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Polyethylene Wear Against Alumina and Zirconia
Heads in Cemented Total Hip Arthroplasty

Bojian Liang, MD, PhD,* Keiichi Kawanabe, MD, PhD,* Kentaro Ise, MD,*

Hirokazu Iida, MD, PhD,} and Takashi Nakamura, MD, PhD*

Abstract: We compared the polyethylene wear of acetabular sockets articulated
with 22.225-mm alumina heads with the polyethylene wear of those articulated
with 22.225-mm zirconia heads in cemented total hip arthroplasty durirg a mean
follow-up period of 5.4 years. Using a computer-aided technique, we measured
polyethylene wear radiologically in 46 hips with alumina heads and 58 hips with
zirconia heads. The preoperative diagnosis in all cases was osteoarthritis. The mean
linear wear rate and mean volumetric wear rate of polyethylene sockets against
zirconia heads were 0.133 mm/y and 39.8 mm?>/y, respectively, significanily greater
(P < .01) than the wear rates against alumina heads (0.078 mm/y and 24.2 mm®/y,
respectively). Age at operation, patient body weight as well as height, thickness of
polyethylene, and socket abduction angle did not influence the wear rates. We
speculate that the excessive polyethylene wear was caused by phase transformation
of zirconia, leading to an increase of surface roughness. Key words: total hip

arthroplasty, alumina, zirconia, polyethylene wear, clinical result.

© 2007 Elsevier Inc. All rights reserved.

Total hip arthroplasty (THA) is one of the greatest
advances to have been made in orthopedic surgery
in the 20th century, and the quality of life of
patients affected by hip joint osteoarthritis has
improved dramatically as a result. A variety of
bearing couples, such as metal on metal and ceramic
on ceramic, are available for THA. Although,
currently, the combination of metal on polyethyl-
ene is used in most prostheses, it is not established
as an international standard. Approximately 1 mil-
lion ultra-high molecular-weight polyethylene

(UHMWPE) components are implanted on a yearly. -

basis worldwide [1].
Despite these successes, polyethylene wear is still
one of the major factors responsible for peripros-
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thetic osteolysis and aseptic loosening, which affect
the functional life of THA patients. Ceramic heads
have been introduced in articulation with polyeth-
ylene to reduce wear debris. Alumina ceramics with
a fine microstructure and high chemical purity were
introduced in the early 1970s [2], although there
are still concerns about their brittleness as com-
pared with metals [3]. Zirconia ceramics have
better fracture toughness, higher flexural strength
[4,5], and lower wear rates against polyethylene
in vitro [6]. The superior mechanical properties of
zirconia ceramics have allowed for the develop-
ment of a large variety of head designs, ranging
from 22.2 to 32 mm in diameter, and more than
350000 zirconia ceramic heads have been used in
THA throughout the world [4].

Low-temperature aging degradation is caused by
tetragonal-to-monoclinic (T-M) phase transforma-
tion, and bearing surface deterioration of yttrium-
stabilized tetragonal zirconia polycrystal (Y-TZP)
has been observed both in vitro [3,7] and in vivo
[8]. Recently, there have been clinical reports of
greater wear rates of polyethylene articulated with
Y-TZP heads: 0.21 * 0.18 mm/y after 6.4 years [9]
and 0.22 mm/y after 6 years [10] of follow-up with
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Table 1. Clinical Hip Score of the JOA

Pain Mobility Walking Function in daily activities
Flexion Abduction Able  Able with
Pain Score  (°)  Score ) Score Ability Score Function with ease difficulty Unable
None 40 >90 12 >30 8 Normal 20 Sitting on chair 2 1 0
Mild 30 60-89 9 20-29 6 Wwithout cane but 15 Sitting down 2 1 0
with slight limp on the heels
Moderate 20  30-59 6 10-19 4  With one cane and 10 Bending 2 1 0
with moderate limp while sitting
Marked 10 10-29 3 <9 2 Only with crutches 5 Crouching 2 1 0
and marked limp
Disabled 0 <10 0 Contracture 0 Disabled 0 Putting socks 2 1 0
s on and off
Cutting toenails 2 1 0
Standing up 2 1 0
Standing on one leg 2 1 0
Going upstairs 2 1 0
Going downstairs 2 1 0

22-mm heads and 0.412 mm/y after 12 years [11]
of follow-up with 28-mm heads. However, no pre-
vious report has compared the wear of UHMWPE
articulated with alumina and zirconia heads of the
same sizes. We report on a radiologic review of hip
prostheses with 22.225-mm alumina ceramic and
zirconia ceramic heads in cemented THA that were
followed up for an average period of 5.4 years
(range = 5.0-8.1 years).

Patients and Methods

Between February 1996 and February 1999,
we carried out 118 primary cemented THAs in
103 patients using Kobelco hip prostheses (K-MAX
series, Kobe Steel Co Ltd, Kobe, Japan) in which all-
polyethylene acetabular components were articu-
lated with 22.225-mm alumina or zirconia heads
and titanium alloy femoral stems. The preoperative
diagnosis in all cases was osteoarthritis.

The acetabular sockets were machined from
GUR 402 UHMWPE. The socket was sterilized
with 2.5 Mrad of gamma irradiation in air. The
femoral stems were made of titanium alloy (Ti-
15Mo-5Zr-3Al), and the heads were sterilized using
ethylene oxide gas. The acetabular sockets were
fixed with bone cement (CMW1, CMW Laborato-
ries, Devon, UK), and the femoral stems were also
fixed with bone cement (CMW3, CMW Laborato-
ries) applied using a cement gun, the so-called
third-generation technique [12].

Between February 1996 and August 1997, alu-
mina heads were applied for 52 hips (46 patients:
5 men and 41 women); between September 1997

and February 1999, zirconia heads were applied
for 66 hips (57 patients: 3 men and 54 women).
Alumina ceramics containing 0.25 wt% of MgO
were used in the alumina heads, and zirconia
ceramics of Y-TZP containing 3 mol% of yttrium
oxide were used in the zirconia heads. Hips with a
minimum follow-up of 5 years were evaluated for
polyethylene wear.

Clinical outcome was also evaluated using the
hip score of the Japan Orthopedic Association
(JOA) in which the maximum score of 100 points
is divided into scores for pain (40 points), range of
motion (20 points) of the ipsilateral hip, walking
ability (20 points), and activities of daily living
(20 points), as shown in Table 1 [13]. A higher
score indicates a better condition.

Radiologic Analysis

All evaluations and measurements of the radio-
graphs were undertaken by the same observer (BL),
who also performed all the assessments blindly as
to the type of head being studied, to eliminate
interobserver error. The analytic methods used in
this study, including the digitization of radiographs
and the use of software, were the same as those
reported previously [14]. Because of the limitation
of the number of revisions, comparisons of the
correlation between retrieved specimens and the
radiographic measurements were not performed as
reported before [14].

Polyethylene wear was measured radiologically
by determining the migration of the center of the
head relative to the center of the socket, based on
the computer-aided technique of Sychterz et al [15]
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Table 4. Wear Data at the Latest Follow-up Expressed
as Mean * SD

Alumina Zirconia Alumina Zirconia
No. of hips 46 58 Wear angle (°) 9.0 + 55.6 22 % 244
No. of patients 40 (6: bilaterally) 50 (8: bilaterally) Linear wear (mm) 0.52 £ 0.27 0.72 + 0.38%*
Diagnosis Osteoarthritis Osteoarthritis Linear wear rate (mm/y) 0.078 + 0.044 0.133 + 0.073**
Sex (n) Volumetric wear (mm?) 160.9 £ 96.4 212.0 + 125.2*
Male 5 3 Volumetric wear 241 £ 152 39.8 £ 23.9%*
Female 35 48 rate (mm?>/y)

and as modified by Tanaka et al [14]. For each
patient, the immediately postoperative and most
recent anterior-posterior radiographs of the pelvis
were selected. The radiographs were scanned using
a scanner (GT-9500, Seiko Epson Co Ltd, Nagano,
Japan) to generate 600-dots per inch TIFF (tag
image file format) images. Using customized soft-
ware (Image-Pro Plus version 4.0, Media Cyber-
netics Inc, Silver Spring, MD), the observer
digitized 10 points around the periphery of the
head on the radiograph and around the periphery
of the polyethylene socket at the cement-socket
interface. This software provided best-fit circles and
centers for the head and socket from the digitized
points, from which the 2-dimensional coordinate
for each center was obtained on the radiograph. By
comparing the ccordinates of the 2 centers on the
immediately postoperative and most recent radio-
graphs, the amount and the direction of head
penetration into the socket were determined after
correction for pelvic tilting and magnification.
Although head migration may comprise not only
true wear but also polyethylene creep deformation,
we defined the migration as linear wear in this
study. The direction of wear was also defined
relative to a vertical line drawn through the center
of the head and perpendicular to an interteardrop
line [16]. The direction of wear was defined as
positive if the direction of wear was medial to this

Table 3. Clinical Data at the Latest Follow-up
Expressed as Mean + SD

Alumina Zirconia
Follow-up periods (y) 6.7 + 0.6 54+ 0.8
Age at operation (y) 58.1 + 9.8 583 £ 11.6
Weight (kg) 54.0 £ 7.7 534 + 6.8
Height (m) 1.51 £ 0.07 1.51 + 0.06
JOA score
Preoperation 46.8 + 12.7 44.2 + 12,7
Latest follow-up 89.3 £ 8.2 88.3 £ 7.2
Thickness of polyethylene 112+ 14 10.8 £ 1.2
sockets (mm)
Socket angle (°) 44.6 + 4.4 459 + 4.9

*Significantly higher than those of alumina heads, P <.05.
**Significantly higher than those of alumina heads, P < .01.

line and as negative if it was lateral to this line. In
addition, the linear wear rate and volumetric wear
rate were calculated from the linear wear data, as
reported previously [17,18]. Correlations of poly-
ethylene thickness and wear rates were analyzed.

Statistical Analysis

The data are expressed as mean * SD and were
assessed using one-way factorial analysis of vari-
ance and Fisher’s protected least significant differ-
ence method as a post hoc test. Values of P < .05
were considered statistically significant.

Results

At the final follow-up in the alumina group, 2 hips
in 2 patients who died and 4 hips in 4 patients who
were lost to follow-up could not be examined. On
the other hand, in the zirconia group, 2 hips in
2 patients who died and 4 hips in 3 patients who
were lost to follow-up could not be studied further.
Two hips in 2 patients with zirconia heads had been
revised: 1 hip for aseptic loosening of the proximal
femoral stem at 50 months after initial THA and
the other because of extensive infection from a liver
abscess at 59 months after initial THA. Both hips
were excluded from the comparison of polyethyl-
ene wear because their follow-up periods were
shorter than 5 years. The overall follow-up rates in
the alumina and zirconia groups were 92% and
94%, respectively.

As a result, we measured radiologic wear
in 104 primary cemented THAs in 90 patients;
46 prostheses (40 patients; 5 men and 35 women;
mean age at operation = 58.1 years) had alumina
heads and 58 (50 patients; 3 men and 47 women;
mean age at operation = 58.3 years) had zirconia
heads (Table 2).

The mean follow-up periods for the alumina
and zirconia groups were 6.8 years (range =
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Linear wear rates
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EAlumina  —

B Zirconia

Number

Fig. 1. Case distribution of the linear wear rates in the alumina and zirconia groups.

5.8-8.1 years) and 5.4 years (range =5.0-6.5 years),
respectively. There was no significant difference as
to mean age at surgery ( P =.41), mean patient body
weight (P = .69), or mean patient height (P = .87)
between the alumina and zirconia groups. The
mean JOA hip scores at the most recent follow-up
were significantly better than those before surgery,
improving from 46.8 to 89.3 in the alumina group
and from 44.2 to 88.3 in the zirconia group. There
was no significant difference in JOA hip scores
between the alumina and zirconia groups either
before surgery (P = .32) or at the most recent
follow-up (P = .48). The average thickness of

polyethylene was 11.2 mm in the alumina group
and was 10.8 mm in the zircomia group, with no
significant difference (P = .15). The mean socket
angle was 44.6° in the alumina group and 45.9° in
the zirconia group, also with no significant differ-
ence (P = .16) (Table 3).

The mean rate of linear wear was 0.078 =+
0.044 mm/y for the alumina group (range = 0.02-
0.27 mm/y) and was 0.133 + 0.073 mm/y for the
zirconia group (range = 0.01-0.40 mm/y). The
mean rate of linear wear in the zircomia group
was significantly greater than that in the alumina
group (P < .01). The mean volumetric wear

Volumetric wear rates

20
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B Zirconia

Number

Fig. 2. Case distribution of the volumetric wear rates in the alumina and zirconia groups.
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Correlation of linear wear rates
with polyethylene thickness
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Fig. 3. Correlation of linear wear rates with thickness of polyethylene.

rate was 24.2 + 15.2 mm?®/y in the alumina
group (range = 1.7-71.1 mm?/y) and was 39.8 +
23.9 mm?/y in the zirconia group (range = 1.5-
146.8 mm’/y). The mean volumetric wear rate in
the zirconia group was also significantly greater
than that in the alumina group (P < .01), although
there was no significant difference in the direction
of wear (P = .42) between the 2 groups (Table 4).
Case distribution analysis showed that both linear
(Fig. 1) and volumetric (Fig. 2) wear rates were
greater in the zircomia group as compared with the
alumina group. There was no significant relation-
ship between polyethylene thickness and wear rate
(Fig. 3). There was also no significant relationship
between patient age at surgery, patient body
weight, patient height, socket abduction angle,
and wear rate.

Discussion

Our results after a minimum follow-up of 5 years
showed that both the mean linear and volu-
metri wear rates were significantly greater in the
zirconia group as compared with the alumina
group. No previous report has compared UHMWPE
wear against alumina and zirconia heads of the
same size.

Initially, in our series, we used an alumina
ceramic head as a bearing surface articulated with
a polyethylene socket. Recently, however, zirconia
ceramics have been reported to show excellent
mechanical properties such as toughness and flex-
ural strength [4,5], as well as favorably lower wear
rates against polyethylene in vitro [6].

More recently, there have been clinical reports
about greater wear rates of polyethylene articulated
with Y-TZP heads [9-11]. Our present results also
showed greater wear than we had expected.

Currently, it is still impossible to clarify the
mechanism responsible for these differences in
polyethylene wear rate when these 2 kinds of
ceramic femoral heads are used; however, it may
reflect the differences in physical properties bet-
ween alumina ceramics and Y-TZP.

Yttrium-stabilized tetragonal zirconia polycrys-
tal belongs to a family of stress-toughened materi-
als with a transformation-toughening mechanism
that resists crack propagation. Low-temperature
aging degradation is caused by T-M phase trans-
formation, and Y-TZP bearing surface deterio-
ration has been observed in vitro [3,7] and in
vivo [8].

There have been few reports about the effects of
loading on the T-M phase transformation of Y-TZP.
In one study on T-M phase transformation in
retrieved Y-TZP heads, the monoclinic phase was
approximately 20% at 3 years postoperation and
was approximately 30% at 6 years [8]. In another
study [19], a strong correlation was observed
between increasing transformation to monoclinic
phase and decreasing surface hardness. In addition,
the surface of retrieved Y-TZP heads showing high
phase transformation was found to have become
much rougher {19]. Generally, the surface rough-
ness of the head influences the wear rate [20].
The stress-induced phase transformation involves
the transformation of metastable tetragonal crys-
tallites to the monodinic phase at the crack tip,
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accompanied by volumetric expansion, which
induces compressive stress [21].

In a recent review by Clarke et al [22], clinical
results obtained with zirconia heads were reported
to vary among authors. The T-M phase trans-
formations of the retrieved zirconia heads were
also different. There was a greater than 20% mono-
clinic phase transformation with surface cratering
and substantial roughening, whereas the retrieved
head (10 years after surgery) showed minimal
phase transformation and a high-quality bearing
surface, as well as no change in surface roughness
[22]. These differences were considered attribut-
able to the manufacturer, era of manufacture,
implant design, incorporation of metal backing,
patient-related factors, time in vivo, and even third-
body wear by abrasive particles.

Another important difference between alumina
ceramics and Y-TZP is thermal conductivity. It has
been reported that the thermal conductivity of
Y-TZP is more than 15 times lower than that of
alumina [23], which might accelerate the T-M
phase transformation of Y-TZP heads in vivo [9].

The T-M phase transformation of Y-TZP, mainly
propagation of the transformation into the speci-
men interior, can be suppressed by the addition of a
small amount of Al,O5 [24]. Recent improvements
achieved by the addition of 0.25 wt% of ALLO;
have increased the static and dynamic fracture
strength of Y-TZP, giving higher resistance to
low-temperature aging degradation and phase
transformation. In hip simulator wear tests, when
articulated with cross-linked polyethylene, the
improved Y-TZP heads induced almost no measur-
able polyethylene wear [25]. The current K-MAX
cemented THA with this improved Y-TZP head and
cross-linked polyethylene has been used in our
hospital since March 2002.

In an era when implant manufacturers are
creating and marketing alternative and hard bear-
ing surfaces, surgeons will be faced with a choice of
new technology about which they may be less
knowledgeable. They will need to evaluate these
materials to determine their advantages and poten-
tial problems. Therefore, our present findings are
considered important for helping create an under-
standing of how changes in the crystallinity of
ceramic can have a deleterious effect on an implant
and increase the wear of a polyethylene liner.
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THE OBLIQUE POSTERIOR FEMORAL

CONDYLAR

\DIOGRAPHIC VIEW

ForLLowING ToTtaL KNEE ARTHROPLASTY

By HIROMASA MIURA, MD, PHD, SHUICHI MATSUDA, MD, PHD, TARO MAWATARI, MD, PHD,
TSUTOMU KAWANO, MD, RYOTARO NABEYAMA, MD, AND YUKIHIDE IWAMOTO, MD, PHD

Investigation performed at the Department of Orthopaedic Surgery,
Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Background: It is often difficult to evaluate the posterior aspects of the femoral condyles after total knee arthro-
plasty. We have developed an imaging technique involving the use of the oblique posterior condylar view for the eval-
uation of the posterior aspects of the femoral condyles. The purpose of the present study was to compare the

efficacy of this view with that of the true-lateral view.

Wietheds: Three orthopaedic surgeons analyzed fifty-five sets of radiographs (consisting of oblique posterior condylar
and true-lateral views) for patients who had undergone total knee arthroplasty. The accuracy and reproducibility of the
oblique posterior condylar view for the detection of radiolucencies were compared with those of the true-lateral view.

Resulis: The oblique posterior condylar view was significantly better than the true-lateral view for the detection of ra-
diolucencies of the posterior aspects of the femoral condyles (p < 0.0005).

Conclusions: Radiographic analysis with use of the obligue posterior condylar view is technically easy and is accu-
rate for the evaluation of radiolucencies of the posterior aspects of the femoral condyles after total knee arthroplasty.

3 ollowing total knee arthroplasty, it is often difficult to
evaluate the posterior aspects of the femoral condyles
L. on a true-lateral radiograph. Moreover, even if an ab-
normal finding is detected, it is difficult to determine which
condyle is affected. In addition, visualization of the posterior
aspects of the femoral condyles may be blocked by the cam
mechanism of the femoral component of a posterior stabilized
prosthesis.

We have developed a radiographic technique involving
the use of the oblique posterior condylar view for the evalua-

tion of the posterior aspects of the femoral condyles after total
knee arthroplasty. The purpose of the present study was to de-
scribe this radiographic view and to validate its efficacy in
comparison with the true-lateral view.

Mizteriais and Methods
he oblique posterior condylar view is obtained with the
patient sitting with the knee flexed to 90° and the foot
resting on a stool. The x-ray beam is directed horizontally, and
two oblique radiographs of the knee are made (Fig. 1). Digital

Fig. 1

lHustration demonstrating the technique for obtaining the oblique
posterior condylar view. The patient sits with the knee flexed at
90° and the foot supported. The x-ray beam is directed horizon-
tally, and two obligue radiographs of the knee are made.
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THE OBLIQUE POSTERIOR FEMORAL CONDYLAR RADIOGRAPHIC
VIEW FOLLOWING TOTAL KNEE ARTHROPLASTY

Oblique Posterior Condyiar View ‘
Impossible
Lateral View Normal Abnormat to Observe Total
Observer 1%
Normal 14 25 0] 39
Abnormal ¢} 11 0 11
Impossible to observe 1 4 0 5
Total 15 40 0 55
Observer 2*
Normal 11 25 0 36
Abnormal 1 13 0 14
impossible to observe 1 4 0 5
Total 13 42 0 55
Observer 3*
Normal 12 21 0 33
Abnormat 0 17 0 17
Impossible to observe 1 4 0 5
Jotal 13 42 0 55
*Statistical analysis revealed a significant difference in diagnostic accuracy between the lateral and oblique posterior condylar views for all
three observers (p < 0.0001 for observer 1, p < 0.0001 for observer 2, and p < 0.0005 for observer 3; McNemar test). The kappa coeffi-
cient for the intraobserver agreement of the readings on the oblique posterior condylar views was 1.000 for observer 1, 0.845 for observer
2, and 0.818 for observer 3.

computed radiography is performed with use of a standard
protocol (tube current, 100 mA; tube voltage, 60 kV; time,
0.08 sec; source-to-image distance, 110 cm). The precise ob-
lique angle that is used depends on the particular design of the
prosthesis and is determined by measuring the prosthesis di-
rectly or with use of a fluoroscopic image. In the present study,
the angle was between 45° and 50° (Figs. 2-A, 2-B, and 2-C).

Fifty-five knees in forty-one patients were included in
this study. The patients included eleven men and thirty women
with an average age of 72.9 years (range, fifty-three to eighty-
two years) at the time of surgery. The average duration of
follow-up was 52.2 months (range, 24.0 to 126.7 months).
Forty-one knees had a cruciate-retaining total knee replace-
ment, and fourteen had a posterior stabilized replacement. Fifty
knees had a cementless replacement, and five had a cemented
replacement.

Clinically, all patients had an excellent or good result
according to the Knee Society score'. Oblique posterior condy-
lar and true-lateral radiographs were made for all patients,
and abnormal findings (such as radiolucent lines with a
thickness of >1 mm or osteolysis of the posterior aspects of
the femoral condyles) were evaluated. Three orthopaedic sur-
geons who were blinded to clinical and other imaging data
analyzed the fifty-five sets of radiographs twice at an interval
of more than one week. The diagnostic accuracy of the results
obtained with use of the lateral and the two oblique posterior
condylar views were compared with use of the McNemar test.
Interobserver and intraobserver reliability were assessed with
use of kappa statistics.

Resulis (Table I}
wenty-five of thirty-nine knees assessed by observer 1,
twenty-five of thirty-six knees assessed by observer 2, and

Fig. 2-A
True-lateral radiograph.
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Fig. 2-B Fig. C
Figs. 2-B and 2-C Obligue posterior condylar radiographs. By avoiding the overlap of the medial and
lateral condyles, it is possible to evaluate each condyle individually. One condyle can be observed
through the intercondylar notch.

twenty-one of thirty-three knees assessed by observer 3 were
classified as normal on the lateral radiograph but demon-
strated abnormal findings on the oblique posterior condylar
images. Almost all knees that were classified as abnormal on
the lateral radiograph were also classified as abnormal on the
oblique posterior condylar radiographs. In five of the fourteen
knees with a posterior stabilized replacement, it was impossi-
ble to observe the posterior aspects of the femoral condyles on
the lateral radiograph because of the cam mechanism. On the
oblique posterior condylar radiographs of these knees, how-
ever, the posterior aspects of the femoral condyles were visible
(Figs. 3-A, 3-B, and 3-C). Moreover, with use of the oblique
posterior condylar images, it was possible to determine which
condyle was abnormal in all knees.

Statistical analysis showed a significant difference in di-
agnostic accuracy between the lateral and the oblique posterior
condylar views for all three observers (p < 0.0005; McNemar
test). The intraobserver and interobserver agreement of the
readings on the oblique posterior condylar images were found
to be excellent (mean kappa coefficient, 0.888 [0.82, 0.85, and
1.00] and 0.793 [range, 0.74 to 0.82], respectively).

Riscussion
Astandard lateral radiograph cannot reliably demonstrate

the presence of radiolucencies of the posterior aspects of Fig. 3-A
the femoral condyles following total knee arthroplasty because Lateral radiograph of a knee with a posterior
rotation of the radiographic beam by only a few degrees may stabilized replacement. It is impossible to ob-
fail to reveal a radiolucency adjacent to the component™. Even serve the posterior aspects of the femoral
on a true-lateral radiograph, abnormal findings in one con- condyles on the lateral radiograph because of
dyle may be obscured by the other condyle. Furthermore, de- the presence of the cam mechanism (arrows).





