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Eight retrieved metal-on-metal total hip replacements displayed corrosion damage along the cobalt-
chromium alloy liner taper junction with the Ti alloy acetabular shell. Scanning electronmicroscopy indicated
the primary mechanism of corrosion to be grain boundary and associated crevice corrosion, which was likely
accelerated through mechanical micromotion and galvanic corrosion resulting from dissimilar alloys.
Coordinate measurements revealed up to 4.3 mm3 of the cobalt-chromium alloy taper surface was removed
due to corrosion, which is comparable to previous reports of corrosion damage on head-neck tapers. The
acetabular liner-shell taper appears to be an additional source of metal corrosion products in modular total
hip replacements. Patients with these prostheses should be closely monitored for signs of adverse reaction
towards corrosion by-products.

© 2014 Elsevier Inc. All rights reserved.

In recent years, metal-on-metal (MoM) total hip replacements
(THR) and hip resurfacings have come under increasing scrutiny due
to high revision rates and adverse patient outcomes [1]. Elevated
levels of metal ions in the blood [2,3] have been associated with
adverse tissue reactions to MoMwear and corrosion particles, such as
acute lymphocytic vasculitis associated lesions or pseudotumors [4].
These adverse tissue reactions to MoM wear and corrosion particles
[5] have resulted in many MoM joint articulations being removed
from the arthroplasty market [6,7]. Several reports [5,8,9] have linked
these issues with MoM hip articulations with the release of metal ions
and wear/corrosion particles from the implant. The source of these
ions and particles, however, is not solely from the head-cup
articulation, but also from both corrosion and fretting wear of the
taper junctions which exist in contemporary modular total hip
replacements [10,11]. The femoral head-neck taper interface is a
documented source of metal ion release due to corrosionwear [11,12],
as is the femoral stem-neck junction in recently introduced modular
neck designs [10,13]. An additional taper junction commonly exists
between a MoM liner and the acetabular shell in modular acetabular
cup designs, and has very recently been indicated to be a source of
corrosion products and metal ions through corrosion processes [14].
The present study examines the liner-shell taper junction as a further
source of in vivo metal corrosion products and metal ions in
contemporary, modular MoM bearings.

Methods and Materials

Thirty-six MoM THRs with modular acetabular cups were
retrieved from patients undergoing revision total hip arthroplasty
and were collected at our institution between November 2011 and
May 2013 as part of the local implant retrieval analysis program. The
retrievals were placed in 10% formalin solution for 48 hours following
surgery, neutralized, and manually cleaned using a soft-bristled nylon
brush. Eight of these 36 cobalt-chromium (CoCr) alloy liners from
MoM articulations displayed large, visibly corroded areas of liner-
shell taper corrosion as well as visible material removal. These eight
retrievals are the focus of the present study. All relevant patient data
was collected (Table 1), available pre-operative X-rays were compiled
and the inclination angle of the acetabular cup was measured by one
consulting surgeon (TT), as previously described by Brandt et al., [15].
Samples of whole blood were available for four patients at their last
follow-up visit prior to their revision surgery, and were collected as
part of the standard of care for patients with a MoM THR at our
institution. The blood samples were analyzed for cobalt and
chromium metal ions (Table 1) using an inductively coupled plasma
mass spectrometer (London Laboratory Services Group, London
Health Sciences Centre, London, ON).

The liner taper junction of each retrieval was scored visually for
damage by three independent observers using amodified version of the
method and criteria used by Dyrkacz et al., 2013 [16], based on the
scoring method initially introduced by Goldberg et al. [17]. The liner
taper area was divided into four quadrants. Each quadrant was scored
for the severity of corrosion present (0 to 3) and for the area of coverage
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(0 to 3), these numbers were multiplied to obtain a damage score for
eachquadrant, and all quadrantswere summed to obtain a total damage
score out of a maximum of 36. The taper area for all liners was reverse
engineered using a coordinate measuring machine (CMM, PRISMO
Navigator S-ACC 795, Zeiss, Oberkochen, Germany) to approximate the
volume of material that was removed due to corrosion. Between
115,611 and143,157 individual pointswere obtained at0.1 mmspacing
via a series of circular traces using a 5 mm diameter ruby-ball stylus.
Each taper area was reconstructed in Geomagic Studio (Geomagic Inc.,
Morrisville, NC) using the data collected from the CMM. An ideal cone
was fit to the taper area using a least-squares algorithm to approximate
the initial geometry of the taper junction. The volume of the corrosion
scar was calculated as the deviation between the ideal cone and the
damaged area of the taper surface.

High magnification images were obtained of corroded areas on
select acetabular liners from two different manufacturers (case 3 and
case 8) using a scanning electron microscope (JSM-6610LV, JEOL USA
Inc., Peabody, MA) at varying magnification. Intraclass correlation
(RICC) was performed to determine the agreement between the
corrosion damage scores from the three observers (SPSS Version 21;
SPSS Inc., Chicago, IL) [15].

Results

Clinical and retrieval analysis data for theseeight caseswas tabulated
(Table 1). The MoM THRs were retrieved after an average of 3.4 years
(95% CI; 2.3-4.5 years) in patients with an average age of 58 (95% CI;
45.3-70.7) at primary surgery, and body-mass index (BMI) of 31.6 kg/
m2 (95% CI; 26.0-37.2 kg/m2). The intraclass correlation between
observer damage scores was strong (RICC = 0.775, p b 0.001). The
corroded areas of the liner tapers can be seen as dull, greyed patches in
contrast to the more polished taper surfaces (Fig. 1).

The approximate volume of metal removed from the liner rim was
computed through reverse engineering (Table 1; Fig. 2). SEM
micrographs were obtained of two different acetabular liners (case
#8 - Ultamet®, DePuy Synthes, Warsaw, IN, Fig. 3; case #3 -
Conserve®, Wright Medical Technologies, Arlington, TN, Fig. 4) to
ascertain the primary mode of corrosion.

Discussion

The MoM liners in the present study were revised for various
reasons. In only one case (case #3) did high metal ion levels directly
result in revision surgery (Table 1). This case showed little indication

for the cause of such high metal ion levels at the acetabular liner-shell
taper, as it had an acceptable acetabular cup angle of 42° [18], a short
implantation period of 2 years, and small amounts of surface damage
on the liner taper junction. It is speculated that the articulating
surfaces of this implant are the primary cause of the high metal-ion
levels seen; however, this remains to be examined.

Cases 5 - 8 showedmeasurable amounts of corrosion (Table 1), yet
none had exceptionally high levels of blood/plasma metal ions. The
largest volume of corrosion was found on a liner that was implanted
for 4.2 years in a 56 year old male patient with a BMI of 25 kg/m2

(Fig. 2). No evidence was found of issues relating to his MoM THR as
he presented with low pre-revision metal ion levels and was revised
due to infection. Only one case (case #3) showed evidence of an
adverse local tissue reaction to metal debris which was noted upon
revision surgery. As mentioned above, various sources such as the
head-neck taper connection and wear at the articulating surface are
well known to contribute to the overall metal debris, metal ion, and
corrosion particle generation in modular MoM bearings.

The mechanism of corrosion of the taper junction in the Ultamet®
(DePuy Synthes, Warsaw, IN) liners is considered to be grain
boundary crevice corrosion [14], as suggested by the SEM images
(Fig. 3). It is likely that the corrosion mechanism was somewhat
accelerated due to the small amount of micromotion which occurs
along the liner taper junction [14,19], but more substantially by
galvanic corrosion due to the differences in electro-potential when
dissimilar alloys are paired, such as the CoCr alloy liner and titanium
acetabular shell [14,17]. Energy dispersive spectroscopy (INCA 250 &
Xmax 20, Oxford Instruments America, Concord, MA) was also
performed concurrently with SEM imaging to assess ion leaching of
the CoCr alloy liner [16]. Some selective leaching of molybdenum and
cobalt was noted while chromium composition remained largely
unchanged; a similar finding to that of Dyrkacz et al. [16].

Numerous reports have indicated that taper junctions of modular
femoral heads can be a significant source of corrosion product release,
resulting in adverse local tissue reactions as well as systemic toxicity
from metal ion build-up [5,10,12]. In the presented cases, up to
4.3 mm3 (case #8) was released from the liner-shell taper junction
into the joint cavity and the body. The rate of corrosion on this liner
taper surface (1.02 mm3/yr) is comparable to head-neck taper
corrosion rates reported in the literature; 0.01 to 3.15 mm3/yr [20],
0.59 to 4.87 mm3/yr [21], and an average of 1.9 mm3/yr [22]. The
similarity of corrosion rates between these taper junctions indicates
that liner-shell tapersmay pose the same risk to patients as head-neck
taper corrosion.

Table 1
Summary of Clinical and Laboratory Information Collected for Each Retrieved MoM Liner.

Case Gender Age @
SX

BMI (kg/
m2)

Implantation
Period (yrs)

Reason for
Revision

Cup
Inclination

Co
(μg/L)

Cr
(μg/L)

MoM Liner
(Manufacturer)

Damage
Score

Taper ½
Angle (°)

Corrosion Scar
(mm3)

1 Male 64 26.3 3.4 Periprosthetic
fracture

51° - - Ultamet®
(DePuy Synthes)

4.0 5.0 b0.01

2 Male 78 25.7 3.3 1-Stage
infection

44° - - R3®
(Smith & Nephew)

10.7 9.0 b0.01

3 Female 61 28.2 2.0 High metal ion
levels

42° 71.55 27.97 Conserve®
(Wright Medical)

5.3 9.4 0.01

4 Male 47 42.4 2.4 1-Stage
infection

46° - - Ultamet®
(DePuy Synthes)

13.7 5.0 0.02

5 Male 65 38.5 3.3 1-Stage
infection

55° - - Ultamet®
(DePuy Synthes)

6.3 5.0 0.14

6 Male 63 29.3 2.9 Aseptic
loosening

55° 1.83 3.83 R3®
(Smith & Nephew)

12.0 9.0 0.26

7 Male 26 37.2 6.2 Aseptic
loosening

43° 0.39 0.55 Ultamet®
(DePuy Synthes)

5.3 4.9 0.22

8 Male 56 25.3 4.2 1-Stage
infection

44° 0.97 0.58 Ultamet®
(DePuy Synthes)

9.7 5.0 4.28
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