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Abstract

The biologic response to polyethylene particulate debris generated from metal-
on-polyethylene bearing surfaces is thought to be largely responsible for
periprosthetic osteolysis and aseptic loosening in total joint arthroplasty. As a
result, there has been an interest in developing polyethylene with improved
wear characteristics, as well as a renewed interest in alternative bearing sur-
faces for total joint arthroplasty, including ceramic-polyethylene, metal-metal,
and ceramic-ceramic articulations. These alternative surfaces have demonstrat-
ed less friction and lower wear rates than metal-on-polyethylene bearing sur-
faces in both clinical and laboratory experiments. Clinical results, although
only short- to mid-term, have been encouraging. Alternative bearing surfaces,
with lower wear rates and less particulate debris formation, may have the poten-
tial to improve total joint arthroplasty survivorship by decreasing periprosthetic

osteolysis, especially in younger, high-demand patients.
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The articulating bearing surface
most commonly used for total hip
arthroplasty (THA) in the United
States is a metal femoral head man-
ufactured of either stainless steel or
cast or wrought cobalt-base alloy ar-
ticulating against a high-molecular-
weight polyethylene acetabular
component. In use since 1961,
metal-on-polyethylene bearings
have demonstrated good to excel-
lent clinical results and are consid-
ered the standard against which all
alternative bearings must be com-
pared.! However, wear of the
polyethylene (75 to 250 ym/yr)
and resultant periprosthetic os-
teolysis are major long-term con-
cerns that affect implant longevity,
particularly for young, active pa-
tients.23

Periprosthetic osteolysis and
aseptic loosening are thought to be
primarily due to the body’s reac-
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tion to polyethylene particulate
debris generated from the metal-
on-polyethylene articulation. Ac-
cumulation of particulate debris
can result in an aggregation of
macrophages that attempt to pha-
gocytize it. The ensuing chronic
inflammatory response is charac-
terized by the release of lytic
enzymes, proinflammatory cyto-
kines, and bone-resorbing media-
tors, resulting in osteolysis that can
cause aseptic loosening and fixa-
tion failure.

Current prosthesis design uti-
lizes strategies for minimizing the
generation of polyethylene debris
and its damaging effects, such as
avoiding the use of large-diameter
femoral heads, improving polyeth-
ylene quality, avoiding excessively
thin (<5 mm) polyethylene, increas-
ing the stability of modular connec-
tions, and avoiding the use of

metal-backed cups with screw
holes.# As alternatives to metal-on-
polyethylene bearings, ceramic
femoral heads have been used to
articulate with the polyethylene, or
the polyethylene has been eliminated
entirely by the use of either metal-
on-metal or ceramic-on-ceramic
bearings. In the laboratory and
clinical setting, these alternative
bearings produce less particulate
debris and incite a less intense
chronic inflammatory reaction than
standard metal-on-polyethylene
articulations.>6
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Ceramic-on-Polyethylene
Bearings in THA

The most common alternative
bearing used for THA is the
ceramic-on-polyethylene articulat-
ing surface. The ceramic femoral
head can be made of either alu-
minum oxide or zirconium oxide.
Alumina ceramics were the first to
be introduced for use in total joint
arthroplasty, but there were clini-
cal problems due to their brittle-
ness and propensity to fracture.
To combat this problem, zirconia
ceramic, with improved tough-
ness and wear properties, was
introduced into use in the United
States in 1989.7 Zirconia ceramic
exhibits one fifth the wear of alu-
mina ceramic on polyethylene,
and its greater toughness permits
the use of femoral heads with
smaller diameters than those
made of alumina. Nevertheless,
cases of fracture of zirconia ce-
ramic femoral heads have also
been reported.?

Clinical and laboratory wear
rates for ceramic-on-polyethylene
bearings are generally considerably
less than those for metal-on-poly-
ethylene bearings. Wear rates for
ceramic-on-polyethylene bearings
have varied in the literature, rang-
ing from 0 to 150 ym/yr and aver-
aging 10% to 50% less wear than
with a standard metal femoral
head on polyethylene.® Theoretical
advantages of ceramic femoral
heads over metal femoral heads
include the following: (1) Ceramics
have superior lubrication proper-
ties. (2) Ceramic polishing achieves
a smoother surface than can be
achieved with metal, decreasing
the coefficient of friction of the
bearing surface and thus improv-
ing wear characteristics. (3) Ce-
ramic femoral heads are much
harder than metal femoral heads
and therefore less susceptible to
third-body wear and scratching of
the surface. (4) Ceramics are inert
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and maintain their surface finish
without evidence of ion release.

In contrast, metallic femoral
heads undergo oxidation and resul-
tant surface roughening; during
motion, the surface can be worn
away, leading to metal ion release.®
Despite the decreased wear rates of
ceramic-polyethylene articulations,
clinical reports of periprosthetic
osteolysis and catastrophic poly-
ethylene wear have also been ob-
served.? Currently, there is no evi-
dence of a clinical benefit or report-
ed decrease in revision rates for the
ceramic-on-polyethylene bearing
compared with a metal-on-polyeth-
ylene bearing.!

New-Generation Ceramic-
on-Ceramic Bearings in
THA

In 1970, Boutine was the first to re-
port on the use of an alumina
ceramic-on-ceramic bearing for
total joint arthroplasty.l At about
the same time, Mittelmeier also
developed a ceramic-on-ceramic
bearing for total joint arthroplasty
consisting of a threaded nonce-
mented cup and a press-fit femoral
stem!! (Fig. 1). It was demonstrat-
ed that ceramics have excellent bio-
compatibility due to their highly
oxidized state, excellent tribologic
properties (lubrication, friction,
wear), extreme hardness, good sur-
face finish, and biologic inertness.*
Early failures with ceramic-on-
ceramic articulations, arising from
poor implant design and use of
low-quality ceramics, dampened
the initial enthusiasm engendered
by low wear rates in the labora-
tory.# Newer designs display clini-
cal and laboratory wear rates aver-
aging 0.5 to 2.5 ym per component
per year, and ceramic quality has
been strictly standardized.! How-
ever, the possibility of brittle frac-
ture and the high cost of the ceram-
ic components are factors that must
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Fig.1 The Mittelmeier ceramic prosthesis
with a femoral stem. Note the straight dis-
tal femoral shaft, corrugation of collar,
honeycomb grooves for bone ingrowth,
and threaded noncemented acetabular cup.

be considered before their more
widespread use.

Factors associated with early fail-
ure of the initial ceramic-on-ceramic
hip bearings included improper
positioning of the acetabular compo-
nent and small femoral head sizes.
Vertical cup placement, which
increased contact stresses at the rim
of the cup, resulted in localized frag-
mentation and third-body wear.12
The use of smaller ceramic femoral
heads (<28 mm) also increased local-
ized contact stresses at the acetabu-
lar component. Furthermore, the
use of poorly designed taper locks
that connected the femoral head to
the stem resulted in increased junc-
tional hoop stresses, which caused
tensile stress and fracture.”

The use of the newer-generation
press-fit ceramic-on-ceramic bear-
ings allows increased surgical ease
in obtaining correct implant posi-
tioning. The ceramic bearing insert
fits into the acetabular hemispheri-
cal shell through a taper lock (Fig.
2). A technical problem with these
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Fig. 2 The Secur-Fit hydroxyapatite
press-fit ceramic-on-ceramic bearing pros-
thesis (Osteonics; Allendale, NJ) has a
ceramic articulation that attaches to a metal
acetabular shell through a taper lock. It is
the only ceramic-on-ceramic bearing
undergoing clinical trials in the United
States and is strictly for investigational use.

all-ceramic conical liners concerns
positioning into the metal acetabu-
lar shell. The liners are not self-cen-
tering, and due to the low angle of
the truncated cone and the hard-
ness of ceramic, incorrect position-
ing during insertion may result in
fracture of the conical liner (P. Dalla
Pria, MD, written communication,
July 8, 1998). While several institu-
tions in the United States are cur-
rently conducting clinical trials to
evaluate this experimental press-fit
design, these newer-generation
ceramic-on-ceramic bearings have
been used in Europe since 1990.
Clinical results at 5-year follow-up
have shown that rates of patient
satisfaction and radiographic evi-
dence of loosening are similar to
those obtained with standard
metal-on-polyethylene bearings.1314
These studies have demonstrated a
1% incidence of component fracture
and incorrect operative positioning
of the ceramic conical liner.

The high modulus of elasticity
of ceramic has also been linked to
the early failure of the all-ceramic
acetabular components in THA.10
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Because of the high rigidity and
resultant low-energy absorption of
ceramic, direct transmission of
loads to the periacetabular bone oc-
curs. Early-generation ceramic-on-
ceramic hip bearings demonstrated
better results in younger patients
due to the increased strength of the
periacetabular bone.!® Because the
periacetabular bone in elderly pa-

tients was osteoporotic, there was
decreased tolerance of hip force
transmission, which eventually led
to acetabular component migra-
tion.

To reduce the rigidity of the
ceramic-on-ceramic bearing, newer
designs have combined the force-
dampening qualities of polyethyl-
ene with an articulating ceramic
bearing!? (Fig. 3). The alumina ar-
ticular liner with an outer lining of
polyethylene is fitted into a modu-
lar metal-back acetabular cup. The
polyethylene, with a lower modu-
lus of elasticity, is capable of
absorbing and distributing forces
to a greater extent than ceramic.
The reduction of rigidity offered
by the addition of polyethylene
may extend the range of indica-
tions for use of ceramic-on-ceramic
implants to include the elderly
with poor acetabular bone stock.
Early results from studies with 1-
year follow-up are encouraging.!®
Patients’ Harris hip scores im-
proved from a preoperative mean
value of 47.8 to a postoperative
score of 92.6. Follow-up radio-
graphs at 1 year displayed no
change in acetabular cup position,
and no evidence of wear or loos-
ening.

UHMWPE

Alumina

Fig.3 Left, The Contact acetabular cup de-
sign has a ceramic articulating surface fitted
into a nonarticulating polyethylene liner,
which is then fitted onto a metal acetabular
shell. This design is not currently available
in the United States. Above, Cross section
through the Contact acetabular cup.
UHMWPE = ultra-high-molecular-weight
polyethylene. (Courtesy of Paolo Dalla
Pria, MD, Lima-LTO, Casiasco PN, Italy.)
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New-Generation Metal-on-
Metal Bearings in THA

In 1984, Miiller and Weber reintro-
duced the concept of metal-on-
metal components with new mate-
rials and implant designs.516
Weber fixed a 28- or 32-mm cobalt-
chromium-molybdenum inner
bearing in the polyethylene insert
of a noncemented metallic shell
(Fig. 4). At follow-up a mean of
3.5 years after THA, 98 of 100
patients had good to excellent re-
sults, and only 4% had evidence of
aseptic loosening. Analysis of re-
trieved femoral heads demonstrat-
ed linear wear rates ranging from
4.0 to 5.9 ym per component per
year—values similar to the wear
rates in the authors’ in vitro hip
simulator studies. Other studies of
metal-on-metal bearings have
shown no aseptic loosening at
short-term follow-up and consis-
tently good to excellent clinical
results.17.18

Laboratory data for this new-
generation metal-on-metal bearing
surface have demonstrated im-
proved tribologic characteristics.
Wear tests in hip simulators have
demonstrated that new-generation
metal-on-metal bearing surfaces
generate fewer particles than
metal-on-polyethylene articula-
tions.> Laboratory wear rates for
metal-on-metal bearings are nota-
bly lower than those for metal-on-
polyethylene bearings, ranging
from 2.5 to 5.0 ym per component
per year.? However, there remain
clinical concerns about the possibil-
ity of an increased incidence of ma-
lignant disorders due to the pres-
ence of metallic particles and ions
in metal-on-metal THA bearings.
Visuri et al?0 concluded that the
gross variation in the incidence of
different cancers among patients
with THA compared with the gen-
eral population is likely attribut-
able to factors other than the partic-
ular implant used.
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Clinical trials are currently un-
der way in the United States, but in
Europe several metal-on-metal
bearing designs are already in use,
including the Weber cemented
socket, the press-fit acetabular cup
of Marchetti, the Wagner nonce-
mented cup, the elastic socket of
Spotorno, the Stithmer prosthesis,
the Zweymidiller prosthesis, and the
Miiller cemented and noncemented
all-metal systems. All these metal-
on-metal implants have in common
a forged 28-mm CoCr acetabular
bearing inserted into an outer poly-
ethylene socket or liner. While the
clinical results with early metal-on-
metal bearing designs were inferior
to those for metal-on-polyethylene
bearings,?! the initial follow-up
results of the newer metal-on-metal
THA bearings have been encourag-
ing. Longer follow-up is necessary,
and continued research in the epi-
demiology of possible malignant
conditions due to metal-on-metal
articulations is needed before these
implants can be advocated for
widespread clinical use.

Ceramics and Total Knee
Arthroplasty

The recent experience with alterna-
tive bearings in total knee arthro-
plasty (TKA) is much more limited
than that with THA. This is due to
concerns about the brittle nature of
ceramics, their inability to with-
stand high-impact forces, and the
high early failure rates of all metal-
hinged total knee replacements.?2
Researchers in Japan have devel-
oped a TKA component design that
consists of a ceramic femoral com-
ponent and a ceramic tibial base
plate with an articulating polyeth-
ylene insert (Fig. 5). Biomechanical
tests have demonstrated the ability
of these components to sufficiently
withstand the forces generated at
the knee without fracturing.2?
Laboratory wear studies compar-
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Fig.4 Weber THA prosthesis consists of a
modular titanium cemented femoral stem
with a curved or straight design and a
four-layer sintered stainless-steel mesh
cup. The articulation consists of a 28-mm
CoCrMo alloy femoral head and a CoCrMo
metal shell fixed within an outer polyethyl-
ene cup. This device is strictly for investi-
gational use and is not available in the
United States. (Courtesy of Weber BG:
Experience with the Metasul total hip bear-
ing system. Clin Orthop 1996;329[suppl]:
569-577.)

ing zirconia ceramic and CoCr
femoral components with a 10-
mm-thick tibial polyethylene com-
ponent demonstrated considerably
less wear of the polyethylene with
the ceramic component.23 Early
follow-up (2 to 4 years) of a ce-
mented alumina posterior cruciate
condylar TKA prosthesis with a
polyethylene articulating insert
demonstrated results similar to
those for a metal-on-polyethylene
TKA prosthesis, with no evidence
of ceramic component fracture.??
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A

Fig. 5 Anteroposterior (A) and lateral (B) views of the KC-1 total knee prosthesis (Kyoto
Ceramic Company, Kyoto, Japan), which is a cementless ceramic-on-polyethylene design
with ceramic tibial and femoral components and a polyethylene insert (C = ceramic; H =
high-density polyethylene). This design is currently not available in the United States.
(Courtesy of Tateishi H, Iwata Y, Futani H, et al: Clinical experience of ceramic cementless
total knee arthroplasty in RA and a histologic study of the bone-ceramic interface in revi-

sion cases. Bull Hosp Jt Dis 1993;53:35-40.)

However, other investigators have
reported an increased incidence of
tibial component subsidence sec-
ondary to the increased rigidity of
the ceramic implant.24

Bearing Surfaces for Other
Joints

Ceramic materials have been uti-
lized in bearing surfaces for shoul-
der and ankle arthroplasty as well
as for arthroplasty in the hand.2>-27
The concern about brittle fracture
and the reduced rate of polyethyl-
ene wear in the shoulder and hand
as compared with the hip and knee

have decreased interest in alterna-
tive bearing surfaces for these joints.

Summary

The reemergence of alternative
bearing surfaces for total joint
arthroplasty, after the initial suc-
cess of metal-on-polyethylene
bearings, has been largely spurred
by findings of an association be-
tween polyethylene wear debris
and periprosthetic osteolysis. Peri-
prosthetic osteolysis is often seen
in the younger, more active, higher-
demand patient. Alternative bear-
ing surfaces, with lower wear

rates, can potentially improve the
longevity of implant survival for
the higher-demand patient by
decreasing particulate debris for-
mation and the resultant osteoly-
sis. Patients who are older and
less active will continue to be well
served by metal-on-polyethylene
bearings, because such bearings
will undergo less cycling and thus
be subject to less wear.

As new advances in prosthesis
design and material properties
have occurred over the past 30
years, the problems of particulate
debris (primarily generated at the
femoral head—polyethylene articu-
lation) and periprosthetic osteolysis
and aseptic loosening have become
the subjects of intense clinical and
laboratory research. Alternative
bearing surfaces have the potential
to be the next major breakthrough
in thwarting these problems and
increasing implant longevity, espe-
cially in younger, more active
patients.

Some devices discussed in this article have
not been cleared by the US Food and Drug
Administration (FDA) or have been cleared
by the FDA for specific purposes only. The
FDA has stated that it is the responsibility of
the physician to determine the FDA clearance
status of each drug or device he or she wishes
to use in clinical practice and to use the prod-
uct with appropriate patient consent and in
compliance with applicable law. Further-
more, any statements about commercial prod-
ucts are solely the opinions of the authors and
do not represent Academy endorsement or
evaluation of these products. Author state-
ments in this journal may not be used in
advertising or for any commercial purpose.
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