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ABSTRACT - Pseudocapsules and interface mem-
branes from 18 revision cases having hip prostheses with
ceramic-ceramic couples and 30 autopsy specimens (6
with ceramic-ceramic couples, 7 with ceramic-polyethyl-
ene combinations and 17 with metal-polyethylene com-
binations) were histomorphologically analyzed, includ-
ing a semiquantitative grading of the wear particles and
histologic changes. Unlike the revision cases, which usu-
ally showed ceramic wear particles in the adjacent tis-
sues, only half of the autopsy cases revealed ceramic
wear. As compared to the ceramic-polyethylene and
metal-polyethylene couples, the alumina on alumina
combinations showed a thinner synovial layer with
reduced villous transformation and smaller infiltrates
of macrophages and necroses, which can be explained
by the absence of polyethylene wear. Metal-polyethylene
couplings produced more than twice as many polyethyl-
ene wear particles with correspondingly more marked
foreign body reaction than the ceramic-polyethylene
couplings.

The ceramic-ceramic couple for hip prostheses was
introduced by Boutin in 1970 to avoid polyethyl-
ene wear. Since then, more than 100,000 ceramic
on ceramic implants have been inserted. Numer-
ous simulator tests have shown that the ceramic
components have excellent tribological properties,
with only minimal ceramic wear during a short
period of running in (Boutin and Blanquaert 1981,
Willmann 2000).

Good clinical results have been reported after
correct positioning and stable insertion (Mittel-
meier and Heisel 1992, Heisel and Mittelmeier
1993, Riska 1993, Sedel et al. 1994, Huo et al.
1996). However, massive abrasion of the ceramic
components has sometimes occurred, but it has
usually been was attributed to incorrect position-
ing or dislocation after loosening. Unlike numer-
ous experimental wear tests in vitro, only a few
histological examinations of the periprosthetic tis-
sues around hip prostheses with ceramic-ceramic
couplings have been done (Lerouge et al. 1997).

Our study of revision and autopsy cases aimed
to compare the tissue reactions around stable and
loose ceramic components and to evaluate differ-
ences between the material combinations: ceramic-
ceramic, ceramic-polyethylene and metal-poly-
ethylene.

Material and methods

Tissue specimens from 18 revision cases with
ceramic-ceramic couplings, which had been
removed because of aseptic loosening, and neo-
capsules from 6 autopsy specimens were examined
histologically, including a semiquantitative grading
of wear particles and histologic changes. For com-
parative purposes, we also performed histological
studies of autopsy cases—7 ceramic-polyethylene
couples and 17 metal-polyethylene couples.
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Table 1. Semiquantitative grading of the wear particles and histologic changes

Grade Small granular Polyethylene Macrophages
foreign material 2 fragments
particle(s) / macropahge(s) per HPF b

Percent extension

Percent villous transformation Percent necrotic tissue
of the synovial surface in the synovial section

of the synovial section

Prostheses and patients

Ceramic-ceramic couples. 1 uncemented Mittel-
meier prosthesis and 17 cemented revisions (Prota-
sul-Allopro stems with spherical alumina sockets)
were studied. The time between the primary opera-
tion and loosening was mean 9 (7-16) years. The
average age of the patients at the time of the pri-
mary operation was 56 (20-77) years.

The 6 autopsy cases had cemented prostheses.
The mean time in situ was 8 (7-9) years. All pros-
theses appeared stable. No radiolucent lines were
seen on the radiographs. The patients had an aver-
age age of 79 (67—S88) years.

Ceramic-polyethylene couples. T autopsy speci-
mens with ceramic-polyethylene couples (Liibecker
GHE-Modell) were studied in the same way. These
components were judged to be stable. The time in
situ was mean 9 (5-11) years. The patients’ aver-
age age was 76 (72-80) years.

Metal-polyethylene couples. 17 autopsy speci-
mens with metal-polyethylene couples from pros-
theses of various designs were studied. Mean
implant duration was 9 (5—15) years. The patients
had an average age of 74 (65-86) years.

Histologic methods

Tissue specimens from specific locations were pre-
served during revision surgery or autopsy. In the
light microscopic study, serial sections of the tissue
fragments of the neocapsules and the soft tissue
membranes around loosened sockets and stems of
the revision cases were stained with hematoxylin-

eosin, Goldner’s trichrome and Prussian blue reac-
tion (200 per case).

In the autopsy cases, the thickness of the syno-
vial layer was also measured in the histological
sections with an eye-piece graticule. In each sec-
tion the thickness was measured: 1) at the edge,
where the synovium is in contact with the inner rim
of the socket adjacent to the prosthetic head (the
broadest point), 2) at the insertion at the periphery
of the socket rim, 3) at the insertion at the collar
of the stem and 4-5) at 2 additional points in
the middle between these 3 points. The direction
was perpendicular to the peripheral border of the
synovium. The measurements were made in 4 sec-
tions of each quadrant of the synovium. The mean
value was calculated from the 80 measurements
per case.

Semiquantitative grading

The following parameters were classified semi-
quantitatively into 1 of 5 grades: ceramic and bone
cement wear particles, polyethylene wear particles,
extension of the infiltrates of macrophages, villous
transformation of the synovial surface, and necro-
ses (Table 1).

The ceramic wear particles were identified by
their size and their typical sharp-edged configu-
ration. Light microscopically, they appear in the
histologic sections as yellow-brown fragments of
less than 1 pum up to 5 pm. The zirconium oxide
particles (contrast medium of the bone cement),
although similar, appear smaller (about 0.5 um up
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to 1 pm), and are round. The smallest ceramic frag-
ments can not be distinguished light microscopi-
cally from zirconium oxide particles with certainty,
but their proportion can be estimated with electron
microscopy.

The polyethylene wear particles were identified
by their bright birefringence in polarized light
together with their characteristic configuration and
their translucent appearance on transmission light
microscopy. They were measured on photographs
of polyethylene fragments in polarized light at high
magnification (x1500).

Measurements of abrasion

The abrasion rates of the explanted ceramic com-
ponents of 5 revision cases and 4 autopsy cases
were measured at the CeramTec Company (Plo-
chingen). The amount of wear from the articulat-
ing surfaces of the femoral head and acetabular cup
was measured by determining the linear deviations
from the mean circumference. Standard equipment
with a hard pointer on the tip of a stylus touched
the surface of the component and was driven over
the surface. The points measured were recorded
and printed out as a graph. On this graph, the high-
est value for deviation from the ideal (spherical)
circumference was called the “abrasion rate”.

Lymph nodes

Allinfradiaphragmatic lymph nodes (inguinal, para-
iliac and paraaortic) were studied in the autopsy
cases. 20 sections were cut from each lymph node
and stained in the same way as the sections of the
neocapsules.

Electron microscopy

Ultra-thin sections were cut from the neocapsule and a
lymph node from the autopsy case having the alumina
on alumina combination with the largest amount of
ceramic wear particles being detected by light micros-
copy (Mittelmeier prosthesis). Electron microscopy
was done to evaluate the range in size and the typical
configuration of ceramic wear particles.

Statistics

The Kruskal-Wallis test (non-parametric test for
independent samples) was used to detect differences
between ceramic-ceramic, ceramic-polyethylene
and metal-polyethylene combinations as regards
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Figure 1. Macrophages with abundant ceramic and bone
cement wear particles. Unlike small round zirconium oxide
particles, irregularly shaped aluminum oxide wear particles
are larger, and range in size from 0.5 um up to 5 um (arrow
heads) (x470).

the amount of wear particles, the extension of infil-
trates of macrophages, necroses and villous trans-
formation of the neocapsule. The Mann-Whitney
U-test was used to compare data from the revision
and autopsy cases, and the amount of polyethylene
wear particles from ceramic- and metal-polyethyl-
ene combinations. The amount of ceramic particles
in the periprosthetic tissues and the data from the
abrasion measurements were compared with the
Spearman rank correlation coefficient.

Results

We found ceramic wear particles in all of the 18
neocapsules and interface membranes from loose
prostheses with the alumina on alumina combina-
tion. Unlike round zirconium oxide particles, the
ceramic particles have characteristic sharp edges
on light and electron microscopy (Figures 1 and
2). The small granular wear particles were usually
found phagocytosed in the cytoplasm of macro-
phages. After long-term implantation, large infil-
trates of macrophages with abundant cytoplasm
typify the histologic appearance of the pseudocap-
sules and interface membranes.

Additional histologic changes included a marked
villous transformation of the synovial surface
(Figure 3), necroses, scar-like fibrosis and micro-
hemorrhages. All cases with bone cement wear
showed degenerative changes in the macrophages
leading to single cell necroses. No such changes
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Figure 2. Electron microscopic presentation of ceramic  Figure 3. Neosynovialis from a prosthesis with metal-poly-
wear particles and zirconium oxide particles. Sharp-edged  ethylene couples with marked villous transformation, fibro-
large ceramic fragments of 0.2 to 0.7 um and small round  sis and hemosiderin deposits (HE, x60).

contrast medium particles (x17,000).

TN

A

were found in the single case with a loose unce- PMMA fragments, which are not visible in paraffin
mented prosthesis with ceramic-ceramiccouplings,  sections (Bos et al. 1990a, Bos and Lohrs 1991).
which showed high-grade ceramic wear. Macro-
phages mainly having phagocytosed ceramic wear ~Quantitative evaluation (revision cases)
particles seemed smaller than cells mainly having By semiquantitative grading of the wear particles,
bone cement wear. The smaller diameter of these ~ we found small amounts of ceramic wear (grade 1)
macrophages may be because the cytoplasm of the  in one fourth of the cases, moderate ceramic wear
bone cement containing cells is extended by large  (grades 2-3) in 3 and high-grade ceramic wear
(grades 4-5) in more than

Table 2. 18 revision cases. Grading of the amount of wear particles and histo- half of the Case§ (Table 2).
logic changes of neocapsules-values on a scale of 1-5 Numerous extensive necroses

were seen in half of them.
2 cases, including the unce-

Patient Implant ~ Ceramic  Bone Macro- Villous  Necroses c
duraton ~ wear cement phages transfor- mented prosthesis had no
(years) wear mation necroses.

1 6 4 0 2 0 2

2 7 5 1 3 1 2 Autopsy cases

3 7 1 4 4 1 2 Unlike the revision cases, the

4 7 1 4 3 0 1

5 7 5 1 > 5 4 neocapsules of the 6 autopsy

6 8 4 3 2 1 2 cases had far fewer ceramic

7 8 3 4 3 1 2 wear particles (p = 0.04). In

8 8 5 1 3 0 5 .

9 8 5 4 4 0 5 3 cases, no ceramic wear par-
10 8 1 4 4 3 3 ticles were detected; in 2,
114 8 4 - 3 4 0 moderate and in one high-
12 9 1 4 4 3 3 .

13 9 5 3 3 3 4 grade ceramic wear was found
14 10 5 4 4 4 3 (Table 4). The ceramic wear
15 " 5 4 5 4 4 particles were located in the
16 13 5 4 3 0 4 .

17 15 1 5 4 5 4 pseudocapsules and the inter-
18 16 5 5 5 3 0 face membranes.

Average 9.2 3.3 3.2 3.4 1.8 2.8 There was no correlation

between the amount of

a . . . .
uncemented ceramic particles in the tissues
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Table 3. Correlation between the amount of ceramic
wear particlesin the neocapsules and the abrasion mea-
surements. Semiquantitative grading of the wear parti-
cles in tissues on a scale of 1-5

Patient Implant Ceramic = Maximal abrasion (um)
duration wear head socket
1R 7 1 15 5
2R 7 5 1300 3200
3R 7 1 5 2
4R 8 3 10 5
5R2 8 4 25 8
1A 7 0 = 3
2A 7 0 15 12
3A 8 2 25 3
4A 8 3 135 3

2 uncemented
R revision case, A autopsy case

and the abrasion measurements of the explanted
components (r = 0.65, p = 0.08). The revision case
with maximal abrasion, however, had the largest
amount of ceramic particles in the periprosthetic
tissues (Table 3).

Table 4. Autopsy cases. Grading of the amount of wear particles and histologic

changes in neocapsules

Figure 4. Parailiac lymph node of the autopsy case with
high-grade ceramic and bone cement wear. Histiocytic infil-
tration with large ceramic and abundant contrast medium
particles (x700).

As compared to the revision cases, the resorp-
tive inflammatory and reactive histologic changes,
especially the villous transformation of the syno-
vial surface and necroses, seemed less pronounced
in the autopsy cases with stable prostheses.

In the infradiaphragmatic
lymph nodes of the autopsy
case with high-grade ceramic
wear, we found infiltrates of

Patient Implant ~ Ceramic  Bone Macro-  Vilous Necroses ~ Mmacrophages containing
duration wear cement phages transfor- ceramic and bone cement wear
cal mation particles (Figure 4). The other
1 7 0 1 3 1 2 2 cases with moderate ceramic
2 7 0 4 3 0 3 wear in the pseudocapsules
3 8 0 3 2 2 1 showed minimal amounts of

4 8 2 3 3 0 1 . . .
5 8 3 3 3 0 2 ceramic wear particles in the
6 9 4 1 3 2 1 parailiac lymph nodes. In the
Average 7.8 15 25 2.8 0.8 1.7 other 3 cases, only bone
cement particles could be

detected.

Table 5. Comparison of the results of the grading of wear particles and histo-

logic changes in autopsy specimens with various combinations of material > 5
years in situ (average values on a scale of 1-5 and ranges)

Comparison of ceramic
wear couples and other

combinations
Material combination Ceramic — Ceramic — Metal — The synovial tissue from
ceramic polyethylene polyethylene ceramic-ceramic couples had
n6 n7 ni7 . .
far less villous transformation
Synovial layer (mm) 2.1 (1.1-2.9) 25 (1.8-3.5) 3.1(1.9-56)  grossly and histologically
Polyethylene wear = 1.2 (1-8) 29 (1-5) (Figure 5) than the ceramic-
Macrophages 2.8 (2-3) 3.6 (2-5) 3.9 (1-5) Ivethyl | d
Villous transformation 0.8 (0-2) 2.1 (0-3) 3.0 (0-5) polyethylene —couples —an
Necroses 1.7 (1-3) 3.7 (3-4) 4.1 (2-5) especially the metal-polyeth-

ylene couples (p = 0.006). The



340

Acta Orthop Scand 2001;72 (4): 335-342

Figure 5. Neocapsule of an autopsy specimen with ceramic-
ceramic couple after 8 years in situ without ceramic wear.
Smooth synovial surface and moderate fibrosis (x150).

thickness of the synovial layer (p = 0.003), the
number of macrophages (p = 0.03) and the extent
of necroses (p = 0.001) were also much less than in
the metal-polyethylene couples (Table 5).

None of the ceramic-polyethylene couples pro-
duced any ceramic wear, but polyethylene wear
particles were usually found, at times in large
amounts, after long-term implantation. We assessed
all autopsy cases with polyethylene sockets more
than 5 years in situ, and found moderate (grades
2-3) polyethylene wear in 12 and severe (grades
4-5) in 6 of 24 cases. In contrast to ceramic-poly-
ethylene combinations, metal-polyethylene combi-
nations produced more than twice as many poly-
ethylene wear particles (p = 0.005) (Table 5).

The size of the polyethylene fragments detect-
able on light microscopy varied between 0.5 pum
and 1.5 mm. Unlike the histologic appearance of
ceramic-ceramic combinations, the larger polyeth-
ylene particles induced a foreign-body reaction rich
in foreign-body giant cells.

In contrast to the pseudocapsules, we found
only few small polyethylene wear particles in the
lymph nodes. These induced phagocytosis by mac-
rophages, but no foreign-body giant cells.

Discussion

Laboratory tests have shown excellent results with
ceramic wear couples. Due to the smooth surface of
the polished ceramic components and the high wet-
tability of this material, friction and wear are mark-

edly reduced in comparison to other material com-
binations (Heimke et al. 1974, Doérre et al. 1975,
1983, Clarke et al. 1988, Clarke 1992, Willmann
et al, 1994, Saikko and Pfaff 1998, Willmann and
Kramer 1998). Friction in ceramic-ceramic couples
is still lower than in ceramic-polyethylene couples.
Clarke et al. (1988) found a wear rate 5000 times
lower than in metal-polyethylene combinations.

Unlike many reports of good clinical results (Mit-
telmeier and Harms 1979a,b, Griss and Heimke
1981, Heisel and Schmitt 1987, Mittelmeier and
Heisel 1992, Heisel and Mittelmeier 1993, Riska
1993, Sedel et al. 1994, Huo et al. 1996) some
authors have described severe wear of the ceramic
components from loosened prostheses retrieved at
the time of revision surgery (Borssen et al. 1991,
Winter et al. 1992, Nevelos et al. 1993).

Plitz et al. (1984) postulated that excessive wear
may occur after initial grain excavations from the
high gloss polished sliding surface. Other authors
ascribe this rare massive abrasion mainly to loos-
ening (Heisel and Schmitt 1987, Bohler et al.
1994). Primary malpositioning of the cup with con-
secutive dry friction at the socket rim may also
cause high-grade ceramic wear (Heisel and Schmitt
1987, Walter 1992). Our findings accord with these
observations.

However, retrieval studies are needed to obtain
reliable data on tissue reactions to ceramic wear
particles. The revision cases do not seem to be
appropriate for a comparative study of prostheses
with varous material combinations because they
mostly undergoe high-grade wear from articulat-
ing surfaces and bone cement, partly due to loos-
ening. Up till now, histological examinations of
specimens with stable, precisely implanted pros-
theses with ceramic-couples have not been exten-
sive enough.

In our study, only 3 of 6 stable prostheses showed
ceramic wear particles in the periprosthetic tissues
after 7-9 years in situ; in 2 cases moderate, in 1
case severe wear. This finding supports the hypoth-
esis that ceramic wear develops at least partly,
because of loosening, followed by dislocation of
the articular components. Nearly all our cases with
severe ceramic wear had large amounts of bone
cement particles. It is not yet known whether bone
cement wear induces the generation of ceramic
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wear. Since the ceramic components are much
harder than polymethylmethacrylate and zirconium
oxide, it is not known whether bone cement par-
ticles may act as third bodies and damage the
ceramic surface.

Comparison of the histologic changes in autopsy
specimens with prostheses having different wear
couples showed that the ceramic-ceramic combi-
nations were best. The thickness of the synovial
layer in the autopsied cases, the villous transfor-
mation of the synovial surface, caused by reactive
inflammatory changes, as well as the number of
macrophages and the extent of the necroses were
markedly reduced around prostheses with ceramic-
ceramic couples. We ascribe this to the absence
of polyethylene wear, which mainly consists of
larger particles causing a more extensive foreign
body reaction. In uncemented prostheses, polyeth-
ylene debris limits the longevity of implants since
it causes osteolysis, thereby accelerating the loos-
ening of prostheses.

The metal-polyethylene couples, which gener-
ated more than twice as many polyethylene wear
particles as did the ceramic-polyethylene combi-
nations, showed the most marked reactive inflam-
matory changes in the periprosthetic tissues. These
findings correlate well with results of simulator
tests, where much less polyethylene wear was
also produced by polyethylene sockets articulat-
ing against ceramic heads. However, the variations
were very great—i.e., ranging between 20 times
less (Semlitsch etal. 1977) and only 25% less poly-
ethylene wear particles (Wright and Scales 1980).

When the volumetric wear produced during sim-
ulator tests is related to the amount of wear par-
ticles in histologic sections of the periprosthetic
tissue, it should be noted that some wear particles
are transported via lymph vessels to regional lymph
nodes, which we also found. It seems likely that
the minimal ceramic wear determined with abra-
sion measurements in 2 autopsy cases could not be
detected histologically for this reason. The smaller
granular wear particles of ceramic and bone cement
are removed by the lymphatics in considerable
amounts, but large polyethylene fragments can not
enter these vessels (Bos et al. 1990b).

An additional advantage of aluminum oxide
ceramic is its high corrosion resistance which,
unlike metal alloys, prevents the release of metal

ions. Therefore no toxic effects should be expected.
In contrast, toxic effects presumably arise from
bone cement wear, since it contains toxic residual
monomers (Loer et al. 1983), catalysator com-
ponents (Bosch et al. 1982, 1987) and contrast
medium particles (Hopf et al. 1989).

It is noteworthy that the one revision case with
an uncemented implanted prosthesis with high-
grade ceramic wear showed neither degenerative
changes of macrophages nor necroses. This find-
ing may indicate that these changes are caused by
phagocytosed bone cement wear particles, while
ceramic wear particles have no toxic effects on
cells.

In conclusion, prostheses with ceramic-ceramic
couples can function in vivo almost without abra-
sion for 7-9 years. In our cases, far fewer reactive
inflammatory changes were seen in the peripros-
thetic tissue than in combinations with polyethyl-
ene sockets.

Borssen B, Kirrholm J, Snorrason F. Osteolysis after
ceramic-on-ceramic hip arthroplasty. A case report. Acta
Orthop Scand 1991; 62: 73-5.

Bos I, Lohrs U. Morphology of the secondary capsule in hip
joint endoprostheses and significance of substance abra-
sion. A study of autopsies. Pathologe 1991; 12: 82-8.

Bos I, Lindner B, Seydel U, Johannisson R, Doérre E,
Henssge J, Lohrs U. The cause of loosening in cemented
hip joint prostheses. Light and electron microscopic study
and laser microprobe mass analysis. Z Orthop 1990a; 128:
73-82.

Bos I, Johannisson R, Léhrs U, Lindner B, Seydel U. Com-
parative investigations of regional lymph nodes and pseu-
docapsules after implantation of joint endoprostheses.
Path Res Pract 1990b; 186: 707-16.

Boutin P, Blanquaert D. A study of the mechanical proper-
ties of alumina-on-alumina total hip prosthesis. Rev Chir
Orthop 1981; 67: 279-87.

Bohler M, Knahr K, Plenk H, Walter A, Salzer M, Schreiber
V. Long-term results of uncemented alumina acetabular
implants. J Bone Joint Surg (Br) 1994; 76: 53-9.

Bosch P, Harms F, Lintner F. Nachweis des Katalysatorbes-
tandteiles Dimethylparatoluidin im Knochenzement, auch
nach mehrjahriger Implantation. Arch Toxicol 1982; 51:
157-66.

Bosch C P, Harms H, Lintner F. Zur Toxizitiit der Knochen-
zementbestandteile. Aktuelle Probl Chir Orthop 1987;
31: 87-9.

Clarke I C. Role of ceramic implants. Design and clinical

success with total hip prosthetic ceramic-to-ceramic bear-
ings. Clin Orthop 1992; 282: 19-30.



342

Acta Orthop Scand 2001;72 (4): 335-342

Clarke I C, Dorlot J M, Graham J, Levine D J, Oonishi H,
Rieu J, Rigney D, Schwartz G, Sedel L, Toni A, Zitelli J.
Biomechanical stability and design. Wear. Ann NY Acad
Sci 1988; 523: 292-6.

Dorre E, Beutler H, Geduldig D. The properties required of
bioceramics for artificial joints. Arch Orthop Unfallchir
1975; 83: 269-78.

Dorre E, Dawihl W, Krohn U, Altmeyer G, Semlitsch M. Do
ceramic components of hip joints maintain their strength
in human bodies? In: Ceramics in surgery (Ed. Vincenzini
P). Elsevier. Amsterdam 1983; 61-72.

Griss P, Heimke G. Five years’ experience with ceramic-
metal-composite hip endoprostheses. 1. Clinical evalua-
tion. Arch Orthop Trauma Surg 1981; 98: 157-64.

Heimke G, Griss P, von Andrian-Werburg H, Krempien B.
Alumina ceramic, a new biomaterial. Properties of the
material and possible clinical range of application. Arch
Orthop Unfallchir 1974; 78: 216-26.

Heisel J, Schmitt E. Implant fractures in ceramic hip endo-
prostheses. Z Orthop 1987; 125: 480-90.

Heisel J, Mittelmeier H. Medium-term results of cement-
free autophor hip endoprosthesis. Z Orthop 1993; 131:
507-12.

Hopf T, Scherr O, Globel B, Hopf C. Comparative animal
experiments on tissue compatibility and measurement of
radioactivity of various roentgen contrast media. Z Orthop
1989; 127: 620-4.

Huo M H, Martin R P, Zatorski L E, Keggi K J. Cementless
total hip arthroplasties using ceramic-on-ceramic articu-
lation in young patients. A minimum 5-year follow-up
study. J Arthroplasty 1996; 11: 673-8.

Lerouge S, Huk O, Yahia L H, Witvoet J, Sedel L. Ceramic-
ceramic and metal-polyethylene total hip replacements
Comparison of pseudomembranes after loosening. J Bone
Joint Surg (Br) 1997; 79: 135-9.

Loer F, Zilkens J, Michel R, Freisem-Broda G, Bigalke K H.
Tissue burden with exogenous trace elements caused by
roentgen contrast media in bone cements. Z Orthop 1983;
121: 255-9.

Mittelmeier H, Harms G. Present-day state of cement-free
anchoring of combined ceramic-metal prostheses. Z
Orthop 1979a; 117: 478-81.

Mittelmeier H, Harms G. Treatment of post-traumatic hip
joint disease by total replacement with a ceramic endo-
prosthesis. Unfallheilkunde 1979b; 83: 67-75.

Mittelmeier H, Heisel J. Sixteen years’ experience with
ceramic hip prostheses. Clin Orthop 1992; 282: 64-72.

Nevelos A B, Evans P A, Harrison P, Rainforth M. Examina-
tion of alumina ceramic components from total hip arthro-
plasties. Proc Inst Mech Eng 1993; 207: 155-62.

Plitz W, Walter A, Jdger M. Material-specific wear of
ceramic/ceramic sliding surfaces in revised hip endo-
prostheses - clinical and technological considerations. Z
Orthop 1984; 122: 299-303.

Riska E B. Ceramic endoprosthesis in total hip arthroplasty.
Clin Orthop 1993; 297: 87-94.

Saikko V, Pfaff H G. Low wear and friction in alumina/
alumina total hip joints: A hip simulator study. Acta
Orthop Scand 1998; 69: 443-8.

Sedel L, Nizard R S, Kerboull L, Witvoet J. Alumina-alu-
mina hip replacement in patients younger than 50 years
old. Clin Orthop 1994; 298: 175-83.

Semlitsch M, Lehmann M, Weber H, Dorre E, Willert H
G. New prospects for a prolonged functional life-span
of artificial hip joints by using the material combination
polyethylene/aluminium oxide ceramic/metal. J Biomed
Mater Res 1977; 11: 537-52.

Walter A. On the material and the tribology of alumina-
alumina couplings for hip joint prostheses. Clin Orthop
1992; 282: 31-46.

Willmann G. Bioceramics in orthopaedics: What did we
learn in 25 years? Med Orth Tech 2000; 120: 10-6.

Willmann G, Kramer U. Ceramic cups for hip endoprosthe -
ses. 5: Consideration of designs. Biomed Tech 1998; 43:
342-9.

Willmann G, Kemmer U, Zweymiiller K. Investigation of
retrieved femoral Biolox heads. Bioceramics 1994; 7:
377-81.

Winter M, Griss P, Scheller G, Moser T. Ten-to-14-year
results of a ceramic hip prosthesis. Clin Orthop 1992;
282: 73-80.

Wright KW J, Scales J T. The use of hip joint simulators for
the evaluation of wear of total hip prostheses. In: Winter
G D, Leray J L, de Groot K. Evaluation of biomaterials.
European Conference on Biomaterials Strasbourg 1980:
135-46.



