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ABSTRACT   Metal-on-metal hip resurfacing 
arthroplasty has undergone a recent resurgence as an 
alternative treatment option for young and active patients 
with significant osteoarthritis. The claimed advantages 
of metal-on-metal hip resurfacing arthroplasty include 
lower wear rate, preservation of bone stock for subse-
quent revision procedures, restoration of anatomic hip 
mechanics, and enhanced stability due to the larger 
diameter of articulation. A disadvantage, however, is that 
the metal-on-metal resurfacing releases large amounts 
of very small wear particles and metal ions. The long-
term biological consequences of the exposure to these 
Co-Cr particles and ions remain largely unknown. The 
purpose of this review is to provide an overview of the 
current literature on the adverse periprosthetic biologi-
cal reactions associated with metal-on-metal hip resur-
facing arthroplasty. 

■

With the introduction of the metal-on-metal 
(MoM) bearing to hip resurfacing, there has been a 
recent and rapid increase in hip resurfacing (Daniel 
et al. 2004). According to the National Joint Reg-
istry England and Wales Annual Report (2008), 
the total number of hip resurfacing in the patient 
group younger than 55 years of age accounted for 
46% (1585 of 3471) of primary hip arthroplasty 
performed in the United Kingdom in 2004. In Aus-
tralia, the hip resurfacing procedures accounted 
for 29% of the overall number of primary total hip 
arthroplasties for the patients in the same age group 
(Buergi and Walter 2007). In Norway and Sweden 

hip resurfacing has been used conservatively and it 
accounted for 0.4% and 0.6% respectively in 2006 
(2006, 2007). Hip resurfacings are used particularly 
in younger, more active patients because of the 
limitations of conventional total hip arthroplasty 
(THA) (Daniel et al. 2004). MoM bearings have 
better wear properties than conventional metal-on-
polyethylene (MoP) bearings (Sieber et al. 1999, 
MacDonald et al. 2003). They have the potential 
to substantially reduce long-term wear-induced 
osteolysis as the major cause of failure. Short-term 
clinical follow-up reports on MoM hip resurfacing 
have been encouraging (Sieber et al. 1999, Mac-
Donald et al. 2003, Treacy et al. 2005, Hing et al. 
2007, Steffen et al. 2008) with extremely low rates 
of failure reported in spite of the fact that patients 
have resumed high-level occupational and leisure 
activities. Medium- to long-term outcome is, how-
ever, unknown. 

The reported wear rate from MoM bearings is 
substantially lower than from MoP bearings. An 
annual linear wear rate of 5 µm for the whole 
articulation per year has been reported (Sieber et 
al. 1999). This is at least 20 times less than that 
of MoP bearings. The metal particles produced 
are less than 50 nm—approximately one order of 
magnitude smaller than retrieved polyethylene par-
ticles (Doorn et al. 1998). Although the wear rates 
at the surfaces of MoM bearings are lower than for 
conventional MoP bearings, the number of nano-
meter-sized particles generated is up to 500 times 
more than for MoP bearings (Sieber et al. 1999).
The dissolution of metal wear particles results in 
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measurable increases in cobalt (Co) and chromium 
(Cr) ions in the serum, erythrocytes, and urine of 
patients with MoM bearings (Coleman et al. 1973, 
Jacobs et al. 1998, Savarino et al. 2002, Brodner 
et al. 2003, MacDonald et al. 2003, Rasquinha et 
al. 2006). The potential effects of elevated levels 
of metal particles and ions are poorly defined, 
but they may lead to adverse biological reactions 
including local soft tissue toxicity, hypersensitiv-
ity reactions, bone loss, and risk of carcinogenesis 
(Gillespie et al. 1996, Shimmin et al. 2005, Wil-
lert et al. 2005, Keegan et al. 2007, Lidgren 2008). 
There is also concern about chromosomal aberra-
tions in the patient, as well as the risk of passing 
chromosomal abnormalities to the next generation 
(Case et al. 1996, Doherty et al. 2001, Ladon et 
al. 2004, Brodner et al. 2004a, Papageorgiou et al. 
2007, Ziaee et al. 2007)

In this review we present the available evidence 
on adverse periprosthetic biological reactions in 
patients with the MoM hip resurfacing arthroplasty. 
The possible role of the metal particle-induced 
immunological and cellular responses in the patho-
genesis of adverse periprosthetic reactions is out-
lined. 

MoM hip resurfacing arthroplasty

The first generation of hip resurfacing arthroplasties 
with MoP bearings that were implanted during the 
1970s and early 1980s had poor outcome (Head 
1981, Bell et al. 1985). The clinical failures were 
largely due to high volumetric wear as a function of 
the large-diameter metal femoral component artic-
ulating within polyethylene cups or liners, leading 
to wear debris induced osteolysis. The renewed 
interest in hip resurfacing follows the introduction 
of the MoM articulation. This was in part based on 
the observation that some of the early MoM pros-
theses have survived for over 20 years, with low 
wear and no incidence of osteolysis (McKellop et 
al. 1996, Howie et al. 2005). 

Particles generated from the articular surfaces of 
MoM prostheses have a size range in the µm scale. 
Doorn et al. (1998) used transmission electron 
microscopy to visualize the wear particles gener-
ated in vivo following enzymatic digestion of peri-
prosthetic tissues from 13 revised MoM prostheses. 
It was found that most of the particles were round, 
although a small proportion were shard or needle-

like in morphology. Mean particle size was 81 (51–
116) nm. It has been estimated that the implants in 
3 of the patients investigated would have generated 
between 6.7 × 1012 and 2.5 × 1014 metal particles 
per year. Buschner et al. (2004) theorized that gen-
eration of wear particles in MoM implants may be 
due to fatigue of martensitic bands (quadratic orga-
nization of iron atoms in the metal crystal), and at 
areas of high contact pressures the grain size of the 
metal alloy could influence the morphology of the 
particles generated. 

The results of published short-term survivorship 
studies of the current generation of MoM hip resur-
facing prostheses are encouraging and represent a 
substantial improvement from the earlier genera-
tion of hip resurfacing prostheses (Table 1). Treacy 
et al. (2005) reported 98% survivorship of the 
Birmingham Hip Resurfacing (BHR) arthroplasty 
(Midland Medical Technologies, Birmingham, 
UK) after 5 years. In a recent independent study, 
Steffen et al. (2008) reported a survival analysis of 
610 BHRs implanted with a minimum follow-up 
of 2 years and a review of patients 5 years post-
operatively. The survivorship was 95% at 5 years. 
Another independent prospective review of 230 
BHRs by Hing et al. (2007) reported 98% survi-
vorship at a mean of 5 years.

The published reports on the modern MoM bear-
ings have uniformly shown higher serum Co and 
Cr levels when compared to preoperative values, 
and in comparison to the levels in patients with 
conventional MoP bearings (Savarino et al. 2002, 
Brodner et al. 2003, Clarke et al. 2003, MacDon-
ald et al. 2003, Back et al. 2005b). The serum Co 
and Cr levels have been monitored prospectively 
following implantation of BHR prostheses (Back 
et al. 2005b, Daniel et al. 2007). The peak serum 
levels of Co (a 10-fold increase) and Cr (a 16-fold 
increase) occurred at 6 and 9 months respectively, 
compared to the preoperative levels. These peaks 
were followed by a gradual decline over the next 
15 months. 

There is recent evidence to suggest that Co and 
Cr levels are influenced by factors such as the type, 
design, and positioning of the implant. It is difficult 
to compare studies, however, because there is vari-
ation in the study design, the sources of samples 
(serum, whole blood, erythrocytes, and urine), the 
methods of laboratory analysis techniques used, 
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and the various combinations of types of implant 
(Daniel et al. 2007) (Table 2). 

The effect of the diameter of MoM bearings on 
metal levels remains controversial. For instance, a 
greater increase in Co and Cr levels in patients with 
MoM hip resurfacing (mean diameter 48 (38–54) 
mm) in comparison to patients with 28-mm MoM 
THAs has been demonstrated (Clarke et al. 2003). 
In contrast, a more recent study found no significant 
difference in Co and Cr levels between the resur-
facing group (50 mm or 54 mm diameter) and the 
MoM THA group (28 mm diameter) (Daniel et al. 
2006). Comparison of these study results is difficult 
due to the different sources of samples that were 
used to measure Co and Cr levels. Serum analyses 
were used in the first study whereas whole blood 
levels were measured in the second study. Further-
more, implant design variables between the differ-
ent types of MoM resurfacing hip arthroplasties 
and MoM THAs investigated in each study may 
have influenced the Co and Cr levels. 

Metal ion levels have been shown to be influ-
enced by specific MoM resurfacing implant designs 
(Table 3). Vendittoli et al. (2007) measured whole 
blood Co and Cr ion concentrations in patients 
with the Durom hip resurfacing system (Zimmer, 
Winterthur, Switzerland), which has a high-

carbon-content wrought-forged MoM resurfacing 
hip arthroplasty design. The authors reported lower 
mean serum Co and Cr levels in patients with this 
implant in comparison with other surface replace-
ment arthroplasty prostheses. 

In addition to the design and the diameter of the 
MoM bearings, the position of the implant—which 
is influenced by the technical skill of the surgeon 
inserting the prosthesis—also plays a role in the 
degree of metal ion release. The effect of acetabu-
lar component abduction angle on serum metal 
levels has been investigated. 10 to 53-fold elevated 
Co levels and 9 to 30-fold elevated Cr levels were 
observed in patients with acetabular cup inclina-
tions of 58° and 63° (Brodner et al. 2004a). How-
ever, no statistically significant correlation between 
cup inclination and serum Co and Cr was found in 
this study. 

Unlike most organic chemicals, metals cannot be 
eliminated from tissues by metabolic degradation. 
Thus, they can only be eliminated from tissues 
by renal or gastrointestinal excretion (Cobb and 
Schmalzreid 2006). There is evidence from a recent 
animal study to suggest that Cr ions can accumu-
late in the liver (Jakobsen et al. 2007). Marker et 
al. (2007) investigated potential long-term effects 
on kidney function resulting from Co and Cr wear 

Table 1. Survivorship for the currently used hip resurfacing systems

Study Prosthesis Age Hips Follow-up Survivorship 
   (years) (years) for revision

Steffen et al. 2008 BHR  51 (16–81) 610 4.2 (2–7.6) 95%
Hing et al. 2007  BHR  52 (18–82) 230 5    (4–6) 98%
Amstutz et al. 2007  Conserve Plus 41 (14–49) 350 5.5 (2–9) 94%
  57 (50–78)  337  
Nishii et al. 2007 BHR 51 (19–73) 50 5.6 (5–7) 96% 
Revell et al. 2006  Corin (18) 43 (16–69) 73 6.1 (2–12) 93%
 BHR (55) 
Mont et al. 2006  Conserve Plus 40 42 3.4 (2–5) 94%
    44 42 
Shimmin and Back 2005 BHR NR  3,429 NR 97% 
Lilikakis et al. 2005  Cormet 2000 51 (23–72) 70 2.3 (2–3) 97%
Treacy et al. 2005 BHR 52 (17–76) 144 5 98%
Grigoris et al. 2005 Durom 48 (22–72) 200 2.2 (1–3) 100% 
De Smet 2005 BHR  49 (16–75) 252 2.8 (2–5) 98%
Mont et al. 2005 Conserve Plus 49 50 1.5 (1–2) 100%
Beaulé et al. 2004a Conserve Plus  34 (15–40)  94 3.0 (2–5.6) 97%
Beaulé et al. 2004b Conserve Plus 39 (16–56) 56 4.9 95%
Daniel et al. 2004  BHR (403) 48 (26–55) 446 3.3 (1–8) 99%
 McMinn (43) 

NR: not reported.
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in MoM THA by measuring serum metal ion levels 
and creatinine clearance at 10-year follow-up in 
75 patients. The serum creatinine clearance was 
normal in all patients. The study cohort included 7 
patients with bilateral THA; their creatinine clear-
ance was similar to the values of patients with uni-
lateral THA. Furthermore, the steady-state metal 
ion levels appear to be insensitive to short-term 
changes in activity level (Heisel et al. 2005). 

Adverse periprosthetic effects of metal wear 
debris 

Although it is still unclear how metal particles or 
ions cause periprosthetic problems, clinical cases 
of periprosthetic soft-tissue masses (Table 4) and 
osteolysis have recently been reported. 

Periprosthetic soft-tissue mass

Pandit et al. (2008) reported the presence of symp-
tomatic soft-tissue masses in a series of 20 MoM 
resurfaced hips (17 female patients). Locally, the 
mass was highly destructive and the presenting 
symptoms varied between pain, rash, dislocation, 
femoral nerve palsy, and the presence of a lump. 
In all the cases, white cell count was normal. The 
inflammatory markers erythrocyte sedimentation 
rate (ESR) and C-reactive protein (CRP) were 
normal in 17 of the 20 patients. The main imaging 
abnormalities included a cystic mass located lateral 
or posterior to the joint and a predominantly solid 
mass located anteriorly involving the psoas bursa 
and muscle. 13 patients required revision surgery 
to a conventional hip replacement, which led to the 
resolution of symptoms in 11 patients. Histologi-

Table 2. Studies on cobalt and chromium ion levels

Study Sample(s) Implant No. of  Analysis Follow-up 
   cases  (years)

Marker et al. 2007  Serum MoM THA   75 AAS  10
Vendittoli et al. 2007 Whole blood,   Durom HRA   45 ICP-MS   2  
 serum, erythrocytes
Rasquinha et al. 2006 Serum MoM THA   10 AAS   5
Hart et al. 2006  Whole blood BHR   32 ICP-MS    2
  Durom HRA     2  
Back et al. 2005a Serum BHR   16 ICP-MS (Co),    2
    AAS (Cr)
Heisel et al. 2005 Serum, urine (Cr) MoM THA     4 AAS   1
  Conserve Plus 
Brodner et al. 2004b Serum MoM THA   60 AAS 3–5
Brodner et al. 2004a  Serum, umbilical  MoM THA     3 AAS 2–5
 cord serum
Ladon et al. 2004  Whole blood MoM THA   95 ICP-MS   2
Clarke et al. 2003  Serum MoM THA   22 ICP-MS   1
  BHR    16
  Conserve Plus      6 
MacDonald et al. 2003 Erythrocytes MoM THA   22 ICP-MS   2
  MoPE THA   18  
Brodner et al. 2003 Serum MoM THA   36 AAS   5 
  CoPE THA    37 
Lhotka et al. 2003 Whole blood MoM THA 259 a AAS   4 
Savarino et al. 2002 Serum MoM THA   26 AAS   3
  MoPE   15 
Jacobs et al. 1998  Serum, urine (Cr) MoPE THA   25 AAS   3
Jacobs et al. 1996  Serum, urine MoM THA      8 AAS 25
  McMinn HRA
Coleman et al. 1973 Whole blood Cast alloy THA   16 Neutron    1
    activation

THA: total hip arthroplasty; AAS: atomic-absorption spectrophotometry; HRA: hip resurfacing arthroplasty; ICP-MS: 
inductively-coupled plasma mass spectrometry; BHR: Birmingham hip resurfacing; MoPE: metal-on-polyethylene; 
CoPE: ceramic-on-polyethylene.
a Not in the same patients
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cally, the lesions were characterized by the pres-
ence of B cells, T lymphocytes, and plasma cells, 
and extensive necrosis was noted. The authors sug-
gested that the soft-tissue mass is either an allergic 
response to a normal level of metal wear particles, 
or a toxic effect of a very high level of particles. 
Although the precise incidence is unknown, the 
authors estimated the incidence to be 1% in the 
first 5 years postoperatively.

The presence of similar cystic soft-tissue reac-
tions has been reported in a review of MRI find-
ings in 19 patients (11 females) with early postop-
erative pain following Co-Cr on Co-Cr alloy THA 

prostheses (De Puy International Ltd., Leeds, UK) 
(Toms et al. 2008). The median postoperative time 
to MRI was 35 (11–63) months. These collections, 
surrounded by irregular walls, always maintained 
contact with the neck of the prosthesis, extending 
into the gluteal compartment in 18 cases. The MRI 
appearance was consistent with a periprosthetic 
abscess, but inflammatory markers and microscopy 
were normal in all cases. At the time of revision 
surgery, discrete periprosthetic soft tissue thicken-
ing, a fluid-filled cavity, or a combination of these 
findings was found in all 15 revised hips. Corro-
sion and severe pitting of the femoral components 

Table 3. Currently available hip resurfacing systems

System Date  Process Heat  Acetabular  Acetabular  Acetabular  Acetabular  Cement   Femoral 
 introduced  treatment shape surface coverage thickness mantle stem
   a b c  (°) d  (mm) (mm) e

Conserve Plus  1996 Cast HIP, SHT TH  Sintered CoCr  170 3.5 or 5 1 ± LB
     beads ± HA 
Birmingham 1997 Cast None H CoCr beads  160 ID 
     cast-in + HA 180 OD 3 (rim) 0 ND
Cormet 1997 Cast HIP, SHT EE Ti-VPS + HA 180 6 (dome) 0 ND
Durom 2001 Wrought NA TH Ti-VPS 165 3 and 4 f 1 Non-LB
ASR 2003 Cast HIP TH Sintered CoCr 
     beads + HA 168–170 4 0.5 Non-LB
ReCap 2004 Cast None H Ti-VPS ± HA 180 5–6 0.5 ND
Icon 2004 Cast None H CoCr cast-in + HA 180 ND 0 ND

a HIP: hot isostatically pressed; SHT: solution heat-treated; NA: not applicable; 
b TH: truncated hemisphere; H: hemisphere; EE: equatorial expansion
c Ti-VPS: titanium vacuum plasma-sprayed; HA: hydroxyapatite; 
d ID: internal diameter; OD: outer diameter.
e LB: load-bearing; ND: not defined
f 2 cups per head

Table 4. Reports of periprosthetic soft-tissue mass in MoM bearings

Study No. of  Sex  Implant type Onset of  Symptoms Mass 
 cases   symptoms 
    (years)

Pandit et al. 2008 20 F BHR (14) 1–5 Pain,  dislocation, Cystic (lateral or
   Conserve Plus (4)  rash, nerve palsy posterior), solid (anterior 
   Cormet (2)    around psoas)  
Tomset al.  2008 20 F (11) MoM THA 1–3  Pain Cystic (gluteal
  M (8)     compartment)
Gruber et al. 2007 2 F MoM THA 4–5 Pain, swelling Cystic (anterior to
   (1 bilateral)    femoral head)
Boardman et al. 2006  1 F BHR   2 Pain, swelling Solid (psoas tendon)
Madan et al. 2000 1 M Bilateral MoM  15 Pain, swelling Retroperitoneal
   THA (MacKee-Farrar) D
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was demonstrated in 8 hips. Histological examina-
tion showed necrosis in 12 cases and perivascular 
lymphocytic infiltration in 5 cases. The authors 
suggested that early postoperative pain (less than 3 
years) after MoM THA may be due to an abnormal 
soft tissue reaction. Isolated case reports of peri-
prosthetic soft-tissue masses in patients with MoM 
hip resurfacing or MoM THA have been reported 
in the literature in the past (Madan et al. 2000, 
Boardman et al. 2006, Gruber et al. 2007).

Periprosthetic osteolysis

Periprosthetic osteolysis is a cellular response to 
wear debris (Harris 1995). It is a common reason 
for implant failure in MoP THA (Maloney et al. 
1999, Sochart 1999). The likelihood of osteolysis 
has been correlated with the amount of wear par-
ticles (Dumbleton et al. 2002). The generation of 
wear particles depends on many factors including 
the properties of the bearing couple, component 
alignment, component fixation stability, and indi-
vidual patients (Kadoya et al. 1998). 

Osteolysis, occurring as a result of reaction to 
metal wear debris, has been reported in associa-
tion with MoM THA in a small number of cases. 
Periprosthetic osteolysis was observed in 7 of 
19 metal-on-metal implants revised for pain and 
swelling (Willert et al. 2005). Park et al. (2005) 
reported a 6% incidence of periprosthetic osteoly-
sis at 2 years following second-generation MoM 
THA (10/169 cases). The osteolysis was confined 
to the greater trochanter. A higher rate of hypersen-
sitivity reactions to cobalt chloride skin testing was 
observed in patients with osteolysis compared to 
controls without osteolysis, indicating a delayed-
type hypersensitivity reaction. The histological 
examination showed a perivascular accumulation 
of T lymphocytes. Immunohistochemical analysis 
showed elevated levels of bone-resorbing cytokines 
such as IL-1 and TNF-α produced by infiltrating 
lymphocytes and activated macrophages. Although 
a causal relationship could not be established from 
the study, the findings suggested that early osteoly-
sis is associated with abnormalities consistent with 
delayed-type hypersensitivity to metal. 

Histopathology of periprosthetic tissues 

Assessment of the periprosthetic tissue reaction 
plays an important role as a diagnostic tool in eval-

uation of implant failures (Kobayashi et al. 1997b, 
Goodman et al. 1998). The retrieval study findings 
of an intense macrophage reaction to polyethylene 
wear debris in MoP THA explain the formation 
of osteolysis (Campbell et al. 1996, Green et al. 
1998). There is recent evidence from retrieval stud-
ies to suggest a T lymphocyte-mediated immune 
reaction in patients with MoM articulation (Sava-
rino et al. 2002, Davies et al. 2005, Willert et al. 
2005, Witzleb et al. 2007).

Lymphocyte infiltrations in periprosthetic tissue, 
described as ALVAL, were observed in first- and 
second-generation MoM THA (Davies et al. 2005, 
Willert et al. 2005, Witzleb et al. 2007) as well as 
in MoM hip resurfacing arthroplasty (Pandit et 
al. 2008, Toms et al. 2008). Willert et al. (2005) 
analyzed the periprosthetic tissues from 19 MoM 
implants that were revised for pain and swelling. 
The authors observed intense perivascular lym-
phocytic cuffing and suggested that a T lympho-
cyte-mediated hypersensitivity reaction of type IV 
(delayed-type hypersensitivity) had resulted from 
the metal-wear particulate debris from the MoM 
bearing couple. In comparison with the peripros-
thetic tissues from MoP bearing implants, peripros-
thetic tissues from MoM hip resurfacing and total 
hip implants were found to have more synovial 
surface layer ulceration and to contain more lym-
phocytes and plasma cells and less macrophages 
(Davies et al. 2005). 

Similar synovial surface ulceration and dense 
infiltration of lymphocytes in the subsurface tissue 
layer were reported in an animal study investigat-
ing the effects of intraarticular injection of metal 
particles (Howie and Vernon-Roberts 1988). This 
finding has led to the hypothesis that exposure to 
Co-Cr results in ulceration of the synovial surface 
layer and that the perivascular lymphocytic infiltra-
tion occurs as a secondary event. In contrast, in a 
recent histological and immunochemical analysis 
of capsule tissue samples retrieved from 46 hips 
with MoM articulations (39 cases of hip resurfac-
ing and 7 cases of non-cemented THA), the super-
ficial necrosis was not associated with the extent of 
lymphocytic infiltration or the extent of perivascu-
lar lymphocytic infiltration (Witzleb et al. 2007).

Perivascular lymphocytic vasculitis has been 
identified in some forms of arteritis, contact der-
matitis, and discoid lupus erythematosus (Howie 
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and Vernon-Roberts 1988). However, as the infil-
trates of lymphocytes or plasma cells have not been 
reported in studies of tissues from MoP or ceramic-
on-ceramic articulations, the distinct lymphocytic 
infiltration is thought to be a characteristic histo-
logical pattern of tissue reactions to MoM bearings 
(Davies et al. 2005, Willert et al. 2005, Witzleb et 
al. 2007).

Metal-induced immune responses

It has been documented that the size, shape, 
number, and nature of the particles released from 
the articular surfaces of prostheses are responsible 
for the type and extent of the biological response 
(Kobayashi et al. 1997a, Green et al. 1998). For 
the MoP prostheses, most of the particles are in the 
µm range with few in the submicron size, which 
corresponds to the size of bacteria (Margevicius 
et al. 1994, Shanbhag et al. 1994, Campbell et al. 
1995). Polyethylene particles have been shown 
to elicit a foreign-body, granulomatous response 
simulating infection, which is non-specific and 
consists mainly of macrophages and fibroblasts 
with occasional lymphocytes. Co-Cr particles have 
an effect on cells that is different to that of poly-
ethylene and most other biomaterial. Particles are 
commonly phagocytosed by macrophages. Once 
phagocytosed, Co-Cr particles can be toxic and 
rapidly kill the cells. This is probably because they 
corrode quickly within the cells, because of the 
acidic environment in the phago-lysosome—and 
release ions in high concentrations within the cells, 
leading to toxicity. The cells will then lyse, releas-
ing the particles and cell contents to cause further 
damage (Rae 1986). As outlined previously, there 
is recent evidence that metal particles, which are 
orders of magnitude smaller than the polyethylene 
particles, induce an acquired or antigen-specific 
immune response, a type IV delayed hypersensi-
tivity reaction driven by T lymphocytes (Willert et 
al. 2005, Witzleb et al. 2007). This involves a spe-
cific antigen, co-stimulatory molecules, an antigen 
presenting cell, and T lymphocytes. Periprosthetic 
tissue analysis has shown that metal particles are 
contained within CD46+ macrophages (Doorn et 
al. 1996, Davies et al. 2005, Witzleb et al. 2007). 
Macrophages can act as antigen presenting cells. It 
is likely that the continuous release of metal par-
ticles or ions from the metal-on-metal articulation 

and their local accumulation within the effective 
joint space facilitates sensitization, with a conse-
quent cell-mediated immunological response. In 
some susceptible patients, this may lead to adverse 
periprosthetic reactions such as periprosthetic 
mass and osteolysis. Release of metal particles and 
metal ions can have further adverse effects: they 
can be transported to areas other than the joint 
cavities and initiate further osteolysis away from 
the affected joint. This concept of “effective joint 
space” has been described in detail by Schmalzried 
et al. (1992). 

A relationship between metal ion levels and lym-
phocyte counts in patients with well-functioning 
MoM hip resurfacings has been reported (Hart et 
al. 2006). A threshold whole blood level of Co and 
Cr combined of greater than 5 µg/L was found to be 
associated with a reduction in the circulating levels 
of T cytotoxic (CD8+) subsets in the MoM group. 
Despite this decrease in the CD8+ cell count, the 
authors were unable to associate this observation 
with any adverse clinical symptoms.

The possible role of metal-specific adaptive 
immune response in the pathogenesis of poor 
implant performance such as aseptic osteoly-
sis has been investigated by Hallab et al. (2005). 
The authors measured the lymphocyte responses 
to implant metals (Cr3+, Co2+, and Ni2+ at 0.1 
mM and Ti4+ at 0.001 mM) in 6 subject groups: 
group 1a, young controls; group 1b, age-matched 
controls; group 2a, subjects with a history of OA 
and no history of metal sensitivity; group 2b, OA 
subjects with a history of metal sensitivity; group 
3a, THA subjects with no or mild osteolysis; and 
group 3b, THA subjects with moderate osteolysis. 
Groups 1 and 2 had no implanted prostheses. Lym-
phocyte proliferation, measured using lymphocyte 
transformation testing (LTT), and cytokine release 
were used as quantitative reactivity measurements. 
THA subjects were more than 3-fold more reactive 
to Cr than were controls or osteoarthritis subjects. 
THA subjects with osteolysis were more reactive 
to Co (incidence of 43% as opposed to 0%). Only 
osteolytic THA subjects demonstrated increased 
cytokine responses with more than 2-fold increases 
in soluble interferon gamma (IFN gamma) and 
interleukin-2 levels in response to Cr challenge. 
These findings suggested a metal-specific adaptive 
immune response and a possible relationship with 
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aseptic osteolysis. Hypersensitivity reaction to 
implanted metallic materials has been estimated to 
occur in less than 1% of patients undergoing total 
joint arthroplasty (Hallab et al. 2001).

Metal ions may bind to specific serum proteins 
to form metal-protein complexes (Torti and Torti 
1994, Borguet et al. 1995, Sun et al. 1999, Bar-
Or et al. 2001, Clodfelder et al. 2001, Qian et al. 
2002, Eitinger et al. 2005). Such metal-protein 
complexes produced from degradation of metal 
alloys are immunologically active in vitro (Hallab 
et al. 2001). The complexes have been shown to 
induce lymphocyte activation through proliferative 
responses. The mechanism by which metal-pro-
tein complexes activate lymphocytes is unknown. 
It may include an antigen-independent pathway 
by crosslinking thiols of cell-surface molecules, 
which results in the activation of a tyrosine kinase; 
antigen-dependent activation via a cell-mediated 
delayed-type IV hypersensitivity involving acti-
vation of sensitized T lymphocytes; non-specific 
polyclonal activation by cross-linking lymphocyte 
receptors without the presence of an antigen pre-
senting cell. 

Currently, there are no reliable standardized pre-
dictive tests for metal allergy and hypersensitivity 
(Shimmin et al. 2008). A new technique to evalu-
ate patients with possible delayed hypersensitivity 
through the use of a triple assay technique for blood 
has been described (Hallab et al. 2000). This tech-
nique includes (1) a proliferation assay of white 
blood cells, (2) a cytokine analysis using enzyme-
linked immunosorbent assay, and (3) a migration 
inhibition assay. The latter assay identifies a migra-
tion inhibition factor, which was one of the first 
cytokines found to be associated with delayed-type 
hypersensitivity reactions. The metal-induced sen-
sitivity is quantified by comparing the results from 
all three assays.

Effects of metal particles/ions on bone cells

The biological effects of metallic particles on cells 
relevant to bone, osteoblasts, and osteoclasts, have 
not been fully elucidated. In addition to the direct 
effects of metal particles on cells, it is likely that 
there is autocrine and paracrine regulation of cyto-
kines, which may contribute to bone resorption by 
influencing the functions of bone cells.

Osteoblasts

Metal ions can influence the biology of osteoblasts. 
It has been reported by several authors that expo-
sure to metal ions can result in a dysregulation of 
osteoblasts and osteoblast-like cells. Osteoblasts 
exposed to Co and Cr ions undergo a dose-depen-
dent reduction in proliferation. Although the metal 
ion concentrations within bone in vivo has not been 
established, exposure of osteoblasts to Co particles 
at concentrations of 100 µg/L or higher leads to the 
development of cytoplasmic vacuolations (Allen et 
al. 1997, Anissian et al. 2002, Hallab et al. 2002). 
Moreover, Co and Cr ions are toxic for osteoblasts, 
leading to markedly reduced alkaline phosphatase 
activity (McKay et al. 1996, Fleury et al. 2006). Co 
and Cr ions induce oxidation and nitration of pro-
teins and dysregulation of the expression of anti-
oxidant enzymes (Fleury et al. 2006). The cells are 
capable of releasing proinflammatory cytokines 
into the microenvironment, such as IL-6 and TNF-
α (Hallab et al. 2001, Anissian et al. 2002, Hallab 
et al. 2002). These cytokines can in turn activate the 
differentiation of preosteoclasts into mature bone-
resorbing cells (Kudo et al. 2003). A decrease in 
protein, DNA, and RNA synthesis has been shown 
with Co and Cr ions (Hodges and Chipman 2002). 
Collagen type I synthesis is markedly reduced after 
exposure to Co and Cr particles or ions at concen-
trations of 10 µg/L or 100 µg/L (Wang et al. 1997, 
Hallab et al. 2001, Anissian et al. 2002). Proteins 
from the extracellular matrix such as bone sialo-
protein, osteocalcin, and osteopontin are impor-
tant for calcification of the bone matrix (Robey 
and Boskey 2006). These proteins are synthesized 
by osteoblasts and released into the extracellular 
matrix. Co and Cr inhibit the release of osteocalcin 
into the bone matrix, contributing to the delay in 
mineralization of bone tissue following exposure 
to metal (Morais et al. 1998, Fernandes 1999). 

Osteoclasts

MacQuarrie et al. (2004) have demonstrated that 
the mechanism by which Co and Cr particles 
induce osteoclastogenesis is via a RANKL-depen-
dent mechanism. The authors found a reduction 
in numbers of these cells after treatment with 
anti-RANKL antibodies. However, the authors 
used particles close to the size of polyethylene 
debris, which is capable of inducing a macrophage 
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response. The effects of metal ions also appear 
to be dependent on the state of differentiation of 
the cells. Nichols and Puleo (1997) investigated 
the effects of Co and Cr ions on the generation of 
osteoclasts by co-culturing osteoblast cells with 
bone marrow cells. They showed that Co ions 
induced the death of osteoclast precursors after 2 
weeks of co-culture, at a concentration of 0.1 mg/
L (equivalent to 1.6 µmol/L). Furthermore, there 
was a decrease in the area of resorbed dentine after 
3 weeks, indicating a toxic effect of Co on bone 
marrow osteoclast precursors. 

The effects of metal ions on mature osteoclasts 
isolated from the long bone of rabbits have been 
investigated (Rousselle et al. 2002). The study 
showed that Co ions at a concentration of 104 μg/L 
(~170 µmol/L) and Cr ions at a concentration of 
104 μg/L (~200 µmol/L) did not induce apopto-
sis of mature osteoclasts. After 4 days of culture 
with Co ions, however, a decrease in the size of the 
mature osteoclasts was observed. As there was no 
change in the overall percentage of eroded surface, 
the authors suggested that Co induced a decrease 
in the size of the pits (which was correlated to the 
reduction in the size of the osteoclasts). 

Metal ions in cells

Metal transport. Albumin is the major carrier pro-
tein in the blood, and is capable of binding Co2+. 
A sequence of 4 amino acids (N-Asp-Ala-His-
Lys) is indispensable for this binding (Bar-Or et 
al. 2001). In serum, Cr3+ can also bind to albu-
min, but it is still unclear whether this sequence 
of 4 amino acids plays a role in the uptake of Cr 
(Borguet et al. 1995). Metal ions are also known to 
bind ferritin (Torti and Torti 1994). Co and Cr ions 
can also bind to transferrins, which are a family of 
large non-heme iron-binding glycoproteins with a 
molecular weight of 80 kDa involved in the iron 
uptake (Sun et al. 1999, Qian et al. 2002). 

Microparticles of Co and Cr can be phagocy-
tosed by cells. In the phagolysosome, the particles 
are exposed to a series of oxidative mechanisms 
designed to destroy the foreign body, which leads 
to the generation of metal ions and free radicals 
(reactive oxygen species and reactive nitrogen 
species) (Galle et al. 1992, Lundborg et al. 1992). 
However, it is still unclear how metal ions can be 
released from the lysosome. It has been suggested 

that nanoparticles may be taken into the cells by 
pinocytosis, a well-characterized pathway used by 
the cells to absorb nutrients. Corrosion is the main 
degradation process of metals; it leads to the gen-
eration of metal ions of different valencies. Metals 
become protected against corrosion by the forma-
tion of an oxide layer at the surface. However, 
under certain conditions the oxide layer can be 
removed, allowing the surface of the metal to come 
into direct contact with the corrosive compounds of 
the biological fluids (Mabilleau et al. 2006). Metal 
ions may also enter cells directly by different path-
ways, such as using an ion transporter or using spe-
cific metal ion binding proteins (Figure 1).

Under physiological conditions, Cr ions exist as 
chromate oxyanions (Cr6+) and cross the cell mem-
brane by non-specific phosphate/sulfate anionic 
transporters (Buttner and Beyersmann 1985, 
Arslan et al. 1987). Within the cell, Cr6+undergoes 
rapid metabolic reduction by ascorbic acid and 
low-molecular-weight thiols, including reduced 
glutathione and cysteine. Although Cr3+ is known 
to exist, it is still unclear how it can cross the cell 
membrane. It has not been established whether 
Co2+ enters mammalian cells via a specific trans-
porter. In primitive organisms (bacteria, yeast) there 
are some specific transporters for the uptake and 
release of Co ions (Eitinger et al. 2005, Eshaghi et 
al. 2006). Such systems have not yet been shown 
to exist in mammalian cells. It has, however, been 
shown that P2X7 transporter is involved in uptake 
of divalent cations and that it is a transporter for Co 
uptake (Virginio et al. 1997). 

Metal-induced intracellular effects. Reactions 
with metal ions can lead to generation of free radi-
cals: reactive oxygen species (ROS) and reactive 
nitrogen species (RNS), which can, in turn, cause 
cellular dysfunction. Inside the cells, Cr6+ is oxi-
dized to Cr3+ in a series of steps that generate free 
radicals. On the other hand, Co ions can partici-
pate in a Fenton-like reaction with hydrogen per-
oxide, leading to the generation of free radicals. 
Free radicals can react with DNA (both nuclear 
and mitochondrial) and induce damage to purine 
and pyrimidine bases as well as to the deoxyri-
bose backbone (Dizdaroglu et al. 2002). They 
can also induce crosslinks in DNA. Free radicals 
catalyze the oxidation of protein and phospholip-
ids (a process known as lipid peroxidation). Lipid 
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peroxidation has 3 stages: initiation, propagation, 
and termination, and it leads to the formation of 
malondialdehyde, which can react with DNA bases 
to form DNA adducts, leading to the formation of 
DNA-DNA inter-strand crosslinks or DNA-protein 
crosslinks (Bacon et al. 1983, Marnett 1999). Per-
manent modification of genetic material resulting 
from this “oxidative damage” represents the first 
step in mutagenesis, carcinogenesis, and ageing. 
Although no evidence has been found for direct 
binding of Co2+ to DNA, direct binding of Cr3+ 

to DNA is well documented (Wolf et al. 1989). In 
cells, 2 main processes exist to correct DNA aber-
rations and to restore the integrity of the genome: 
base excision repair (BER) and nucleotide exci-
sion repair (NER) (Hartwig et al. 2003). Under 
stimulation by Co2+ or Cr6+, both of these repair 

mechanisms are inhibited (Witkiewicz-Kucharc-
zyk and Bal 2006). Ladon et al. (2004) investigated 
changes in metal ion levels and chromosome aber-
rations in patients within 2 years of receiving MoM 
hip arthroplasties. The authors noted an increase 
in chromosome translocations and aneuploidy 
in peripheral blood lymphocytes at 6, 12, and 24 
months after surgery. The authors also noted that 
these changes were progressive. However, the 
authors did not find any statistically significant cor-
relations between chromosomal translocation indi-
ces and Co or Cr concentrations in whole blood. 

Conclusion

Although elevated levels of metal ions in the syno-
vial fluid and in the peripheral blood after MoM 
hip resurfacing arthroplasty are a common finding, 
the importance of this observation remains unclear. 
The adverse biological responses to the metal ions 
produced can be local or systemic. Clinical cases 
of local periprosthetic soft- tissue reactions and 
osteolysis are being increasingly reported in the 
literature. 

The precise biological pathway that leads to 
adverse periprosthetic soft-tissue effects of metal-
lic particles remains unknown. The high concentra-
tions of metal particles confined within the effec-
tive joint space may lead to activation of T lympho-
cyte-mediated hypersensitivity reactions of type 
IV (delayed-type hypersensitivity). In turn, this 
may affect other local cell populations, including 
osteoclasts and osteoblasts. The individual biologi-
cal response to the presence of wear debris appears 
to vary. This may reflect a different toxic-effect 
threshold or immunological intolerance. In some 
susceptible patients, the T cell-mediated cellular 
interplay between metal nanoparticles and immune 
cells may lead to adverse clinical outcomes such as 
painful soft-tissue masses or radiographic appear-
ance of osteolysis. 

As the metal-on-metal hip resurfacing proce-
dures are being increasingly used in younger active 
patients whose life expectancy is considerably 
longer than that of elderly patients who tradition-
ally receive hip replacements, the concerns about 
the unknown risks of long-term exposure to metal 
debris remain. As the latency time of the metal-on-
metal hip resurfacing could be as long as 20 years, 
one can speculate that there may be development 

Different pathways used by metal ions to enter into the 
cells. Cr(VI) can cross the cytoplasmic membrane through 
the non-specific phosphate/sulphate anionic transporters. 
Within the cell, Cr(VI) undergoes rapid metabolic reduction 
to form Cr(V), Cr(IV), and finally Cr(III). At each step of 
Cr(VI) reduction, reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) are generated. Whether or not 
Cr(III) is able to cross the cell membrane on its own without 
a carrier remains controversial. Co(II) can cross the cell 
membrane using the non-specific iron transporter and it is 
oxidized in the cytosol to Co(III). Co-oxidation leads to the 
generation of ROS and RNS. Co(II) and Cr(VI–III) can also 
bind some metal-binding proteins such as transferrin or 
ferritin. In the endosome, Co(II) and Cr(VI–III) are unbound 
from their protein carrier; via the DMT1 transporter, they 
are released in the cytosol where they can be reduced/
oxidized and result in the generation of ROS/RNS. ROS 
and RNS are known to be involved in protein oxidation, 
leading to their degradation, lipid peroxidation, and DNA 
damage. Cr(III) can also cross the nuclear membrane and 
participate in alteration of DNA. Metal particles, released 
from the articulating surface of the MoM prosthesis, can 
be phagocytosed by the cells. Inside the phago-lysosome, 
particles become corroded and release metal ions in the 
cytosol. 
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of tumors in response to excessive metal particles 
and metal ion production in these cases. This high-
lights the importance of long-term clinical follow-
up and cellular research into the biological mecha-
nisms involved in the pathogenesis of metal wear 
particle-induced adverse periprosthetic biological 
reactions.
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