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Biological Response to Common
Surface Bearings Used in Orthopaedics
Guillaume Mabilleau, PhD,1 Hemant Pandit, MBBS, FRCS (Orth),1 Riyaz H. Jinnah, MD,2
and Afsie Sabokbar, PhD1
Wear particles are the most important cause of aseptic loosening of orthopaedic devices. To reduce the
amount of particles generated from the conventional metal-on-polyethylene system, alternative bearings
have been introduced. However, there are some concerns about so-called ‘‘adverse reactions’’ to
these bearing surfaces. Despite an apparent longevity, metal particles and metal ions released from the
prosthesis can induce a series of adverse reactions. The purpose of this review is to provide the readers
an up-to-date overview of the literature on the biological responses to different bearing surfaces with
particular reference to metal-on-metal bearings and the local and systemic effect of metal ions. ( Journal
of Surgical Orthopaedic Advances 17(1):34 – 39, 2008)
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O
steolysis of the bone surrounding total joint replacements remains one of the most undesirable effects of
bone prosthesis. On radiographs, it is characterized by
areas of radiolucencies in the bone adjacent to the implant
mantle. Clinically, periprosthetic osteolysis can lead to
aseptic loosening of one or both of the components
and sometimes massive bone loss, which may result
in periprosthetic fracture. The most common bearing
surface used for total hip arthroplasty (THA) is a metal
femoral head articulating against an ultra-high-molecularweight polyethylene (UHMWPE) acetabular cup with or
without metal backing (metal-on-polyethylene [MOP]).
With passage of time, the bearing surfaces wear and
produce relatively large amounts of UHMWPE wear
debris. These particles enter the periprosthetic tissues
where they are phagocytosed by macrophages. The macrophages then release pro-inflammatory cytokines and other
mediators of inflammation, which stimulate osteoclastic
bone resorption leading to osteolysis and eventual loosening of the prosthesis. This process of aseptic loosening
usually is not a big problem in an older population, and
a primary hip replacement with a conventional MOP
bearing surface will mostly outlive the patient older
than 65 years. However, there are concerns about the
implant’s longevity in patients who are younger and
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usually more active. The popular alternatives currently
available with the potential for improved longevity are: 1)
highly cross-linked polyethylene, 2) ceramic-on-ceramic,
and 3) metal-on-metal (MOM) (cobalt–chromium against
cobalt–chromium) wear couples. Although these new
couples provide the surgeon and the patient with more
longevity, they produce some specific biological
responses.
Metal-on-metal hip resurfacing or hip replacement
in particular is emerging as an attractive option for
treating young and active patients with significant hip
osteoarthritis (OA). The perceived advantages of MOM
bearings include bone conservation (with resurfacing), low
wear rate, increased range of movement, and low dislocation rate (due to large head size). Although the wear rates
are lower than with MOP bearings, the particles produced
are orders of magnitude smaller, and despite a low volumetric wear, the number of particles generated is 100
times higher as compared with MOP bearings. This leads
to high ion levels in body fluids and this in theory can
have adverse reactions, namely hypersensitivity, risk of
carcinogenesis, and toxicity. There is also concern about
chromosomal aberrations in the patient as well as passing
the chromosomal problems to the next generation. This
has led to a more cautious approach to their adoption by
surgeons in North America in spite of widespread enthusiasm among European countries. The aim of this review
is to provide the reader with a summary of the current
literature concerning the local and systemic biological
response to the different types of materials on the market,
with specific reference to metal-on-metal wear couple.
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Biological Response to UHMWPE

UHMWPE was introduced on the orthopaedic field by
Sir John Charnley in the 1960s and has been very widely
used with good success. As with any other bearing surface,
wear of the UHMWPE acetabular cup articulating against
the hard metal or ceramic femoral head leads to the
generation of UHMWPE particles, as a result of either
wear or corrosion. Despite a relatively good biocompatibility when the material is in bulk, massive inflammation
and osteolysis are observed when these particles are in
contact with bone marrow cells. In addition, wear of the
nonbearing surfaces rubbing together such as back-side
wear of an acetabular liner, fretting of the Morse taper
in modular stems, and stem/cement or stem/bone fretting wear in cemented and noncemented hip prostheses,
respectively, may lead to the generation of metal and
polymethyl methacrylate (PMMA) wear particles. Wear
particles produced by this type of wear can also lead to
an inflammatory reaction and osteolysis (1, 2). This type
of wear is not intentional, whereas the wear of UHMWPE
is an inevitable consequence of the normal function of the
prosthesis.
The volumetric wear rate has shown that degradation of
the MOP bearing surface is usually linear and evaluated
as 0.2 mm/year, when the femoral head is made in
steel alloys (3, 4). The UHMWPE particles isolated from
tissues retrieved from failed THA vary greatly in size
and morphology, from large platelet-like particles, up to
250 µm in length, to fibrils, shreds, and submicrometer
globule-shaped spheroids between 0.1 µm and 0.5 µm in
diameter (5–8). However, the smallest particles seem to
cause maximum biological response. This is due to the
ease with which these particles can migrate from the
implantation site as well as the ease with which they can
be phagocytosed by inflammatory cells.
In vivo, the osteolysis associated with this type of
implant is linked with the formation of a granulomatous periprosthetic membrane rich in macrophages and
implant-derived wear particles. It is worth noting that
inside this periprosthetic membrane, macrophages are activated by the phagocytosis of UHMWPE particles and
can release a variety of pro-inflammatory cytokines and
growth factors (TNF-˛, IL-1ˇ, IL-6, IL-8, IL-11, TGFˇ, PGE2 , M-CSF, GM-CSF, PDGF-˛, TGF-˛, MCP-1,
and MIP-1˛) (9–18) known to initiate the differentiation of osteoclast precursors into mature bone-resorbing
osteoclasts, leading inevitably to osteolysis of the bone
surrounding the implant (19). Although numerous studies
have attempted to correlate the levels of various mediators with the degree of osteolysis (11, 20, 21), there
is no consistent pattern within the literature. Furthermore, it is worth noting that usually lymphocytes are not
observed or are observed at very low concentration in the

periprosthetic membrane, indicating that the response to
UHMWPE is mainly a macrophagic response.
Biological Responses to Ceramic

The most common alternative bearing combination used
in patients in the United States is ceramic (aluminum
oxide or zirconium oxide) on polyethylene. This combination has been shown to reduce wear rates, when compared
with conventional MOP, by 10% to 50% for periods
exceeding 10 years (22). This reduction in wear rate has
been accompanied with a significant reduction in the revision rate (23–25).
Ceramic-on-ceramic (COC) bearings made of alumina
have the lowest wear rates of any bearing surface combination with an annual head penetration of 0.010 mm/year
(26, 27). However, the possibility of component fractures, the sensitivity of component positioning, and the
high costs have impeded their widespread application. The
data available on the biological consequences of these
bearing surfaces in joint replacement are limited. The
biological response to ceramic particles has been studied
in tissue explant and cell culture studies. Catelas et al.
have shown that alumina and zirconia particles induced
apoptosis of macrophage in a dose- and size-dependent
manner. However, the composition of the particles has
no effect on the apoptotic cell death, but the size is a
crucial factor because particles bigger than 2 µm induce
more cell death than smaller particles (28, 29). Osteolysis
has been reported in association with ceramic wear debris
(24). Yoon et al. reported on osteolysis of the femur in
23 hips and of the pelvis in 49 hips from a cohort of 103
alumina COC uncemented THAs. Histological and electron microscopic analyses of the periprosthetic membrane
revealed abundant ceramic wear particles with a mean
particle size of 0.71 µm and a range from 0.13 µm to
7.2 µm. However, it seems that nowadays the improvement of the manufacturing of these prostheses and the use
of cementless stems has led to a greater improvement of
the biocompatibility of the COC surface bearing, because
no evidence of osteolysis was observed after 5 years
(30–32). This is encouraging, although longer studies on
the follow-up of cementless COC are needed to assess the
lower rate of osteolysis of this surface bearing.
Biological Responses to Metals

First-generation MOM articulations were used widely
during the late 1960s and early 1970s (McKee-Farrar,
Müller, Sivash prostheses), but the early clinical results
were disappointing (33, 34). Many of the early MOM
implants had a geometry that permitted equatorial contact,
leading to high torques that might have caused failure
VOLUME 17, NUMBER 1, SPRING 2008
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of the THA. There has been, however, a resurgence of
interest in the metal-on-metal articulation because of the
observation that some of the early metal-on-metal prostheses have survived for over 20 years, with low wear and
no incidence of osteolysis. The degradation rate of MOM
bearings is mostly smaller than the rate of MOP bearings.
The linear annual wear of retrieved MOM prostheses is
only 0.009 mm for the head and 0.006 mm for the acetabular cups compared with 0.08 to 0.25 mm for polyethylene
in MOP bearings (35, 36) measured radiologically.
Although their total volume is dramatically smaller than
the polyethylene debris, these particles are much smaller
and many times more numerous. Particles generated from
the articular surfaces of a MOM prosthesis have a size
ranging between 30 and 50 nm (37, 38). The biological response is generally associated with lymphocyte
infiltration similar to hypersensitivity reaction (39, 40).
Wear particles can be generated from the two articular
surfaces when the surface roughness is elevated and/or
the lubrication is not enough. Wear particles can also be
generated at the modular head/neck couplings. The generated metal particles are released in the synovial fluid.
Thereafter, particles can be corroded extracellularly by the
compounds of the synovial fluid or intracellularly, after
phagocytosis or endocytosis by the cells. Because of the
near proximity of the bone, wear metal particles and metal
ions can exert their effect on bone cells (i.e., osteoblasts
and osteoclasts). Moreover, elevated concentrations of
cobalt and chromium in serum have been observed in
patients with a MOM implant, with a 10-fold increase in
Co2C serum levels over controls (1.0 ppb vs. 0.1 ppb) and
a 5.7-fold increase in Cr3C (0.80 ppb vs. 0.14 ppb) (41,
42). These elevated concentrations can exert their effect
on the white blood cells, containing lymphocytes and
osteoclast precursors, as evidenced by a decrease in the
number of CD8C cells (43). Hart et al. studied the relationship between metal ion levels and lymphocyte counts
in patients with MOM hip resurfacings (43). Peripheral
blood samples were analyzed for lymphocyte subtypes and
whole blood Co and Cr ion levels in 68 patients (34 with
MOM and 34 with MOP). All components were radiologically well fixed and patients were asymptomatic. The
authors found that the Co and Cr levels were significantly
higher in the MOM group (p<.0001) as expected, and
there was a statistically significant decrease in the level of
CD8C cells (T cytotoxic/suppressor) in the MOM group
(p D .005). At this juncture, the authors did not find any
clinical symptoms in this patient group due to decreased
CD8 levels.
Cellular Dysfunction Induced by Metal Ions

Reactions with metal ions can lead to the generation of
free radicals: reactive oxygen species (ROS) and reactive
36

nitrogen species (RNS). Free radicals can react with
DNA (nuclear and mitochondrial) and induce damages to
purine and pyrimidine bases as well as to the deoxyribose
backbone (44). They can also induce DNA cross-links.
Permanent modification of genetic material resulting from
these “oxidative damage” incidents represents the first step
involved in mutagenesis, carcinogenesis, and ageing.
Local Effects of Metal Wear Debris

It is still unclear whether the metal ions released in
synovial fluid can indeed cause clinically significant osteolysis and/or aseptic loosening. The incidence of such
cases seems to be quite low and more than one type of
clinical presentation is possible. The patients are likely to
present with a painful hip with or without presence of a
soft tissue mass. Some may have symptoms of nerve irritation, while in some the hip may be quite irritable. Some
patients may present with symptoms of instability.
Does Activity Level Matter?

As stated earlier, MOM replacements are predominantly
performed in young and active patients. Heisel et al. monitored seven patients with well functioning MOM bearing
prostheses and one control patient (with no prosthesis)
over a 2-week-long activity protocol (45). All the patients
had normal renal function. The lower limb activity was
recorded using a computerized 2D accelerometer. During
the 1st week, the patients restricted their physical activities, but in the 2nd week, they were encouraged to be
physically as active as possible. Serum levels of Co and
Cr and urine levels of Cr were assessed at 10 time points
during these 2 weeks. Regardless of the activity level,
the serum ion levels for a given patient were essentially
constant and no correlation was found between patient
activity and serum levels of Co and Cr or urine levels
of Cr.
Histological Appearance of Periprosthetic Tissues

Davies et al. published their results comparing the
histological appearances of the periprosthetic tissues obtained form MOM (n D 25) and MOP (n D 9) hip replacements (39). They also compared these findings with the
appearances of the control tissues retrieved at the time of
primary THA (n D 9). The tissue samples obtained from
MOM hips displayed a pattern of well demarcated tissue
layers. A prominent feature seen was that of perivascular
infiltration of the lymphocytes. The lymphocytic infiltration was more pronounced in samples obtained at the time
of revision for aseptic failure than in samples retrieved at
autopsy or at the time of arthrotomy for reasons other
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than aseptic failure. In some cases (n D 10), they also
noted an accumulation of plasma cells in association with
macrophages that contained metallic wear debris particles.
In addition, the surfaces of tissues obtained from MOM
prostheses were more ulcerated than those obtained from
hips with other types of implants. Tissue samples obtained
from MOP implants showed far less surface ulceration,
much less distinction between tissue layers, no pattern
of lymphocytic infiltration, and no plasma cells, inflammation predominantly being histiocytic. The authors also
noted that their findings were similar to those of Hartman
and coworkers (46) and those of Howie and VernonRoberts (47). Hartman et al. had described the histological
appearance of biopsy specimens of skin obtained from
the sites of sensitization and challenge tests following
surface application of 2,4-dinitrochlorobenzene. Howie
and Vernon-Roberts had shown that intra-articular injection of cobalt–chromium wear particles (less than 3 µm)
in rats produced synovial surface ulceration and a dense
infiltrate of small lymphocytes in the subsurface tissue
layer. Both these findings add weight to the hypothesis
that the primary insult is to the surface of the tissues
and perivascular lymphocyte infiltration is the secondary
phenomenon.
Willert et al. raised the possibility of MOM THA
producing a delayed type hypersensitivity reaction to
Co/Cr ions (40). The authors noted the presence of
macrophages as well as granulomas with metal particles
in the tissues, and these macrophages were consistently
found in areas in the direct vicinity of the blood vessels.
The authors describe these perivascular lymphocytic infiltrates as characteristic of cell-mediated immune response
and label it ALVAL.
Chromosomal Aberrations

Ladon et al. investigated changes in metal ion levels
and chromosome aberrations in patients within 2 years of
receiving MOM hip arthroplasties (48). The authors noted
a statistically significant increase in both chromosome
translocations and aneuploidy in peripheral blood lymphocytes at 6, 12, and 24 months postsurgery. The authors
also noted that generally these changes were progressive
with time, the change in aneuploidy being greater than in
chromosomal translocations. However, the authors did not
find any statistically significant correlations between chromosomal translocation indices and cobalt or chromium
concentrations in whole blood. The authors concluded that
the clinical consequences of these findings at present are
unknown, but future studies should include direct comparisons of patients with implants of different composition.
There continues to be concern about increased risk of
carcinogenesis due to elevated metal ion levels. However,
to date from current publications there is no evidence that

prolonged exposure to elevated metal ions produced from
a metal-on-metal hip arthroplasty results in a statistically
significant increase in risk of cancer. The SIR (standardized incidence ratio) of observed versus expected cancers
in patients with MOM THAs is the same at first 5 years,
1.0 (0.7–1.5); first 10 years, 1.0 (0.8–1.3); and at first
15 years, 1.0 (0.8–1.4), when compared with the general
population.
MOM hip bearings are the preferred couplings, particularly in the young and active patient. This preference along
with the possible association with chromosomal abnormalities can have implications in the form of ill effects
on children born to mothers with MOM hip replacements.
Brodner et al. analyzed maternal serum and umbilical cord
serum levels of Co and Cr in three women (at the time
of delivery) with uncemented MOM THA implanted at
an average of 3.8 years postsurgery (49). At the time of
delivery, the maternal Cr concentrations were 1.6, 0.5, and
0.9 µg/L with Co concentration being 1 µg in the first
woman and below the detection limit in the other two
women. Co and Cr concentrations of the umbilical cord
sera were below the detection limits. Placenta in addition to production of hormones also controls substance
transfer. Four transport mechanisms are described: passive
diffusion (oxygen, carbon diaoxide, steroids, fatty acids,
etc.), facilitated diffusion (glucose, lactate), active transfer
(amino acids, calcium), and receptor mediated endocytosis
(lipoproteins, immunoglobulins). Different metals seem to
have different abilities to pass through the placenta. Lead
easily traverses the placenta, cadmium accumulates in the
placenta, and manganese and zinc are actively transported.
The authors concluded that possibly the placenta inhibited
the passage of Co and Cr.
Conclusions

Use of alternative couplings, namely ceramic-on-ceramic and metal-on-metal, has the advantage of reduced
wear rates as compared with metal-on-polyethylene bearing surfaces. However, their introduction (metal-on-metal
in particular) has raised concerns because of the occurrence of local or systemic adverse reactions. Currently
available data can not draw firm conclusions on these
adverse reactions and long-term studies are needed. Any
attempts to improve component design or component
metallurgy, aimed at reducing systemic metal ion concentration, will help in alleviating these fears. The industry,
scientists, and orthopaedic surgeons should continue to
work in close liaison to achieve the same.
VOLUME 17, NUMBER 1, SPRING 2008

37

References
1. McGrath, L. R., Shardlow, D. L., Ingham, E., et al. A retrieval study
of capital hip prostheses with titanium alloy femoral stems. J. Bone
Joint Surg. 83-B(8):1195 – 1201, 2001.
2. Witt, J. D., Swann, M. Metal wear and tissue response in failed
titanium alloy total hip replacements. J. Bone Joint Surg. 73B(4):559 – 563, 1991.
3. Charnley, J., Halley, D. K. Rate of wear in total hip replacement.
Clin. Orthop. Relat. Res. 112:170 – 179, 1975.
4. Kabo, J. M., Gebhard, J. S., Loren, G., et al. In vivo wear
of polyethylene acetabular components. J. Bone Joint Surg. 75B(2):254 – 258, 1993.
5. Campbell, P., Ma, S., Yeom, B., et al. Isolation of predominantly
submicron-sized UHMWPE wear particles from periprosthetic
tissues. J. Biomed. Mater. Res. 29(1):127 – 131, 1995.
6. Maloney, W. J., Smith, R. L., Schmalzried, T. P., et al. Isolation
and characterization of wear particles generated in patients who
have had failure of a hip arthroplasty without cement. J. Bone Joint
Surg. 77-A(9):1301 – 1310, 1995.
7. Margevicius, K. J., Bauer, T. W., McMahon, J. T., et al. Isolation
and characterization of debris in membranes around total joint
prostheses. J. Bone Joint Surg. 76-A(11):1664 – 1675, 1994.
8. Shanbhag, A. S., Jacobs, J. J., Glant, T. T., et al. Composition
and morphology of wear debris in failed uncemented total hip
replacement. J. Bone Joint Surg. 76-B(1):60 – 67, 1994.
9. Al-Saffar, N., Khwaja, H. A., Kadoya, Y., et al. Assessment of the
role of GM-CSF in the cellular transformation and the development
of erosive lesions around orthopaedic implants. Am. J. Clin. Pathol.
105(5):628 – 639, 1996.
10. Al-Saffar, N., Revell, P. A. Differential expression of transforming growth factor-alpha and macrophage colony-stimulating
factor/colony-stimulating factor-1R (c-fins) by multinucleated giant
cells involved in pathological bone resorption at the site of
orthopaedic implants. J. Orthop. Res. 18(5):800 – 807, 2000.
11. Goodman, S. B., Chin, R. C., Chiou, S. S., et al. A clinicalpathologic-biochemical study of the membrane surrounding
loosened and nonloosened total hip arthroplasties. Clin. Orthop.
Relat. Res. 244:182 – 187, 1989.
12. Jiranek, W. A., Machado, M., Jasty, M., et al. Production
of cytokines around loosened cemented acetabular components.
Analysis with immunohistochemical techniques and in situ
hybridization. J. Bone Joint Surg. 75-A(6):863 – 879, 1993.
13. Kim, K. J., Rubash, H. E., Wilson, S. C., et al. A histologic
and biochemical comparison of the interface tissues in cementless
and cemented hip prostheses. Clin. Orthop. Relat. Res.
287:142 – 152, 1993.
14. Nakashima, Y., Sun, D. H., Trindade, M. C., et al. Induction of
macrophage C-C chemokine expression by titanium alloy and bone
cement particles. J. Bone Joint Surg. 81-B(1):155 – 162, 1999.
15. Sabokbar, A., Rushton, N. Role of inflammatory mediators and
adhesion molecules in the pathogenesis of aseptic loosening in total
hip arthroplasties. J. Arthroplasty 10(6):810 – 816, 1995.
16. Takei, I., Takagi, M., Ida, H., et al. High macrophage-colony
stimulating factor levels in synovial fluid of loose artificial hip
joints. J. Rheumatol. 27(4):894 – 899, 2000.
17. Xu, J. W., Konttinen, Y. T., Lassus, J., et al. Tumor necrosis factoralpha (TNF-alpha) in loosening of total hip replacement (THR).
Clin. Exp. Rheumatol. 14(6):643 – 648, 1996.
18. Xu, J. W., Li, T. F., Partsch, G., et al. Interleukin-11 (IL-11)
in aseptic loosening of total hip replacement (THR). Scand. J.
Rheumatol. 27(5):363 – 367, 1998.
19. Neale, S. D., Athanasou, N. A. Cytokine receptor profile of
arthroplasty macrophages, foreign body giant cells and mature
osteoclasts. Acta Orthop. Scand. 70(5):452 – 458, 1999.

38

20. Chiba, J., Rubash, H. E., Kim, K. J., et al. The characterization of
cytokines in the interface tissue obtained from failed cementless
total hip arthroplasty with and without femoral osteolysis. Clin.
Orthop. Relat. Res. 300:304 – 312, 1994.
21. Goodman, S. B., Huie, P., Song, Y., et al. Cellular profile and
cytokine production at prosthetic interfaces. Study of tissues
retrieved from revised hip and knee replacements. J. Bone Joint
Surg. 80-B(3):531 – 539, 1998.
22. Simon, J. A., Dayan, A. J., Ergas, E., et al. Catastrophic failure of
the acetabular component in a ceramic-polyethylene bearing total
hip arthroplasty. J. Arthroplasty 13(1):108 – 113, 1998.
23. Winter, M., Griss, P., Scheller, G., et al. Ten- to 14-year results of a
ceramic hip prosthesis. Clin. Orthop. Relat. Res. 282:73 – 80, 1992.
24. Yoon, T. R., Rowe, S. M., Jung, S. T., et al. Osteolysis in association
with a total hip arthroplasty with ceramic bearing surfaces. J. Bone
Joint Surg. 80-A(10):1459 – 1468, 1998.
25. Zichner, L., Lindenfeld, T. [In-vivo wear of the slide combinations ceramics-polyethylene as opposed to metal-polyethylene].
Orthopade 26(2):129 – 134, 1997.
26. Boutin, P., Christel, P., Dorlot, J. M., et al. The use of dense
alumina-alumina ceramic combination in total hip replacement. J.
Biomed. Mater Res. 22(12):1203 – 1232, 1988.
27. Hannouche, D., Hamadouche, M., Nizard, R., et al. Ceramics in
total hip replacement. Clin. Orthop. Relat. Res. 430:62 – 71, 2005.
28. Catelas, I., Huk, O. L., Petit, A., et al. Flow cytometric analysis of
macrophage response to ceramic and polyethylene particles: effects
of size, concentration, and composition. J. Biomed. Mater. Res.
41(4):600 – 607, 1998.
29. Catelas, I., Petit, A., Zukor, D. J., et al. Induction of macrophage
apoptosis by ceramic and polyethylene particles in vitro.
Biomaterials 20(7):625 – 630, 1999.
30. Ha, Y. C., Koo, K. H., Jeong, S. T., et al. Cementless
alumina-on-alumina total hip arthroplasty in patients younger than
50 years: a 5-year minimum follow-up study. J. Arthroplasty
22(2):184 – 188, 2007.
31. Yoo, J. J., Kim, Y. M., Yoon, K. S., et al. Alumina-on-alumina total
hip arthroplasty. A five-year minimum follow-up study. J. Bone
Joint Surg. 87-A(3):530 – 535, 2005.
32. Yoon, T. R., Rowe, S. M., Kim, M. S., et al. Fifteen- to 20-year
results of uncemented tapered fully porous-coated cobalt-chrome
stems. Int. Orthop., Feb. 24, 2007 (online).
33. Dandy, D. J., Theodorou, B. C. The management of local
complications of total hip replacement by the McKee-Farrar
technique. J. Bone Joint Surg. 57-B(1):30 – 35, 1975.
34. Patterson, F. P., Brown, C. S. The McKee-Farrar total hip
replacement. Preliminary results and complications of 368
operations performed in five general hospitals. J. Bone Joint Surg.
54-A(2):257 – 275, 1972.
35. Livermore, J., Ilstrup, D., Morrey, B. Effect of femoral head size
on wear of the polyethylene acetabular component. J. Bone Joint
Surg. 72-A(4):518 – 528, 1990.
36. Schmidt, M., Weber, H., Schon, R. Cobalt chromium molybdenum
metal combination for modular hip prostheses. Clin. Orthop. Relat.
Res. 329 (suppl):S35 – 47, 1996.
37. Catelas, I., Medley, J. B., Campbell, P. A., et al. Comparison of
in vitro with in vivo characteristics of wear particles from metalmetal hip implants. J. Biomed. Mater. Res. B Appl. Biomater.
70(2):167 – 178, 2004.
38. Doorn, P. F., Campbell, P. A., Worrall, J., et al. Metal wear
particle characterization from metal on metal total hip replacements:
transmission electron microscopy study of periprosthetic tissues and
isolated particles. J. Biomed. Mater. Res. 42(1):103 – 111, 1998.
39. Davies, A. P., Willert, H. G., Campbell, P. A., et al. An
unusual lymphocytic perivascular infiltration in tissues around

JOURNAL OF SURGICAL ORTHOPAEDIC ADVANCES

40.

41.

42.

43.

44.

contemporary metal-on-metal joint replacements. J. Bone Joint
Surg. 87-A(1):18 – 27, 2005.
Willert, H. G., Buchhorn, G. H., Fayyazi, A., et al. Metal-on-metal
bearings and hypersensitivity in patients with artificial hip joints.
A clinical and histomorphological study. J. Bone Joint Surg. 87A(1):28 – 36, 2005.
Brodner, W., Bitzan, P., Meisinger, V., et al. Elevated serum cobalt
with metal-on-metal articulating surfaces. J. Bone Joint Surg. 79B(2):316 – 321, 1997.
Granchi, D., Ciapetti, G., Stea, S., et al. Cytokine release
in mononuclear cells of patients with Co-Cr hip prosthesis.
Biomaterials 20(12):1079 – 1086, 1999.
Hart, A. J., Hester, T., Sinclair, K., et al. The association between
metal ions from hip resurfacing and reduced T-cell counts. J. Bone
Joint Surg. 88-B(4):449 – 454, 2006.
Dizdaroglu, M., Jaruga, P., Birincioglu, M., et al. Free radicalinduced damage to DNA: mechanisms and measurement. Free
Radic. Biol. Med. 32(11):1102 – 1115, 2002.

45. Heisel, C., Silva, M., Skipor, A. K., et al. The relationship between
activity and ions in patients with metal-on-metal bearing hip
prostheses. J. Bone Joint Surg. 87-A(4):781 – 787, 2005.
46. Hartman, A., Hoedemaeker, P. J., Nater, J. P. Histological aspects
of DNCB sensitization and challenge tests. Br. J. Dermatol. 94(4):
407 – 416, 1976.
47. Howie, D. W., Vernon-Roberts, B. Long-term effects of
intraarticular cobalt-chrome alloy wear particles in rats. J.
Arthroplasty 3(4):327 – 336, 1988.
48. Ladon, D., Doherty, A., Newson, R., et al. Changes in metal levels
and chromosome aberrations in the peripheral blood of patients
after metal-on-metal hip arthroplasty. J. Arthroplasty 19(8 suppl
3):78 – 83, 2004.
49. Brodner, W., Grohs, J. G., Bancher-Todesca, D., et al. Does
the placenta inhibit the passage of chromium and cobalt after
metal-on-metal total hip arthroplasty? J. Arthroplasty 19(8 suppl
3):102 – 106, 2004.

VOLUME 17, NUMBER 1, SPRING 2008

39

