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Abstract

The era of metal-on-metal (MoM) total hip arthroplasty
has left the orthopaedic community with valuable in-
sights and lessons on periprosthetic tissue reactions
to metallic debris. Various terms have been used to
describe the tissue reactions. Sometimes the nomen-
clature can be confusing. We present a review of the
concepts introduced by Willert and Semlitsch in 1977,
along with further developments made in the under-
standing of periprosthetic tissue reactions to metallic
debris. We propose that periprosthetic tissue reactions
be thought of as (1) gross (metallosis, necrosis, cyst
formation and pseudotumour); (2) histological (macro-
phage-dominated, lymphocyte-dominated or mixed);
and (3) molecular (expression of inflammatory media-
tors and cytokines such as interleukin-6 and tumor
necrosis factor-alpha). Taper corrosion and modularity
are discussed, along with future research directions to
elucidate the antigen-presenting pathways and materi-
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al-specific biomarkers which may allow early detection
and intervention in a patient with adverse periprosthet-
ic tissue reactions to metal wear debris.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Valuable lessons have been learnt from the era
of metal-on-metal total hip arthroplasty. We present a
review of the concepts introduced by Willert and Sem-
litsch in 1977, along with further developments made in
the understanding of periprosthetic tissue reactions to
metallic debris. We propose that periprosthetic tissue
reactions be thought of as (1) gross (metallosis, necro-
sis, cyst formation and pseudotumour); (2) histological
(macrophage-dominated, lymphocyte-dominated or
mixed); and (3) molecular (expression of inflammatory
mediators and cytokines such as interleukin-6 and tu-
mor necrosis factor-alpha). Taper corrosion and modu-
larity is discussed, along with future research directions
in this area.

Lohmann CH, Singh G, Willert HG, Buchhorn GH. Metallic
debris from metal-on-metal total hip arthroplasty regulates peri-
prosthetic tissues. World J Orthop 2014; 5(5): 660-666 Available
from: URL: http://www.wjgnet.com/2218-5836/full/v5/15/660.
htm DOI: http://dx.doi.org/10.5312/wj0.v5.i5.660

INTRODUCTION

Retrieval studies on failed metal-on-metal (MoM) total
hip arthroplasties (THAs) have contributed significantly
to the understanding of adverse local tissue reactions to
metallic debris. The McKee Farrar and Ring implants
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Figure 1 The Willert-Semlitsch concept of clearance of wear debris by
periprosthetic lymph channels. If production of wear debris exceeds the abil-
ity of the lymph channels to clear it, the debris then “spills” over into the effec-
tive joint space and initiates osteolytic pathways.

used in the 1960s had MoM bearing surfaces™. Weber
introduced the first second-generation MoM THA (co-
balt-chrome alloy with a high carbon content)in 1988
The success of large-diameter hip surface replacement
further popularized MoM hip replacements” ™. Large-
diameter MoM heads (36 mm diameter or larger), started
being used in revision hip surgery and were later used in
primary THAs. Registry data suggest that MoM devices
have been implanted into over 60000 patients in England
and Wales since 2003 and the figure is closer to a million
in the United States™".

Metal wear products in periprosthetic tissue may
exist as particulate wear debris, metal ions in solution,
metallo-protein complexes and byproducts of synergistic
corrosion and wear processes (especially when modular
interfaces are involved)"'?. Proteins present in body flu-
ids and tissue can associate with metal particlulate debris
especially those in the nanoscale range. These complexes
can form haptens and there may exist interindividual vari-
ability in immunological threshold and response to these
antigens' ™'Y, Corrosion and wear at modular interfaces
z.e., head-neck and neck-stem junction can contribute to
the overall particle load"” ",

Taper corrosion has also been recognized in metal-
on-polyethylene THAs"*". Kurtz and colleagues has
studied a hundred femoral head-stem pairs. They have
reported that by using a ceramic femoral head, cobalt and
chrome fretting and corrosion from the modular head-
neck taper can be decreased partially but it is difficult to
eliminate it completelymj. Metal particulate debris tends
to be in the nanometre size range and MOM articulations
generate approximately 10'%-10" particles per year™. Dif-
ficulties associated in isolating and characterizing these
small nanometric particles suggest that the actual number
of particles produced 7z vivo may be higher, taking into
account also that intracellular corrosion of phagocytosed
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Figure 2 Plain radiograph showing early, progressive osteolysis in re-
sponse to metallic wear debris.

. . 25,26
nanometric metal particles may occur'”*

TISSUE REACTIONS TO WEAR
PRODUCTS

Willert ez @/ in 1977, described the tissue reactions of
the articular capsule to wear products of artificial joint
prostheses. In their landmark article, they reported the
development of a foreign-body reaction (consisting of
macrophages and foreign-body giant cells) to wear debris.
This foreign-body reaction takes place in the neocapsule
and, depending on its magnitude, may lead to the for-
mation of granulation tissue, which may subsequently
cause scarring and decrease joint mobility. They went on
to discuss the concept of an “equilibrium state”, which
is achieved when the periprosthetic lymph vessels are
effectively clearing the wear debris at the rate of debris
production (Figure 1). If the periprosthetic lymph chan-
nels are overwhelmed, excess wear debris then spills over
via the surrounding tissue into the implant-bone inter-
face, mainly trabecular bone and marrow. Additionally,
effusions into the joint space become enriched with wear
products. The increase of intracapsular pressure due to
muscular activity and compression not only increases lo-
cal bone resorption™ but also introduces dissociation of
the interface membranes and implant surfaces. We now
know this as the “effective joint space” as described by
Schmalzried and colleagues in 1992, Joint fluid helps
to transport wear particles to new sites, resulting in ac-
tivation of osteoclasts and inhibition of osteoblasts viz
molecular signaling pathways involving a host of inflam-
matory mediators. This phenomenon has also been called
“particle disease”™™". The “threshold” of the peripros-
thetic lymphatics to effectively clear wear debris is subject
to interindividual variability as well as on the volume of
wear (eg., high rates of UHMWPE wear). This phenom-
enon may partially explain why some people develop ad-
verse tissue reactions and early osteolysis (Figure 2) in re-
sponse to metal debris whilst others seem to have a mild
or no reaction, assuming all other factors being equal.
Since then, research efforts have focused on the types of
tissue reactions, immunological and molecular pathways
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Figure 3 Pathologic figure. A: Diffuse and perivascular lymphocytic infiltration (lymphocyte-dominated tissue response) seen in retrieved periprosthetic tissues from
small-diameter metal-on-metal (MoM) total hip arthroplasties (THAs). Haematoxylin-eosin, magnification, x 10; B: Intracellular metal particles seen in retrieval tissues
from large-diameter MoM THA. These particles may undergo intracellular corrosion. Haematoxylin-eosin, magnification, x 40.

involved. These pathways are still not well-understood,
though some light has been shed on the types of tissue
reactions to particulate wear debris.

ADVERSE TISSUE REACTIONS IN MIOM
THAS

Adverse tissue reactions may be systemic or local. Higher
serum and solid organ metal ion levels may theoretically
have carcinogenic and teratogenic potential. Various
terms have been coined to describe the adverse local tis-

sue reactions seen in MoM THA and the nomenclature
is debatable. Essentially, adverse local tissue reaction
(ALTR) encompasses all types of adverse local tissue
reactions to debris, whereas adverse reaction to metal-
lic debris (ARMD) and aseptic lymphocyte-dominated
vasculitis-associated lesion (ALVAL) represent more spe-
cific descriptions. For clarity of thought, it may be useful
to think about local periprosthetic tissue reactions at the
gross, histological and molecular levels.

GROSS TISSUE REACTIONS

Gross intraoperative findings in revision operations for
failed aseptic metal-metal hip replacements range from
metallosis, large joint effusions, necrosis and pseudo-
B4 <Metallosis™ comprises local damage and
changes in tissue characteristics provoked by a metallic
foreign body in the host with (1) direct (by pressure, de-
struction or displacement of tissues); (2) collateral (by
chemical reactions with body fluids, electrolytic processes
with direct galvanic impairment of cellular activity and
impregnation of host tissue with ionizing metallic par-
ticulate matter; and (3) the resulting biologic reactions of
the adjacent tissues” ", A pseudotumour is defined as a
granulomatous lesion or a destructive cystic lesion, nei-
ther infective nor neoplastic, that is at least 5 cm in size,
has developed in the vicinity of the total joint replace-
ment (with or without communication with the joint),
and resembles a tumour!™.,

tumours
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HISTOLOGY: MACROPHAGE-
DOMINATED AND LYMPHOCYTE-
DOMINATED REACTIONS

Histologically, to avoid confusion associated with the
nomenclature, we differentiate the predominant cellular
responses into a macrophage-dominated type and a lym-
phocyte-dominated type. Other features which may be
seen are fibrin exudation and necrosis. The lymphocyte

based tissue response differs from macrophage dominat-
ed tissue response as the former is adaptive and displays
“memory”. The lymphocyte dominated tissue response
may resemble a type IV delayed hypersensitivity reaction.
This type of tissue reaction can lead to development
of early aseptic loosening and progressive osteolysis in
patients with MoM total hip arthroplasty. This phenom-
enon may also be seen in the context of corrosion and
wear at modular interfaces in non-MoM THA™, The
two responses may co-exist and research efforts are being
channeled into identifying the factors which are respon-
sible for the predominant type of tissue response.

We analyzed tissue response, serum and peripros-
thetic tissue metal content among a cohort of 28 small-
diameter MoM THAs and found that the overall metal
content in the periprosthetic tissues correlated with type
of tissue response. Serum metal content did not predict
type of tissue response (Table 1P,

Twenty-seven patients (28 hips) who were revised from
second-generation small-diameter MoM bearing couples
(Sikomet®, 0.08% carbon content) to ceramic-on-ultra
high molecular weight polyethylene (UHMWPE) (8 hips),
metal-on-UHMWPE- (19 hips), or ceramic-on-ceramic (1
hip). The duration of implantation was 54 to 86 mo with
a mean of 66 mo. The Cobalt, Chromium, and Nickel
content of the periprosthetic tissue was in the range of 1.4
to 4604.0 pug/g. The tissues with a dominant lymphocytic
response had a higher mean metal content as compared
to macrophage dominant response ze., 222.2 £ 52.9 ug/ g
and 3.0 + 0.9 pg/g respectively (P = 0.001). The content
of nickel in the tissue was similar in both groups but the
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Table 1 Tissue metal content, but not serum metal content
has a positive correlation with type of periprosthetic tissue

response in a series of 28 small diameter metal-on-metal total
hip arthroplasties

Cobalt, mg/L Chrome, mg/L Nickel, mg/L

Tissue metal content

Macrophage-dominated 17.25 21 225

Lymphocyte-dominated 13.41 21.92 8.41
Serum metal content

Macrophage-dominated 03 2 0.6

Lymphocyte-dominated 45.2 163.6 1.6

amount of cobalt was approximately hundred and fifty
times higher in the lymphocyte-dominant group. Figure
3 illustrates the typical lymphocyte-dominated tissue re-
sponse seen in a small-diameter MoM THA and phago-
cytosed intracellular metal particles from retrieved tissues
in large diameter MoM THA.

Head size may be another factor which drives the
predominant type of tissue response in one direction or
another. Bosker ¢z a/”” has described that the MoM hip
replacements with large heads had higher rates of pseu-
dotumour development. The incidence of pseudotumour
formation was 38.5% in this study at a mean follow-up
of 3.6 years. In their cohort, patients with higher serum
metal levels quadrupled their risk of forming pseudotu-
mors. Langton e/ al™ described an ALVAL type of tissue
reactionin failed ASR hips. Kawakita ez 2/°" has described
a case of histologically proven pseudotumour following
a large diameter MoM hip arthroplasty. The patient de-
veloped unilateral leg edema secondary to a pelvic mass
(pseudotumour) 14 mo after hip replacement surgery.
Corrosion at the head-neck interface in large diameter
MoM THA"™™ may be contributory to their failure and
possibly lead to different profile of wear debris in the
periprosthetic tissues. This is presented in more detail in
the subsequent section on modularity and taper corro-
sion.

MOLECULAR PATHWAYS

Molecular pathways leading to eatly aseptic loosening
among MoM implants are not well understood either. A
variety of inflammatory mediators such as interleukin-6
(IL-06), prostaglandin E2 (PGE2) and tumor necrosis
factor-alpha (TNF-o) have been shown to be expressed
by monocytic cells in periprosthetic tissue of failed joint
arthroplasties™ . Caicedo and colleagues suggested that
soluble ions more than particulate cobalt-alloy implant
debris induce monocyte co-stimulatory molecule expres-
sion and release of proinflammatory cytokines which
contribute to metal-induced lymphocyte reactivity'®’.
Tuan ef al*" observed that many pro-osteoclastic inflam-
matory cytokines not only promote osteoclastogenesis
but also interfere with osteogenesis led by osteopro-
genitor cells. Lin ez al® investigated the suppression of
chronic inflammation by inhibiting NF-kB activity as a
strategy to combat wear particle induced periprosthetic
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osteolysis. Ren and colleagues from the University of
Kansas group previously reported that VEGF inhibi-
tor treatment prevented UHMWPE particle-induced
inflammatory osteolysism. Most of these inflammatory
chemokines are upregulated in MoM implant failures,
periprosthetic tissue affected by osteolysis due to polyeth-
ylene wear debris as well as other disease states involving
chronic inflammation and even malignancy (eg., multiple
myeloma) and are not specific to the inciting agent or
material®. The common end-point for each of these
pathways is osteoclast activation and bone resorptionl“’“],
leading to implant loosening and revision surgery. Future
research efforts should be channeled towards identifying
a molecular marker which is material-specific ze., is up-
regulated by the presence of metallic wear debris but not
affected by polymeric wear debris and infection.

TAPER CORROSION AND MODULARITY

Modular interfaces in joint replacement surgery perhaps
represent a double-edged sword. Modularity has, beyond
doubt, made the technical complexity of surgical opera-
tions (particularly revisions) much easier but has also in-
troduced a new set of problems for the revision surgeon
- problems associated with the release of corrosion and
wear debris from these interfaces. The cone-taper (head-
neck) interface and neck-stem interface (when modular
necks are used) in THA surgery represent two potential
interfaces for a crevice environment and mechanically as-
sisted corrosion leading to instability.

Collier ¢t a/*™* were one of the pioneer groups who
studied the head-neck or cone-taper interface. They re-
ported corrosion at the head-neck junction in a cohort
of THAs which had dissimilar metal alloys in the head
and neck but not in endoprosthetic components made
from similar metals. This has since been shown to not be
the case, with many cases of marked corrosion reported
at the head-neck of same alloy systems. Willert e# a/” ob-
served that a protective passivation layer of an alloy may
prevent corrosion until micromotion sets in and abrades
this layer. The current understanding of this process is
termed mechanically-assisted crevice corrosion.

Gill et al™” reported corrosion at the neck-stem junc-
tion as an important source of debris leading to pseudo-
tumour formation. Higgs ez al'" studied 134 heads and 60
stems (41 modular necks) of 8 different bearing designs (5
manufacturers) and concluded that dissimilar alloy pairing,
larger head sizes, increased medio-lateral offsets and lon-
ger neck moment arms were all associated with increased
taper damage at the modular interfaces. Cook et al™ have
reported pseudotumour formation due to tribocorro-
sion at the taper interface of large diameter metal-on-
polyethylene modular total hip replacements. Cooper’s
group reported the occurrence of adverse local tissue re-
actions (ALTR) similar to those seen in MoM THAs and
corrosion at the head-neck junction in ten patients with
a metal-on-polyethylene total hip prostheses, from three
different manufacturers

We have reported the occurrence of corrosion and

November 18, 2014 | Volume 5 | Issue 5 |



Lohmann CH et a/. Tissue responses in Metal-on-Metal hip arthroplasty

instability at the cone-taper interface, tissue metal con-
tent and element analysis of periprosthetic wear debris
and type of tissue response (macrophage-dominated »s
lymphocyte dominated) among 2 cohorts of failed MoM
total hip arthroplasties (THA)"""™*¥. The first cohort
consisted of 27 patients (28 hips) with small-diameter
MoM bearing couples (Sikomet®, 0.08% carbon content)
as described above. The second cohort consisted of 110
patients who had 114 revisions of large-diameter head
MoM THAs (LDH® head (Zimmer Inc, Warsaw, IN,
United States) and a DUROM?® hip cup (Zimmer Inc,
Warsaw, IN, United States).The head size ranged from
46-58 mm. The duration of implantation was 26 to 68
mo with a mean of 46 mo. All implants were revised to
ceramic-on-polyethylene articulating couples. Among the
first cohort of small diameter MoM THA’, there was
no evidence of corrosion or instability at the cone-taper
interface of the retrieved implants intraoperatively. In
contrast, we have reported corrosion at the cone-taper
interface as being a significant mode of failure in large-
diameter MoM hip arthroplasties“8J . Out of 114 revisions
of large-diameter MoM THA’, 107 (94%) had evidence
of corrosion and instability at the head-neck interface.
One hundred six (93%) of the 114 hips had joint effu-
sions and tissues with a grayish necrotic appearance were
found around the implants, respectively. Intraoperatively,
in 94% (n = 107), the cones and the tapets wete unstable
and showed a black color suggestive of corrosion. In-
terestingly, only 9 cases in this series had a lymphocyte-
dominated tissue response and all other cases had a for-
eign-body type, macrophage-dominated tissue response.
Element analysis with Inductive-Coupled Plasma Mass
Spectrometry ICPMS) showed a very different profile of
wear debris with titanium or iron predominating, sugges-
tive of abrasive wear from the neck taper.

Goldberg ez a/* reported that the combination of
dissimilar alloys, metallurgical condition of the alloys,
implantation time, and flexural rigidity of the femoral
neck were predictors of corrosion of the neck and head.
Implantation time, lateral offset, femoral stem modular-
ity, and dissimilar alloys have been implicated as predic-
tors of taper corrosion in a recent multicenter retrieval
studym. The emergence of this phenomenon in non-
MoM THAs certainly brings to light the reality of the
problem and we recommend that modularity should be
used with a hint of caution.

CONCLUSION

MoM total hip arthroplasties and their failures have
given the orthopedic community valuable insights into
periprosthetic adverse tissue reactions. Further research
needs to be directed towards the immunological mecha-
nisms, antigen-presenting and molecular pathways re-
sponsible for these adverse tissue reactions. Identification
of material-specific biomarkers will potentially allow eatly
diagnosis of adverse tissue reactions and facilitate carly
intervention in these patients.
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