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Background  Suggestions for improved wear per-
formance of total knee replacements have included
replacement of standard CoCr femoral components
with ceramic and replacement of 3.5-Mrad ultra-high
molecular weight polyethylene (UHMWPE) inserts with
5- or 7-Mrad UHMWPE inserts. The ceramic materials
used clinically have included alumina, zirconia ceramic
and oxidized zirconium.

Patients and method We compared both CoCr and
zirconia versions of the Bi-Surface knee replacement in
a 6-station knee simulator using alpha calf serum for
lubrication (20 mg protein per mL) to evaluate the rela-
tive bearing performance.

Results We studied the 4-way knee simulation of
implant materials: zirconia ceramic, CoCr, 3.5-Mrad
UHMWPE, and 7-Mrad UHMWPE. With CoCr femo-
ral components, the 7-Mrad UHMWPE resulted in
a 5- to 8-fold reduction in wear compared to the 3.5-
Mrad insert. With the 3.5-Mrad insert, the zirconia
bearing provided approximately 4-fold wear reduction
compared to CoCr. These wear rates with standard
UHMWPE were similar to published wear studies on
entire knees. With the exception of the CoCr/7-Mrad
and Zr0Q,/3.5-Mrad combinations, the wear differences
were statistically significant.

Interpretation The ZrO,/7-Mrad UHMWPE combi-
nation gave the best performance, with no measurable
wear over the 5.5 million cycle test duration.

In total hip replacements (THRs), crosslinked poly-
ethylene (XLPE) has been shown to be effective in
reducing wear—both experimentally (McKellop et
al. 1996, Muratoglu et al. 1996, Clarke et al. 1997,
Wang et al. 1997) and clinically, thereby reducing
the risk of osteolysis (Oparaugo et al. 2001). It has
also been demonstrated that wear with ultra-high
molecular weight polyethylene (UHMWPE) on
ceramic balls is reduced compared to CoCr balls
(Clarke et al. 1996, Wang et al. 1997). Contem-
porary total knee replacements (TKRs) have not
shown the same predilection for osteolysis, and
some centers have shown a 95% survival rate at
15 years (Ranawat et al. 1993, Ritter et al. 2001).
Improved knee designs should nevertheless be of
value in high-risk patients such as the young and
active with many more years of life expectancy.
Improvements that have been suggested for TKR
bearings (Table 1) have included both tibial inserts
of XLPE and either alumina or zirconia ceramic
for femoral components. Zirconia was introduced
as a ceramic with higher strength and toughness
than alumina ceramic (Cales 2000, Blaise et al.
2001, Ueno et al. 2003). Thus, a zirconia femoral
component can be manufactured with virtually
identical dimensions to a CoCr design. The one-
piece (monobloc) ceramic femoral condyles
used in Japan (Nakamura et al. 2002, Oonishi et
al. 2002) have not yet been approved for use in
Europe or the USA. In 2001, however, the FDA
did approve the marketing of a unique ceramic
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Table 1. Published wear studies of UHMWPE and XLPE inserts bearing on CoCr, zirconia and oxidized zirconium

femoral condyles

Crosslink® Processingf Femoral9 Wearrate" Ratio!

Study Simu-  Serum Test TKRH PE

a lator P duration ©

A SWM 30% bovine 5 Mc KOM GUR1050
SWM (20 mg/mL) KOM GUR1050

B SWM 50% a-calf 4 Mc KOM GUR1050
SWM  (20mg/mL) KOM GUR1050

C AMTI 90%bovine 5 Mc Profix GUR1050
AMTI  (60mg/mL) Profix GUR1050

D AMTI 27%bovine 5 Mc Bi-Surface GUR1050
AMTI  (18mg/mL) Bi-Surface  GUR1050

AMTI Bi-Surface  GUR1050
E Instron water 2 Mc Genesis 1 GUR4150
Instron Genesis1  GUR4150

3.5Mrad  Annealed/N, Al,O; 0.03 10
3.5Mrad  Annealed/N, CoCr 0.3 1
35Mrad  Annealed/N, CoCr 7 mm3Mc 1
70Mrad  Annealed/N, CoCr 3mm%Mc 23

nonXL EtO Ox1Zr 124 mm3Mc 2.3
nonXL EtO CoCr 28.5 mm3/Mc 1

3.0Mrad  EtO AlLO,  0.67 mm¥)Mc 5.1
30Mrad  EtO 2O,  0.71 mm%Mc 4.8

3.0Mrad EtO CoCr 3.44 mm3Mc 1
3.0 Mrad GRA Ox1Zr 104+5.3 1.6
3.0 Mrad GRA CoCr 165+19.3 1

2 Study: A) Oonishi et al. 2002, B) Asano et al. 2003, C) Hermida et al. 2004, D) Ueno et al. 2003, E) White et al. 1994

b Simulator: 6-knee channel,
SWM: Shore-Western Manufacturing Inc.
¢ Mc: million cycles.
d TKR: Total knee replacement: KOM = KOM™
€ XL: crosslinked

f EtO: sterilized by ethylene oxide gas, GRA_ gamma radiation in air.

9 Ox1Zr: oxidized zirconium

h Wear rate of Oonishi et al. (A): decrease in thickness of the UHMWPE

Wear rate of White et al. (E): original point score.

knee concept with an oxidized zirconium surface
(White et al. 1994, Spector et al. 2001, Hermida
et al. 2004). Thus, contemporary ceramic femoral
components feature either 100% zirconia or the
metal zirconium treated with a 5-um-thick zirconia
surface (Oxinium; Smith & Nephew, Memphis,
TN).

Some types of femoral balls made of zirconia
have not given universally good clinical results, with
early osteolysis reported by some authors (Hama-
douche and Sedal 2000, Kim et al. 2001, Norton et
al. 2002, Clarke et al. 2003, Hernigou and Bahrami
2003, Walters et al. 2005). Some retrieval reports
indicated a deleterious phase transformation from
tetragonal to monoclinic, which could be > 80%
by 8 years (Table 2: Prl). The surface roughness
of pristine zirconia balls has averaged less than 10
nm (R ). However, roughness on some transformed
zirconia balls has increased by more than 25-fold
due to extensive cratering of the articular surface
(Haraguchi et al. 2001, Green et al. 2003). This
probably increased the polyethylene wear rates.

It should be noted, however, that not all zirconia
implants will necessarily become transformed. The
manufacture of zirconia ceramic is both an art and
a science. Any processing that affects the interme-

diate densities of the zirconia can result in reduced
stability in vivo (Piconi and Maccauro 1999). The
precise descriptions of zirconia-processing param-
eters are basically unpublished, being proprietary
to each vendor (Table 2). Every manufacturer
strives for progressive improvement of their mate-
rial, and therefore the year of manufacturing also
plays a role. This has included the introduction
of hot isostatic pressing (HIPed) to improve the
intermediate density of the zirconia ball, and doping
of the zirconia powder with alumina ceramic (<
0.2%) (Villermaux et al. 1999). Laboratory studies
have indicated that the HIPed and alumina-doped
variants of zirconia may have greater metastability
(Blaise et al. 2001, Clarke et al. 2005).

For ceramic knee joints, there are laboratory
studies showing a consensus that polyethylene
wear can be reduced 2- to 5-fold using zirconia
femoral condyles, depending on the test condi-
tions (Table 1). It is surprising that this reduction
of wear with zirconia TKRs was much higher
than that with zirconia THRs (Mckellop and
Benya 1992, Derbyshire et al. 1994). Thus, knee
arthroplasty may benefit from zirconia used with
either standard polyethylene or the more highly
crosslinked polyethylenes.
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Table 2. It is critical to note that zirconia ball processing has varied considerably since 1985. Thus the main types of
zirconia materials have to be stratified by vendor, chemistry of ceramic powder, introduction of HIPing and by year

produced
Norton Desmarquest Kyocera (JMMC) Kobelco
Tradename Prozyr Prozyr Prozyr B Ka
Al-doping no no yes yes NS b
Furnace process batch tunnel batch batch batch

Type 1: not HIPed ©
Type 2: HIPed ©

Pr19 (1985)
Pr2d (1996)  x-Pr2© (1998)

- a-B1f(1989)

a-Pr2 (2000)  a-B2f(2000) K29 (1991-1994)

2 Tradenames not specified, so indicated here with Bioceram = ‘B” and Kobelco = ‘K.

b NS: not specified in publications.
¢ HIP: hot isostatic pressing.

dPR1, 2 denotes 1st and 2nd generation Prozyr ceramics.

€ x-PR2 denotes 2nd generation batches of Prozyr ceramic uniquely produced by tunnel-furnace process, resulting in

propensity for very high fracture rates in-vivo.

fa-B1, 2 denotes1st and 2nd generation, alumina-doped zirconia from Bioceram division of Kyocera Inc. (Kyoto,

Japan).

9 K2 denotes HIPed 2nd generation zirconia made by Kobelco.

We compared the wear of 3.5-Mrad and 7.0-
Mrad UHMWPE tibial inserts run against both Co-
Cr and zirconia femoral implants. Our hypothesis
was that the combination of ceramic and highly
crosslinked inserts would offer superior wear
performance.

Methods

The Bi-Surface knee (Figure 1), a posterior-cruci-
ate sacrificing design, was studied with both zirco-
nia and CoCr condyles (Japan Medical Materials;
JMM Inc., Osaka, Japan). Alumina doping in this
zirconia was reported to be < 1% (Table 3). Tibial
inserts were made from one lot of ram-extruded
UHMWPE (Table 4). Radiation sterilization to
doses of 3.5 Mrad and 7 Mrad was performed
under vacuum. Additional tibial inserts were used
as soak controls and stored unloaded in deionised
water for 60 days prior to testing.

A 6-channel, displacement-controlled knee simu-
lator was used (Shore-Western Manufacturing Inc.,
Monrovia, CA) with the following test parameters:
stance-phase kinematics of 20° flexion-extension,
6 mm of anterior-posterior translation, and +5°
of internal-external rotation. The lightly-loaded,
swing phase (40% of gait cycle) was deleted from
the kinematics profile (Asano et al. 2003). The
Paul load profile was used with 2.6 kN peak-load
running at a frequency of 1.8 Hz.

Figure 1. Bi-surface knee femoral component with femoral
condyles made of zirconia ceramic.

The lubricant was 50% alpha calf serum (20 mg
protein/mL) with added ethylenediamine tetraace-
tic acid (EDTA) (McKellop et al. 1992). All inserts
were cleaned and weighed every 0.5 Mc during a
test duration of 5.5 million cycles. An advantage
of the gravimetric method of wear assessment is
that creep or cold flow in the UHMWPE inserts
was not an issue. The disadvantage was that weight
changes due to fluid absorption into the UHMWPE
had to be compensated for. Thus wear rate and
fluid absorption assessments were done simulta-
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Table 3. The size and mechanical properties of the ZrO,
and CoCr implants

Table 4. The experimental tibial inserts

Tibial implants 3.5-Mrad XLPE 7.0-Mrad XLPE

Femoral implants Zr0, CoCr
Thickness (mm) 6 6
Width (mm) 68 68 Number 6 6
Number 6 6 Size STD STD
Grain size 0.2 Resin GUR1050 GUR1050
Density (g/cm?3) 6.05 8.5-10 Crosslink 3.5 Mrad 7.0 Mrad
Young modulus (GPa) 210 213 Manufacturing RAM extrusion RAM extrusion
Hardness (Hv) 1300 285-340 Processing Annealed/N, Annealed/N,
Flexural strength (MPa) 1200 655
Table 5. Overall of experimental results
Material Dosage Specimen r-value Wear Wear Averagewear SD % SD
(Mrad) (mg/Mc)  (mm3Mc)  (mmd/Mc)
CoCr 3.5 KL271 -0.999 —4.870 -5.192
KL272 —-0.998 —4.242 —4.522 4.890 0.340 6.9
KL273 -0.988 —4.648 —4.955
CoCr 7.0 KL277 -0.972 —-0.537 -0.572
KL278  —0.960 —0.585 —-0.624 —0.930 0.575 61.9
KL279 -0.993 —1.495 -1.594
Zirconia 3.5 KL274 -0.990 -1.122 -1.196
KL275 -0.992 -0.929 —-0.990 -1.182 0.185 15.6
KL276 -0.995 -1.275 -1.359
Zirconia 7.0 KL280 0.967 0.425 0.453
KL281 0.979 0.448 0.478 0.491 0.046 9.4
KL282 0.981 0.509 0.543

SD: standard deviation.

neously at 0.5-Mc intervals and the net wear rates
computed using linear regression techniques. As
an assessment of experimental variance in the sets
of 3 implants, we computed total percentage scat-
ter as the (max-average)/average and (min-aver-
age)/average.

Statistics

Linear regression analysis was performed for each
specimen. One-way ANOVA and non-parametric
(Kruskal-Wallis) tests were performed, with sub-
sequent tests for multiple comparisons (critical
p-value = 0.05). We used SPSS version 10 (SPSS
Inc., Chicago, IL).

Results

Initial technical challenges were encountered with
the weight-loss measurements from 0 to 1 Mc
duration; thus, the wear data were presented from

1 to 5.5 Mc duration (Table 5). The weight-loss
patterns showed uniform linear trending with all
regression coefficients > 0.96. Wear of the control
implants (CoCr/3.5-Mrad) averaged 4.89 mm?3/Mc
with good control of experimental variance (Fig-
ures 2 and 6A, B). The experimental CoCr/7.0-
Mrad combination averaged over 5-fold lower
wear (Figures 3 and 6A, B) but the variance was
much degraded. The ZrO,/3.5-Mrad combination
showed similar wear reduction with better control
of variance (< 16%). The ZrO,/7.0-Mrad com-
bination was the exception, with net weight gain
throughout the study. This wear rate was unde-
tectable despite good linear regression trends and
comparable control of variance (Figures 5 and 6A,
B). Comparisons of ZrO, /3.5-Mrad and CoCr/7.0-
Mrad combinations showed no statistically signifi-
cant difference (p > 0.05, power = 0.1). Compared
to the control set, however, all other implant com-
binations were statistically significantly different
(p <0.05).
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Figure 2. Linear wear trends for 3.5-Mrad UHMWPE/CoCr
component (n = 3).
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Figure 4. Linear wear trends for 3.5-Mrad UHMWPE/zirco-
nia component (n = 3).
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Figure 6. A. Average trends for 3.5-Mrad UHMWPE/CoCr,
7-Mrad UHMWPE/CoCr, 3.5-Mrad UHMWPE/Zr, and 7-
Mrad UHMWPE/Zr combinations.
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Figure 3. Linear wear trends for 7-Mrad UHMWPE/CoCr
component (n = 3).
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Figure 5. Linear wear trends for 7-Mrad UHMWPE/zirconia
component (n = 3).
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B. Mean wear rates and statistical correction for 3.5-Mrad
versus 7-Mrad UHMWPE tibial inserts against CoCr and
zirconia femoral implants.
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Discussion

An initial technical limitation of our study was the
lack of wear trends up to 1 million cycles dura-
tion (1 Mc). However, comparing our control set
(CoCr/3.5-Mrad) from 1 to 5.5 Mc duration, the
implants showed an excellent linear trend. Total
variation in wear rates was also excellent (< 7%
overall) and the average wear rate of 4.89 mm?/
Mc corresponds to mid-range values in previously
published knee studies (Table 1). Thus, our wear
trends appeared to be satisfactorily robust from 1 to
5.5 Mc (Figure 6A, B). However, our experimental
CoCr/7-Mrad set revealed a disappointing variance
(62% overall, n = 3). The variance estimate (62%)
was due to one tibial insert (Figure 3, KLL279) that
showed 2.7 times higher wear on average than the
other two inserts. This may signify that KL.279 had
been inadvertently damaged at the beginning of the
wear study. However, either inclusion or exclusion
of this tibial insert did not alter the conclusions
in any way. Deleting the outlying TKR provided
a modified average wear rate of 0.60 mm3/Mc
(4%), which may be a better depiction of the per-
formance of the CoCr/7-Mrad set. Thus, the wear
advantage of 7-Mrad UHMWPE on CoCr perhaps
represented a 5-times reduction in wear compared
to 3.5-Mrad inserts, but with an 8-times reduction
possible using the modified wear value (Table 5).
Both of these predictions, however, were higher
than in our previous KOM study in which the
corresponding wear reduction was only 2.3 times
(Table 1). Thus, there was some remaining uncer-
tainty in this CoCr/7-Mrad set.

Our ZrO,/3.5-Mrad set had an acceptable vari-
ance (Table 5). Both this set and the control set
(CoCr/3.5-Mrad) showed wear similar to pre-
viously published data (Table 1). With the oxi-
dized zirconium-type bearing, the magnitudes
of UHMWPE wear were much higher than those
reported by Hermida et al. (2004). However, this
was probably due to their use of non-crosslinked
UHMWEPE inserts and probably also other varia-
tions in test modes and TKR design (Table 1).
There was clearly a beneficial effect of crosslinked
UHMWPE for knees as well as hips (Asano et
al. 2003). Thus, for the variety of test conditions
(Table 1), the simulator studies showed a 2.3- to
4.8-fold wear reduction for zirconia compared to

CoCr condyles. The average wear reduction factor
of 4 using zirconia in our study is consistent with
previous work. It was also apparent that using zir-
conia on standard 3.5-Mrad UHMWPE provided
approximately the same degree of wear reduction
as using CoCr with 7-Mrad crosslinked UHMWPE
(Table 4). This provides the surgeon with alterna-
tive choices of design.

The surprise finding in our study was that the
combination of zirconia femoral condyles with 7-
Mrad crosslinked UHMWPE provided wear rates
that were so low as to be unmeasurable. Our exper-
imental data for the ZrO,/7-Mrad set appeared sat-
isfactorily robust with excellent linear trending (r
> 0.96) and variance (< 10% overall). The 7-Mrad
UHMWPE wear was nevertheless unmeasurable
with the gravimetric method. Unfortunately, there
have been no comparable studies. In our previ-
ous study of the CoCr KOM knee, we found only
2.3-times wear reduction when using the 7-Mrad
UHMWPE (Asano et al. 2003). Thus, these new
wear data support our initial hypothesis. The zir-
conia/7-Mrad UHMWPE combination appears to
offer a synergistic wear reduction below the cur-
rent level of detection of wear in knee simulation
studies.
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