-based approaches,56 future pre-clinical investiga-
tions on both cartilage and osteochondral repair may be
performed on comparable chronic animal models.
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