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Abstract

A novel, nonresorbable, monolithic composite structure ceramic, developed using a partially
stabilized zirconia ceramic common to implantable devices, was used in a cementless weight-
bearing articular implant to test the feasibility of replacing a region of degenerated or damaged
articular cartilage in the knee as part of a preclinical study using male mongrel dogs lasting up to
24 weeks. Gross/histological cartilage observations showed no differences among control, 12-
week and 24-week groups, while pull-out tests showed an increase in maximum pull-out load over
time relative to controls. Hence, the use of a novel ceramic implant as a replacement for a focal
cartilage defect leads to effective implant fixation within 12 weeks and does not cause significant
degradation in opposing articular cartilage in the time frame evaluated.
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Full-thickness focal cartilage defects in the femoral condyle can occur as a result of normal
aging [1,2] or trauma [3-6]. If severe enough, they can be painful and debilitating [6].
Evidence of these lesions is well documented in clinical literature [7]. Left untreated, focal
cartilage defects can disrupt the continuous articular surface and potentially lead to
osteoarthritis [6,8].

In cases of severe osteoarthritis, a total knee arthroplasty (TKA) is usually the most effective
therapeutic solution [9]. TKA works well, but is limited by wear and loosening, resulting in
the need for revision surgery within 15-20 years [10-14]. For younger TKA patients (35-50
years old), revision surgery is even more likely, because the increased activity of these
younger patients leads to more implant wear and a reduced lifespan of the first TKA [15—
17], although more recent follow-ups have shown some improvements in TKA lifespan
[18,19]. Revision surgery often leads to poor outcomes due to bone loss associated with the
removal of the initial device and impairment of wound vascularity [13,16,20-23]. Since the
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potential complications with revision TKAs are significant, primary TKAs are frequently
delayed until the risks for revision are reduced [24]. Theoretically, this could be done by
procedures or devices developed to restore functional and pain-free patient mobility along
with a reduction in further degradation of the surrounding cartilage.

Several methods designed to address these issues are available. Microfracture has shown
acceptable results [25]. However, the resulting collagen surface is mainly composed of
collagen type I, which deteriorates significantly within 18 months [26]. In addition, the
integrity of the underlying subchondral bone might still be compromised, which may result
in poor outcomes. Autografts are expensive, involve a lengthy procedure with possible
donor-site morbidity and are not always successful [27,28], while allografts have the added
risk of possible immune-based rejection [29]. Autologous chondrocyte grafting has had
good outcomes [30,31], but as with autografts, the procedure is lengthy and expensive with
possible donor-site morbidity. In addition, the procedure faces limitations of available
cartilage and possible differences in orientation and properties between donor and recipient
cartilage [29,30,32]. Tissue-engineered cartilage has shown only moderate progress and
does not always have successful outcomes [33]. Autologous chondrocyte implantation has
also shown some success [31], but is expensive and has shown joint space narrowing
following surgery, a need for re-operation for debridement, periosteal hypertrophy, partial
patch delamination and graft failures [31].

Finally, focal hemiarthroplasty is also available. Based on reconstructive device concepts,
previous investigations of focal hemiarthroplasties have explored the use of a variety of
materials ranging from alloys [34,35] to polymer composites [36]. Current research into this
device concept continues to demonstrate potential benefits [37]. However, the substantial
mismatches in modulus between native subchondral bone and implant materials may create
potential limitations relating to biologic fixation and stress shielding.

Investigations on porous-coated implant topology [38] led to the development of a novel
nonresorbable articular matrix ceramic which was used to test the feasibility of replacing a
region of degenerated or damaged cartilage in a preclinical large-animal model. Two
primary hypotheses were tested: (1) The use of a ceramic articulation surface, as part of a
regional replacement of cartilage, has no damaging effects on native articular cartilage after
24 weeks; and (2) a composite ceramic implant with a macroscopically porous topology and
conical geometry can provide immediate fixation and promote secure long-term bone
adaptation.

Materials and Methods

Ceramic Device

The device (Fig. 1) used in this study consisted of a nonresorbable monolithic composite
structure ceramic, developed using partially stabilized zirconia (PSZ) ceramic common to
existing implantable devices. A weight-bearing cementless articular implant was designed
using this material for implantation into the distal medial femoral condyle (knee) of the
study animals. High-resolution computed tomography scan data of the experimental animal
knee joint were transferred into a computed-aided design platform (Pro/ENGINEER , PTC-
Needham, MA) to provide surface data for defining the curvature of the articular surface of
the implant along with distal femoral bone volume data to position the fixation cones. The
implant has a highly polished submicron articular surface integrated with a porous ingrowth
structure consisting of interconnected porosity N50%, with a pore-size distribution similar to
those used in porous metal devices [39]. The device design is similar to that of an
osteochondral graft. The articular surface has an oval foot print 13.5 mm in length and 8.4
mm in width, with two 6.4-mm-long porous cones protruding from the base (Fig. 1). Based
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on previous studies [38], the cones are tapered to provide a wide range of stresses to the
underlying trabecular bone tissue, in an effort to optimize cementless fixation.

Experimental Design

Fifteen (15) large male adult mongrel dogs were used in the study (31.9 kg+4.7 kg). This
animal model was selected to compare cone ingrowth with that of a previous model [38].
The animals were assigned to the following groups: unoperated controls (UC; n=2);
controls, day 0 (n=3); 12 weeks postsurgery (n=3); 24 weeks postsurgery (n=7). Following
euthanization of the animals, the tibial plateau and medial femoral condyle were assigned to
histological examinations, biomechanical pull-out tests or x-ray diffraction (XRD)
examination (Fig. 2). This work was approved by our institution's Committee on Use and
Care of Animals.

Surgical Procedure

Animals assigned to the experimental groups underwent bilateral implantation of the
ceramic device. Specifically, under completely sterile conditions, using a minimally invasive
approach, a small incision was made on the medial aspect of the knee from just distal of the
patella to the center of the patella. With the knee in full extension the fat pad, just distal to
the femoral condyles, was removed while ensuring preservation of the meniscus. With the
knee in full flexion the medial condyle of the distal femur could now be exposed. For a few
early animals (two control, one 12-week, and two 24-week), a para-patella, more invasive
approach was used, including dislocation of the patella, prior to removing the fat pad. After
exposure, articular cartilage and underlying subchondral bone of the region of interest on the
medial femoral condyle were removed using a series of custom guides and drills to produce
a defect that exactly matched the footprint of the implant and shape of the implant cones
(Fig. 3A). The implant was then press-fit by hand into the excavated region, while ensuring
that the articular surface was flush with the remaining native articular cartilage (Fig. 3B).
After soft tissue closure with resorbable sutures and skin staples, postoperative radiographs
were taken to verify placement of the implant. The animals were allowed full weight-
bearing and normal cage activity immediately following surgery.

Radiographs

In addition to the immediate postoperative radiographs, radiographs were taken weekly for
the first month, biweekly for the following two months, and finally monthly. These
radiographs were taken to ensure that no loosening of the device had occurred and to
reconfirm good overall placement of the implant and congruous alignment of the implant
articular surface with the surrounding native cartilage surface (Fig. 3C).

Animal Exercise and Observation

In addition to free cage activity (cage foot print: 8’x8”), each dog was allowed 30 min/day
for free roaming in a larger area. During this time animals were observed for lameness of
their hindlimbs.

Gross Cartilage Evaluation

Upon dissection of all hindlimbs, high-resolution digital images were taken of the articular
cartilage of the medial/lateral tibial/femoral articular surfaces. Using these images the
articular cartilage was scored by two independent reviewers using the Collins score [40].
The average of the two readings per specimens was used as the representative Collins score
for each specimen. The group sizes used for the statistical comparison for gross cartilage
evaluation were as follows: UC, n=4; controls, day 0, n=6; 12 weeks postsurgery, n= 6; 24
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weeks postsurgery, n=12. These group sizes were achieved due to specimens being taken
from both legs for each animal.

Histology

The hindlimbs assigned to histology were fixed in 10% NBF and subsequently stored in
70% ETOH until further processing.

Tibial Articular Cartilage Evaluation (Safranin O)

The tibial plateaus of the hindlimbs destined for histology were decalcified in 5% formic
acid for ~40 days, embedded in paraffin, and sectioned transverse to the anterior—posterior
(AP) axis (7 um thick). Two sections (located +1.4 mm relative to the center) within each
tibial plateau (medial and lateral) were stained with Safranin O for cartilage evaluation. Two
independent and blinded reviewers examined the sections using light microscopy and scored
the articular cartilage using the 14-point Mankin score [41,42]. The average score of the two
sections within each specific plateau is presented in the Results section below. In addition,
the stain intensity was quantified using light microscopy (1.6x magnification) and ImageJ
(1.42q, National Institutes of Health, USA) for three locations within each section: the top,
middle and bottom third of the cartilage thickness (articular edge to subchondral bone; Fig.
4). Within each animal, the intensities were normalized to the intensity of the bottom 1/3 of
the lateral tibial plateau (set to 100). The average intensity within each similar location of
the two sections is presented in the Results. The group sizes used for statistical comparison
for the Mankin scoring and ImageJ analysis were as follows: UC, n=2; controls, day 0, n=3;
12 weeks postsurgery, n=3; 24 weeks postsurgery, n=6.

Cartilage Implant Overgrowth (Toluidine Blue)

The histology-assigned medial femoral condyles containing the implants were embedded in
PMMA and sectioned along the AP axis (300 um thick) through the width of the implant
using an Exakt diamond blade saw. The center section of the implant was mounted on a
plastic microscope slide using cyanoacrylate and polished to a final thickness of 150-200
pm. The sections were etched using 0.1% formic acid and subsequently stained with 1%
Toluidine Blue. Because cartilage overgrowth was expected on the implant, overgrowth was
determined too. Specifically, using light microscopy at 4x magnification, the implant
articular surface length (IASL) and the percent IASL covered by cartilage were calculated
with Bioguant image software (BQ OSTEO v.7.20.10). The group sizes used for the
statistical comparison for cartilage implant overgrowth analysis were as follows: controls,
day 0, n = 3; 12 weeks postsurgery, n = 3; 24 weeks postsurgery, n=6.

Bone Apposition and Implant Bone Ingrowth (SEM)

The opposing PMMA-embedded center section relative to the Toluidine Blue stained section
was also mounted on a plastic microscope slide using cyanoacrylate and polished to a final
thickness of 150-200 um. The section was carbon coated for scanning electron microscopy
(SEM) analysis of bone apposition and ingrowth into the implant cones. Images taken at
7.5-8.5x magnification were analyzed using ImageJ to determine bone apposition and bone
ingrowth parameters (Fig. 5). Specifically, bone apposition was determined for a region of
interest ranging from the cone surface to 200 pm parallel to it. Both sides of each cone were
examined, resulting in four apposition regions for each section. The average for all
apposition regions is presented. The average percent bone ingrowth within the void of each
cone was calculated, and the average ingrowth into the two cones for each implant is
presented. The group sizes used for statistical comparison for the bone apposition and
implant bone ingrowth analysis were as follows: controls, day 0, n=3; 12 weeks postsurgery,
n=3; 24 weeks postsurgery, n=6.
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Biomechanical Pull-Out Test

The diaphyses of the femurs assigned for pull-out tests were cut through transverse to the
long axis, and 5 inches from the distal end. The remaining distal portion of the femur
(containing the implant) was embedded in PMMA, and the cartilage immediately medial and
lateral to the implant was removed using a drill shaping tool (Dremmel; Fig. 6A) to ensure
that a custom clamp could be situated underneath the implant articular ridge. A
multidirectional vice (Fig. 6B) was used to vertically align the specimen in a servohydraulic
testing machine (858 Mini Bionix I, MTS System, Eden Prairie, MN) for a unidirectional
tensile pull-out test. The displacement of the loading head was monitored using the MTS
internal LVDT, while load was recorded using a 500-Ib load cell (Sensotec, Columbus, OH)
in series with the actuator. Using the Test Star I1s system (version 2.4, MTS, Eden Prairie,
MN), load and displacement were recorded at a sampling rate of 40 Hz, while the pull-out
test was performed at a rate of 1 mm/min for 5 min. The ultimate load was calculated from
the load—displacement curves using MATLAB (The Mathworks Inc., Natick, MA). The
group sizes used for statistical comparison for the biomechanical pull-out tests were as
follows: controls, day 0, n=3; 12 weeks postsurgery, n=3; 24 weeks postsurgery, n=>5.

Evaluation for Material Stability of the Ceramic

Upon completion of the mechanical pull-out test, an implant from each group was randomly
selected and evaluated for material phase stability following exposure to the biologic
environment. The explants were evaluated by determining the percent of monoclinic phase
present in the fully dense articular region and in the porous region of the ceramic. This was
done using XRD with a low grazing angle [43] and calculated using the ratio of integrated
peak areas [44]. Nonimplanted specimens were also evaluated. All specimens (implanted
and nonimplanted) were analyzed on two sides; the highly polished, articular surface and the
porous bone ingrowth matrix (scaffold) in the areas of failure following pull-out testing.

Statistical Methods

Results

A Student's t-test was used for comparisons between groups (unpaired) and across times
(paired). A Pearson's Correlation was calculated where appropriate. All analyses were
performed using SPSS statistical software (SPSS, Chicago, IL). Significance (*) was defined
as P<.05. Data are presented as average+standard deviation.

The animals appeared fully weight bearing within 2 h of surgery. However, due to a lax
patella related to the surgical exposure, one animal from the 24-week group had to be
euthanized at week 4. All other animals showed no lameness to their hindlimbs following
surgery for the entire duration of the experiment. The data from the animal euthanized at
week 4 have been included to provide a view of an additional intermediate time point. Due
to the singularity of this time point no statistical comparisons have been made in relation to
it.

Review of postoperative radiographs revealed that all implants had good overall placement
and congruous alignment of the implant articular surface with the surrounding cartilage
surface. In addition the radiographs showed no loosening of the implant for any animals at
any time point. Finally, no degenerative changes of the opposing cartilage (at the tibial
plateau) were observable on the radiographs at any time points.

Gross cartilage observation showed no differences in Collins cartilage score among any
groups for the lateral tibial plateau (Fig. 7). For the medial tibial plateau no differences were

J Arthroplasty. Author manuscript; available in PMC 2013 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Waldorff et al.

Page 6

found among the control, 12-week and 24-week groups (Fig. 7). However, the UC group
had a lower score compared to all other groups.

Evaluation of the articular cartilage of the tibial plateau using the Mankin score for sections
stained with Safranin O revealed a higher score for the lateral region for the 12-and 24-week
groups relative to the UC group (Fig. 8). The lateral region for the 24-week group was also
higher compared to the control group. In addition, it was found that the medial region for the
control and 24-week groups was higher relative to the UC group. No differences were found
between the lateral and medial regions for any groups except the control group (Fig. 8).

Results from the Safranin O intensity measurements indicate that the top third of the
cartilage (region 1) had a lower intensity than both the middle and bottom for both the
medial (control, 12-week, 24-week) and lateral tibial plateaus (control, UC, 12-week, 24-
week; Figs. 9A and B). For the medial plateau no differences were found among any groups
when comparing similar regions (Fig. 9A). For the lateral plateau it was found that region 1
for the UC and 12-week groups was higher relative to the control group (Fig. 9B). No
differences were found in intensity within similar regions between the lateral and medial
plateaus for any groups.

Toluidine Blue staining showed significant cartilage overgrowth (mostly fibro-cartilaginous)
upon the implant over time (Fig. 10).

SEM examinations showed a significant increase in bone apposition (Fig. 11A) and overall
bone ingrowth over time (Fig. 11B).

Pull-out tests showed an increase in maximum load at pull-out for the 12-week group
relative to the control group (Fig. 12). Although not significant, a trend of an increase (~=.
10) was found for the 24-week group relative to the control group (Fig. 12).

All specimens that underwent XRD showed a percent monoclinic phase of <3% for both the
articular and scaffold surface (Table 1), which was similar to nonimplanted specimens and
significantly below the 25% threshold outlined in the ISO standard for the material [44].

Discussion

We have found that the use of a novel ceramic implant as a replacement for a focal cartilage
defect leads to secure implant fixation, while not causing significant degradation in opposing
articular cartilage.

Within hours of surgical implantation animals were fully ambulating with no changes in the
function of their hindlimbs. For the duration of the experiment no lameness to their
hindlimbs was observed, indicating that immediate mobilization of the treated limb is
possible with the minimally invasive press-fit implantation of the device.

In addition, the possibility for early weight bearing is supported by the postoperative
radiographs that indicated that no loosening of the implants had taken place, thereby
enabling faster healing and return to play.

Although the surgical procedure required the manual application of a series of custom
guides to produce the desired excavated footprint for the implant, the tolerances and
techniques were precise enough to enable a firm press fit of the porous cones extending from
the implant. The press-fit implantation of the device was shown to be secure enough for
normal activity immediately following surgery until adequate bone apposition and ingrowth
had occurred. SEM and biomechanical test results indicate that this happened within 12
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weeks, at which time the novel porous cone design had led to complete implant fixation.
Despite significant ingrowth, the lower pull-out strength for the 24-week group relative to
the 12-week group occurred from failure at the base of the cones during testing in two
specimens. Further investigation of this failure mode seems to indicate that the ingrown
cones exhibit strength greater than the tensile strength of the porous ceramic. It should be
noted that this testing technique was used to help define bone ingrowth and not to
characterize the mechanical strength of the material. The specific characterization of this
material for implant use was conducted prior to this animal study by the sponsor and
determined to be adequate for the device application. Biomechanically, tensile loads would
be expected to be relatively low in vivo, given that compressive loads and possibly shear
loads dominate during normal gait activities. An argument could be made that
distinguishable asymmetry related to the ingrowth of the independent cones, i.e., one
displaying significantly less ingrowth or becoming loose relative to the other, could cause a
tensile condition, but this condition did not appear with any implant evaluated in this study.
Most pull-out failures occurred at the tip of the cones, effectively measuring the specific
bone/cone interface. Despite the potential for tensile failure, the cones were found to be
structurally sound enough to maintain implant placement and the integrity of a continuous
articular surface throughout the study. In light of this finding, however, future device design
improvements using this material are being developed.

The XRD measurements for percent monoclinic showed very low levels of phase
transformation over the test period. These results suggest stability of the ceramic material
against aging due to low-temperature degradation for this application.

Although cartilage coverage of the articular surface of the implant increased significantly
over time, the characteristics were mostly fibro-cartilaginous in nature, which is similar to
what has been seen with other cartilage replacement devices [34,35]. Although not of similar
material properties as native articular cartilage, the coverage seems to help create a smooth
transition from the healthy cartilage to the polished articular surface of the implant. The
coverage of the implant with fibro-cartilage is similar to what has been observed with
cartilage plugs where a “flow’ of cartilage surrounding the defect occurs [45]. Despite the
nonindigenous nature of the “flowing’ cartilage at the articular surface, it can be argued that
the increased cartilage coverage does not have a detrimental effect on the opposing cartilage
on the tibial plateau based on the Safranin O intensity results presented (Fig. 9). However,
correlations were observed between percent implant articular surface length covered by
cartilage and gross Collins score of the medial tibial plateau (Pearson's correlation: 0.241,
P=.427), Mankin score of the medial tibial plateau (Pearson's correlation: 0.355, P=.235),
and Safranin O intensity of Region 1 (outer layer) of the medial tibial plateau (Pearson's
correlation: 0.104, P=.734). These correlations, however, were weak and statistically non-
significant. Hence, fibro-cartilage overgrowth might play a role with some degeneration but
in the time frame presented here this degeneration does not become significant. Finally the
preservation of healthy hyaline cartilage surrounding the implant supports the usage of a
ceramic over a cartilage plug, where localized ‘“flow’ of fibro-cartilage over the plug has
been shown to lead to plug degeneration and frayed surrounding cartilage for both deep and
superficial defects [46,47].

The lower Collins and Mankin scores in the UC group relative to the other groups seem to
be due to surgical exposure of the cartilage, as reflected in the similar results between the
control and 12/24-week groups. This observation is supported by studies that have shown
histochemical and ultrastructural changes in articular cartilage immediately following
surgery [48,49]. In addition, since no changes were seen for the Mankin scoring and the
Safranin O intensity measurements between the lateral and medial plateaus, one can assume
that the degenerative changes caused by the implant itself are nonsignificant up to 24 weeks.
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However, sacrificing animals at later time points could potentially reveal significant changes
not observed within the examined time frame.

This study does have limitations. Despite using contra lateral limbs and within-limb controls
(Fig. 2), group size could potentially be too small for nonsignificance to be accurately
measured for the Safranin O outcome measures. However, the significantly larger group
sizes used for the cross-cartilage measures revealed results that paralleled the Safranin O
results, thus supporting the overall conclusion. In addition, the potentially small-sized
groups do not negate the validity of the significant findings for several key measures. This
includes the significant increase in pull-out strength paralleled by the significant increase in
bone ingrowth over time measured with SEM. Another limitation is the duration that
animals were kept with the implant. Twenty-four weeks is a medium-sized timeframe that
gives a good estimation of the initial cartilage and bone response to the implantation of the
ceramic as an articular surface. However longer term projections are desired and will be
used in a subsequent study.

In summary, the use of a ceramic implant appears to be an effective, secure focal cartilage
replacement up to 24 weeks that may increase the therapeutic options for focal cartilage
lesions. Further studies are needed to determine any long-term effects beyond 24 weeks.
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Fig. 1.

Ceramic implant device is monolithic in form, with a highly polished submicron articular
surface (top) and two interconnected porous cones exhibiting approximately 60% porosity
(patents pending).
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Animal with bilateral implants on medial femoral condyles
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Fig. 2.
Experimental outcomes flowchart.
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Fig. 3.
Surgical procedure and postoperative radiograph. (A) Insertion site. (B) Inserted implant.
(C) Representative lateral knee radiograph.
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Fig. 4.
Safranin O-stained articular cartilage from tibial plateau with regions shown. The articular
surface is represented by region 1, while region 3 is closest to the subchondral bone.
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Fig. 5.
Scanning electron microscopy images of center section of implant. Apposition and bone
ingrowth regions are labeled “A” and “B”, respectively.
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Fig. 6.

Pull-out test. (A) PMMA-embedded distal femur with implant in medial condyle, with
cartilage immediately medial and lateral to the implant removed to ensure custom clamp fit.
(B) Vertical alignment of specimen in servohydraulic testing machine using a
multidirectional vice.
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Gross cartilage evaluation of tibial plateau upon dissection. Two independent reviewers

performed the evaluation using the Collins score.

J Arthroplasty. Author manuscript; available in PMC 2013 November 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Waldorff et al.

Mankin Score

Page 18

Average Mankin Score

*
14 - = \
[ * |
12 4 [ | *
[ |
10 4
8 .
* O Lateral Tibial Plateau
6 * B Medial Tibial Plateau
4 -
2 ﬁ |—.
0 T I_‘_- T T T
Control ucC 4 wks 12 wks 24 wks
Fig. 8.

Evaluation of Safranin O-stained sections of tibial plateau cartilage. Two independent
reviewers scored the articular cartilage using the 14-point Mankin score.
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Medial Tibial Plateau SafraninP Intensity
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Fig. 9.

Tibial plateau Safranin O intensity. Intensities are relative to the intensity of the region
closest to the subchondral bone (region 3) on the lateral plateau within each animal. (A)
Medial tibial plateau Safranin O intensity. (B) Lateral tibial plateau Safranin O intensity.
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Fig. 10.
Percent implant articular surface length (IASL) covered by cartilage.
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Fig. 11.

Scanning electron microscopy analysis of bone apposition and bone ingrowth of implant.
(A) Percent bone apposition within 200 pm of the cone surface. (B) Average percent
ingrowth of the two cones within each implant.
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Fig. 12.
Maximum load during unidirectional biomechanical pull-out test of implants.
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Ceramic Stability (Monoclinic Phase Transformation Percentage) on Non-Implanted and Implanted Devices.

Specimen

Specimen History

AnalysisLocation

No. of Specimens

% Monoclinic Phase

Implant
Implant
Implant
Implant
Implant
Implant
Implant

Implant

Not Implanted

Not Implanted
Implanted 4 weeks
Implanted 12 weeks
Implanted 24 weeks
Implanted 4 weeks
Implanted 12 weeks

Implanted 24 weeks

Articular Surface
Scaffold Surface
Articular Surface
Articular Surface
Articular Surface
Scaffold Surface
Scaffold Surface
Scaffold Surface

N PPN PR W W

<1%
<1%
<1%
<1%
<2%
<1%
<1%
<3%
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