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Abstract

Background Metal-on-metal (MoM) THAs have reduced

wear rates compared with metal-on-polyethylene. How-

ever, elevated serum metal ion levels and pseudotumors

have been reported in large MoM articulations.

Questions/purposes We therefore determined (1) if cor-

rosion occurred at the cone/taper interface leading to

instability in patients with large-diameter THAs; (2) how

patients presented clinically and radiographically; (3) if

adverse periprosthetic tissue reactions occurred;

(4) whether metal was released from the implants into the

periprosthetic tissues; and (5) if head size correlated with

metal release.

Methods We reviewed 114 patients who had revisions of

large-diameter head MoM articulations. Mean time of

implantation was 46 months. To identify adverse reactions

and particle load, tissues were stained by hematoxylin and

eosin and CD3/CD20/CD68 antibodies. Periprosthetic

tissues were analyzed for metal content and distribution in

different regions. Electrochemical reactions between the

stem and adapter were investigated by a minicell electrode.

Results Electrochemical studies on the stem and the head

adapter showed a risk for galvanic corrosion. Ninety-four

percent of patients had instability at the cone/taper inter-

face. All patients presented with early clinical symptoms;

59 patients had radiographic signs of loosening. One hun-

dred four patients had foreign body reactions and necrosis.

The largest amounts of metal released were titanium or

iron. We found no correlation between head size and metal

ion release.

Conclusions These findings suggest that in modular cone/

taper connections, friction of the MoM articulations may

cause failure of the cone/taper interface leading to galvanic

corrosion and loosening. It is unclear whether the design of

this MoM system provides sufficient stability at the taper.

Introduction

Metal-on-metal (MoM) articulations in THAs have been

described with 28-mm modular heads [41]. These THAs

made from cobalt-chromium alloy were introduced to

overcome the problem of polyethylene (PE) wear-induced

osteolysis [4]. Surface replacements of the hip are based on

MoM as well. In case of a failed femoral component, the

revision on the femoral side usually is not difficult and the

patients can be revised using a standard implant. The cups

are generally well fixed and revision of those cups may

lead to major bone loss [16]. Therefore, large-diameter

MoM modular ball heads (eg, 36-mm heads and larger)

and/or thinner necks were developed as salvage implants

that are compatible with standard stems to avoid cup
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revision [12]. Many surgeons use larger heads in primary

THA in MoM articulations as well [32]. The modularity of

these large-diameter heads can provide correct recon-

struction of leg length and offset.

The MoM technology has been associated with low

volumetric wear using 28-mm heads [6, 9]. However, in

failed cases of MoM THAs with 28-mm heads, lympho-

cytic infiltrations have been observed in patients with

cobalt accumulation in the periprosthetic tissues [29].

Various adverse biologic reactions in the periprosthetic

tissue have been observed [28, 31–34]. Concern has also

been expressed that surfaces from implants may enhance

corrosion, promoting release of metal ions into surrounding

tissues and possibly causing systemic toxic, carcinogenic,

or allergic reactions [2, 18, 19, 22, 42]. Metallic debris

accumulates in tissues adjacent to the implant [35], in the

regional [14] and in distant lymph nodes, the liver, and

spleen [24]. Increased levels of trace metal have been

reported in serum and urine [7], especially if there is

loosening of the prosthesis [40].

Metallic wear debris is not biologically inert: metal

accumulation in local synovial tissue is associated with an

inflammatory reaction [17, 28, 44], necrosis of the joint

capsule [1], and bone resorption [20] leading to implant

loosening [21]. Additionally, pseudotumors resulting from

severe wear [31, 44] or aseptic loosening [31, 45] with

large MoM articulations (eg, hip resurfacings) have been

recognized [5]. We wondered whether loosening could be

associated with insufficient stability at the cone/taper

interface and corrosion leading to metallic debris into the

surrounding tissues.

We therefore determined: (1) if corrosion occurred at the

cone/taper interface leading to instability in patients with

revised large-diameter THAs; (2) how patients presented

clinically and radiographically; (3) if an adverse reactions

to the metallic debris occurred; (4) if the metal released

from the implant components was retained in periprosthetic

tissues; and (5) if head size correlated with metal release

from the unstable cone/taper interfaces.

Materials and Methods

We retrospectively reviewed all 110 patients who had 114

revisions of large-diameter head MoM THAs between

2009 and 2010. Between 2004 and 2008 we performed

large-diameter head MoM THAs in 650 patients with 805

hips. The indications for surgery were groin pain and

limping. Septic loosening was excluded by aspiration

before and microbiological sampling at the time of surgery.

There were 63 male and 51 female patients. The age ranged

from 26 to 82 years (mean age, 62.7 years). The time of

implantation was 26 to 68 months (average, 46 months).

All patients had previous implantation of a MoM articu-

lation with an LDH1 head (Zimmer Inc, Warsaw, IN,

USA) and a DUROM1 hip cup (Zimmer Inc). Eight

patients had bilateral implants, four of which were revised

bilaterally. Four patients had unilateral revision and are

under close surveillance of the contralateral implant.

Radiographs were obtained preoperatively to document

loosening or osteolysis. Fifty-nine patients had radio-

graphic signs of osteolysis or radiolucent lines [3, 15]. Nine

patients had osteolysis/radiolucent lines of the cup only; in

39 cases, there were radiographic signs of osteolysis/radi-

olucencies on the stem side and in 11 cases around both the

cup and stem.

The LDH1 head as the modular head combined with a

cobalt-chromium sleeve and the DUROM1 hip cup are

described by Lavigne et al. [27]. As stems, 72 CLS1, 18

Muller1 straight stems, or 24 Weber-Stuehmer1 stems had

been implanted. Except the cemented Muller1 straight

stems, all stems were uncemented. The modular sleeve of

the LDH1 head also consists of a cobalt-chromium alloy.

The tapers are made from titanium alloy in case of CLS1

and Weber-Stuehmer1 stems and from iron-based alloy

(Protasul1) in case of the Muller1 straight stems. The head

diameters ranged from 48 to 58 mm with an average of

46 mm.

Intraoperatively we recorded presence of pseudotumors

[33], macroscopic metallosis, loose cone/taper connection,

and stability of the stems (tested using a sliding hammer

connected to the neck of the stem following a standard

protocol provided by the manufacturer). All cups were

removed and the articulations were exchanged to ceramic-

on-polyethylene bearings. During the revisions surgeries,

107 of the 114 heads (94%) heads were loose on the taper.

However, the sleeve/head interface appeared well fixed in

all cases. Four to five tissue samples were obtained from

the bursa/pseudotumor, capsule, tissue from behind the

acetabular cup after cup removal, fibrous tissue in the

proximal femur, and from the revised stem and were fixed

in 5% formalin.

The histological samples were processed by routine

methods stained with hematoxylin and eosin. Ten sections

of 3 to 4 lm were made and were reviewed by three

independent investigators (CHL, HM, TM) for signs of

ALVAL (aseptic lymphocyte-dominated vasculitis associ-

ated lesion [42]) and scored as described by Willert et al.

[42] with no or only isolated phagocytized particles with-

out major macrophage reaction (�), a few particles

phagocytized in some spots and/or accumulated perivas-

cularly in the lymphatics (+, few), evident accumulation of

particles phagocytized in macrophages also perivascular in

the lymphatics (++, many), tissue loaded with particles,

including foreign body granulomas (+++, abundant) and

tissue overstuffed with particles, and foreign body
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granulomas dominating the structures everywhere

(++++ , excessive). A similar grading was developed for

lymphocytic infiltration with differentiation diffuse/peri-

vascular infiltration (per field of view). All three observers

agreed on both scoring schemes in all cases.

Three to four sections of each sample had immunohis-

tochemical staining with monoclonal anti-CD3 antibody

for detection of T-lymphocytes and with macrophage-

specific monoclonal anti-CD68 antibody performed to

differentiate between a foreign body (macrophage-

dominated) and an ALVAL (lymphocyte-dominated

reaction).

The metal content was measured in different areas of the

periprosthetic tissues. The tissues were sampled at the time

of surgery from the bursa, the capsule, from the proximal

femur, and behind the acetabular cup after implant

removal. Tissues were then fixed in 5% formalin. All tis-

sues were dried at 55�C to constant weight followed by

chemical digestion with 65% nitric acid and 30% hydrogen

peroxide in a microwave oven (EN 13805:2002). This

treatment does not modulate the amount of metal content

of the tissue. The dissolved tissues were analyzed by

inductively coupled plasma optical emission spectrometry

(EN ISO 11885:2009) for cobalt (Co), chromium (Cr),

nickel (Ni), molybdenum (Mo), titanium (Ti), and iron

(Fe). The detection limit for Co is 25 ng/g, Ni 25 ng/g, Mo

20 ng/g, Ti 15 ng/g, Cr 5 ng/g, and Fe 2.5 ng/g. The results

were then normalized per grams of tissue. Additionally,

results of Ti determination were audited by Zeemann

graphite-furnace AAS (Varian Z880).

To confirm the metallurgy of the implant materials and

to prepare for the electrochemical inspection, the CLS-

Spotorno stem and LDH Metasul adapter were analyzed by

x-ray fluorescence. For evidence of electrochemical reac-

tion between the stem and adapter, a minicell electrode was

made by using platinum wire. The open circuit potential

was measured against the reference system SE 11 (Ag/

AgCl sat. reference system, Meinsberg).

Metal analyses were conducted two times per sample to

ensure the validity of the results. Experiments yielded

comparable observations. Data were first analyzed by

analysis of variance and by using Spearman’s rank corre-

lation coefficient.

Results

Alloy constituents were confirmed, eg, as a Ti alloy

(Ti6Al7Nb, PROTASUL1-100; Zimmer Inc), with differ-

ent roving textured surfaces and a higher percentage of

aluminum in the distal section; the sleeve of the LDH head

adapter was confirmed to consist of a CoCrMo alloy

(HS21, ZimaloyTM; Zimmer Inc). Electrochemical studies

on the CLS stem and the LDH head adapter showed an

open circuit potential in normal saline suggesting galvanic

corrosion.

One hundred six (93%) of the 114 hips had joint effusions

and tissues with a grayish necrotic appearance were found

around the implants, respectively (Fig. 1). Intraoperatively,

in 94% (n = 107), the cones and the tapers were unstable

and showed a black color resembling corrosion (Fig. 2).

Regions of osteolysis in the proximal femur were curetted

and cleared of the granulation tissue (Fig. 3). The cups were

explanted from all 114 THAs. Nine stems were unstable and

were revised. During revision surgery in 90 hips (79%),

an extended bursa formation was observed resembling

pseudotumors. All bearing surfaces were revised to ceramic-

PE articulations.

Fig. 1 The intraoperative photograph shows the implant components

after disassembling of the loose cone/taper connection with sur-

rounding granulation tissue.

Fig. 2 Higher magnification photograph shows corrosive changes at

the cone and granulation tissues curetted from the osteolysis of the

proximal femur.
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The histological classification revealed an excessive

load with particles in 14 tissues, an abundant particle load

in 18, many in 25, and few particles in 46 (Table 1). In

11 tissues, no particles were found and seven of those

showed no macrophage infiltration. Four tissues exhibited

T-lymphocyte infiltration as the dominant histomorphology

pattern with positive staining for anti-CD3 monoclonal

antibody. In 104 of the 114 (91%) revisions (Table 2), a

macrophage-dominated reaction was shown by monoclonal

anti-CD68 antibody (Fig. 4A). In 95 cases, vasculitis and

necrotic tissues were observed and in nine cases, a lym-

phocyte-dominated histomorphology resembling an

ALVAL reaction (Fig. 4B). Necrosis and fibrin exudation

were additionally seen (Fig. 4C). Black metal particles

were microscopically observed only in sections stained

positive for monocytes or macrophages.

The amounts of the different metals in the periprosthetic

tissues showed a broad range for Co, Cr, Ti, and Fe,

whereas the amount of Ni release into the tissues did not

differ from individual patients (Table 3). The highest levels

of metal were found for Ti and Fe dependent on the stem

used (Fig. 5). The measured levels for Co and Cr as well as

Ni in the tissues were low. Ti and Fe were found highest in

the capsule and in the bursa. Behind the acetabular cup the

Ti levels remained low (Fig. 5).

There was no correlation between head size and amount

of metal released from the unstable cone/taper interfaces

(Fig. 6).

Discussion

Large-diameter heads are used to reconstruct the geometry

of the hip during THA. However, concerns have been raised

about large-diameter metal heads regarding potential cor-

rosion at the cone/taper interface and increased failure rates

[5, 8, 11, 13]. Early after implantation others also observed

some patients presented with recurrent symptoms including

groin pain and limping [10]. We therefore examined a group

of 114 revisions of large-diameter heads to determine: (1) if

corrosion occurred at the cone/taper interface leading to

instability; (2) how the patients presented clinically and

radiographically; (3) if an adverse reaction to the metallic

debris had occurred; (4) whether the metal released from the

implant components was retained in periprosthetic tissues;

and (5) if head size correlated with metal release from the

unstable cone/taper interfaces.

We recognize that our study has limitations. First, we

reviewed a single large MoM hip system, so our findings

may not apply to other designs. Second, a clinical followup

of all 805 hips has not yet been performed; therefore, a risk

for failure cannot be clearly claimed. Third, three different

stem designs are used in the present study; however, no

differences were observed in clinical symptoms and tissue

reactions depending on the used stem. Fourth, the serum

metal contents were not determined, but most importantly,

the local tissue reaction induces the loosening process. The

current study shows an association of tissue metal content

and tissue response in large-diameter MoMs. Various other

studies investigated other designs and head diameters

(Table 2). The strength of the study is that we have focused

on radiographic signs of loosening, tissue response, cor-

rosion, and particle release as well as metal accumulation

in periprosthetic tissues.

Different materials can develop an open circuit potential

(OCP) [8]. We found an OCP at the cone/taper interface by

use of a minicell electrode. Although Ti and its alloys

reportedly develop a protective layer by passivation from

Ti to TiO2 [11], it is evident that a combination of different

metals like Fe and CoCr or Ti and CoCr produce an

electrochemical potential. Willert et al. [43] assumed that

the passivation layer of the alloy safely protects the release

of ions and may inhibit electrochemical conduction.

Fig. 3 The intraoperative photograph demonstrates the osteolysis

cleared of granulation tissue and its extension into the proximal

femur.

Table 1. Scoring of histological sections from each revision

(n = 114) was conducted as described previously [40]

Grading Description Cells Number of Particle

load
Lymphocytes Macrophages

� None \ 10 101 18 11

+ Few 11–20 4 52 46

++ Many 21–30 38 25

+++ Abundant 31–50 9 6 18

++++ Excessive [ 50 – 14

Tissues were examined and graded according to the number of cells,

lymphocytes, macrophages, and cells loaded with particles per power

field view at 409 magnification.
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However, micromotion damages the passivation layer,

which can be electrochemically dissolved leading to gal-

vanic corrosion [38]. Further fretting corrosion caused by

oscillating micromotion with small amplitudes (\ 100 lm)

and micromotion abrade the surface developing small wear

particles [15, 23]. If this process takes place in a joint, this

fretting corrosion might be overlaid by pitting or crevice

corrosion.

The stability of the cone/taper junction is influenced by

the design of the components. The lengths of the tapers of

the CLS1 stems had been reduced from 15 mm to 12 mm

before 2004. All of the CLS1 stems used in the study had

the shortened taper design. Shortening of the taper has the

consequence that the inclination angle of the taper increases

and thereby the length of the deadlock decreases. This may

imply that the strength of the cone/taper connection is

Table 2. Comparison of the literature reveals different responses to small- and large-diameter metal-on-metal and hip resurfacings suggesting

adverse tissue reactions

Author Metal-on-metal design Osteolysis Tissue response Head size Metal

content

Corrosion Particle

liberation

Lavigne et al. [27] Biomet, DePuy

(Ultamet), Smith &

Nephew (Sikomet),

Zimmer (Metasul)

NA + [ 50 mm Blood + �

Jacobs et al. [18] Metasul, DePuy

(Ultamet) Modular

cemented and

uncemented

+ Foreign body

reaction

� NA + �

Langton et al. [25] Resurfacing

(ASR [DePuy],

BHR [Smith &

Nephew], Conserve

[Wright])

� + NA NA + +

Langton et al. [26] Resurfacing

(ASR BHR Conserve)

NA ARMD NA NA NA +

Willert et al. [42] Metasul + ALVAL 28 mm NA NA +

Lohmann et al. [29] Sikomet + ALVAL 28 mm Tissue � +

Savarino et al. [36] NA NA NA NA Blood + NA

Long et al. [30] Metasul 37,4% (1-year

followup)

Inflammation 44–50 mm NA NA NA

Mahendra et al. [31] BHR, Conserve

Plus [Wright],

Cormet [Corin]

NA Macrophages 86%

ALVAL 14%

NA NA NA +

Current study LDH [Zimmer]

Metasul

52% Foreign body reaction

and necrosis (91%),

ALVAL (9%)

C 40 mm Tissue + +

NA = not available; ARMD = adverse reaction to metal debris; ALVAL = aseptic lymphocyte-dominated vasculitis associated lesion.

Fig. 4A–C (A) This is a section of retrieval tissue dominated by

monocytes (Stain, hematoxylin & eosin [H&E]; original magnifica-

tion, 920). (B) Perivascular infiltration by lymphocytes was observed

as described by Willert et al. [42] (Stain, CD20; original magnifica-

tion, 920) (C) Necrosis is seen in the revision tissues (Stain, H&E;

original magnification, 920).
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reduced. An optimal interface is necessary to avoid

micromotion and thereby fretting and fretting corrosion. If

micromotion and fretting corrosion occur, the release of

wear particulate debris from the cone/taper connection

increases. In a dynamic model of corrosion with high cyclic

load stresses, others [11, 13] observed similar corrosive and

electrochemical findings for mixed metal cases. These

findings suggest mechanical loading plays a role in the

corrosion process and leads to the conclusion that in low-

force-connected cone tapers, joint friction of the artificial

hip can cause rotation and thus loosening of the modular

head of the implant neck during daily activities [42]. In our

revisions, 94% of the cone/taper interfaces had failed and

showed signs of corrosion. We suggest that a design pro-

vided for general use must be tested in various standard

methods to ensure a stable taper lock. We found failures of

large-diameter head MoM THAs are associated with

instability of the cone/taper junction. One hundred ten of

650 patients who were followed in this series had early

revision of their THA. In these patients, clinical symptoms

like groin pain and limping occurred only 46 months

after implantation leading to revision. More than 59 of the

110 patients had radiographic signs of osteolysis or radio-

lucencies. Similar observations were made by others [5, 25]

who observed accelerating failures of the ASR hip

replacement. This may imply that early failures in the large-

diameter hip system are not design-specific but dependent

on the large head. We observed large bursa formation in

approximately 80% of the patients. Large bursa formation

has been described in small-diameter MoM THA [35, 42] as

well as in hip resurfacings [31, 34]. The data of the present

failure series with low CoCr release but large amounts of Ti

or Fe release may lead to the conclusion that bursa forma-

tion and large joint effusions are caused by metal release in

general and are not specific for CoCr resurfacing THA.

Potentially, the cytotoxicity of the released wear causes the

large areas of necrosis in the tissues, which is also associ-

ated with inflammation and joint effusions.

We observed the different amounts of stored metals in

the periprosthetic tissues depended on the alloy of the

femoral stem. This suggests Ti and/or Fe rather than CoCr

may contribute to the foreign body reaction. The histo-

morphology of the periprosthetic tissues did not only show a

foreign body reaction to wear products, but also areas of

necrosis representing their cytotoxic effects. Cell death by

apoptosis has been described through the release metal ions

by corrosion or wear [39]. We saw necrosis in the vast

majority of the cases. This reaction is distinct from that in

metal/PE articulations in which the foreign body reaction

with multinucleated cells storing PE wear is the predomi-

nant tissue response. The immunohistologic observations

support this failure mode with respect to tissue response.

Particularly, CD68 staining, a marker of macrophage or

monocytes that are capable of phagocytosis, was the dom-

inant stain found in the tissues. Macrophages storing

particles, CD68 positivity in the tissues, and the proof of

high levels of Ti or Fe substantiate these conclusions. Only

in nine cases, CD3 staining, as a marker for T-lymphocytes,

showed a histological picture that resembles a hypersensi-

tivity reaction or an ALVAL response. Several authors

[29, 42] have reported reactions with lymphocytes rather

ALVAL in failed 28-mm MoM. This periprosthetic tissue

reaction is distinctly different from the histomorphologic

picture seen in the present study because we clearly

Table 3. Metal contents measured in the revision tissues are shown

as minimum and maximum values (ng/g tissue)

Metal Minimum

ng/g tissue

Maximum

ng/g tissue

Cobalt 49.8 831.9

Chromium 12.2 284.9

Nickel 56.6 87.6

Titanium 49.5 630.1

Iron 11.3 963.9
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15%

20%

25%

30%

35%

Cr Co Ni Mo Fe Mn Ti

Bursa

Femur

Capsule

Cup

Stem

Fig. 5 The released metals were determined in the different regions

of the revision tissues from failed THAs. The highest metal content of

Fe and Ti is found in the bursa and capsule.
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recognized a foreign body reaction and areas of necrosis

rather than lymphocyte-dominated reaction and vasculitis.

This may be attributed to the fact that in the studies with

28-mm heads, the cone/taper interfaces were stable result-

ing in a different profile of released particulate wear debris.

Ti and Fe were detected at greater levels than Co and Cr.

We therefore assume that this occurs from abrasive wear at

the failed cone/taper connection. Analyzing retrievals from

various hip systems others have reported a Ti-Cr-Mo

interface may induce corrosion [11]. Crevice and cyclic

stresses result in an unstable electrochemical environment.

Furthermore, this will result in corrosion products. This

corrosion and particulate accumulation could result in loss

of mechanical integrity of the implants. These observations

assume that galvanic corrosion at the cone/taper interface

led to instability of the junction. It is not clear yet if

additional strong torque forces or electrochemical reaction

alone are responsible for instability of the cone/taper con-

nection. In the revisions that we reviewed, all cups were

explanted to convert the articulation. The DUROM1 cup

has been described by others as an implant that preferably

fails in the acetabular side [9]. The tissues from acetabulum

that were retrieved after cup removal did not show an

increased load with Ti, which may have indicated abrasive

wear at the bone/implant interface. The distribution of Ti

and Fe in the tissues of other regions of the joint (bursas,

capsule, and proximal femur) further supports the

assumption that the wear is generated at the cone/taper

interface. Shimmon et al. [37] suggested small femoral

component size is a risk factor for early failure of the

implant. However, we did not observe a correlation of the

head size and the amount of metal constituents released

from the implant components into the surrounding tissues.

The most striking observation was that in the vast majority

(107 hips), the cone/taper junction was unstable. The MoM

articulation in the revised cases of this study had a modular

cone/taper junction. The tapers were made from Ti or Fe

alloy and are combined with CoCr-alloyed sleeves. Gal-

vanic corrosion of the modular junction may release metal

ions. Crevice and fretting can induce loosening of the cone/

taper interface and then release wear particles from the

different components [23]. We do not know the total

amount of the released metal transported into the serum of

the patients in the present study. Lavigne et al. [27] sug-

gested that great amounts of Co are released to the serum

from the modular cone/taper junction. It is not known yet if

systemic effects may result from increased metal serum

levels and cause a toxic effect.

Our findings suggest the need for better designed cou-

plings of the modular components in THA. MoM

technologies are under close surveillance because clear-

ance, edge loading, and head size may have negative

impacts on the lubrication of the articulating system

resulting in potential toxic CoCr release. In the present

series of revision, the reason for revision of 114 MoM

THAs is mainly caused by the failure of the cone/taper

interface that led to fretting corrosion and Ti and Fe

release. This initiates clinical symptoms in the patients not

only as a result of the loose cone/taper connection, but also

as a result of the tissue response that induces osteolysis as

well as a foreign body reaction to corrosive wear. The

tissue reaction is not an ALVAL reaction as seen in other

MoM failures [42]. It is not possible to predict failure of

the cone/taper interface or to determine failure with

radiographic methods. However, if osteolysis and/or joint

effusions or pseudotumors occur in patients with modular

large-diameter heads, this may suggest failure of the

interface resulting in corrosion and wear release into the

surrounding tissues.
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