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Ceramic-on-Ceramic Bearings
in Total Joint Arthroplasty. Part 1

Zazirnyi LM."=

Summary. Ceramic bearings were first employed as alternatives to polyethylene (PE)
bearings in total joint arthroplasty about a decade after Sir Jobn Charnley introduced the
[first durable total bip arthroplasty (THA) with a metal-PE articulation. Charnley’s ap-
proach was based on a metal stem bonded to bone with polymethylmethacrylate (PMMA)
and an acetabular component made of ultra-high-molecular-weight PE (UHMWPE). Mi-
croscopic particulate debris in the joint space from bearing wear has been shown to lead
fo periprosthetic inflammation, osteolysis, and implant loosening. Cross-linking can re-
duce the wear of UHMWPE, but it also compromises UHMWPE’s mechanical properties.
Accordingly, there are concerns related to potential brittleness if UHMWPE implanis are
not positioned optimally. Also, the smaller particles generated from cross-linked UHMWPE
may present an increased particulate load in vivo. Thus, there is a need for data on the
long-term outcomes of cross-linked UHMWPE. Any technology that can reduce bearing
wear rates in THA and total knee arthroplasty (TKA) can potentially decrease the mor-
bidity and risks associated with premature revision surgery related to wear. Improved
wear resistance also allows the use of large-diameter femoral heads in THA, leading to
increased arc of movement and less risk of prosthesis dislocation. The ideal joint bearing
for THA and TKA would be able to withstand high cyclic loading for several decades with-
out undergoing corrosion or fretting at modular metal tapers, and would possess proven
biocompatibility and material stability in vivo, as well as ultralow wear rates. The search
[for the ideal total joint bearing has led to the development of ceramic bearings.
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Introduction

Bearings made of ceramics (e.g. alumina [alumi-
num oxide] and zirconia [zirconium oxide]) have
been shown to possess extremely low wear propet-
ties that make them suitable for both THA and TKA.
When compared to the most commonly used bearing
couple in joint arthroplasty, which consists of cobalt-
chrome (CoCr) metal alloy articulating against UHM-
WPE, ceramic surfaces offer significant reductions in
bearing wear rates.

The superior wear characteristics of ceramic ma-
terials have been verified in many clinical and ex-
perimental studies. In one study, alumina-alumina
articulations in THAs showed less osteolysis in the
proximal femur than the metal-UHMWPE controls
at 5 years after surgery [1]. Long-term clinical out-
comes have shown few, if any problems with alu-
mina total hips, in the absence of confounding vari-
ables [2].
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Metal-on-metal bearings also reduce THA wear dra-
matically, but metal wear particles can lead to delayed
hypersensitivity reactions, and the long-term effects of
systemically dispersed fine metal wear particles remain
a matter of speculative concern.

More than half a million total joint arthroplasties
are performed annually in the United States, and this
number is growing. Worldwide, millions of femoral
heads have been implanted. Ceramic bearings have not
been as well accepted among US hip surgeons as other
bearing types have been, because of concerns related
to cost, complexity, lack of familiarity, and problems
such as potential catastrophic rupture. At present, ce-
ramic bearings are used in a minority of THAS done in
the United States.

Ceramic technology continues to evolve, and new
materials based on nonoxide ceramics, composites of
existing ceramics, and surface modifications will of-
fer more options to the arthroplasty surgeon. Previ-
ous experience has also shown that each new bear-
ing technology applied to total joint replacement can
have unforeseen complications [3, 4]. Ceramics will
continue to be developed for clinical use as the un-
derlying engineering and material science principles
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of new materials are validated and as clinical data
demonstrate their safety and reliability in vivo.

Evolution of ceramic bearings

Ceramic-on-ceramic (COC) bearing surfaces have a
long history of successful clinical use [5]. Ceramics was
first used in hip arthroplasty by Pierre Boutin in 1970
[6] but has evolved to address some of the early limita-
tions, particularly fracture, which occurred as a conse-
quence of the sintering process resulted in large grain
size and subsequent ease of crack propagation [7].
Second-generation ceramics treated with hot isostatic
pressing had smaller grain sizes and fewer impurities §].
Zirconia was a second-generation ceramics introduced
in 1985 because of its improved fracture toughness
and bending strength compared with alumina, but it
was subsequently found to have inferior wear char-
acteristics [9]. Zirconia was vulnerable to undergoing
transformation at high temperatures and wet environ-
ments. This transformation weakened the zirconia and
increased its surface roughness [10]. The third-genera-
tion ceramics developed in the 1990s was marketed as
Alumina Forte (BIOLOXforte, CeramTec AG, Plochin-
gen, Germany). It showed continued improvements in
manufacturing, creating a purer, denser ceramics, but
was still vulnerable to rim fracture, particularly of the
liner. The development of current fourth-generation
Alumina Delta (BIOLOX*delta, CeramTec AG, Plochin-
gen, Germany) has further addressed the limitations
of the alumina. This modern ceramics is a compound
of zirconia-toughened alumina, strontium, yttria, and
chromia (SrO, Y?0O? and Cr*0O%) [11]. The addition of
strontium limits crack propagation and, together with
the chromia, improves the hardness of the composite.
The zirconia improves the toughness and wear charac-
teristics and is stabilized from undergoing transforma-
tion by the yttria [11].

Ceramic materials are extremely hard, scratch re-
sistant, and biocompatible, as well as demonstrating
a low coefficient of friction. This makes ceramics an
ideal bearing material for total hip arthroplasty.

These are formed by fusion of microscopic grains of
alumina (AI*O%) and/or zirconia (ZrO?) ceramic pow-
der into a solid phase (Table 1). The process of sintet-
ing is “hot isostatic pressing” requiring temperatures
exceeding 1400 °C and pressures above 1000 Bars.
After sintering, the components are ground and pol-
ished to get the finest surface possible. The manufac-
turing of COC bearings for orthopedics is under strict
control (more than 50 checkpoints according to the
declaration of CeramTech AG, Plochingen, Germany)
and in accordance with international quality standards
(ISO 6474). Compared to other currently used bearing
couples, modern COC bearings demonstrate the low-
est wear rates both in vitro and in vivo.

Tribological remarks

Current ceramics used for manufacturing bear-
ing surfaces in THA exhibit outstanding tribological
properties, the most important of which are hardness
and high degree of wetability. Ceramics has a greater
hardness than metal and can be polished to a2 much
lower surface roughness, while excellent wetability
ensures that the synovial fluid is uniformly distributed
between implant surfaces [12]. The former guarantees
high resistance to major scratches and undetectable
wear rate, while the latter facilitates fluid-film lubri-
cation thus contributing to very low friction between
articulating surfaces (< 1.7x107mm?/Nm) [13].

The basic mechanism of wear in COC articulations
is intergranular erosion followed by isolated grain
pull-out [12]. In fact, hip simulator studies of current
COC bearings have shown very low wear rates (less
than 0.1 mm’ per million cycles) [14]. However, mea-
surement of retrieved ceramic implants revealed much
higher wear rates than above (> 1 mm’/yr) and a char-
acteristic “ceramic” wear pattern was noted [15-17].
The reason for these differences could lie in different
biomechanical conditions in vitro and in vivo, with the
latter being exposed to edge loading, recurrent sepa-
ration of bearing surfaces and even direct impinge-
ment of the ceramic implant on the neck of the stem,

Table 1
Characteristics of ceramic materials used currently in total hip arthroplasty
Type of ceramic Grain size Density Bending Fracture toughness Vickers Young’s modulus

material (um) (g/m?) strength (MPa) (MPam'?) hardness (GPa)
Aluminia

(Biolox Forte) <2 3.98 580 4 20 380
Zirconia <05 na. >900 8 125 210

TAMC
(Biolox Delta) <2 437 >1380 65 19 >350

ZTAMC - Zirconia-toughened alumina matrix composite; n.a. — not available. Sources: CeramTec AG, Plochin-

gen, Germany
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which increases the total wear of the implant in vivo.
However, even under microseparation conditions, the
wear rates of current alumina and ZTAMC ceramics
are lower than highly cross-linked polyethylene (up to
1.8 mm’/million cycles) [16)].

Size of ceramic particles

Ceramic wear particles are continually released
into the effective joint space during each step simi-
lar to non-COC THA. Depending on the mechanism
of wear, ceramic particles are typically generated in
smaller numbers and with a bimodal size range involv-
ing nanometer size particles (mean 24 nm; range 5 to
90 nm) and larger particles (mean 0.43 um; range 0.05
to 3.2 um) probably associated with grain boundary
fracture [18, 19]. In addition, even larger ceramic pat-
ticles are generated during gross damage (catastrophic
failure) of the bearing surfaces.

Biological activity of ceramic particles

Prosthetic particles released from artificial joints
stimulate periprosthetic cells to produce an inflamma-
tory and pro-osteolytic environment leading eventu-
ally to alteration of local bone homeostasis in favour of
bone resorption. Generally, the impact of particle load
on the extension of bone defects depends at least on
the size, amount, origin, and shape of the particles [20].

COC THAs exhibit very low ceramic wear rates and,
in addition, ceramic wear particles have much lower
specific and functional biological activity than poly-
ethylene particles [21, 22]. Catelas et al. showed that
polyethylene particles stimulated greater release of
TNF-a when compared to alumina or zirconia [23].
Kubo et al. found much less intense histiocytic re-
sponse around particles of alumina ceramics (3.9 um
in diameter) than that of UHMWPE (11 pm), stainless
steel (3.9 um), and CoCr (3.9 um) in a rabbit model [24].
Bos et al. studied macrophages in the pseudo-synovial
membrane from well-fixated implants retrieved at au-
topsy and found the percentage of macrophages was
higher in the polyethylene-on-ceramic and metal-on-
polyethylene groups (40-60%) than in the ceramic-on-
ceramic group (20-40%) [25, 26]. On the other hand, at
least one study comparing macrophage apoptosis as a
result of stimulation by alumina, zirconia, and PE par-
ticles found the response to be size and concentration
dependent, rather than particle composition depen-
dent [27]. The overall impression is that ceramic pat-
ticles are biologically inert, but if released in sufficient
numbers (e.g. cases of neck impingement or third body
wear), ceramic particles can produce osteolysis similar
to that induced by PE particles. In comparable doses,
however, the biologic response is less intense with ce-
ramic versus PE particles.

From the above, it could be deduced that osteolysis
and aseptic loosening will be obviated in patients with
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COC THA. Unfortunately, this is controversial because
several studies demonstrated periprosthetic osteoly-
sis even in patients with current COC THA |28, 29].
The reason may lie in the multifactorial origin of os-
teolysis and aseptic loosening when particle related
parameters play an important role but not the only
pathway inducing these entities [30]. In addition,
ceramic bearing surfaces are not the only source of
prosthetic particles. In support of this is a histological
study of pseudomembranes from loosened alumina
cups that suggested that this “unexpected” osteolysis
was probably due to metal or cement debris rather
than alumina particles. Thus, in terms of biological
activity of ceramic particles, the advantages clearly
outweigh the disadvantages.

Clinical evidence for ceramic-on-ceramic THA

Assuming that COC bearings offer the lowest wear
rates and that ceramic particles induce minimal ad-
verse biological activity, do these facts result in overall
improvement in survivorship of THA?

Recent systematic reviews on survivorship of hard-
on-hard bearings in THA revealed variable implant
longevity and rates of complications in earlier studies
(survival rates of 73% to 100% at mean follow up rang-
ing from 31 to 240 months) [31]. Early generations
of ceramic-on-ceramic implants were characterized
by high failure rates as a result of both component
fracture and loosening of the monolithic acetabular
component. However, in a recent retrospective study,
Petsatodis et al. reported a survivorship of 84.4% of ce-
mentless alumina COC prostheses at 20 years follow-
up [32]. Others have reported significant differences in
survivorship of COC bearings depending on the type
of prosthesis and its fixation, especially with respect
to cementless and cemented cups [33, 34]. Therefore,
the survivorship and rate of complications of ceramic
bearing surfaces depend not only on the period of im-
plantation (and therefore the generation of ceramic
material) but also on other important factors, e.g.
design of the prosthesis, surgical technique and the
method of femoral and acetabular fixation.

The new generations of ceramic implants sug-
gest more promising outcomes (Table 2), especially
in young and active patients, with survivorship rates
(free of revision) between 92% and 99% at ten years
of follow-up [35-39]. However, these data are compa-
rable but not better than the best outcomes for both
metal-on-metal and metal/ceramic-on-polyethylene
articulations (Table 2). In addition, the number of
studies and length of follow-up for COC bearings
are still insufficient compared to ceramic/metal-on-
polyethylene THAs. Finally, the strength of evidence
might be further compromised by methodological
weaknesses as was reported for other clinical re-
search in orthopedics [40].
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Table 2
Summary for a review on ceramic-on-ceramic THA
Parameter Ceramic-on-Ceramic Cer;g?;%{fgigéon' Metal-on-Metal
Wear rate 30.5+7 um/yr [43] 218.2+13.7um/yr [43] 20-25 pum/yr [45]
Particle size 0.13-78 pm [45] 30 nm-10 pm [406] 30-100 nm [47)
Cellular response to wear particles Low High High
ey e N o
Tissue necrosis, ALVAL No or weak Weak High grade
Dislocation* 0.78% 0.80% 0.74%
Infection* 0.32% 0.49% 0.53%
Mechanical loosening# 0.39% 0.22% 0.20%
Revision# 1.02% 1.16% 1.12%
Noisy hip Up to 33% Rarely Less frequent
99% 95.6% 95.4%
Survivorship, 10 yrs. FU (95% CI; 97-100%) (95% CI; 90.1-98.3%) (95% CI, 85.8-99.8%)
(37] (37] (38]
Survivorship, 20 yrs. FU (95% CI: gig—/ 133) [32] (95% CI;8;§§§—84.6%)* Niz‘[é/;)Z]

# —up to 2 years of follow-up [41]; ALVAL — aseptic lymphocytic vasculitis-associated lesions; FU — follow-up; * for all diagnoses and all
reasons for revisions (Swedish Hip Arthroplasty Report 2008); NA — not available

As a result the conclusion is that the use of highly
wear resistant bearing surfaces does not automatically
guarantee longer survivorship than the best non-COC
THAs. The reason lies at least partially in the occurrence
of other unrelated complications (e.g. deep sepsis, insta-
bility, periprosthetic fracture, etc.) that require revision
surgery and that are not prevented by simple choice of
bearing surface. Even aseptic loosening cannot be com-
pletely resolved using one specific bearing surface be-
cause of its multifactorial etiology [42]. On the other
hand, the rate of osteolysis was diminished as a direct
consequence of using ceramic bearings. Taken together,
combining the best design of THA with COC bearings
might improve the long-term outcomes. However, this
remains to be demonstrated in well-conducted multi-
center studies and/or arthroplasty registries data.
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Kepamo-kepaMidyHi mapu TepTa B TOTAIBHOMY
€HIONPOTE3yBaHHi CyI1006iB. YacTHHa 1

3asipnuii I.M."

Ilenmp opmoneoii, mpasmamonozii ma cnopmueroi meouyunu Kninivnoi sikapmi
‘@eopania’ Jlepacasnozo ynpasninna cnpasamu, m. Kuis

Pe3tome. Kepamiuni nogepxui enepuie Oyau SUKOPUCMAani K arsmepHamued no-
Jiemunenosum (PE) nosepxmuam y momansHomy eHoonpomesysanmi cy2a100i6 npuou3Ho
uepes 0ecams pokie nicna mozo, Ak cep Jwcon Yanni npeocmasus enepuie momaivhe
eHOONPOMe3Y8anus Kyaoul08020 cyanoba (THA) 3 memano-noriemusenosorn napoio
mepma. I1ioxio Yanni 0y8 3acHO8aHUIL HA HAABHOCIE MeMANe80i HINKU, NPUKpinie-
HOI 00 KICMKU NONMEMUIMEMAKPULAMHUM KICMKOBUM YEMEHMOM, Md ayemabyaap-
HOMY KOMNOHEeHMI, 8U20MOBLCHOMY 3 NOMCMUNCH) HAOBUCOKOI MONCKYAAPHOI MACU.
Ho20 pobomu npooemoncmpysant, wo MikpoCKOniumi uacmouu 6 cy2no606itl ujinumi
810 3HOCY NOBEPXOHL NPU3BOOAML 00 NEPUNPOMEIH020 3aNaLeHHs, 0CMeoi3y ma po3-
XUMYBAHHA KOMNOHEHMIE IMnaanmamy. Cmeopenns nonepeunux 36’a3Kie y noiemi-
JeHi (KPOC-MHKOBANULL NOJEMUNCH) MONCe SMEeHWUMU SHOULYBAHNHA 0OCMAHHbOZ0, dJle
B0HO MAKON CMABUMb Ni0 3A2P03Y MEXANHIMHT 6AACUBOCE NOAiemULeH). Bionogiono,
ICHYE 3aHeNn0K0ERHSA, N06’A3aHe 3 NOMEHYIUHON KPUXKICIIO, AKWO IMIAAHMAamy 3 no-
Jiemuneny we Dosmilgeri onmumansto. Kpim moz2o, menui uacmunky, Yymeoperi 3 Kpoc-
JHKOBAH020 NOJeMUNCHY, MONCYMb YUHUMU NI0BULEHe HABANMANCCHHS HA NOBEPXHIO
imnaanmamy. byosb-aKa mexnoa02is, AKa Moyce SHUSUMU WeUoKicmy 31H0Cy nap mepms
npu THA ma momanshomy enoonpome3ysanni koainno2o cyanoba (TKA), nomenyiiino
30aMHaA 3MEHWUMU 3AX60DI0BAHICMG | DUSUKU, NO6’A3AHI 3 NEPEOHACHOI0 PeBi3ilHOI0
onepayieto, cnpununeroi 3Hocom. Ilokpauena 3HocoCmiliKicms maxox 0036014€ 6UKO-
pucmosysamu 20108k CMmezHo80i Kicmiu 8eauro20 oiamempa 6 THA, w0 npusooums 00
30inbUents 0y2u PYXy ma SMeHuwenns PUsuKy 6usuxy npomesa. loeanvra napa mepms
ons THA © TKA mozna 6 6umpumyeamu Ucoke Uukiivne Hasanmaicents npomsazom
KIbKOX 0eCAMUNIMY, He 3A3HAI0UIU KOPO3ii ab0 0ePopMaii Ha MOOYIOHUX MEMANEBUX
KOHYCax, i Mana 6u 006e0ery 0ioN02i4HY CYMICHICMb | CMAOLIbHICb Mamepiany in vivo,
a MAKoM HAOHUILKY WEUOKICMb 3HOCY. TIouyK i0eanvHux nap mepms 0as momansHo20
enoonpomesa npusie 00 PoPOOKU KepaMivHux KOMNOHEHIMIE.

Kntouoei croea: momanste enoonpomesysanis Kyaviio8020 Cy2a00a; momansHe
eHoonpome3y8ant KOAHH020 CY2n00a; Kepamika; noiemuner; mepms nogepromb.
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