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Abstract

Purpose It is unknown what causes donor site morbidity
following the osteochondral autograft transfer procedure or
how donor sites heal. Contact pressure and edge loading at
donor sites may play a role in the healing process. It was
hypothesized that an artificially created osteochondral
defect in a weightbearing area of an ovine femoral condyle
will cause osseous bridging of the defect from the upper
edges, resulting in incomplete and irregular repair of the
subchondral bone plate.

Methods To simulate edge loading, large osteochondral
defects were created in the most unfavourable weight-
bearing area of 24 ovine femoral condyles. After killing at
3 and 6 months, osteochondral defects were histologically
and histomorphometrically evaluated with specific atten-
tion to subchondral bone healing and subchondral bone
plate restoration.

Results  Osteochondral defect healing showed progressive
osseous defect bridging by sclerotic circumferential bone
apposition. Unfilled area decreased significantly from 3 to
6 months (P = 0.004), whereas bone content increased
(n.s.). Complete but irregular subchondral bone plate res-
toration occurred in ten animals. In fourteen animals, an
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incomplete subchondral bone plate was found. Further
common findings included cavitary lesion formation,
degenerative cartilage changes and cartilage and sub-
chondral bone collapse.

Conclusions Osteochondral defect healing starts with
subchondral bone plate restoration. However, after 6
months, incomplete or irregular subchondral bone plate
restoration and subsequent failure of osteochondral defect
closure is common. Graft harvesting in the osteochondral
autograft transfer procedure must be viewed critically, as
similar changes are also present in humans.

Level of evidence Prognostic study, Level IIL.

Keywords Donor site morbidity - Osteochondral
autograft transfer - Subchondral bone plate

Introduction

The osteochondral autograft transfer (OATS) procedure is
commonly used for resurfacing articular cartilage defects
[22, 25, 38, 39]. In OATS, the lateral and medial trochlea
[15, 16], femoral condyles [12, 13], as well as the interc-
ondylar notch [16] are common harvesting sites. Graft size
varies between 2.7 and 10 mm in diameter and up to
30 mm in depth [12, 13, 15, 16]. Through graft harvesting,
a full thickness osteochondral defect (OCD) is artificially
created in a healthy joint surface. Although small traumatic
OCDs do not cause many problems [25, 34], the defects
created through harvesting are considerably larger [12, 15].

Donor site morbidity [12, 13, 22, 26, 29, 37] is a fre-
quent complication following the OATS procedure.
Patients may present with pain, decreased knee function
and knee instability [12, 22, 26, 29, 37]. To minimize
donor site morbidity, investigators state to harvest
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osteochondral grafts from less or even non-weightbearing
areas of the femoral condyle [13, 17, 22]. However, bio-
mechanical studies have shown significant contact pres-
sures in all recommended donor sites of the human knee
[1, 8, 10, 35]. Surprisingly, little research has been per-
formed in the clinical outcome of these donor sites. Fol-
lowing graft harvesting, Valderrabano et al. [37] found that
donor site morbidity was associated with a discontinued
subchondral bone plate on MRIL

It is furthermore unknown how donor sites heal. An
animal study showed subchondral bone plate restoration
by circumferential osseous defect closure as a potential
mechanism [14]. The stimulus for such osseous bridging
could be increased edge loading at the weightbearing areas
[19], coupled to a physiological healing response guided by
Wolff’s law [4].

In the present study, the healing of full thickness
weightbearing ovine OCDs was investigated by comparing
these to the native situation. It was hypothesized that an
artificially created OCD in a weightbearing area of the
femoral condyle will cause osseous bridging of the defect
from the upper edges, resulting in incomplete and irregular
repair of the subchondral bone plate. In order to simulate
the effect of significant edge loading [1, 8, 10, 19, 35] on
osteochondral healing, the defects were specifically created
in the most unfavourable location in the weightbearing
portion of the femoral condyle.

Materials and methods

In this study, 24 skeletally mature female Merino-mix sheep
were used. All animal experiments were carried out
according to the policies and principles established by the
Animal Welfare Act, the NIH Guide for Care and Use of
Laboratory Animals and the National Animal Welfare
Guidelines. The experiments were approved by the local
legal representative. All operations were performed under
general anaesthesia and by the same surgeon. The sheep
were initially sedated with 0.5 g/50 kg bodyweight intra-
venously administered thiopental-sodium (Trapanal 2.5 g,
Altana Pharma Deutschland GmbH, Konstanz, Germany).
Anaesthesia was maintained by inhalation of 1.5% isoflu-
rane in 33% oxygen and 66% nitrogen. Analgesia was
provided by administering a 0.025 mg fentanyl bolus
(Fentanyl-Janssen, 0.5 mg, Janssen-Cilag GmbH, Neuss,
Germany) every 45 min for the entire duration of the
operative procedure. A single shot prophylaxis of 2.2 g of
amoxicillin and clavulanate (Augmentin 2.2 g, Glaxo-
SmithKline GmbH & Co Kg, Munich, Germany) was given
intra operatively. All sheep were operated on the left hind
limb. The knee joint was opened by an anteromedial
arthrotomy [2, 31]. In the weightbearing areas of the
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femoral condyles, OCDs were created using cylindrical
hollow punches (SDS®—System, Zimmer Germany
GmbH, Freiburg, Germany). The defects were evenly cre-
ated in the center of the lateral or the medial femoral con-
dyle. This was done to exclude any potential influence of
defect location.

The defects measured 10 mm in height and 8.3 mm in
diameter. The osteochondral autografts were thereafter
press-fitted in recipient sites on the contralateral condyle of
the same knee by using the OATS procedure. The results of
this OATS procedure have been previously reported by
Kleemann et al. [18].

The right hind limb served as intact native control.
Postoperative healing times were 3 and 6 months (n = 12
per time point). The killing of animals at 3 and 6 months
was specifically chosen as Jackson et al. at these time
points showed crucial changes in OCD healing, consisting
of bone resorption, articular cartilage and subchondral bone
collapse and cavitary lesion formation [14].

Postoperatively, the animals were allowed immediate
free movement. The general condition and the surgery
wounds were checked every day until the sutures were
removed at day 10.

After killing and exarticulation of the operated and
native hind limbs, the OCD and native areas were sawed in
sagittal plane. Care was taken to obtain a native sample
from a position, which resembled most the contralateral
operated area. One half of each sample was dehydrated and
embedded in methylmethacrylate (Technovit 9100, Kulzer,
Germany) and cut (Leica Microsystems Nussloch GmbH,
Nussloch, Germany) into 6-um-thick sections. The other
half was decalcified and embedded in paraffin and cut
(Leica Microsystems Nussloch GmbH, Nussloch, Ger-
many) into 4-pum-thick sections. The methylmethacrylate
was dissolved with methoxymethyl acetate, followed by
incubation in alcohol for rehydration. The samples were
stained with Safranin Orange/Van Kossa and Safranin
Orange/Fast Green. Paraffin sections were deparaffinized
in xylene, rehydrated in alcohol and afterwards stained
with tartrate-resistant acid phosphatase (TRAP) in order to
monitor bone remodelling activity.

Semi-quantitative histological evaluation was performed
on Safranin Orange/Van Kossa and Safranin Orange/Fast
Green samples under light microscopy (magnification 10,
20 and 50 fold). Cartilage and subchondral bone plate
repair (score A) was assessed by using a modification of
the score by Frenkel et al. [7] (Table 1), whereas sub-
chondral bone repair (score B) was assessed with a modi-
fication of the score by Mainil-Varlet [21] (Table 2).
Native samples received the full amount of points,
respectively, 27 and 9 for score A and B. The quantification
of osteoclasts was performed under light microscopy
(magnification 10-fold) in a region of interest (ROI),
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Table 1 Histological grading score A (cartilage and subchondral
bone plate repair)

Category (points)

Percentage fibrocartilaginous articular cartilage
80-100% (8)
60-80% (6)
40-60% (4)
20-40% (2)
0-20% (0)
Structural characteristics
Surface regularity
Smooth and intact (2)
Fissures (1)
Fibrillation, severe disruption (0)
Structural integrity
Normal (2)
Slight disruption, including cysts (1)
Severe lack of integration (0)
Cartilage thickness (% of surrounding normal cartilage)
100% (2)
50-100% or more (1)
0-50% (0)
Bonding to adjacent cartilage
Bonded to both sides (2)
Bonded to one side; partially bonded to both sides (1)
Not bonded (0)
Cellular changes of degeneration
Normal cellularity, no chondrocyte clustering (2)
Light hypocellularity, <25% chondrocyte clustering (1)
Moderate hypocellularity, >25% chondrocyte clustering (0)
Cellular changes of degeneration in adjacent cartilage
Normal cellularity, no chondrocyte clustering, normal staining
3
Normal cellularity, few chondrocyte clustering, moderate
staining (2)
Mild or moderate hypocellularity, slight staining (1)
Severe hypocellularity, many chondrocyte clustering, no staining
0
Reconstruction of the subchondral bone plate
Complete reconstruction (2)
More than 50% reconstruction (1)
50% or less reconstruction (0)
Connection between cartilage and subchondral bone
Fully and not interrupted (2)
<100% but >50% (1)
<50% (0)
Matrix staining (Safranin O)
>80% homogeneous positive staining (2)
40-80% homogeneous positive staining (1)
<40% homogeneous positive staining (0)

Total maximum points score A = 27

Table 2 Histological grading score B (subchondral bone repair)

Category (points)

Filling of defect area
91-110% (4)

76-90% (3)

51-75% (2)

26-50% (1)

<25% (0)

Lateral osseous integration
Bonded at both sides (2)
Bonded at one side, partially at both sides (1)
No bonding (0)

Basal integration
91-100% (3)

70-90% (2)

50-70% (1)

<50% (0)

Total maximum points B = 9

matching in size the original OCD [31]. TRAP-positive
cells with at least two nuclei which were situated on a bone
surface were counted as osteoclasts. The number of
osteoclasts was thereafter referenced to 50 mm?* of min-
eralized bone. The amount of tissue was obtained from the
image analysis program.

Samples stained with Safranin O/Van Kossa and Saf-
ranin O/Fast Green were digitally photographed and his-
tomorphometrically analysed using a Zeiss KS 400 image
analysis workstation (Carl Zeiss Vision, Oberkochen,
Germany). A computerized ROI, matching in size the ini-
tial OCD, was used in both groups and placed over the
digital photographs in order to standardize the analysis
procedure. Histomorphometric analysis consisted of quan-
tifying the amounts of mineralized bone and unfilled area
in percent of the total ROI area. The unfilled area was
defined as the area between the extrapolated curvature of
the recipient hyaline cartilage and the first tissue encoun-
tered below this curvature.

Statistical analysis

Statistical comparison of the operation procedure between
both groups and between time points was performed with
the Mann—Whitney U test. To compare grafted and native
samples within the same operation group and time variable,
the Wilcoxon test for 2 related samples was performed.
The level of significance was set at P < 0.05. Statistical
analysis was performed with SPSS 17.0 (SPSS Inc. Chi-
cago, USA).
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Results
Descriptive histological analysis

Healing in all samples after 3 and 6 months showed pro-
gressive circumferential bone apposition aimed at sub-
chondral bone plate restoration from the upper edges,
coupled to cavitary lesion formation and cartilage and
subchondral bone collapse. Degenerative changes, i.e.,
chondrocyte cluster formation and moderate staining
reflecting proteoglycan loss, were present in both repara-
tive and adjacent native cartilage.

Healing was characterized by chronological progression
in 4 stages (Fig. 1). After 3 months, stages 1, 2, 3 and 4
were represented 3, 3, 4 and 2 times, respectively; after
6 months, 0, 2, 2 and 8 times. Complete but irregular
subchondral bone plate restoration was found in ten sam-
ples (Fig. 2). In these stage 4 samples, the central area
showed an empty cavity (n = 3), a cavity lined by fibrous
tissue and a centrally placed cystic vacuolization (n = 3), a
cavity fully filled with fibrous tissue (n = 2) or a central
area almost totally filled with dense bone (n = 2). These
latter two samples without cavitary lesion formation cen-
trally showed fibrocartilage remnants and thus were not
fully filled with mineralized bone.

Histology and histomorphometry

While score A improved significantly from 3 to 6 months
(P = 0.004), score B did not. OCDs at both time points
showed significantly more osteoclasts than native samples
(P < 0.05). Whereas the evident increase (n.s.) in miner-
alized bone in the OCDs at 6 months resulted in a situation
similar to native, the significant decrease (P = 0.004) in
unfilled area did not (P = 0.002) (Table 3).

Discussion

The most important findings in the present study are that
OCDs heal with irregular and incomplete restoration of the
subchondral bone plate, native and reparative cartilage
degeneration, collapse of sclerotic subchondral bone and
cartilage, increase in the primary defect through osseous
erosion and the formation of a central cavitary lesion.
Similar changes were seen by Jackson et al. [14], Gott-
erbarm et al. [9] and Schlichting et al. [32].

Whereas at 3 months, 17% of the samples (2/12)
showed osseous defect bridging, at 6 months, this was 67%
(8/12). Furthermore, the decrease in unfilled area suggests
that the defects after 6 months were approaching the level
of the adjacent native cartilage. Although this implies
progressive subchondral bone plate restoration, Jackson
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et al. [14] after 1 year and Valderrabano et al. [37] after
72 months showed that incomplete subchondral bone plate
restoration is common.

Our findings show that healing following OCD creation
in weightbearing areas results in circumferential subchon-
dral bone plate restoration from the upper defect edges
[14, 20]. This was confirmed by the absence of bone for-
mation from the depth of the defect as previously described
by Jackson et al. [14], resulting in a cavitary lesion. It may
be speculated that subchondral bone plate restoration
results from a physiological, Wolff’s law driven process
under the influence of increased edge loading [4, 19].

Defect bridging, as previously shown by Duda et al. [6]
and in the present study, reflected by the improvement in
score A and the significant decrease in unfilled area from 3
to 6 months, most probably is carried out to restore the
normal biomechanical properties of the joint, preventing
adjacent cartilage overload [3, 19, 38]. Bone apposition is
aided by the formation of circumferential fibrous strands,
serving as a scaffold for pluripotent mesenchymal stem
cells [33] and subsequent osteoblasts [6]. Initially, there is
collapse of this newly formed circumferential subchondral
bone and articular cartilage [3, 9, 14], most probably due to
significant contact pressure [l, 8, 10, 35] and failed
peripheral bone support [14]. Progressive bone apposition
eventually results in an aperture through which synovial
fluid can enter, resulting in fluid pressurization [20, 25, 38].
Due to a local stress-shielding effect of the pressurized
fluid, net bone resorption occurs at the trabeculae sur-
rounding the fluid [5]. This explains the initial osseous
erosion and subsequent increase in the initial defect as seen
in our investigation and Jackson’s study [14]. In our study,
we found an increased amount of osteoclasts as a sign of
active bone resorption. As such, score B did not improve
from 3 to 6 months, despite the paradoxical increase in
mineralized bone due to bone sclerosis, which has also
been reported by Schlichting et al. [32].

In the study by Valderrabano et al. [37], at a mean
follow-up of 72 months, all 12 patients showed cavitary
lesions, but only half showed donor site morbidity. More-
over, donor site morbidity was associated with incomplete
subchondral bone plate restoration; 4 out of 6 patients with
donor site morbidity showed an discontinued subchondral
bone plate on MRI, whereas 5 out of 6 patients without
donor site morbidity showed an intact subchondral bone
plate. This stresses the importance of subchondral bone
plate regeneration following grafting [20, 23, 25, 27] and
suggests that loading of an incompletely formed but highly
innervated subchondral bone plate elicits pain [5, 20, 38].

Finally, cartilage degeneration [37] may also play a role
in donor site morbidity. The significant edge loading in
large OCDs [19] stimulates excessive bone formation [4]
and results in sclerotic subchondral bone plate restoration
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Fig. 1 Subchondral bone plate restoration stages. In these Safranin
O/Fast Green stained samples, mineralized bone and fibrous tissue
appear bluish green, whereas (fibro)cartilage appears red. Scale bars
represent the diameter of the initial osteochondral defect. a In stage 1
(n = 3), the defect was continuous with the synovial cavity, with no
signs of defect bridging. Notice the extensive (fibro)cartilage collapse
(white horizontal arrows) and erosion of bone outside the perimeters
of the initially created defect (black vertical arrows). b In stage 2
(n = 5), fibrous tissue bridging or minor circumferential subchondral
bone plate restoration was present. The main difference with stage 1
was the formation of fibrous strands in an attempt to partially close
the created defect (white vertical arrow). Again, collapse of
(fibro)cartilage (white horizontal arrow) and subchondral bone (white
arrowhead), coupled to osseous erosion (black vertical arrows), was

[14, 32]. An increase in bone density leads to mechanical
stiffening of the subchondral bone, causing increased
mechanical stress in the overlying articular cartilage [28].
This could explain the degenerative chondrocyte clustering

seen frequently. Already, the first signs of a central irregularly shaped
cavitary lesion were seen. This lesion was either empty or filled with
connective tissue. In some samples, central vacuolization of the
fibrous tissue was present. ¢ In stage 3 (n = 6), there was still inward
collapse of subchondral bone and (fibro)cartilage. Progressive
subchondral bone plate restoration was observed. Notice the evident
subchondral bone sclerosis (black arrowhead). The central cavitary
lesion, which was nearly closed, either was lined with fibrous tissue or
showing exposed bone. d In stage 4 (n = 10), there was complete
sclerotic osseous bridging of the defect, with mostly a concave
fibrocartilaginous articular surface, and a central cavitary lesion
which was either empty or filled with fibrous tissue. Again, cartilage
flow and subchondral bone sclerosis were present

[9, 14] and the formation of a degenerative zone of influ-
ence [14] in the adjacent, native cartilage.

As non-weightbearing areas in the knee do not exist [1,
8, 10, 35], research in how to enhance OCD healing is
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Fig. 2 Subchondral bone plate

restoration in stage 4 Safranin
O/Van Kossa stained samples.
Mineralized bone appears black,
and (fibro)cartilage and fibrous
tissue appear red. Scale bars
represent the diameter of the
initial osteochondral defect. The
subchondral bone plate was
characterized by irregular
restoration, compromised by
fibrocartilage flow (white

arrows), the underlying cavitary
lesion (black arrow) and
subchondral bone plate
advancement (arrowheads)

Table 3 Histological and histomorphometric results for the native and osteochondral defect (OCD) group

Time Group Histology Histomorphometry
(months) N - -
Score A Score B 0C’s Unfilled area Mineralized bone
3 Native 27* 9* 4 £+ 6 (0-18) 08§ 46.8 + 8.0 (36.4-58.3)
OCD 38434 (-1 1% 3.8+33(0-9 % 79+50(1-156)F 16.1 £ 13.5(2.0-41.7) 1, 25.3 + 184 (5.0-54.7)
6 Native 27* 9% 2 +4(0-11) 0§ 439 + 6.5 (37.1-56.2)
OCD 107 £62(1-22) +,f 42 +23(0-7)f 50+23(17-86) ¥ 3.1 +£2.2(0.8-7.1) 1, 37.4 £ 12.5 (16.5-53.4)

The amount of tissue is in percentage points of the region of interest. All data are displayed as mean + SD (range), unless otherwise specified.
Native samples received the maximum amount of points for score A and B (*). Native samples did not display any unfilled area (§). T P < 0.05
(difference in same group between 3 and 6 months). I P < 0.05 (compared to native)

advisable. The results of the present study suggest that this
might be by preventing subchondral bone plate collapse by
lowering edge loading through smaller diameter grafts
[11], coupled to enhancement of the subchondral situation
[25] in the form of scaffolds [24] to assist early articular
coverage and to prevent irregular subchondral bone plate
and cavitary lesion formation.

There are some limitations to our study design. First,
although the ovine model was chosen due to its similarities in
size, structure and reparative potential when compared to the
human knee [30], our results may not be entirely generalized
to humans. Second, we simultaneously performed an OATS
procedure in the same knee, which may have influenced
OCD healing. In humans, however, following a knee OATS
procedure, a similar situation exists. Finally, immediate
postoperative movement and subsequent weightbearing
might have negatively influenced OCD healing. However,
tibiofemoral joint contact forces in the quadruple sheep [36]
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are considerably lower than in humans. Also, by leaving one
hind limb intact, animals may to some extent unload their
operated limb [18]. This may resemble the clinical situation
more closely, as in humans, postoperative non-weightbear-
ing rehabilitation may be as short as 4 weeks [29, 37] and by
4 weeks, full recovery of the donor sites in humans has
probably not taken place [14, 37].

This study confirms the complex and long healing pro-
cess of large OCDs [14, 20, 25, 37]. Moreover, we found
similar deleterious changes as in harvest sites of patients
with concurrent donor site morbidity [37]. Therefore, in
our opinion, orthopaedic surgeons performing OATS must
critically consider the potential for degenerative changes
following graft harvest. In particular, as pain amelioration
is one of the main goals of the OATS procedure, caution
may be warranted when selecting patients with known risk
factors for donor site morbidity following OATS, such as
higher body mass index [26].
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Conclusion

Healing of the OCD donor site starts with restoration of the
subchondral bone plate. However, at 6 months, subchon-
dral bone plate restoration does not always result in closure
of an artificially created OCD in the weightbearing part of
an ovine femoral condyle. Moreover, subchondral cavitary
lesion formation, subchondral bone and cartilage collapse,
osseous erosion and degenerative changes in the reparative
fibrocartilage and adjacent native cartilage were common
findings. Osteochondral grafting in the OATS procedure
must therefore be viewed critically.
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