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Patients with focal cartilage defects in the knee can suffer
losses in quality of life that are as severe as those with end-
stage osteoarthritis.1 Effective treatment of focal articular
cartilage defects continues to present a clinical challenge.
Techniques including marrow stimulation, cell-based thera-
pies, autogenous and allogeneic osteochondral grafts, and
tissue-engineered constructs are current biologic strategies
for surgical treatment of defects in the knee.2–8 Long-term
success rates, availability, financial considerations, and logis-
tical hurdles are some of the factors associated with these
biologic strategies that limit their use. Synthetic (artificial)
osteochondral implants provide potential solutions to some
of these limitations in that they can be manufactured as
readily available, cost-effective, off-the-shelf implants of var-
ious size and shape to address the common needs in the knee,
ankle, and shoulder.

Synthetic (artificial) osteochondral implants have primarily
been metal prostheses used for hemiarthroplasty of the hip and
shoulder.9,10 However, use of a metallic inlay prosthesis for
treatment of focal femoral condylar cartilage defects was re-
ported to be associatedwith improvements in pain and function

scores for as long as 6 years in two small case series of middle-
aged, well-selected patients.11,12 To the authors’ knowledge, the
use of bilayered, synthetic osteochondral implants for treatment
of focal cartilage defects has only been previously reported in a
single canine study.13Although promising resultswere reported
for these implants, translation to clinical use in human patients
has not been realized to date.

On thebasis of the potential clinical applicability for synthetic
osteochondral implants for surgical treatment of focal articular
cartilagedefects in theknee,wedesigned a study to evaluate two
different synthetic osteochondral implants after implantation
into the femoral condyles of dogs. The objective of the studywas
to assess function, bone ingrowth and integration, and joint
pathology associated with the implants over a 3-month period
following implantation.

Materials and Methods

All procedureswere approved by the institution’s animal care
and use committee. Purpose-bred adult research dogs (n ¼ 6)
(mean body weight ¼ 21.0 kg) were used for this study. On
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Abstract This translational animal model study was designed to assess function, bone ingrowth
and integration, and joint pathology associated with two different synthetic, bilayered
osteochondral implants over a 3-month period after implantation into the femoral
condyles of dogs. SynACart-Titanium (n ¼ 6) and SynACart-PEEK (n ¼ 6) (Arthrex,
Naples, FL, and Sites Medical, Columbia City, IN) implants were press-fit into the lateral
or medial femoral condyle (alternating location) of purpose-bred adult research dogs.
Dogs were humanely euthanized 3 months after surgery and the operated knees were
assessed radiographically, arthroscopically, grossly, and histologically. Based on all
assessments, both types of implants were well tolerated and safe with no evidence for
infection, migration, or rejection. Half of the SynACart-PEEK implants showed radio-
graphic and histologic evidence of poor incorporation with all of these being in the
lateral femoral condyle. SynACart-Titanium implants were considered effective in terms
of integration into bone, lack of damage to surrounding and apposing articular cartilage,
and maintenance of implant integrity and architecture for the duration of the study.
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the day of implantation, dogs were premedicated, anesthe-
tized, and prepared for aseptic surgery of the right hindlimb.
The right stifle (knee) of each dog was exposed via lateral
parapatellar approach with lateral arthrotomy and medial
patellar luxation for access to both femoral condyles. Using
implant-specific instrumentation (Arthrex, Naples, FL) con-
sisting of an alignment guide, Beath pin and cannulated and
depth-controlled reamer, one 10-mm diameter � 8-mm-
deep socket was created in the weight-bearing portion of
each femoral condyle (►Fig. 1). Each socket was then im-
planted with one of two different synthetic osteochondral
implants using a tamped, press-fit technique. The synthetic
osteochondral implants used in this study were 10-mm
diameter � 8-mm-deep bilayered constructs consisting of a
surface (chondral) layer of polycarbonate urethane and a
bone ingrowth material (osteo layer) of BioSync-Titanium
(SynACart-Ti) (n ¼ 6) or BioSync-PEEK (SynACart-PEEK)
(n ¼ 6) (Arthrex and Sites Medical, Columbia City, IN). One
implant of each type was placed in each dog’s knee and
location was alternated between medial and lateral femoral
condyles. The surgical wound was closed routinely, postop-
erative radiographs were obtained, and a soft padded ban-
dage was placed on the operated limb and maintained for 24
hours after surgery. Analgesics were provided for a minimum
of 3 days after surgery. Dogs were allowed immediate weight
bearing and unrestricted activity in their individual kennels,
and enrichment activity in communal areaswas allowed after
skin suture removal (10 days postoperatively) and continued
twice daily for the duration of the study.

Dogs were humanely euthanized 3 months after surgery
and orthogonal view radiographs of the operated knees were
obtained. Radiographs were assessed by a board-certified
veterinary radiologist, blinded to implant type, to assess
implant positioning, socket and associated bone appearance,
and radiographic evidence of joint pathology. Arthroscopic
assessment of all operated knees was then performed by a

board-certified veterinary orthopaedic surgeon, blinded to
implant type and location, using standard technique to subjec-
tively evaluate the implants and document any associated joint
pathology.14,15 The operated knees were then carefully dis-
sected and disarticulated to grossly evaluate the implants and
all intra-articular tissues. The menisci were carefully removed
and the articular surfaces of the tibial condyles were painted
with India ink, washed after 60 seconds with tap water,
photographed, and examined for retention of ink.

For histologic assessments, the tibial and femoral condyles
were harvested, sectioned, and fixed in 10% buffered forma-
lin. After dehydration through a series of graded ethyl alcohol
solutions, femoral condyle sections including the implants
were embedded in polymethyl methacrylate and sectioned
(100 µm thick) using a diamond sawand grinder. The sections
were stained with Goldner trichrome and toluidine blue. The
tibial condyles were decalcified and processed routinely for
histologic assessment of hematoxylin and eosin and toluidine
blue stained sections. Two board-certified veterinary pathol-
ogists who were blinded to implant type and location as-
sessed the histologic sections for subjective determination of
the implants and responses of surrounding and apposing
cartilage and bone. Specific assessments with respect to the
implants included osteoconductivity and integration. Osteo-
conductivity was defined as the degree of definitive bone
ingrowth into the implants and was categorized as poor (<
25%), fair (25–50%), or good (> 50%). Integration was defined
as total tissue ingrowth into the implants in conjunction with
the presence or absence of associated necrosis, inflammatory
or immune cell response, or absence of tissue (interface gap),
and was subjectively categorized as poor, fair, or good.

Results

All implants were placed successfully and all dogs recovered
from surgery and were maintained for the intended duration

Fig. 1 Intraoperative images of instrumentation (alignment guide, Beath pin, and reamer) and SynACart-Titanium (left) and SynACart-PEEK
(right) osteochondral implants in the lateral and medial femoral condyles, respectively, of a dog.
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of study without noted complications. Immediate postopera-
tive radiographs showed appropriate placement of all im-
plants (►Fig. 2).

Radiographs obtained 3 months after implantation
showed evidence for very mild joint effusion in all joints
with no evidence for radiographic osteoarthritis such as
osteophytosis or joint space collapse. All implants appeared

unchanged with respect to location and orientation. All
SynACart-Ti implants showed radiographic evidence for inte-
gration into host bone with mild-to-moderate peri-implant
sclerosis noted for five of six (83%). Only three of six (50%) of
the SynACart-PEEK implants showed evidence for integration
into host bone and all of these were in the medial femoral
condyle. All SynACart-PEEK implants were associated with
moderate-to-severe peri-implant sclerosis with all of those in
the lateral femoral condyle showing severe sclerosis. The
three SynACart-PEEK implants in the lateral femoral condyle
showed radiographic evidence of socket expansion 3 months
after implantation (►Fig. 3).

Arthroscopic assessments performed 3 months after im-
plantation showed evidence of mild, focal synovitis in all
joints. No arthroscopic evidence for tibial or meniscal damage
was noted and no other pathologic changes were seen.
Visualization and palpation of the implants revealed mainte-
nance of implant location and orientation, lack of migration
or subsidence, and lack of appreciable changes to the archi-
tecture and surface characteristics of all implants. All im-
plants were felt to be stable on palpation with a blunt
obturator apart from one SynACart-PEEK implant in the
lateral femoral condyle of one dog, which could be slightly
“pistoned” in its socket. All implants were flush to 0.5 mm
proud to surrounding articular cartilage and no evidence for
significant peri-implant cartilage pathology was noted
(►Fig. 4).

Gross assessments of the operated joints showed evidence
of mild synovitis and fibrosis associated with the site of
arthrotomy and the fat pad in all joints. No cranial (anterior)
cruciate ligament, caudal (posterior) cruciate ligament, long

Fig. 2 Immediate postoperative anteroposterior radiographic view of
SynACart-Titanium (left) and SynACart-PEEK (right) osteochondral
implants in the lateral and medial femoral condyles, respectively, of a
dog’s knee.

Fig. 3 Anteroposterior radiographic views of the SynACart-Titanium (radiopaque) and SynACart-PEEK (radiolucent) osteochondral implants in the
femoral condyles of all six dogs in this study obtained 3 months after implantation.
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digital extensor tendon, patellar, trochlear groove, or tibial
articular cartilage, or meniscal damagewas noted in any joint
(►Fig. 5). India ink staining of the tibial condyles showed no
retention of ink. As noted arthroscopically, all implants were
flush to very slightly proud to surrounding articular cartilage
and were felt to be stable on palpation apart from one

SynACart-PEEK implant in the lateral femoral condyle of
one dog. All implants remained in place during sectioning.

Histologic assessments showed maintained integrity and
architecture of the surface (chondral) layer for all implants
with no evidence for delamination, pitting, fissures, or cracks
(►Fig. 6). The interface between implants and native articular
cartilage ranged from immediate abutment with no inter-
positional tissue (2 of 12) to small (< 1 mm) gaps with no
interpositional tissue (2 of 12) to small (< 1 mm) gaps filled
with interpositional fibrous-fibrocartilage tissue (8 of 12).
Peri-implant articular cartilage within the histologic sections
examined showed slight disruption at the implant interface
with mild loss of proteoglycan staining in some, but no other
apparent architectural, extracellular matrix, or cellular path-
ologic changes (►Fig. 7).

Osteoconductivity of the deep (osseous) layer of the implants
ranged from poor (2 of 12) to fair (5 of 12) to good (5 of 12).
Integration of the deep (osseous) layer of the implants ranged
from poor (1 of 12) to fair (2 of 12) to good (9 of 12). Marrow
fibrosis was noted subjacent to the implants in all sections
examined and ranged from mild (1 of 12) to moderate (9 of
12) to severe (2 of 12). All poor outcomes and severe marrow
changes were associated with SynACart-PEEK implants in the
lateral femoral condyle (►Fig. 8). Histologic assessment of the
tibial condyles showed no tominimal pathology.When present,
the pathologic changes consisted of mild loss of proteoglycan
staining and/or surface fibrillations. The most severe changes
were seen in the lateral tibial condyle in apposition with the
SynACart-PEEK implant with documented instability (►Fig. 9).

Fig. 4 Representative arthroscopic images of SynACart-Titanium (left) and SynACart-PEEK (right) osteochondral implants in the femoral condyles
of dogs in this study obtained 3 months after implantation.

Fig. 5 Representative gross images of SynACart-Titanium (left/lateral
femoral condyle in both images) and SynACart-PEEK (right/medial
femoral condyle in both images) osteochondral implants in the
femoral condyles of dogs in this study obtained 3 months after
implantation.
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Discussion

SynACart-Titanium and SynACart-PEEK bilayered, synthetic
osteochondral implants (10 mm diameter) were consid-
ered technically feasible for press-fit implantation into the
medial and lateral femoral condyles of research dogs. Based
on clinical, radiographic, arthroscopic, gross, and histologic
assessments, both types of implants were well tolerated
and safe with no evidence for infection, migration, or
rejection during the 3-month study period. Half of the
SynACart-PEEK implants showed radiographic and histo-
logic evidence of poor incorporation (severe sclerosis,
socket expansion, poor osteoconductivity, and/or integra-
tion) with all of these being in the lateral femoral condyle.
SynACart-Titanium implants were considered effective in
terms of integration into bone, lack of damage to surround-
ing and apposing articular cartilage, and maintenance of
implant integrity and architecture for the duration of the
study.

For both types of implants used in this study, lateral
femoral condyle implants were judged to have inferior out-
comes compared with those in the medial femoral condyle.
This is most likely related to the relative size and fit of the
implants for the canine lateral femoral condyle. In dogs, the
lateral femoral condyle has a more narrow axial–abaxial
dimension and smaller radius of curvature than the medial
femoral condyle. As such, the 10-mm diameter implants used
more closely matched the anatomy of the medial femoral

condyle, likely resulting in more favorable implant loading
and performance.

The degree of radiographic sclerosis and marrow fibrosis
noted for the majority of the implants is expected in associa-
tion with the synthetic materials used and altered subchon-
dral bone loading.Mild-to-moderate sclerosis and fibrosis are
not considered pathologic for this time point after implanta-
tion. However, the severe sclerosis and marrow fibrosis seen
in association with SynACart-PEEK implants in the lateral
femoral condyle was considered indicative of pathology. This
was supported by the histologic findings of poor osteocon-
ductivity and/or integration for these implants, as well as the
arthroscopic and gross findings of instability for the implant
with the most severe radiographic and histologic changes.
Thesefindings suggest that clinical outcomemeasures such as
radiographic imaging and arthroscopic assessments can be
used to determine implant status for longitudinal in vivo
studies.

Oka et al13 investigated alumina, titanium, and polyvinyl
alcohol (PVA) hydrogel-titanium fiber mesh osteochondral
implants in the femoral condyles of dogs for 8 and 24 weeks
after implantation. At both time points, these investigators
reported marked gross and histologic changes in apposing
tibial articular cartilage associated with all of the alumina and
titanium implants, which has also been reported for other
metal osteochondral resurfacing prosthesis.16–18 In contrast,
the bilayered PVA-titanium osteochondral implants were as-
sociated with only slight changes in apposing tibial cartilage,

Fig. 6 Representative photomicrographs of the surfaces of SynACart-Titanium (left) and SynACart-PEEK (right) osteochondral implants in the
femoral condyles of dogs in this study obtained 3 months after implantation (Goldner stain; original magnification � 1.25).

Fig. 7 Representative photomicrographs of the cartilage interfaces of SynACart-Titanium (left) and SynACart-PEEK (right) osteochondral
implants in the femoral condyles of dogs in this study obtained 3 months after implantation (Toluidine blue stain; original magnification � 1.25).
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and were reported to show abundant new bone ingrowth into
the pores of the titanium mesh by 8 weeks with further
lamellar bone remodeling at 24 weeks post-implantation.
However, a cyst-like gapwaspresent between the surrounding

normal articular cartilage and the PVA hydrogel at both time
points after implantation.

In the present study, consistent bone ingrowth was noted
for all SynACart-Titanium implants and surrounding articular

Fig. 8 Photomicrographs of the osseous layers of SynACart-Titanium (left) and SynACart-PEEK (right) osteochondral implants in the femoral
condyles of all six dogs in this study obtained 3 months after implantation (Goldner stain; original magnification � 1.25).
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cartilage was well preserved with no cyst-like gaps seen for
any of the implants. Tibial articular cartilage in apposition to
the implants also showed little to no pathologic change over
the 3-month study period, and no gross meniscal pathology
was noted. The surface (chondral) layer of all implants
showed no gross or histologic evidence for delamination,
pitting, fissures, or cracks. The chondral layer for SynACart
implants is composed of medical-grade polycarbonate-based
thermoplastic urethane (PCU) (ChronoFlex C; AdvanceSource
Biomaterials, Wilmington, MA) that was fabricated and
molded with mechanical interdigitation to the osseous base
(BioSync; Sites Medical, Columbia City, IN). The PCU surface
layer is designed to resist surface degradation and fissuring,
and has been reported to be biocompatible, chemically and
physically stable, and have excellent wear and bearing prop-
erties in vivo.19–21 The data from the present study suggest
that this material was effective in maintaining these charac-
teristics when used as a focal cartilage resurfacingmaterial in
the femoral condyle of dogs.

Limitations of the present study include the use of dogs
with normal knees, a single, short-term endpoint, and sub-
jective outcomes measures. In some ways, normal knees
provide a more challenging setting for assessing osteochon-
dral implants, in that even subtle changes to any facet of joint
health are recognizable.With the single, short-term endpoint
used in this study, wear characteristics of the implants cannot
be provided. From the present data, we can only state that
surface architecture of all implants was maintained with no
evidence for delamination, pitting,fissures, or cracks, and that
only focal, mild synovitis was noted 3 months after implan-
tation. While the outcome measures employed in this study
were subjective in nature, they covered a complete spectrum
of modalities from basic science assessments to clinically
relevant diagnostics, the investigators were blinded to im-
plant type, and results from each outcome measure corre-
sponded well with each of the others. So, despite these
limitations, this study provides novel and valid data regarding
the use of these bilayered, synthetic osteochondral implants
for treatment of femoral condylar defects in the knees of
research dogs.

In conclusion, the data from this study suggest that
SynACart-PEEK osteochondral implants require modification

and further assessment before clinical testing could be rec-
ommended. However, SynACart-Titanium bilayered, synthet-
ic osteochondral implants appear safe for clinical application
for treatment of focal cartilage defects in the femoral condyle.
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