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Abstract

Background: Osteochondral defects continue to be a clinical treatment challenge, and when left untreated, may
cause pain and functional impairment. Pyrolytic carbon is a unique isotropic biomaterial used in heart valve and
small joint replacements due to its excellent wear properties and biocompatibility with bone and articular cartilage.
Therefore, a proposed solution is to utilize a focal pyrolytic carbon hemiarthroplasty implant as an alternative
resurfacing treatment strategy for isolated cartilage lesions.

Methods: A canine model (n=9) was used to evaluate the in vivo histologic response and function of a pyrolytic
carbon implant replacing a full-thickness osteochondral defect in the medial femoral condyle (MFC) of the knee.
The gross appearance and histologic results were compared to an identical cobalt-chromium (Co-Cr) alloy implant
placed in a defect in the contralateral MFC and evaluated up to 52 weeks.

Results: Extensive bone incorporation to the stem portion was observed for both implant types. The total mean
histologic score for the cartilage of the MFC surrounding the pyrolytic carbon implants was significantly improved
compared to that of the Co-Cr alloy implants at all evaluation periods (p < 0.05). Histologic grading and gross
observations at 52 weeks for pyrolytic carbon implants were similar to those of Co-Cr alloy implants at 24 weeks.
At 24 weeks, the mean total histologic score for Co-Cr alloy implants was 11.6 +0.7 (0-16 range point; 16 = normal
appearance), while at 52 weeks, the mean total score for the pyrolytic carbon implants was 11.7 + 1.3. Mean total
histologic score of opposing medial tibia cartilage for the pyrolytic carbon implants was superior to that of the
Co-Cr alloy group at all evaluation periods and significantly improved over the Co-Cr alloy implant group at

24 weeks (p=0.001) and 52 weeks (p < 0.001).

Conclusions: Use of a pyrolytic carbon implant for reconstruction of a focal cartilage defect demonstrated effective
implant fixation and superior in vivo response compared to an identical Co-Cr alloy implant.
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Background

Osteochondral defects of the medial femoral condyle
negatively impact functionality of the knee. Symptomatic
lesions are generally painful and disabling, and can
progress to osteoarthritis when left untreated. Not only
is the repair tissue in a focal chondral or osteochondral
defect inferior to normal articular cartilage but the pres-
ence of defects can also damage the opposing meniscus
and tibial cartilage surface [1, 2].

Currently, there are several treatments available, which
depending on the goal of the intervention, may be
directed at relieving symptoms, regenerating tissue, or
repairing the defect. Arthroscopic debridement and
lavage alleviate symptoms but the long-term result for
the lesion is poor [1, 3—6]. Abrasion chondroplasty, sub-
chondral drilling, and microfracture have been shown to
regenerate tissue with acceptable results, but the result-
ing fibrocartilage lacks the strength, organization, and
biomechanics of normal articular cartilage [1, 7, 8].
Autologous chondrocyte implantation has produced good
to excellent outcomes, but the multi-step procedure in-
volves extensive rehabilitation, may not be appropriate for
older or heavier patients, and also carries a risk of donor
site morbidity [1, 9, 10]. In severe cases of osteoarthritis or
in cases where other regenerative or revision techniques
have failed, a total knee arthroplasty (TKA) is the most ef-
fective solution. However, total knee arthroplasty is a final
resort for many patients due to likelihood of revision sur-
geries (usually within 15-20 years) and associated morbid-
ity throughout the patient’s lifetime. For younger patients
with TKAs, revision surgeries are more likely due to in-
creased activity of younger patients which leads to greater
implant wear and reduced implant lifespan [11-14].

A proposed solution is a focal hemiarthroplasty implant,
intended for use as an alternative resurfacing treatment
strategy for isolated lesions in patients who are too young
for TKAs [1] or not good candidates for regenerative pro-
cedures. Focal hemiarthroplasty devices using pyrolytic
carbon [15], metal alloys [15, 16], polymer composites
[17], and ceramic composites [18] have been investigated
for a number of anatomical locations with varying results.
Several previous studies have shown that even when the
shape and design of the implant closely match the surface,
the implant material properties may be detrimental to the
opposing articular cartilage in the long-term due to
differences in elastic modulus [15, 19, 20]. A mismatch in
elastic properties contributes to higher stresses around the
implant-bone interface, which leads to bone loss due to
stress shielding, followed by bone resorption and implant
loosening [21, 22].

Wear of articulating surfaces can also be a major limiting
factor in arthroplasty and hemiarthroplasty. In the natural
joint, surface-active phospholipids (SAPL) and their major
component, dipalmitoylphosphatidylcholine (DPPC), have

Page 2 of 12

been found to possess remarkable capabilities in reducing
friction and are excellent anti-wear agents even under high
loads [23, 24]. Thus, researchers have identified that SAPL
acts as the active boundary lubricant in both natural and
artificial joints. A deficiency in SAPL, as in osteoarthritis,
results in sticking of the articulating surfaces [25]. Purbach
et al. [26] was the first to report on the presence of SAPL
on artificial joints. Analysis of total hip replacement
prostheses showed that sufficient SAPL was present
to form oligolamellar layers on the bearing surfaces,
suggesting that this layered structure of phospholipids
acts similar to lamellated solid lubricants and protects
the surface from wear.

Pyrolytic carbon has been shown to have superior
qualities for use in partial and total joint replacements
due, in part, to its similar elastic modulus to bone, which
reduces stress shielding [27]. Pyrolytic carbon also has
high strength, high fatigue resistance, and high wear
resistance even when subjected to cyclic loads [28-30].
Pyrolytic carbon has been shown to be biocompatible
with both hard and soft tissues, which is important for
minimizing host inflammatory response to an implanted
medical device [29, 31-33]. Studies have also shown that
DPPC has a high affinity for pyrolytic carbon, indicating
that SAPL will likely do the same [34, 35], thus effectively
lubricating and reducing the friction between cartilage
articulating against a pyrolytic carbon implant surface.

Experimental studies have been conducted using pyro-
lytic carbon as a hemiarthroplasty material. Cook et al.
[28] evaluated degeneration of acetabular cartilage
following implantation of proximal femoral hemiarthro-
plasties in dogs. The articulating surface of the femoral
component was composed of either pyrolytic carbon,
cobalt-chromium-molybdenum (Co-Cr-Mo) alloy, or
titanium alloy. Results indicated that native acetabulum
in articulation with pyrolytic carbon implants experi-
enced a lesser degree of joint degeneration and there
was significantly greater probability of cartilage survival
with articulation against the pyrolytic carbon implant
compared to the metal alloy implants. In an ost-
eoarthritis model, Kawalec et al. [15] examined the
histologic response to pyrolytic carbon and cobalt-
chromium (Co-Cr) alloy hemiarthroplasty implants in
the lateral femoral condyle of the knee in beagle dogs
compared to an untreated cartilage control group. To
simulate degeneration and loss of cartilage associated
with osteoarthritis, Kawalec et al. created an osteochon-
dral defect on the opposing lateral surface of the tibial
plateau that articulated with a pyrolytic carbon device, a
similar Co-Cr device, or the native condyle cartilage. Re-
sults showed no evidence of adverse inflammatory re-
sponse, and fibrocartilage regeneration in 86% of knees
treated with the carbon implants but only in 25% of
metal implants. Improved fibrocartilage regeneration
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was attributed to the more “normal” biomechanical con-
dition of the bone-carbon articulation than the bone-
metal articulation.

The objective of this study was to use a canine model
to evaluate the in vivo histologic response and function
of a pyrolytic carbon implant in the medial femoral
condyle of the knee and to compare the results to those
obtained using an identical Co-Cr alloy implant.

Methods

Test devices

The device used in this study was a weight-bearing,
cementless, single-component articular implant fabri-
cated from either pyrolytic carbon or Co-Cr alloy and
designed for implantation in the medial femoral condyle
of the study animals (Fig. 1). The devices had an articu-
lating surface with a 6-mm diameter and 11-mm radius
of curvature. The stem was tapered with a series of four
grooves, and the total height of the device was 12.35 mm.
The pyrolytic carbon implants were machined from
graphite with a pyrolytic carbon coating applied in a fluid-
ized bed reactor. The implants stem surface had the as-
deposited pyrolytic carbon material, while the articulating
surfaces were polished to less than 2 pin. The articulating
surfaces of the Co-Cr alloy implants were also polished to
less than 2 pin. and the stem portion had a grit-blasted
surface. The choice of a Co-Cr alloy analogous implant to
the pyrocarbon implant was made based on currently
available similarly functioning clinical implants such as
the Co-Cr alloy HemiCAP device (Arthrosurface Inc.,
Franklin, MA) and the characterization of Co-Cr as a con-
trol articular implant in the literature in this application
[15, 16] and in a similar articular joint application [28].

Experimental design

Nine adult male beagle dogs, 1.6 + 0.1 years of age, were
used in the study (12.8 + 2.2 kg). The study was under-
taken after receiving approval from the In-Life Facility’s

Fig. 1 Pyrolytic carbon (left) and Co-Cr alloy (right) implant devices
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IACUC committee for all animal care and procedures.
The animals were assigned to the following evaluation
periods: 12 weeks post-surgery (n=3), 24 weeks post-
surgery (n = 3), and 52 weeks post-surgery (n = 3).

Surgical procedure and radiographic evaluation

All animals underwent bilateral implantation of the de-
vices in the medial femoral condyle (pyrolytic carbon in
one knee and Co-Cr alloy in the other, Fig. 2). Under ster-
ile conditions, the medial capsule of the knee joint was
approached through a median parapatellar incision. The
medial retinaculum was partially released to dislocate the
patella and the knee flexed to expose the medial femoral
condyle. After exposure, a tapered defect representative of
a grade IV cartilage lesion was produced using a series of
custom guides and drills. The implant was then seated
into the surgically created osteochondral defect site, using
custom insertion instruments to ensure device alignment
and surface continuity of the implant and articular surface.
Anterior-posterior (AP) and lateral radiographs of the
joint were taken immediately before and after surgery and
at 6, 12, 24, and 52 weeks postoperative. Animals received
tramadol (Ultram, 25 mg/dog, BID, oral) from day 1 to 5
(day 0=surgical day) for management of postoperative
pain. Animals received buprenorphine (0.01 mg/kg, intra-
muscular or subcutaneous (SC)) as deemed appropriate
by the attending veterinarian to control moderate to se-
vere pain. Acepromazine (0.2 mg/kg, SC) was adminis-
tered as needed to minimize distress and improve
anesthetic recovery.

Lameness evaluation

A single, blinded observer recorded the extent of lame-
ness to each knee joint using a numerical grading scale
modified from Paradis et al. [36]. A lameness score of 0
was given if the animal could stand, walk, and trot nor-
mally; 1, if they stood normally and had a slight algetic
gait; 2, if they stood abnormally and had a slight algetic
gait; 3, if they stood normally and had an evident algetic
gait; and 4, if they stood abnormally and had an evident
algetic gait. Evaluations were performed once every
3 days during the first three postoperative weeks and
then once at each radiograph interval (6, 12, 24, and
52 weeks postoperative).

Gross necropsy

Immediately following sacrifice, knee joints were har-
vested and contact radiographs taken. Harvested joints
were grossly assessed for observations of the articular
surfaces and surrounding cartilage, meniscus, and
synovial joint tissues, as well as any discoloration or
degenerative changes of the surrounding cartilage and
discoloration of the synovial fluid.
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Fig. 2 Inter-operative photograph of placement of pyrolytic carbon (a) and Co-Cr (b) implants in the medial condyle

J

Histology of medial femoral condyle cartilage and
observation of bone-implant interface

Following gross evaluation, specimens for histology were
fixed in 10% formalin and dehydrated in graduated ethyl
alcohol solutions. Specimens were then embedded in
methyl methacrylate monomer, allowed to polymerize,
and sectioned in the sagittal plane central to the
implant’s long axis. Three centermost ground sections
relative to the condyles were obtained, mounted, and
ground/polished to approximately 50 pum thick. Sections
were stained with Paragon. Microradiographs of the final
sections were made using high-resolution Faxitron film
(Industrex, Carestream). Undecalcified histologic sections
were assessed using a semi-quantitative grading scale
(Table 1), adapted from histologic assessments made by
Kirker-Head et al. [16]. The percentages of bone contact,
soft tissue contact, and void space contact with the im-
plant were measured via digital images taken at x2 (Nikon
DXM1200) and image analysis software (Image-Pro Plus,
Media Cybernetics).

Tibial articular cartilage evaluation

Medial and lateral tibial plateaus with intact menisci
were collected and processed using decalcified paraffin-
embedded techniques. Each specimen was sectioned into
medial, central, and lateral blocks. From each block,
three serial sections (5 um thick) were obtained and
stained with H&E, toluidine blue, and safranin O/fast
green. Medial sections were examined using a modified
ICRS-Histological Visual Scale [37], which was modified
to reflect changes to existing hyaline cartilage by the
presence of an articulating implant (Table 2). Lateral
sections were observed as comparative controls for
cartilage and staining.

Statistical methods

The pyrolytic carbon and Co-Cr alloy devices were
evaluated as pair-wise, within-animal comparisons.
Descriptive statistics of histologic data were calculated. All

quantitative data were initially screened for statistical out-
liers, defined as data points with z-scores of 3.0 or greater.
Analysis of variance (ANOVA) was used to determine the
effect of the experimental group (pyrolytic carbon and
Co-Cr alloy) and postoperative time (12, 24, and 52 weeks).
Non-parametric ANOVA was used to determine the effect
of the experimental group and postoperative time on the
histologic scores (Kruskal-Wallis test [38]). Significance (*)
was defined as p <0.05. Data are presented as mean +
standard deviation.

Table 1 Histology grading scale (modified from Kirker-Head et al.
[16]) used in evaluation of medial femoral condyle cartilage

Feature Score

I. Adverse inflammatory response (0-3)

None
Slight
Moderate
Severe

O =N W

Il. Cartilage matrix flow over implant (0-3)

None

Slight, one side
Slight, both sides
Significant

O =N W

Il Implant-bone apposition (0-3)

Extensive
Moderate
Some
None

O =N W

IV. Medial femoral condyle cartilage-implant
interface (0-3)

Intact, normal

Intact, cellular changes
Moderate disruption
Severe disruption

O =N W

V. Medial femoral condyle cartilage (0-3)

Normal

Some changes, one side
Some changes, both sides
Significant degeneration

O =N W

Total score (0-15)




Salkeld et al. Journal of Orthopaedic Surgery and Research (2016) 11:155

Table 2 Histology grading scale (modified from Mainil-Varlet et al.
[37]) used in evaluation of medial menisco-tibial articulating tissues

Feature Score

. Surface (0-3)

Smooth and continuous
Slight irregularities
Moderate irregularities
Discontinuous and irregular

. Matrix (0-3)

O =N W

Hyaline

Mixture of hyaline and fibrocartilage
Fibrocartilage

Fibrous tissue

. Cell distribution (0-3)

o =N W

Columnar

Mixed columnar and clusters
Clusters

Individual cells, disorganized

SO —= N W

IV. Cell population viability (0-3)

Intact-normal
Intact-cellular changes
Moderate disruption
Severe disruption

O = N W

V. Cartilage thinning/erosion, loss of stain (0-3)

Normal

Loss of staining
Thinning
Severe erosion

VI. Subchondral bone (0-3)

O =N W

Normal

Active remodeling

Severe bony changes

Bone necrosis and/or granulation tissue

VII. Mineralization (0-3)

O =N W

Normal

Slight changes

Moderate changes

Abnormal, inappropriate flocculation

VIII. Meniscus (0-3)

[@RE NSV

Normal

Slight changes
Moderate disruption
Severe disruption

Total score (0-24)

o =N W

Results

Surgical procedure, lameness evaluation, and
radiographic evaluation

All animals tolerated the procedures well, had uneventful
recoveries, and remained in good health until time of
sacrifice. Within 4 weeks postoperative, all animals were
ambulatory without evidence of lameness or impairment,
and had normal stance bilaterally without evidence of
non-weight bearing or pain during walking. Lameness
scores did not exceed a grade of 2 (generally noted bilat-
erally), and evidence of slight lameness did not persist
beyond week 3. One animal had three occurrences of right
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hindlimb lameness (Co-Cr alloy implant) at 14, 17, and
25 days postoperative, in which the contralateral hindlimb
(pyrolytic carbon implant) was normal.

Review of postoperative radiographs showed adequate
placement of all implants (Fig. 3). There was no radio-
graphic evidence of loosening of the implants during the
course of this study. Radiolucency around the pyrolytic
carbon implant was the result of the radiolucent pyro-
lytic carbon coating thickness, and this was accounted
for in the observations.

Gross necropsy

At 12 weeks, gross observations (Fig. 4) of the pyrolytic
carbon implanted knees showed no evidence of articular
cartilage damage or color change; no joint capsule hyper-
trophy, osteophyte formation, or meniscal changes related
to the implant; and normal appearance of the synovial
fluid. Gross observations of the Co-Cr alloy implanted
knees showed no evidence of articular cartilage damage,
one instance of opaque articular cartilage, two instances of
joint capsule hypertrophy, one instance of osteophyte for-
mation, and one instance of mild degeneration/streaking
and thin, translucent appearance of the medial meniscus.

At 24 weeks, observation of the pyrolytic carbon im-
planted knees revealed one knee with moderate degener-
ation of the cartilage and minimal changes to the medial
tibial plateau. For the Co-Cr alloy implanted knees, two
had minimal fibrillation/degeneration of the cartilage on
both the medial femoral condyle and medial tibial plat-
eau surfaces, one with slight opacity changes in the ar-
ticular cartilage, one with a thickened joint capsule, one
osteophyte presence, one medial meniscus with mild de-
generation/streaking, and no finding related to the gross
appearance of the ligaments.

At 52 weeks, two of the pyrolytic carbon implanted
knees had moderate degenerative changes of the cartilage
on the medial femoral condyle with no changes on the
medial tibial plateau surfaces and both had slight opacity
changes to the articular cartilage. An osteophyte was
present on one knee with mild streaking on the rim of one
medial meniscus. All ligaments appeared normal. For the
Co-Cr alloy implanted knees, one knee had moderate fib-
rillation/degeneration of the cartilage on both the medial
femoral condyle and the medial tibial plateau surfaces and
the articular cartilage was discolored. One knee had a
thickened joint capsule with hypertrophy of the lateral col-
lateral ligaments, two knees had condylar osteophytes, and
one knee had a medial meniscus with evidence of moder-
ate degeneration and a thinned, translucent appearance.

Histology of medial femoral condyle cartilage and
observation of bone-implant interface

Histologic grading of the medial femoral condyle tissues
showed that no significant inflammatory response was
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Fig. 3 Postoperative radiographs: pyrolytic carbon (top) and Co-Cr (bottom) implants at 12 weeks (a, d), 24 weeks (b, ), and 52 weeks (¢, f)

observed to either implant material at any evaluation
period. The scores for the amount of cartilage flow over
the implant (Fig. 5a) and the degree of implant-bone
apposition (Fig. 5b) showed no significant differences
between the two groups at any time point (Fig. 6). The
mean implant-cartilage interface score for the pyrolytic
carbon group was significantly improved compared to
that of the Co-Cr alloy group at all time points (p < 0.05)
(Fig. 5¢). Histologic sections at 52 weeks postoperative
demonstrated excellent maintenance of the host
cartilage-implant interface with minimal cellular and
mechanical changes present for the pyrolytic carbon

implant, while significant cellular changes with loss of
matrix staining was observed for the Co-Cr alloy im-
plant at and near the host cartilage-implant interface
(Fig. 7). The mean cartilage morphology score for the
pyrolytic carbon group was significantly improved com-
pared to that of the Co-Cr alloy group at 24 and
52 weeks (Fig. 5d). Overall, the mean total score of the
pyrolytic carbon group was significantly improved over
that of the Co-Cr alloy group at all evaluation periods
(p <0.05) (Fig. 8). Histologic grading and observations at
52 weeks for pyrolytic carbon implants were similar to
those of Co-Cr alloy implants at 24 weeks. At 24 weeks,
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Fig. 4 Gross appearance of pyrolytic carbon (left) and Co-Cr alloy (right) implants at 12 weeks (a, b), 24 weeks (c, d), and 52 weeks (e, f)

the mean total score for Co-Cr alloy implants was
11.6 + 0.7, while at 52 weeks, the mean total score for
the pyrolytic carbon implants was 11.7 £ 1.3.

There were no significant differences (paired ¢ test,
p > 0.05) observed between the two test groups regarding
the quantitative measurements of mean percent bone con-
tact (p = 0.617), percent soft tissue contact (p = 0.470), and
percent void space at the implant interface (p =0.964)
(Table 3).

Tibial articular cartilage evaluation

Opverall, the pyrolytic carbon implant group had superior
histologic appearances for the medial tibia articulating
surface over that of the Co-Cr alloy implant group at all
evaluation periods (Fig. 9). In most pyrolytic carbon
sections, the cartilage surface appeared normal with

minimal mechanical damage or cellular changes. Isolated
areas of cell clusters with early mechanical changes were
observed in limited sections (Fig. 9, top right). Loss of
matrix staining was observed for most Co-Cr alloy
sections with cellular changes present, as well as mech-
anical damage at the cartilage surface (Fig. 9, bottom
right). There was no significant difference in scores at
12 weeks; however, mean total histologic scores of the
tibial articular cartilage were significantly improved at
24 weeks (p=0.001) and 52 weeks (p <0.001) for the
pyrolytic carbon implant group (Fig. 10). Regarding
within-animal paired comparison at 52 weeks, pyrolytic
carbon was superior to Co-Cr alloy in all subcategories
(p < 0.05). In eight of nine paired comparisons, the over-
all histologic score of the tibial surface was superior for
the pyrolytic carbon implant side than the Co-Cr alloy
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Fig. 6 52-week histologic sections: microradiographs of pyrolytic carbon (top) and Co-Cr alloy (bottom) implants. Note radiolucent pyrolytic carbon

coating surrounding radio-dense substrate (x2)
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Fig. 7 52-week sections of a pyrolytic carbon (left) and Co-Cr alloy (right) implant. Toluidine blue, basic fuchsin, magnification: x2

side, with no statistically significant difference in the
remaining comparison pair.

At 12 weeks, changes were primarily observed in the
cellular morphology of the tibial cartilage, while structural
changes were noted at both 12 and 52 weeks. Occasional
loss of columnar orientation with cell clusters and loss of
cell viability were observed at 12 weeks, as well as some
loss of matrix GAG staining. At 24 weeks, cartilage
surface changes were first observed with moderate irregu-
larities, particularly for the Co-Cr alloy implants. Degen-
erative changes occurred to a lesser extent in the pyrolytic
carbon group. Histologic scores decreased significantly
from 12 to 24 weeks for both implant materials, with a
greater decrease for the Co-Cr alloy group from 20.3 + 2.3
to 16.2+2.8 (p<0.0001) than for the pyrolytic carbon
group which decreased from 21.3+1.9 to 19.0 +2.4
(p =0.0005). Mean total histologic scores stabilized at
52 weeks compared to the earlier evaluation periods.
The mean total histologic score of the pyrolytic car-
bon implants was significantly improved compared to
that of the Co-Cr alloy specimens (p<0.001) with
mean total histologic scores of 21.9+1.0 and 16.7 +
4.3, respectively. Histologic appearances of the tibial
cartilage and meniscus at 52 weeks were similar to

those at 24 weeks for each respective implant
material.
Average Total Score:
15-point revised Kirker-Head grading scale
16.0 = ™
¥
£ 10 ™
2120
=
=
2100 [ el —
5 g0 OCo-Cr alloy implant
<
§ 6.0 m Pyrolytic carbon implant
=
2 40 = - -
-
g 20
0.0 +— ‘
12wks 24 wks S52wks all wks
Fig. 8 Mean total histologic scores for MFC cartilage. Significance,
p < 0.05%

Discussion

This study demonstrated that a pyrolytic carbon hemiar-
throplasty implant material was superior to identical
Co-Cr alloy implants. Less cartilage degeneration was
observed in the cartilage adjacent to and in the vicinity of
the pyrolytic carbon implants compared to the Co-Cr
alloy implants in the medial femoral condyle at all evalu-
ation periods. Surface cartilage wear, degradation, and
cellular change were reduced when articulating against
the pyrolytic carbon implants. In particular, changes in the
tibial cartilage observed for the pyrolytic carbon group at
52 weeks were seen as early as 12 weeks for the Co-Cr
alloy group. Both implant groups achieved a similar
degree of direct bone-implant apposition at 12, 24, and
52 weeks.

The concept of a minimally invasive hemiarthroplasty
for the treatment of focal osteochondral knee defects of-
fers the advantages of reduced pain, a shorter hospital
stay, and increased range of motion. Hemiarthroplasty
also preserves bone stock, allowing for future revision or
total joint replacement, if needed. While most devices
require replacement of the opposing tibial articular sur-
face, the device in this study does not and is comparable
in concept to the current marketed device that requires
resurfacing of only one articular surface—the HemiCAP
(Arthrosurface Inc., Franklin, MA).

Table 3 Quantitative measurements of histologic parameters at
the bone-implant interface

Bone contact  Soft tissue contact  Void space
(%) (%) (%)

Co-Cr alloy (n=9) 345+159 13.7+£121 518+9.2
12 weeks (n=3) 278+59 12.7+80 5905+47
24 weeks (n=3) 358+122 152+ 166 490+638
52 weeks (n=3) 399+268 133+156 469+114

Pyrocarbon (n=9) 302 +204 174+116 5244192
12 weeks (n=3) 208+63 206+ 163 585+53
24 weeks (n=3) 455+113 171+78 375+75
52 weeks (n=3) 245+313 144+195 613+210

p value (paired t test) 0617 0470 0.964
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Fig. 9 Tibia cartilage surfaces articulating against pyrolytic carbon (top) and Co-Cr (bottom), 52 weeks. X2 (left), x10 (right)
A\

The HemiCAP consists of a bone fixation element and
an articular component connected by a Morse taper.
The bearing surface is Co-Cr-Mo alloy with titanium
plasma spray on the underside for bone ongrowth. The
biological and functional response of the HemiCAP was
investigated in goats [16]. Radiologically, there was no
evidence of implant failure or loosening nor any gross
degenerative changes. Histological analysis showed new
trabecular bone abutting the implant in all specimens at
1 year postoperatively. The medial femoral condyle
cartilage lateral to the implant was fibrocartilage-like,
whereas it was hyaline cartilage-like medial to the
implant [16]. Histologic examination of the proximal
tibia cartilage surface opposing the HemiCAP implant
was characterized by the presence of fibrillations, similar
to those observed in this study for the Co-Cr alloy
group. Given its high fatigue and high wear resistance,
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Fig. 10 Mean total histologic scores for the medial menisco-tibial
surface. *Significance, p < 0.05

biocompatibility, reduced elastic modulus, and propensity
for SAPL adhesion to form a boundary lubricant, pyrolytic
carbon offers the potential for improved clinical perform-
ance of implants for this partial joint resurfacing applica-
tion compared to Co-Cr alloy.

One of the limitations of the surgical model used is
that the implants were placed in a joint that was not
truly arthritic. The implants were placed in a joint at the
same time that the defect was made. This study also did
not include control groups with osteochondral defects
that were left untreated or, as previously stated, defects
that were left untreated for a substantial period of time
prior to implantation. It is important to note that it has
been shown that untreated osteochondral defects result
in deterioration of both the adjacent cartilage and the
opposing cartilage on which it articulates [15].

In a study comparing the results of untreated critical-
size cartilage defects in the medial femoral condyle of
goats with defects treated with oxidized zirconium or Co-
Cr small hemiarthroplasty implants after 52 weeks, 13 of
16 analyzed implants showed good osseointegration and
high bone-implant contact (40-60%) [39]. Previous rabbit
studies showed similar bone-implant contact percentages,
ranging from 36 + 4% [40] to 47.5 + 4.7% [41]. The present
study had comparable bone-implant contact with a mean
of 34.5 +15.9% for the Co-Cr alloy implants and 30.2 +
20.4% for the pyrolytic carbon implants.

Although fibrillation was rarely seen by Custers et al.
[39], a previous study involving fixation of pyrolytic carbon
and titanium implants in mongrel dogs showed moderate
fibrillation of the opposing cartilage surface by the pyrolytic
carbon implant and severe fibrillation by the titanium
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device at 12 months [42]. In the present study, no changes
on the medial tibia plateau surface opposing the pyrolytic
carbon implant were observed, but moderate fibrillation of
the opposing tibia cartilage surface was observed for one of
the three knees treated with Co-Cr alloy implants at
52 weeks. In another study by Cook et al. [28] using hip
endoprosthesis in a canine model, areas of wear were much
less extensive in animals with pyrolytic carbon devices, and
there was significantly less fibrillation of opposing cartilage
seen with the pyrolytic carbon implants compared to both
Ti-6Al-4V and Co-Cr-Mo alloy devices (all p <0.0075).
Based on the direct comparison of pyrolytic carbon to
identical metal alloy implants, it is hypothesized that the
improved performance of pyrolytic carbon devices results
from reduced material elastic modulus, as well as lower
surface energy and the non-adhesive nature of the pyrolytic
carbon surface [43]. In addition, the high affinity of SAPL
to the surface of pyrolytic carbon assists in the formation
of a boundary lubricant for reduced wear and friction
during articulation [34, 35] which could contribute to the
improved outcomes on the opposing cartilage surface.

Another limitation to this study is the small number
of animals, which may skew statistical elements. How-
ever, bilateral surgery allows for intra-animal pair-wise
comparison and therefore a reduced number of animals
needed for the study. It also allows a direct comparison
of the two implant materials. Studies performed in a
larger sheep model comparing pyrolytic carbon implants
to a chondroplasty control group are underway.

Conclusions

In summary, the use of pyrolytic carbon as a hemiar-
throplasty implant material was shown to be superior to
Co-Cr alloy, which is the material that is currently being
used in a marketed clinically available hemiarthroplasty
knee device. Less degeneration was observed in the
cartilage adjacent to and in the vicinity of the pyrolytic
carbon implants compared to the Co-Cr alloy implants
in the medial femoral condyle at all evaluation periods
out to 1 year. There was also less wear, degradation, and
cellular changes of the tibial cartilage surface when
articulating against the pyrolytic carbon implants.
Changes in the tibial cartilage observed for the pyrolytic
carbon group at 52 weeks were seen as early as 12 weeks
for the Co-Cr alloy group. Again, larger sheep models
comparing a clinical pyrolytic carbon device to control
chondroplasty-treated defects are underway.

Abbreviations

ANOVA: Analysis of variance; AP: Anterior-posterior; Co-Cr: Cobalt-chromium; Co-
Cr-Mo: Cobalt-chromium-molybdenum; DPPC: Dipalmitoylphosphatidylcholine;
MFC: Medial femoral condyle; SAPL: Surface-active phospholipids; TKA: Total knee
arthroplasty

Acknowledgements
None

Page 11 of 12

Funding
This work was supported by the Joe W. and Dorothy Dorsett Brown Foundation.

Availability of data and materials
The datasets during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
All authors participated in the surgery, contributed to the manuscript
preparation, and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable

Ethics approval
This study received approval from the In-Life Facility's IACUC committee for
all animal care and procedures.

Author details

1Fellovvship of Orthopaedic Researchers, 320 Metairie Hammond Highway,
Suite 406, Metairie, LA 70005, USA. “Department of Sports Medicine and
Cartilage Restoration, Ochsner Sports Medicine Institute, Jefferson, LA, USA.

Received: 10 August 2016 Accepted: 25 October 2016
Published online: 01 December 2016

References

1. Schindler OS. (iv) Articular cartilage surgery in the knee. Orthopaedics and
Trauma. 2010;24(2):107-20.

2. Scopp JM, Mandelbaum BR. Osteochondral injury of the knee. Orthopaedic
Sports Medicine. 2005;2(3):1-12.

3. Baumgaertner MR, Cannon WD, Vittori JM, Schmidt ES, Maurer RC.
Arthroscopic debridement of the arthritic knee. Clin Orthop Relat Res.
1990;253:197-202.

4. Dervin GF, Stiell IG, Rody K, Grabowski J. Effect of arthroscopic debridement
for osteoarthritis of the knee on health-related quality of life. J Bone Joint
Surg Am. 2003;85A(1):10-9.

5. Siparsky P, Ryzewicz M, Peterson B, Bartz R. Arthroscopic treatment of
osteoarthritis of the knee. Clin Orthop Relat Res. 2007;455:107-12.
doi:10.1097/BLO.0b013e31802fc18c.

6. Sprague NF. Arthroscopic debridement for degenerative knee joint disease.
Clin Orthop Relat Res. 1981;160:118-23.

7. Mithoefer K, Williams RJ, Warren RF, Potter HG, Spock CR, Jones EC,
Wickiewicz TL, Marx RG. The microfracture technique for the treatment of
articular cartilage lesions in the knee. A prospective cohort study. J Bone
Joint Surg Am. 2005;87(9):1911-20. doi:10.2106/JBJS.D.02846.

8. Steadman JR, Briggs KK, Rodrigo JJ, Kocher MS, Gill TJ, Rodkey WG.
Outcomes of microfracture for traumatic chondral defects of the knee:
average 11-year follow-up. J Arthroscopic Rel Surg. 2003;19(5):477-84. doi:
10.1053/jars.2003.50112.

9. Gudas R, Kalesinskas RJ, Kimtys V, Stankevicius E, Toliusis V, Bernotavicius G,
Smailys A. A prospective randomized clinical study of mosaic osteochondral
autologous transplantation versus microfracture for the treatment of
osteochondral defects in the knee joint in young athletes. J Arthro Rel Surg.
2005;21(9):1066-75. doi:10.1016/j.arthro.2005.06.018.

10.  Hangody L, Feczko P, Bartha L, Bodo G, Kish G. Mosaicplasty for the
treatment of articular defects of the knee and ankle. Clin Orthop Relat Res.
2001;3915:5328-36.

11. Aggarwal VK Goyal N, Deirmengian G, Rangavajulla A, Parvizi J, Austin MS.
Revision total knee arthroplasty in the young patient: is there trouble on the
horizon? J Bone Joint Surg Am. 2014,96:536-42. doi:10.2106/JBJSM.00131.

12. Diduch DR, Insall JN, Scott WN, Scuderi GR, Font-Rodriguez D. Total knee
replacement in young, active patients: long-term follow-up and functional
outcome. J Bone Joint Surg Am. 1997;79:572-82.

13. Keeny JA, Eunice S, Pashos G, Wright RW, Clohisy JC. What is the evidence
for total knee arthroplasty in young patients? A systematic review of
the literature. Clin Orthop Relat Res. 2011;469(2):574-83.
doi:10.1007/511999-010-1536-9.


http://dx.doi.org/10.1097/BLO.0b013e31802fc18c
http://dx.doi.org/10.2106/JBJS.D.02846
http://dx.doi.org/10.1053/jars.2003.50112
http://dx.doi.org/10.1016/j.arthro.2005.06.018
http://dx.doi.org/10.2106/JBJS.M.00131
http://dx.doi.org/10.1007/s11999-010-1536-9

Salkeld et al. Journal of Orthopaedic Surgery and Research (2016) 11:155

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Parvizi J, Nunley RM, Berend KR, Lombardi AV, Ruh EL, Clohisy JC, Hamilton
WG, Valle CJD, Barrack RL. High level residual symptoms in young patients
after total knee arthroplasty. Clin Orthop Relat Res. 2014;472(1):133-7.
doi:10.1007/511999-013-3229-7.

Kawalec JS, Hetherington VJ, Melillo TC, Corbin N. Evaluation of
fibrocartilage regeneration and bone response at full-thickness cartilage
defects in articulation with pyrolytic carbon or cobalt-chromium alloy
hemiarthroplasties. J Biomed Mater Res. 1998,41:534-40.

Kirker-Head CA, Van Sickle DC, Ek SW, McCool JC. Safety of, and biological
and functional response to, a novel metallic implant for the management
of focal full-thickness cartilage defects: preliminary assessment in an
animal model out to 1 year. J Orthop Res. 2006,24(5):1095-108.
doi:10.1002/jor.20120.

Ushio K, Oka M, Hyon SH, Yura S, Toguchida J, Nakamura T. Partial
hemiarthroplasty for the treatment of osteonecrosis of the femoral head. An
experimental study in the dog. J Bone Joint Surg (Br). 2003,85(6):922-30.
Waldorff El, Roessler BJ, Zachos TA, Miller BS, McHugh J, Goldstein SA.
Preclinical evaluation of a novel implant for treatment of a full-thickness
distal femoral focal cartilage defect. J Arthroplasty. 2013;28(8):1421-9.
doi:10.1016/j.arth.2012.11.020.

Amstutz HC, Grigoris P, Safran MR, Grecula MJ, Campbell PA, Schmalzried
TP. Precision-fit surface hemiarthroplasty for femoral head osteonecrosis:
long-term results. J Bone Joint Surg (Br). 1994;76(3):423-7.

McCann L, Ingham E, Jin Z, Fisher J. An investigation of the effect of
conformity of knee hemiarthroplasty designs on contact stress, friction and
degeneration of articular cartilage: a tribological study. J Biomechanics.
2009;42:1326-31. doi:10.1016/}jbiomech.2009.03.028. Epub 2009 Apr 19.
Murray DW, Rushton N. Macrophages stimulate bone resorption when they
phagocytose particles. J Bone Joint Surg (Br). 1990;72(6):988-92.

Reilly DT, Burnstein AH. Review article. The mechanical properties of cortical
bone. J Bone Joint Surg Am. 1974;56(5):1001-22.

Hills BA, Butler BD. Phospholipids identified on the pericardium and their
ability to impart boundary lubrication. Ann Biomed Eng. 1985;13(6):573-86.
Hills BA. Remarkable anti-wear properties of joint surfactant. Ann Biomed
Eng. 1995,23(2):112-5.

Hills BA, Monds MK. Deficiency of lubricating surfactant lining the articular
surfaces of replaced hips and knees. Br J Rheumatol. 1998;37(2):143-7.
Purbach B, Hills BA, Wroblewski BM. Surface-active phospholipid in total hip
arthroplasty. Clin Orthop Relat Res. 2002;396:115-8.

Cook S, Patron L, Salkeld SL, Klawitter JJ, Beckenbaugh RD. Pyrolytic carbon
as an implant material for small joint replacement. In: Wise DL, editor.
Biomaterials and Bioengineering Handbook. New York.: Marcel Dekker;
2000. p. 383-96.

Cook SD, Thomas KA, Kester MA. Wear characteristics of the canine
acetabulum against different femoral prostheses. J Bone Joint Surg (Br).
1989;71(2):189-97.

Cook SD, Weinstein AM, Klawitter JJ, Kent JN. Quantitative histologic
evaluation of LTI carbon, carbon-coated aluminum oxide and uncoated
aluminum oxide dental implants. J Biomed Mater Res. 1983;17(3):519-38.
doi:10.1002/jbm.820170311.

Haubold AD. On the durability of pyrolytic carbon in vivo. Med Prog
Technol. 1994;20(3-4):201-8.

Anderson RC, Cook SD, Weinstein AM, Haddad Jr RJ. An evaluation of
skeletal attachment to LTI pyrolytic carbon, porous titanium, and carbon-
coated porous titanium implants. Clin Orthop Relat Res. 1984;182:242-57.
Cook SD, Beckenbaugh RD, Redondo J, Popich LS, Klawitter JJ, Linscheid RL.
Long-term follow-up of pyrolytic carbon metacarpophalangeal implants.

J Bone Joint Surg Am. 1999;81(5):635-48.

Thomas KA, Cook SD, Renz EA, Anderson RC, Haddad RJ, Haubold AD, Yapp
R. The effect of surface treatments on the interface mechanics of LTI
pyrolytic carbon implants. J Biomed Mater Res. 1985;19(2):145-59.
doi:10.1002/jbm.820190205.

Gale LR, Coller R, Hargreaves DJ, Hills BA, Crawford R. The role of SAPL as a
boundary lubricant in prosthetic joints. Tribol Int. 2007,40:601-6.

Gale LR. Biotribological assessment for artificial synovial joints: the role of
boundary lubrication. 2007. http://eprints.qut.edu.au/29159/3/Lorne_Gale_
Thesis.pdf. Accessed 31 May 2016.

Paradis M, Sauve F, Charest J, Refsal KR, Moreau M, Dupuis J. Effects of
moderate to severe osteoarthritis on canine thyroid function. Can Vet J.
2003;44(5):407-12.

37.

38.

39.

40.

42.

43.

Page 12 of 12

Mainil-Varlet P, Aigner T, Bullough P, Hollander A, Hunziker E, Kandel R,
Nehrer S, Pritzker K, Roberts S, Stauffer E. The International Cartilage Repair
Society (ICRS)—Histological Visual Scale. A preliminary report of the
histological end point committee. | Human biopsies, Toronto consensus.
Euro Cells and Mater. 2002;4(Suppl1):10.

McDonald JH. Handbook of biological statistics. 3rd ed. Baltimore: Sparky
House Publishing; 2014. p. 157-64.

Custers RJH, Dhert WJA, Saris DBF, Verbout AJ, van Rijen MHP, Mastbergen
SC, Lafeber FPJG, Creemers LB. Cartilage degeneration in the goat knee
caused by treating localized cartilage defects with metal implants.
Osteoarthritis Cartilage. 2010;18(3):377-88. doi:10.1016/}joca.2009.10.009.
Epub 2009 Oct 23.

Thomsen P, Larsson C, Ericson LE, Sennerby L, Lausmaa J, Kasemo B.
Structure of the interface between rabbit cortical bone and implants of
gold, zirconium and titanium. J Mater Sci Med. 1997;8(11):653-65.

Custers RJH, Dhert WJA, van Rijen MHP, Verbout AJ, Creemers LB, Saris DBF.
Articular damage caused by metal plugs in a rabbit model for treatment of
localized cartilage defects. Osteoarthritis Cartilage. 2007;15(8):937-45.
doi:10.1016/jjoca.2007.02.007. Epub 2007 Mar 21.

Cook SD, Anderson RC, Thomas KA, Kester MA, Haddad RJ. Articular
response to implant material modulus and method of fixation, presented at
the 11" Annual Meeting of the Society of Biomaterials. Mount Laurel:
Society for Biomaterials; 1985. p. 90.

Haubold AD, Shim HS, Bokros JC. Carbon in medical devices. In: Williams
DF, editor. Biocompatibility of clinical implant materials, vol. 2. Boca Raton:
CRC Press; 1981. p. 3-42.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central



http://dx.doi.org/10.1007/s11999-013-3229-7
http://dx.doi.org/10.1002/jor.20120
http://dx.doi.org/10.1016/j.arth.2012.11.020
http://dx.doi.org/10.1016/j.jbiomech.2009.03.028
http://dx.doi.org/10.1002/jbm.820170311
http://dx.doi.org/10.1002/jbm.820190205
http://eprints.qut.edu.au/29159/3/Lorne_Gale_Thesis.pdf
http://eprints.qut.edu.au/29159/3/Lorne_Gale_Thesis.pdf
http://dx.doi.org/10.1016/j.joca.2009.10.009
http://dx.doi.org/10.1016/j.joca.2007.02.007

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Test devices
	Experimental design
	Surgical procedure and radiographic evaluation
	Lameness evaluation
	Gross necropsy
	Histology of medial femoral condyle cartilage and observation of bone-implant interface
	Tibial articular cartilage evaluation
	Statistical methods

	Results
	Surgical procedure, lameness evaluation, and radiographic evaluation
	Gross necropsy
	Histology of medial femoral condyle cartilage and observation of bone-implant interface
	Tibial articular cartilage evaluation

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval
	Author details
	References

