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ABSTRACT

Metal-on-polyethylene (MoP) bearing surfaces were standardized by Sir John
Charnley and are still considered the gold standard in total hip arthroplasty (THA).
Nevertheless, MoP THAs caused polyethylene wear and led to osteolysis and
revisions, especially among young and active patients. Metal-on-metal (MoM)
bearing surfaces were developed to solve these problems.

After a brief triumph, however, poorer outcomes raised concerns over MoM
THAs as well. A unique type of complication was encountered: adverse reaction to
metal debris (ARMD). ARMD has been the reason for excessive failures, in MoM
THA.

This thesis concentrates on ReCap-M2a-Magnum MoM THA. It has comparably
low revision rate of less than 10% at ten years (Australian Orthopaedic Association
National Joint Replacement Registry, 2018).

The aim of this thesis was to ascertain the frequency and risk factors of ARMD,
assess the challenges in revision surgery, and clarify the role of whole blood cobalt
and chromium metal ion levels in relation to the ReCap-M2a-Magnum device. Data
was obtained from the Turku University Hospital and Oulu University Hospital
electronic databases. This was the most common hip device used at Turku University
Hospital from 2004 to 2012.

We found a high prevalence of ARMD in a systematic screening of all of the
ReCap-M2a-Magnum THA patients. Out of 1329 hips, 157 (11.8%) were considered
to have definitive ARMD. In revision surgery the femoral head was frequently
jammed into the stem, in 29% (20/70) of operations. Head removal was complicated,
increasing operation times and intraoperative bleeding. Metal ion measurements are
taken frequently during follow-up of MoM THA patients, but no increase was found
in unilateral ReCap-M2a-Magnum patients over a mean 2-year interval.

KEYWORDS: Metal-on-Metal, bearings, total hip arthroplasty
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TIVISTELMA

Sir John Charnley kehitti sementtikiinnitteisen lonkan tekonivelen, missd kompo-
nenttien liukuparina oli metalli-polyetyleeni. Téhén liukupariin on todettu liittyvén
polyetyleenihiukkasten irtoamista, minkd on todettu aiheuttavan tekonivelen
viereisen luun osteolyysid. Tastd syystd myoOs muita liukupareja on tutkittu.

Metalli-metalli-liukuparin arveltiin ratkaisevan timén ongelman. Tastd syystd
2000-luvun alussa ko. liukuparia alettiin kayttdd runsaasti lonkan tekonivel-
leikkauksissa. Varsin pian kuitenkin havaittiin, ettd tdhdnkin liukupariin liittyy
ongelmia, narinaa, déntelyd ja ns. metallihierreoireyhtymé (Adverse Reaction to
Metal Debris = ARMD).

Eri metalli-metalli-liukuparitekoniveliin liittyvédt ongelmat vaihtelevat. Tassd
vaitoskirjassa on tutkittu ReCap-M2a-Magnum -nimisen lonkan metalli-metalli
liukupari-mallia. Téhdn tekonivelmalliin liittyy muita vastaavia tekonivelmalleja
pienempi uusintaleikkausriski. Australian tekonivelrekisterin mukaan tdma riski on
alle 10% kymmenesséi vuodessa.

Osatyossi 1 selvitettiin ReCap-M2a-Magnum tekonivelen nupin ja reisikompo-
nentin kylmihitsautumisen yleisyyttd ja siitd aiheutuvia ongelmia uusintaleik-
kauksessa.

Osaty0ssa 2 tutkittiin metallihierreoireyhtymén esiintyvyyttd ja sen riskiteki-
jOita.

Osatyossa 3 tutkittiin potilaiden veren koboltti- ja kromipitoisuuksien muutoksia
ko. tekonivelleikkauksen jilkeen.

Osatdiden potilasaineisto on kerdtty Turun yliopistollisen keskussairaalan ja
Oulun yliopistollisen sairaalan tekonivelrekistereistd vuosilta 2004-2012.

Tutkimusten tuloksena kylmahitsautumisilmiéo ReCap-M2a-Magnum teko-
nivelen nupin ja reisikomponentin kartioliitoksen vilissd havaittiin 29 %:ssa
uusintaleikkauksia. Tama ilmid lisdsi leikkausaikaa ja leikkauksen aikaista veren
vuotoa. Tatd tekoniveltd kayttavilli potilailla on lisddntynyt riski saada
metallihierreoireyhtymi. Se todettiin 11,8 %:lla titd tekoniveltd kayttavilld
tekonivelpotilailla. Kahden vuoden seuranta-aikana koboltti- ja kromipitoisuudet
eiviat nouse merkittdvasti ReCap-M2a-Magnum lonkan tekoniveltd kayttavilla
potilailla.

AVAINSANAT: Metalli-metalli, liukupinta, lonkan kokotekonivel
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1 Introduction

Total hip arthroplasty (THA) is considered to be a successful orthopedic operation.
In 2007 it was named the “operation of the century” (Learmonth, Young, &
Rorabeck, 2007). THA can be performed for any reason that leads to destruction of
the hip joint, but in the vast majority of cases, i.e. 90%, the culprit is severe
osteoarthritis (Pivec, Johnson, Mears, & Mont, 2012). The prevalence of hip
osteoarthritis is roughly 4% (C. Kim et al., 2014).

Appropriately performed THA should fulfill the NICE criteria, meaning at least
90% survival rates over 10 years trending towards 95% (NICE, 2014). Due to the
success of THA, the margin for improvement is narrow. Metal-on-polyethylene
(MoP) bearing surfaces, standardized by Sir John Charnley, are still considered the
gold standard in THA. Nevertheless, metal-on-metal (MoM) bearing surfaces were
developed to resolve problems with conventional MoP, which were failing
especially in young adults due to polyethylene wear and osteolysis, leading to aseptic
loosening. MoM bearings also enabled the construction of a thinner cup and
therefore large diameter head to prevent dislocations (Maloney et al., 1999).

MoM THA and hip resurfacing arthroplasty (HRA or HR) became very popular,
with some 1,000,000 MoM hip arthroplasties performed worldwide (Kwon et al.,
2014; Pivec et al., 2012). More than 20,000 MoM THAs were performed in Finland
(Finnish Arthroplasty Register, n.d.). However, the triumph of MoM THAs was
short lived due to rising concerns over poorer outcomes. In 2008 the Australian
Orthopaedic Association’s National Joint Replacement Registry (AOANJRR)
reported poorer survival of the Articular Surface Replacement (ASR) THR in its
annual report (Australian Orthopaedic Association National Joint Replacement
Registry, 2008). A unique type of complication was encountered: adverse reaction
to metal debris (ARMD). Over the years, with the same problem reported around the
world, ARMD became better understood and appeared to be behind the excessive
failures of MoM THAs.

The problems related to MoM bearings are now well known. Their use is no
longer recommended, but a great number of people still have MoM THAs in place.
Better, comprehensive understanding of the problem has led to constantly
developing protocols for monitoring and managing these patients. Evaluation of
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Introduction

MoM patients includes blood metal ion measurements, radiographs, patient reported
outcome measures like the Oxford Hip Score (OHS) and, when necessary, MRI
imaging.

Outcomes differ depending on the brand of MoM THA.. Implant survival of ASR
THA is significantly worse than with other MoM THA devices (Seppanen et al.,
2018). At Turku University Hospital, neither ASR THA nor ASR HRA has been
used at all; the most common MoM THA device has been the ReCap-M2a-Magnum
(Zimmer Biomet), with more than 1000 implantations.

The aims of this study were to ascertain the frequency and risk factors of ARMD,
assess the challenges of revision surgery, and clarify the role of WB cobalt and
chromium metal ion levels in ReCap-M2a-Magnum patients.

11



2 Review of the Literature

2.1 History of total hip arthroplasty

In the 19th century, the treatment for infected and ankylosed hip joints was
osteotomies and hip excision arthroplasties. These were carried out by several
surgeons (R. Jones, 1904; Morton, 1872; Yale, 1886) but became popularized by and
hence named after Gathorne Robert Girdlestone (Girdlestone, 1924, 1926).
Interpositional arthroplasty was used in the late 19th and early 20th centuries. The
operation involved placing different kinds of material such as fascia and fat tissue
between articulating hip surfaces (Murphy, 1913) . Usually this was done to mobilize
ankylosed hips and the interposed tissue was supposed to prevent re-fusing (Wiles,
1958).

The first hip arthroplasty attempts were made by Themistocles Gluck using
ivory, which he used for other interventions also. He published an article about his
experiments in 1891 (Gliick, 1891).

Later, Norwegian-born surgeon M. N. Smith-Petersen, who made his medical
career in the United States, developed the “mold arthroplasty”, which involved
placing a loose mold of glass between shaped surfaces of the femoral head and the
acetabulum. This was first done in 1923. In 1938 he started using a metal alloy,
Vitallium, in the same way (Charnley, 1961; Smith-Petersen, 1948).

Hemiarthroplasty was advanced through the work of Austin T. Moore and
Harold Ray Bohlman, who developed a hip prosthesis to replace the femoral head,
fixed with a short stem (Sinha, 2002). In 1940 they inserted the first Vitallium
hemiendoprosthesis in a patient with a suspected tumor. Their case report was
published in the Journal of Bone and Joint Surgery in 1943 (Moore & Bohlman,
1943). Moore developed and used hemiendoprostheses from the early 1950s, and
reported encouraging results in 159 patients with a minimum of 2-years of follow-
up (Moore, 1957). The Austin Moore hemiarthroplasty was a success and is still in
use (Lin et al., 2012).

12
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Figure 1. Austin-Moore hip prosthesis

Thompson wrote a comprehensive report with preliminary results from 14 patients
with “Vitallium intramedullary hip prosthesis” in 1952 (Thompson, 1952). It was
developed as an uncemented hemiendoprosthesis. Hence, the acetabulum was not
replaced (Hernigou, Quiennec, & Guissou, 2014). The results were promising, and
the success continued. The Thompson hemiarthroplasty is still used today in the
treatment of hip fractures (Sims et al., 2018).

13
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Figure 2. Thompson hip prosthesis

Attempts to invent a total hip arthroplasty, which contains an acetabular component,
continued due to erosion of the acetabulum in hemiarthroplasty. John Heywood-
Waddington studied patients with a Moore prosthesis and concluded that problems
were encountered especially in those with osteoarthritic hip joints when the
acetabulum was degenerated and required reaming (Heywood-Waddington, 1966).
The first hip resurfacing arthroplasty was described by the French Judet brothers
in 1950. A few years earlier they had started to perform operations they called

14
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“resection reconstruction”, resurfacing the femoral head with an acrylic prosthesis.
The prosthesis contained a short rod with steel reinforcement to fix it firmly to the
femur (Judet & Judet, 1950). The good early results did not last, however, and
osteolysis (possibly due to wear) and loosening prevented the popularization of this
prosthesis (D'Aubigne & Postel, 1954). Danish surgeon Sven Kizr used the Judet
prosthesis and fixed it with bone cement (Kiaer, 1952).

British surgeon Sir John Charnley has been considered the founder of the modern
THA. His method is still considered the gold standard of THA (Charnley, 1964;
Knight, Aujla, & Biswas, 2011). Charnley used bone cement to fix both the stem and
acetabular component to the bone (Charnley, 1960), securing a firm fixation. He
developed his “Low Friction Arthroplasty of the Hip” concept with a 22 mm femoral
head to minimize frictional torque and published a detailed book on the concept in
1979 (Charnley, 1979).

Figure 3. Stem of Charnley’s hip arthroplasty.

15
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211 History of metal-on-metal total hip arthroplasty

Philip Wiles operated on six patients with Still’s disease in 1938 with what counts
as a MoM THA. He replaced both femoral and acetabular sides of the hip joint with
pre-formed stainless-steel components. A metal cup was inserted into the pelvis and
the femoral head was fixed with a stem and side plate, making it a MoM bearing hip
prosthesis (Wiles, 1958). Unfortunately, he did not achieve satisfactory results
(Lowy & Sweetnam, 1968).

The first to use a MoM prosthesis routinely was George McKee in England. First,
he used a screw-type acetabular cup (McKee, Charnley, Hicks, & Zarek, 1957). Later
this was redesigned as a McKee-Farrar prosthesis with modified Thompson stem and
cement-fixed acetabular cup (McKee & Watson-Farrar, 1966).

Figure 4. McKee metal-on-metal total hip arthroplasty

16
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Earl D. McBride started using an acetabular cup made of metal in 1953 (McBride,
1961). Moore and Thompson stems together with a McBride acetabular cup were
later used as a MoM type of THA. The McBride Clinic results were reported in 1970,
and it was proposed that the procedure should serve as an adjunct to simple
arthroplasty, osteotomy and arthrodesis (Shorbe, 1970).

Peter Ring also worked with a MoM prosthesis but did not use bone cement. The
acetabular cup was fixed with a long screw and the femoral component was a Moore-
type prosthesis (Ring, 1968).

In the 1970s, MoM THA was displaced by MoP bearings due mainly to the early
success of the Charnley prosthesis. At the time, there were already concerns about
metal reactions like metal sensitivity and carcinogenesis (Amstutz & Grigoris,
1996).

2.2 Fixation method in hip arthroplasty

Cement fixation achieved excellent results with Charnley’s low friction arthroplasty
and gained popularity in the 1970s (Charnley & Cupic, 1973), displacing fixation
without cement and the use of MoM bearings (Amstutz & Grigoris, 1996). The same
decade, the reasons for osteolysis and prosthetic loosening were studied, and theories
were formed on particle-related problems. The blame was placed squarely on cement
particles (L. C. Jones & Hungerford, 1987; Mjoberg, 2018; Willert, Ludwig, &
Semlitsch, 1974). Loosening of the acetabular component was frequent and a major
problem, especially among younger patients (Halley & Wroblewski, 1986).
Concerns about “cement disease” and component loosening led to a resurgence of
cementless components. These were most commonly made of titanium alloy.
Cementless acetabular components seemed to have better survival rates (Clohisy &
Harris, 2001), which persuaded orthopedic surgeons to search for alternative
cementless fixations of components.

The Harris-Galante cementless acetabular components were induced with an
ultrahigh molecular weight polyethylene (UHMWPE) liner (Harris, Krushell, &
Galante, 1988). In 1979, Greg Lord published his “experimental” results (G. A. Lord,
Hardy, & Kummer, 1979). His early results were promising with cementless femoral
stems (Callaghan, Dysart, & Savory, 1988; Engh & Massin, 1989; G. Lord & Bancel,
1983). The development of cementless components have led to the predominant use
of cementless THA (Lehil & Bozic, 2014), although cemented THA maintains its
place for example in hybrid THA, an uncemented cup together with cemented stem
(Gonzalez Della Valle et al., 2016).

17
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Figure 5. Lord’s cementless femoral stem.

2.3 Bearings

2.3.1 Metal-on-polyethylene

Cementless components for THA were developed because of alleged problems with
cement. However, there was still a problem with osteolysis and component
loosening. Wear of the UHMWPE liner was thought to produce polyethylene debris
and consequently osteolysis (Berry, Barnes, Scott, Cabanela, & Poss, 1994; Chmell,
Poss, Thomas, & Sledge, 1996; Willert, Bertram, & Buchhorn, 1990).
Improvements in polyethylene were an attempt to reduce the wear originating
from liners. Highly cross-linked polyethylene (HXLPE) acetabular liners are

18
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promising (Jacobs, Christensen, Greenwald, & McKellop, 2007), but aseptic
loosening is still one of the most common reasons for failure of MoP THA in the
long term (Garellick, 2008).

Figure 6. Polyethylene liner inserted to Regenerex cup

2.3.2 Metal-on-metal total hip arthroplasty

Struggles with wear of polyethylene liners led to the “re-discovery” and second
generation of MoM THA. Wear of the MoM interface was minimal compared to that
of MoP bearing surfaces (Cuckler, 2005). MoM also enabled larger femoral head sizes
to achieve a better range of motion (ROM) and prevent joint dislocations due to
extended jump distance (Burroughs, Hallstrom, Golladay, Hoeffel, & Harris, 2005).

wmp distance

J:tom

Figure 7. lllustration of jump distance and range of motion with small versus large head.
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2.3.3 Hip resurfacing arthroplasty

The development of HRA continued alongside that of THA from the early days of
Charnley (Charnley, 1961). Modern hip resurfacing uses a MoM bearing couple. Hip
resurfacing requires bigger head sizes, which became possible with thinner rims in
the cup of MoM bearings (Biomet Orthopedics, 2009; Cuckler, 2005).

Figure 8. ASR hip resurfacing

The acetabular cup used in HRA is similar to that for THA, but the femoral
component is a “resurfacing” that does not include a stem, preserving the femoral
neck. Modern HRA was introduced in the 1990s and good short-term results were
reported with the Birmingham Hip Resurfacing (BHR) design by McMinn
(McMinn, Treacy, Lin, & Pynsent, 1996). Later, however, the survival rate of HRA
was found to be inferior to that of conventional THA (Johanson et al., 2010) and the
procedure was curtailed or dropped altogether, including in Finland (Finnish
Arthroplasty Register, n.d.; Johanson et al., 2010; Makela et al., 2019).

20
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Figure 9. BHR hip resurfacing

234 Ceramic

Ceramic combined with ceramic or HXLPE has shown good clinical results (Y. H.
Kim, Park, Kulkarni, & Kim, 2013). Osteolysis and loosening seem to be minimal
when ceramic is combined with HXLPE (Malerba et al., 2016).

The difficulty with ceramic bearings has been breakage or fracture of the ceramic
component. Durability has improved, however, and seems to be decent in the 4th
generation ceramic (Howard, Wall, Fernandez, Parsons, & Howard, 2017).
However, ceramic-on-ceramic (CoC) bearings have a specific problem of noise or
squeaking of the THA. It is a fairly common problem (Goldhofer et al., 2018; Salo
et al., 2017).

2.4 Adverse reaction to metal debris

Early results with second generation MoM THA were promising (Berton, Girard,
Krantz, & Migaud, 2010; Dorr, Wan, Longjohn, Dubois, & Murken, 2000;
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Kostensalo et al., 2012), but a specific problem was encountered with metal-on-
metal hip arthroplasties (MoMHA) in both THA and HRA. The phenomenon is now
known as adverse reaction to metal debris (ARMD) or adverse local tissue reaction
(ALTR) (Bosker et al., 2012; Fehring, Odum, Sproul, & Weathersbee, 2014;
Langton et al., 2010; Mokka, Junnila, et al., 2013; Watters et al., 2010). There are
high failure rates in both MoM THA and HRA (Smith, Dieppe, Howard, & Blom,
2012; Smith, Dieppe, Vernon, Porter, & Blom, 2012), the most common reason for
revision in MoM THA being ARMD (Seppanen et al., 2018).

In Australia, AOANIJRR first reported increased failure rates with MoM implants
in 2008. In the UK, the Medicines and Healthcare Products Regulatory Agency
(MHRA) issued a medical device alert on MoM implants in April 2010 (Australian
Orthopaedic Association National Joint Replacement Registry, 2008; MHRA,
2012). In May 2011, the American Food and Drug Administration (FDA) ordered
post-marketing surveillance studies to be done by five US manufacturers of MoM
total hip replacement devices (U.S. Food & Drug Administration (FDA), 2011). The
Finnish Arthroplasty Society recommended that physicians discontinue the use of
large-diameter head (LDH) MoM THA in May 2012 (Finnish Arthroplasty Society,
2015). A hazard alert for Biomet M2a (38 mm and Magnum) MoM devices was
issued in Australia in February 2015 (Therapeutic Goods Administration (TGA),
2015).

ARMD is caused by metal debris released from the implant (Kwon et al., 2010).
In fact, metal sensitivity and metal amounts in adjacent tissue after MoM THA had
been studied back in the 1970s (Evans, Freeman, Miller, & Vernon-Roberts, 1974),
before the term ARMD was coined following the histologic discovery of aseptic
lymphocyte-dominated vasculitis-associated lesion (ALVAL) (Willert et al., 2005).

MRI scans of patients with ARMD revealed soft tissue masses known as
pseudotumors (Pandit et al., 2008). Patients often complained of the presence of a
lump, pain, subluxation sensations, clicking and nerve irritation (Langton et al.,
2010; Pandit et al., 2008). However, asymptomatic pseudotumors have also been
seen in MoM THA patients (Matharu, Ostlere, Pandit, & Murray, 2016; Williams,
Greidanus, Masri, Duncan, & Garbuz, 2011). ARMD is the main reason for failure
and revision of MoM THA (Barrett, Kindsfater, & Lesko, 2012; Reito, Lainiala, Elo,
& Eskelinen, 2016; Seppanen et al., 2018). Some asymptomatic pseudotumors
neither change nor develop symptoms over time (Matharu, Ostlere, et al., 2016), in
which case these artificial hips may not necessarily require revision surgery.

Pseudotumors are associated with MoM hip implants, but there does seem to be
a high incidence of them in MoP bearings as well (Hjorth et al., 2018), as corrosion
of the taper at the head-neck junction appears to play a significant role in the
generation of metal ion wear debris (Scully & Teeny, 2013; Whitehouse et al., 2015).
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Figure 10. X-rays of well-functioning ReCap-M2a-Magnum THA in a 71-year-old woman 10 years
after implantation.

241 Classification of pseudotumors

Metal artifact reduction sequence (MARS) MRI is usually recommended for cross-
sectional imaging in hips with MoM THA (S. D. Chang et al., 2001). Different
classifications have been introduced to grade MRI findings.

Based on their own experiences, Anderson et al. devised a grading system for
MRI findings for MoM THAs. Although they found their system to be reliable, it
was limited to differentiating mild disease from infection. The grading system
included five states: A) normal; B) infection; C1) mild MoM disease; C2) moderate
MoM disease; and C3) severe MoM disease (Anderson et al., 2011).
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Hart et al. introduced a classification of pseudotumors into three groups, the
second of which is subdivided, as follows: 1) thin-walled, fluid-like; 2a) thick-
walled or irregular, fluid-like; 2b) thick-walled or irregular, atypical fluid; and 3)
solid throughout (Hart et al., 2012; Matthies, Skinner, Osmani, Henckel, & Hart,
2012).

Hauptfleisch et al. described a third classification of pseudotumors, this one in
terms of prognosis. Pseudotumor masses were classified in three stages: I thin-walled
cystic mass; Il thick-walled cystic mass; and III predominantly solid mass. They
concluded that solid anterior pseudotumors were associated with severe symptoms
and need for revision surgery (Hauptfleisch et al., 2012).

All three grading systems seem to have moderate agreement in terms of
interobserver evaluation reliability (Smeekes et al., 2018).

2472 Metal wear

The role of wear debris in prosthetic failure, especially loosening, has been of interest
for decades (Mjoberg, 1994). In THA with a polyethylene liner, the most damaging
particles are from wear of the polyethylene (Orishimo, Claus, Sychterz, & Engh,
2003; Santavirta et al., 1990). Testing in a hip simulator showed over hundredfold
levels of volumetric wear in MoP compared to MoM bearings (St John, Zardiackas,
& Poggie, 2004). MoM implants generate a lubricating film between the bearing
couples, which reduces wear rates (Dowson & Jin, 2006).

Even if MoM THAs have lower wear rates than MoP THAs, they nonetheless
release metal particles, mainly cobalt and chromium. Several studies have
demonstrated that pseudotumors are associated with high levels of wear (Kwon et
al., 2010; Langton et al., 2011).

2.5 Problems related to trunnion

Corrosion of the head-neck junction or trunnion is termed trunnionosis and was
described in 1991 by Collier et al. (Collier, Surprenant, Jensen, & Mayor, 1991).

In MoM THAs, the sources of metal debris are the bearing surfaces and modular
junctions (Kop, Keogh, & Swarts, 2012; Lavigne et al., 2011). The interface between
the head and neck, the stem and sleeve, or the neck and stem allows variable
reconstruction to adjust the femoral version, offset and leg length (Srinivasan, Jung,
& Levine, 2012). Friction between bearing surfaces and the corrosion of modular
junctions generate wear debris.

In MoM THAs, the taper junction may also play a minor role in ARMD. In HRA
there are no modular junctions, only bearing surfaces as a source of metal debris.
However, HRA is only slightly superior in terms of survival when comparing
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analogous THA designs (Junnila et al., 2014). In addition, a titanium sleeve does not
reduce the frequency of pseudotumors in MoM THA (Hjorth et al., 2016).

Metal reactions are also seen in THAs without MoM bearings, for example MoP
(Cooper et al., 2012). A case report of a pseudotumor in a MoP patient was described
as early as 1988 by Svensson et al. (Svensson, Mathiesen, Reinholt, & Blomgren,
1988). In the case of a MoP implant, corrosion of the head and neck taper junction
or trunnion seems to be the source of metal debris (Scully & Teeny, 2013;
Whitehouse et al., 2015).

Corrosion in modular junctions can also lead to cold welding (Whittaker et al.,
2017). In revision surgery, removal of the well-fixed stem is often unnecessary. If
the head-neck junction is cold-welded and inseparable, also the stem must be
removed, or the head must be sectioned to remove it (Mokka, Junnila, et al., 2013).

2.6 Screening protocol of metal-on-metal total hip
arthroplasty

There is insufficient evidence to determine when revision surgery should be
performed, and for whom, in response to ARMD. As a result, regulatory authorities
worldwide have a variety of recommendations (Matharu, Eskelinen, Judge, Pandit,
& Murray, 2018). Screening or follow-up of patients with MoM implants includes
clinical examination, testing for blood metal ions, and/or imaging (plain radiographs,
ultrasound or MARS MRI) (Hannemann et al., 2013; MHRA, 2017; U.S. Food and
Drug Administration (FDA), 2013).

Essentially, clinical examination and often blood metal level tests are routinely
recommended for all patients with MoM THA or HRA. Imaging is usually
recommended depending on symptoms and blood metal ion levels (Hannemann et
al., 2013; MHRA, 2017; U.S. Food and Drug Administration (FDA), 2013).

2.6.1 Symptoms

There is a wide range of symptoms associated with ARMD, like discomfort, pain,
squeaking, clicking, spontaneous dislocation and nerve palsy (Kwon et al., 2011;
Langton et al., 2010; Pandit et al., 2008; Reito, Puolakka, Elo, Pajamaki, &
Eskelinen, 2013; Wynn-Jones et al., 2011). Pseudotumor can even cause leg
swelling or a palpable lump at the hip region (Bosker et al., 2012; Grote, Cowan,
Anderson, & Templeton, 2018). On the other hand, clinical symptoms do not
correlate with the presence of pseudotumor (E. Y. Chang et al., 2012). Many
patients with ARMD and soft tissue pathology are asymptomatic (Kwon et al.,
2011; Wynn-Jones et al., 2011).
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The Oxford Hip Score (OHS) is a patient-reported outcome measure tool to
assess function and pain in patients undergoing hip replacement (Dawson,
Fitzpatrick, Murray, & Carr, 1996). Patients with ARMD have low OHS
(Grammatopoulos et al., 2009; Mokka, Junnila, et al., 2013).

26.2 Metal ion concentrations

Concerns over reactions to metals in body tissues were raised as early as 1957 by
George McKee, who was the first to use MoM bearings in THA (McKee 1957).
Metallic debris surrounding failed cobalt-chromium McKee-Farrar prostheses was
reported early (Charosky, Bullough, & Wilson, 1973).

MoM hip implants are mainly produced of cobalt and chromium (Biomet
Orthopedics, 2009). When metal debris is released from MoM THAs, metal
particles can dissolve in body fluids to form metal ions (Ferguson, Laing, & Hodge,
1960). Cobalt and chromium concentrations have been reported in literature using
two different units, ppb (parts per billion) and pg/l (micrograms per litre). The
density of blood almost equals the density of water, and 1 liter of blood weights
approximately 1 kilogram (Trudnowski & Rico, 1974). In other words, these units,
ppb and pg/l, are interchangeable. Cobalt and chromium ion concentrations can be
measured in blood and play a role in the diagnosis of failed MoM hip implants;
concentrations reflect the amount of wear of the bearing surfaces (K. De Smet et
al., 2008). Plasma and serum Co and Cr levels appears to be higher than WB levels
(Malek et al., 2015; Newton, Ranganath, Armstrong, Peter, & Roberts, 2012;
Smolders et al., 2011).
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Figure 11. ReCap-M2a-Magnum metal-on-metal total hip arthroplasty.

The background concentration of blood chromium (Cr) and cobalt (Co)
concentrations in the population is 1.5 pg/l (0.6 to 8.6) and 0.5 ug/l (0.3 to 6.7),
respectively (Sidaginamale et al., 2013). According to Hart et al., a cut-off level of
7 ppb shows good specificity, but relatively low sensitivity to discriminate between
a well-functioning and failed MoM hip device (Hart et al., 2011). The risk of
developing a pseudotumor is fourfold with serum metal ion levels of >5 ug/L
(Bosker et al., 2012). In a study by Lardanchet et al. (Lardanchet, Taviaux,
Arnalsteen, Gabrion, & Mertl, 2012), persistent pain was found to be more common
in patients with higher metal ion levels with a Co cut-off level of 8 ppb. Van der
Straeten et al. defined a safe upper limit (SUL) for HR patients (Van Der Straeten et
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al., 2013). The SUL for unilateral MoM THR patients was Cr 4.6 ppb and Co 4.0
ppb, and for bilateral THR patients Cr 7.4 ppb and Co 5.0 ppb.

There is no universal consensus on metal ion values, but there are various
guidelines in different countries. Cut-off values should provide some guidance as to
how to treat and follow up patients, but decisions as to revision surgery should be
based on the overall situation of each patient. Differences in protocols regarding cut-
off values for managing patients are notable.

The MHRA in Britain and Health Canada in Canada have recommend the same
cut-off level for serum Co and Cr of 7 pg/L (Health Canada, 2012; MHRA, 2012).
In addition, the MHRA recommends repeated measurements within 3 months if an
abnormal result is detected. The European Federation of National Associations of
Orthopaedics and Traumatology (EFORT) has prepared European guidelines which
suggest that metal ion concentrations between 2 ppb and 7 ppb should be concerning
(European Federation of National Associations of Orthopaedics and Traumatology
(EFORT), 2012). Despite the evidence available, neither the FDA in the US nor the
Therapeutic Goods Administration in Australia state any cut-off ion concentration
thresholds (Therapeutic Goods Administration (TGA), 2012; U.S. Food and Drug
Administration (FDA), 2013).

Although there are several guidelines for understanding metal ion levels of
concern, the need for follow-up is less well known. Reito et al. concluded that it is
useful to perform regular WB metal ion measurements in certain patients (Reito,
Moilanen, Puolakka, Pajamaki, & Eskelinen, 2014). It might be relevant to
determine individual metal ion thresholds for every implant (Matharu, Mellon,
Murray, & Pandit, 2015).

2.6.3 Imaging of metal-on-metal hip arthroplasty

Guidelines generally recommend x-rays during follow-up and cross-sectional
imaging with MARS-MRI, computed tomography (CT) scans, or ultrasound to
detect pseudotumors (Hannemann et al., 2013; MHRA, 2017).

MRI is superb for assessing soft tissues but is impaired by artifacts from MoM
hip prostheses (Laakman et al., 1985). MARS-MRI provides imaging with fewer
metal artifacts (S. D. Chang et al., 2001; Eustace et al., 1998). MRI can also be useful
when planning revision arthroplasty for ARMD and pseudotumors (Hart et al.,
2012), but during follow-up repeated MRIs seem to have little value (Reito, Elo, et
al., 2014).

Ultrasound has good sensitivity and specificity for detecting pseudotumors
(Lainiala, Elo, et al., 2015). MRI might be more sensitive to small deep lesions than
ultrasound, but the latter can be a cost-effective tool when screening for
pseudotumors (Garbuz et al., 2014; Kwon et al., 2011).
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CT is inferior to MRI for detecting pseudotumors but better at detecting
osteolysis adjacent to MoM implants (Robinson et al., 2014).

2.7 Cobalt and chromium toxicity

Systemic effects of metal ion release from metal implants was studied as early as
1980 (Dobbs & Minski, 1980). Co and Cr wear particles can be cytotoxic in vitro
(Madathil, Lin, Hew, & Mohanty, 2010). However, it seems that blood Cr
concentrations associated with MoM THA do not pose a health risk for patients
(Finley et al., 2017).

There are reports of Co toxicity and at least a theoretical risk of poisoning
(Steens, von Foerster, & Katzer, 2006; Zywiel et al., 2013). Higher metal ion levels
are more likely to develop systemic symptoms. According to a review analysis,
median serum Co levels were as high as 35 ppb (14-288) before generating systemic
effects (Zywiel et al., 2016).

Systemic metal ion toxicity due to a failed hip replacement is rare; however,
there have been several case reports of systemic Co toxicity, including symptoms
like fatigue, weakness, hypothyroidism, cardiomyopathy, polycythemia, visual and
hearing impairment, cognitive dysfunction, and neuropathy (Gilbert et al., 2013;
Ikeda et al., 2010; Khan, Verma, Bajpai, & Mackey-Bojack, 2015; Leikin et al.,
2013; Rizzetti et al., 2009; Steens et al., 2006; Zywiel et al., 2013).

The greatest risk of systemic Co toxicity seems not to result from primary
MoMHA, but rather from Co-containing revision after a failed ceramic prosthesis
(Bradberry, Wilkinson, & Ferner, 2014). After revision surgery the residual debris
from the fractured ceramic liner is entrapped between the new articulating metal-on-
metal surfaces and the friction leads to metallosis (Gilbert et al., 2013).

In addition, MoMHA has not been associated with an increased overall risk
of cancer (Makela et al., 2012).

2.8 Revision surgery for ARMD

Five- and 10-year revision rates for large-head MoM THA implants are higher than
for standard THA (Pijls et al., 2019). The main reason for revisions of MoMHAs is
ARMD (Matharu, Judge, Murray, & Pandit, 2016). Initial reports on ARMD
revisions showed poor outcomes (de Steiger et al., 2010; Grammatopoulos et al.,
2009). Complication rates were up to 50% and re-revision rates 38% (K. A. De Smet
et al., 2011; Grammatopoulos et al., 2009). This led to recommendations of early
revisions to prevent the destructive lesions with muscle necrosis and large
pseudotumors. Early revisions were thought to prevent poor outcomes (K. A. De
Smet et al., 2011; Haddad et al., 2011).
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There is not enough evidence to set exact thresholds for performing revision
due to ARMD in MoM THA patients (Matharu et al., 2015). Therefore, it can be
difficult for surgeons to determine whether revision surgery is indicated.
Guidelines give advice to help with decision making but lack global consensus and
vary widely (Finnish Arthroplasty Society, 2015; Hannemann et al., 2013; MHRA,
2017; U.S. Food and Drug Administration (FDA), 2013). However, the prevalence
of ARMD revision surgery is high (Australian Orthopaedic Association National
Joint Replacement Registry, 2018; Matharu, Judge, et al., 2016). The decision to
revise a MoMHA should not be based on a single investigation but made rather on
a case-by-case basis. It should take into account several points including patient
symptoms, activity level and comorbidities, implant type, metal ion levels and
imaging findings (Berber, Skinner, & Hart, 2016). Fortunately, the results of
revisions have improved, and complication rates have dropped (Lainiala, Reito, et
al., 2015; Matharu, Judge, Pandit, & Murray, 2017; Munro, Masri, Duncan, &
Garbuz, 2014).

In MoMHA revision for ARMD, the MoM bearing should be replaced with non-
MoM bearing surface (Lainiala, Reito, et al., 2015). Alternatives for bearing surfaces
are MoP, CoP or CoC. In other words, a metal or ceramic head should be coupled
with polyethylene liner, or ceramic head coupled with ceramic liner (Matharu et al.,
2018). CoP might have the lowest risk for re-revision after ARMD revision
(Matharu, Judge, et al., 2017). Revision of MoMHA for ARMD can be made by
retaining the femoral stem and possibly acetabular cup when these are well fixed and
positioned without significant damage at the trunnion (Lainiala, Reito, et al., 2015;
Matharu et al., 2018; Munro et al., 2014). If the stem is retained, a titanium taper
sleeve over an existing trunnion is recommended, especially together with ceramic
head (Leibiger & McGrory, 2015; Waterson et al., 2018). Corrosion or even cold
welding at the trunnion can lead to complicated revision with replacement of the
stem (Whittaker et al., 2017).
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Figure 12. M2a-Magnum head after difficult removal
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3 Aims

The main aim of the study was to investigate the frequency of ARMD and cold
welding, and the role of metal ion measurements, in follow-up of ReCap-M2a-
Magnum MoM THA.

The specific aims were to investigate the following:

Study I:  Difficulties removing the femoral head from the trunnion, and related
complications in patients undergoing revision surgery of ReCap-M2a-
Magnum metal-on-metal total hip arthroplasty at Turku University
Hospital and Oulu University Hospital.

Study II:  Prevalence of adverse reaction to metal debris in patients operated on
with ReCap-M2a-Magnum metal-on-metal total hip arthroplasty at
Turku University Hospital.

Study III: Change of cobalt and chromium ion levels over time in patients
operated on with ReCap-M2a-Magnum metal-on-metal total hip
arthroplasty at Turku University Hospital.
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4 Patients and Methods

4.1 Patients

At the time that ARMD was becoming better understood and the implantation of
MoM THAs had ceased, revisions were already being made due to ARMD.
Difficulties in ReCap-M2a-Magnum revisions were encountered at two tertiary-level
hospitals, Oulu University Hospital and Turku University Hospital. The revision
surgery included exchange of the entire MoM bearing couple. Theoretically, it could
have been performed by femoral head exchange and cup revision, but the femoral
head was commonly cold-welded to the femoral stem, requiring stem removal and
extended surgery.

For the purposes of Study I, we identified all patients who had undergone THA
revision surgery at Turku University Hospital and Oulu University Hospital between
April 2004 and January 2012. During this period 2,326 THA revisions were
performed. Of those, 296 (13%) were performed for THAs with MoM implants. Of
this group, we looked specifically at primary THAs with MoM implants performed
with a stem provided from one manufacturer with a similar type of taper (Biomet,
Type 1), and either a M2a-Magnum or M2a-38 modular head based on surgeon’s
preferal. After excluding three patients who had insufficient operation data and
patients for whom an exchange of the femoral stem or of both components was
planned, 124 remained (54 patients with M2a-38 and 70 with M2a-Magnum femoral
head). None of the patients had died or were lost to follow-up less than 1 year after
the revision surgery (Table 1).
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Table 1. Demographic data of patients in Study | who underwent revision of M2a-38 or M2a-
Magnum implant

Femoral head
Variables M2a-38™ M2a-Magnum™ p value*
Hips, number 54 70
Age, years, mean (range) 64 (44-81) 64 (35-92) 0.95
Females, number (%) 32 (59) 48 (69) 0.28
BMI, mean (range) 28 (20-45) 29 (18-38) 0.27
Follow-up, years, median (range) 1.5 (1.0-6.3) 2.0 (1.0-8.7)
Stem model
Bimetric 49 63
Taperloc 1 2
Reach 0 5
Mallory-Head 3 0
Integral 1 0

*Chi-square or t-test

For the purposes of Study II, a systematic screening of ReCap-M2a-Magnum THA
was launched. Between August 2005 and April 2012, in total 1,188 patients (1,329
hips) underwent ReCap-M2a-Magnum LDH MoM THA. It was the most used MoM
THA device at our institution.

Metal ion measurements were routinely taken during follow-up of MoM THA
patients. For the purposes of Study III, we identified all patients with unilateral
ReCap-M2a-Magnum implants (1,047 patients) among the 1,188 patients (1,329
hips) from Study II. Of these 1,047 patients, 336 (336 hips) had undergone two
follow-up visits, but eight patients had still only one Co ion measurement. Nine
patients had bilateral MoM hip devices and were excluded (Figure 13). All unilateral
ReCap-M2a-Magnum patients operated on at our institution formed the control
group, and patients with two WB ion measurements were referred to as the study

group.
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Patients operated on with Recap-M2a-Magnum THR
1188 patients
1329 hips

Patients with bilateral Recap-M2a-Magnum THR
Excluded i
141 patients
282 hips

A 4
Patients with unilateral Recap-M2a-Magnum THR

1047 patients
1047 hips
Patients revised, died or lost prior screening
Excluded
264 patients

264 hips

Excluded Patients undergone one follow-up visit

447 patients
447 hips
A 4
Patients undergone two follow-up visits
336 patients
336 hips
Patients with only one Co ion measurement

Excluded

8 patients
8 hips
Patients with other MoM implant in contralateral hip

Excluded

9 patients
9 hips

v

Patients included in the study

319 patients
319 hips

Figure 13. Flow chart of Study Ill
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4.2 Methods

4.2.1 Study |

In Study I, information on the preoperative plan for the revision, performed revision,
implants, operation date, perioperative bleeding, and complications was recorded
retrospectively from the patient records. Preoperative serum Cr and Co ion levels
were measured as described below. The method of modular head removal, any
difficulties removing the femoral head from the trunnion, operation time, and
complications were recorded based on a chart review.

The primary outcome measure was our ability to remove the femoral head. The
method of modular head or adapter removal was categorized into four groups:

(1)  Punch and mallet

(2)  Special femoral head extractor tool
(3) Diamond saw cut

(4) Not removable

With a diamond saw, the head and adapter sleeve were cut almost through (without
damaging the trunnion), after which the head could be removed by levering out with
an osteotome and punching the adapter sleeve with a mallet.

The secondary outcome measures were operation time, blood loss, and
complications during the first year after revision. Our secondary outcome variable
on complications evaluated the proportion of patients who experienced
periprosthetic infection or fracture. We considered infection potentially relevant, as
the risk of infection may increase the longer the surgical procedure, and
periprosthetic fracture was considered because these revisions may have entailed
imparting more force to the proximal femur while attempting to remove the femoral
head, or extended trochanteric osteotomy had to be performed owing to an
unremovable femoral head or severely damaged trunnion. The infection diagnosis
was based on clinical suspicion of infection, and patients underwent debridement
during which several bacterial specimens were taken from around the implant (deep
specimens). The periprosthetic infection diagnosis was confirmed if the same
bacteria were cultured in two or more specimens. We believe that none of the
measured outcome complications were missed, because our institutions treat all
periprosthetic fractures, infections or suspicion of infection in the region.

We compared the M2a-38 group with 54 patients versus the M2a-Magnum group
with 70 patients. We also compared THAs that had the M2a-Magnum implant with
easy-to-remove heads (50 patients) versus hard-to-remove heads (20 patients). If the
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head was easy to remove, it was defined as ‘‘head removal, punch’’ and if special
instruments were used or the head could not be removed, it was defined as ‘‘head
removal, other’’.

4.2.2 Metal ion measurements (Study I, Il and 1lI)

All patients in Studies I, IT and III had their blood samples taken from the antecubital
vein using a 21-gauge BD Vacutainer Eclipse blood collection needle (Becton,
Dickinson and Co, Franklin Lakes, NJ, USA). The first 10 mL tube of blood was
used for analysis of standard laboratory tests such as C-reactive protein and
erythrocyte sedimentation rate measurement. The second blood sample was taken in
a Vacuette NH trace elements tube (Greiner Bio-One GmbH, Kremsmiinster,
Austria) containing sodium heparin. Co and Cr analyses from WB were performed
using an accredited method with Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, VITA Laboratory, Helsinki, Finland in collaboration with the Medical
Laboratory of Bremen, Germany). The detection limit for Cr was 0.2 ppb and for Co
0.2 ppb. The intra-assay variation for WB Cr and Co was 2.2% and 2.7% and inter-
assay variation 6.7% and 7.9%, respectively (ICP-MS specifications declared by
VITA Laboratories).

423 Follow-up protocol (Studies Il and I11)

All patients in Studies II and III were part of systematic screening according to the
follow-up protocol recommended by the Finnish Arthroplasty Society (Finnish
Arthroplasty Society, 2015). The screening and follow-up included an OHS
questionnaire, anteroposterior and lateral radiographs of the hip, and WB Cr and Co
ion concentration measurements for all patients with ReCap-M2a-Magnum THA.
All patients who did not undergo revision surgery were scheduled for annual or
biennial repeat visits. Borderline cases were evaluated more frequently.

424 Study |l

4241 Oxford Hip Score (Study II)

An OHS of 42-48 points was considered excellent, 34-41 good, 27-33 fair and 0-
26 poor according to Kalairajah et al. (Kalairajah, Azurza, Hulme, Molloy, & Drabu,
2005). The OHS questionnaire was not filled out preoperatively, and the total points
were available for 742 patients. Generally, patients with bilateral ReCap-M2a-
Magnum THA had only one OHS questionnaire available, and we could not pinpoint
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which hip was of concern. Therefore, patients with bilateral ReCap-M2a-Magnum
procedures were omitted from the regression analyses.

4242  Anteroposterior and lateral radiographs (Study Il)

The cup inclination and anteversion angle were measured using pelvic and hip x-
rays.

The inclination angle was measured between the line joining the ischial
tuberosities and the line through the margins of the acetabular component on
anteroposterior pelvic x-ray. The anteversion was defined as the angle between the
line joining the acetabular cup margins and the horizontal line in the lateral view. X-
rays were assessed using Carestream PACS® imaging software (Carestream Health,
Inc., 2011. Version 11.3 turpacs. Rochester, NY: Onex Corp.).

Because the measurement of the anteversion angle is relatively inaccurate in
lateral hip x-rays, we categorized the cups into two subgroups for regression
analysis: retroverted and not retroverted. The manufacturer recommends positioning
the acetabular component at 45 degrees of inclination and 20 degrees of anteversion.

4243 Clinical examination

Patients with symptomatic hips or elevated Co and Cr levels (> 5 pg/L) were
clinically examined by a senior orthopedic surgeon at our outpatient clinic. Attention
was paid to symptoms like clicking, subluxation sensation and swelling of the hip.

4244 Metal Artifact Reduction Sequence MRI

Patients with symptomatic hips, moderate or poor OHS score, and/or patients with
WB Cr or Co concentration > 5 ppb were referred for MARS-MRI. This was used
to identify ARMD changes such as fluid collection and soft tissue masses around the
prostheses. In study II patient was considered to have a definitive ARMD if there
was a solid mass or fluid collection > 50 mm on MRI.

4245 Revision surgery

In Study II, revision surgery for ARMD was considered by an experienced
orthopedic surgeon if the patient had severe hip symptoms such as pain, clicking and
swelling, and if there was a clear pseudotumor on MRI. Revision surgery was also
considered if an asymptomatic patient had very high WB metal ion levels (> 10 ppb)
to avoid symptoms of Co poisoning.
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4246 Definig the ARMD
Method for defining ARMD in Study 11

Definitive ARMD was established in three ways:
1. Diagnosed during revision surgery.

2. Solid mass or fluid collection > 50 mm on MRL
3. Serum Cr or Co > 10 pg/L.

Probable ARMD was established with either of the following:
1. A collection of fluid < 50 mm on MRI.
2. Serum Cr or Co > 5 but < 10 pg/L.

ARMD was confirmed intraoperatively if there was milky fluid, a solid pseudotumor
mass or muscle necrosis. The revision surgery involved several operations: head
exchange with or without acetabular revision and stem revision with or without
acetabular revision. Patients with clearly elevated metal ion levels or pseudotumor
findings did not undergo surgery if the patient refused on the basis of an
asymptomatic hip or poor overall health.

4247 Risk factors

The following risk factors for ARMD were assessed: age, sex, laterality, inclination
angle of the cup (categorical variables <30°, 30°-50° and >50°), anteversion angle
of the cup (categorical variables >0° and < 0°) and head size (categorical variables <
44, 46-50 and > 52 mm). The associations between OHS score (poor, fair or good
vs excellent), pain (none, mild, moderate or severe), symptoms (clicking,
subluxation sensation and/or swelling) and ARMD were also examined. We further
assessed the same risk factors and symptoms for the occurrence of an ARMD
revision.

425 Components (Studies I, Il and 1)

The ReCap-M2a-Magnum consists of a monoblock, press-fit acetabular component
articulating with a femoral head, both made of a high carbon-cobalt-chrome-
molybdenum alloy. The cup is hemispheric and has a shell thickness of 3 mm. The
femoral head is 6 mm smaller than the respective acetabular component and is
connected to a neck with a modular taper adapter, which provides the option to adjust
the neck length. The stem, taper and taper adapter are made of a titanium, aluminum
and vanadium alloy (Ti-6Al-4V).
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The M2a-38 (Biomet) has a solid, fixed 38-mm Co-Cr head and does not contain
a separate titanium taper adapter, as opposed M2a-Magnum. The M2a-38 may be
attached to the same stems and tapers as the M2a-Magnum. In other words, as
opposed to the M2a-Magnum, the M2a-38 does not include a titanium-titanium
interface between the taper adapter and stem.

4.3 Statistical analysis

A chi-square test was used to compare the sex distribution between groups in Studies
I and II1.

The differences in age and BMI between groups in Study I, and difference in
age, inclination angle, and femoral head diameter between the control and study
groups in Study III were analyzed with a two-sample t-test.

In Study I, logistic regression was used to compare complications between
groups. In Study II the potential risk factors for ARMD were analyzed via
univariable multinomial logistic regression. The dependent variable consisted of
three groups (definitive ARMD, probable ARMD and no ARMD), with no ARMD
being used as the reference group. In both studies the results were expressed using
odds ratios (ORs) with a 95% confidence interval (CI). The goodness-of-fit for the
logistic regression models was evaluated with a deviance test, while the
multivariable logistic model was obtained using backward elimination (inclusion
criteria, p < 0.10) to examine the potential confounding effect of the other risk
variables.

To test the differences in operation time, blood loss, and Cr and Co ion levels
between groups in Study I, the Mann-Whitney U test was used and median
differences with 95% CI were calculated using Hodges-Lehmann estimates.

In Study II, the generalized estimating equation (GEE) was used for the hipwise
data to account for the correlation between hips from the same patient. Kaplan-Meier
estimates for revision operations (for any reason) and for ARMD were calculated.
The Cox regression analysis was used to analyze the association between risk factors
and symptoms and ARMD revision. The hipwise survival data were analyzed with a
lognormal frailty model to account for the correlation between hips from the same
patient, and the results of the Cox regression were expressed using hazard ratios
(HRs) with a 95% CI. The proportional hazard assumptions were evaluated with a
log-cumulative hazard plot, and the assumptions were met.

In Study III, the individual change in two consecutive metal ion measurements
from the same patients was modelled using a random coefficient model. Log-
transformed ion values were used in conditional models due to positively skewed
distribution of ion levels.
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The results are expressed as geometric means for better interpretability. SUL
values for WB Co were 4.0 ppb and for WB Cr 4.6 ppb as reported earlier (van der
Straeten et al., 2013). The change over a 2-year measurement interval was calculated
and plotted as frequency distributions for both metal ions separately.

In all our studies, a p-value < 0.05 was considered statistically significant. The
statistical analyses were performed using SAS System for Windows, Version 9.4
(SAS Institute Inc, Cary, NC, USA).

4.4 Ethics

Ethics committee approval was not sought for Studies I, II or IIl. These were
retrospective studies and the patients were not contacted directly. Study II was based
on the national recommendations for the systematic screening protocol of all LDH
MoM THA patients provided by the Finnish Arthroplasty Society.
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5 Results

5.1 Frequency of cold-welding and related
complications in M2a-Magnum revisions

In 29% (20/70) of revisions of the M2a-Magnum, the modular head and taper adapter
could not be detached by knocking it with a punch and mallet. It can be considered
to be cold-welded. No difficulty was noted with head extraction in the M2a-38 group
(Table 2).

Difficulties with head removal and corrosion of the taper led to unplanned stem
revision in 17% (12/70) of hips. For patients with the M2a-Magnum (n = 20) implant
in which head removal was difficult, the median operative time was longer and
bleeding more profuse (Table 3).
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® OTHER*

120 ~
100 ~
80 4 .

60 - N

40 - s as >

20 4 ‘s 2+ aa

04 W4 ks e 4 G
o 1 2 3 4 5 6 7 8 9 10
FOLLOWUP (YEARS)

MEAN OF CHROMIUM AND COBALT ION LEVELS (ug/lL)

Figure 14. Association between preoperative Cr and Co ion levels, follow-up time, and method of
head removal in Study |. Preoperative Cr and Co ion levels were not associated with the
method of head removal (difficult versus easy; median difference, 1.6, [95% CI, -7.9 to
9.9], p = 0.53). "Other = head removal with a special extraction tool or a diamond saw
cut, or the head was not removable
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Table 2. Comparison of M2a-38 and M2a-Magnum groups in Study |.

Variables

Results

- Punch
- Special extraction tool
- Diamond saw

- Not removable

- Head exchange

- Head exchange + acetabular revision

- Head exchange

- Head exchange + acetabular revision

- Stem revision

- Stem revision + acetabular revision

- Acetabular revision + stem revision requiring
extended trochanteric osteotomy

M2a-38 M2a Magnum
(n=54) (n=70)
54 50

0

0 2
0 11
0 11
54 59
0 13
54 43
0 2
0 10

4
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Table 3. Comparison of easy and hard head removals in the M2a-Magnum group in Study |

M2a-Magnum
Easy removal* | Hard removal* | Median difference

Variables (n =50) (n=20) (95% ClI) p-value**

Headromoaln ||
- Punch 50 0
- Special extraction tool 0 7
- Diamond saw 0 2
- Not removable 0 11

- Head exchange 8 3

- Head exchange +

. 42 17
acetabular revision

- Head exchange 12 1
- Head exchange + 36 7
acetabular revision
- Stem revision 0 2
- Stem revision + xx
. 2 1
acetabular revision
- Acetabular revision + stem 0 9

revision requiring ETO

Intraoperative blood loss, ml, 475 725 251
median (range) (50-1500) (300—2200) (95%CI 100-300) 0.004

*Easy removal was recorded as a punch and mallet, and hard removal consisted of removal of the
head with a special extraction tool, a diamond saw cut, or the head was not removable; **Mann-
Whithey U-test; ***Two of the stems were revised because of perioperative findings of chronic
infection unrelated to head removal; ETO = extended trochanteric osteotomy; Cl = confidence
interval

5.2 Incidence and risk factors of ARMD in ReCap-
M2a-Magnum patients

Out of 1,329 hips, probable ARMD was determined in 114 (8.6%) and definite
ARMD in 190 (14.3%). Out of 1,329 hips, 1,025 (77.1%) did not have ARMD.
Throughout the follow-up period of mean 5.2 years (range 0.003-9.1 years), 33
patients (33 hips, 2.5% of all hips) required revision operations due to ARMD
(Tables 4 and 5).
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Results

Pain, subluxation sensation, clicking, small head size (< 44 vs > 52 mm) and
fair/poor OHS scores were associated with definitive ARMD. In the multi-variable
model, female gender, clicking, large head size (> 52 vs 46-50 mm) and pain
(moderate/severe vs no pain) were associated with ARMD (results and statistics are
summarized in tables 6, 7 and 8).

Table 4. Demographic data of the 1,329 study hips presented hipwise in Study Il.
Probable

Total hips ARMD ARMD No ARMD

(n=1,329) (n=190) (n=114) (n=1,025)
Mean age (years) 64.2 64.3 64.5 64.1
Mean follow-up years (range) |5.2 (0.003-9.1)| 5.8 (0.3-8.8) 5.5(0.2-8.8) [5.0(0.003-9.1)
Mean head size in mm 49.2 48.8 48.8 49.4
Head size < 44mm, number (%) 170 (13%) 31 (16%) 19 (17%) 120 (12%)
Head size 46-50mm, number (%) 744 (56%) 109 (57%) 62 (54%) 573 (56%)
Head size = 52mm, number (%) 415 (31%) 50 (26%) 33 (29%) 332 (32%)
Mean inclination angle of the 428 445 440 42 4
cup, degreesn
Inclination angle of the cup <30 o o o o
degrees, number (%)x 29 (2%) 2 (1%) 2 (2%) 25 (3%)
Inclination angle of the cup 30-
50 degrees, number (%)= 1013 (84%) 146 (82%) 86 (80%) 781 (85%)
Inclination angle of the cup >50 o o o o
degrees, number (%)a 157 (13%) 29 (16%) 19 (18%) 109 (12%)
Anteversion angle of the cup 30 (2%) 6 (3%) 1(1%) 23 (2%)
<0 degrees, number (%)
Anteversion angle of the cup o o o o
>0 degrees, number (%) 1299 (98%) 184 (97%) 113 (99%) 1002(98%)
Mean serum Co, pg/l (range)* |4.4 (0.3-196.2) | 16.4 (0.6-196.2) | 4.3 (0.5-9.5) | 1.7 (0.3-4.9)
Mean serum Cr, ug/l (range)* 3.0(0.5-44.7) | 7.8 (0.5-44.7) | 3.6 (0.8-7.4) 1.8 (0.6-4.8)

a Data of cup inclination angle based on pelvic radiographs were available for 1,199 hips. *Metal ion
data was available for 1,094 hips: 802 hips in no ARMD group, 107 in probable ARMD group, and

185 in definite ARMD group.
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Table 5. Patient characteristics of Study Il for those with unilateral arthroplasty.

Patients with

a unilateral
study device ARMD Probable No ARMD
(n=1047) (n=143) ARMD (n=70) (n=834)

Males, number (%) 469 (45%) 45 (31%) 29 (41%) 395 (47%)
Mean OHS* 404 36.0 41.3 411
OHS excellent, number (%)* | 464 (63%) 44 (42%) 31 (63%) 389 (66%)
OHS good, number (%)* 135 (18%) 22 (21%) 11 (22%) 102 (17%)
OHS fair, number (%)* 60 (8%) 17 (16%) 5 (10%) 38 (6%)
OHS poor, number (%)* 83 (11%) 23 (22%) 2 (4%) 58 (10%)
No pain, number (% )# 377 (51%) 38 (36%) 22 (45%) 317 (54%)
Mild pain, number (%)# 280 (38%) 42 (40%) 20 (41%) 218 (37%)
Moderate or severe pain, 82 (11%) 26 (25%) 7 (14%) 49 (8%)
number (%)#
Swelling yes, number (%)** 39 (5%) 11 (11%) 3 (6%) 25 (4%)
Swelling no, number (%)** 681 (95%) 89 (89%) 46 (94%) 546 (96%)
Clicking yes, number (%)*** 62 (9%) 21 (21%) 6 (12%) 35 (6%)
Clicking no, number (%)*** 655 (91%) 79 (79%) 43 (88%) 533 (94%)
Subluxation sensation yes, 106 (15%) 23 (22%) 6 (12%) 77 (13%)
number (%)=
Subluxation sensation no, 620 (85%) 80 (78%) 43 (88%) 497 (87%)
number (%)=
Mean serum Co, pg/l 3.6 (0.3-71.5) | 12.9 (0.6-71.5) | 4.2 (0.5-9.5) 1.5 (0.3-4.8)
(range)****
Mean serum Cr, pg/l 2.6 (0.5-34.2) | 6.5(0.5-34.2) | 3.2(0.8-7.4) 1.7 (0.6-4.8)

(range)****

OHS=0xford hip score, 42—48=excellent, 34—41=good, 27-33=fair, 0-26=poor.

* OHS data available for 742 patients with a unilateral study device.
# Data available for 739 patients with a unilateral study device.
** Data available for 720 patients with a unilateral study device.

*** Data available for 717 patients with a unilateral study device.

n Data available for 726 patients with a unilateral study device.

**** Data available for 844 patients with a unilateral study device.
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Table 6. Crude odds ratios (ORs) and 95% confidence intervals (Cls) of associations between
risk factors and symptoms with ARMD in Study II.
ARMD versus Probable ARMD versus
no ARMD no ARMD
Crude OR Crude OR
(95% Cl) p-value (95% CI) p-value

Age* 1.00 (0.99-1.01) 0.9 1.00 (0.99-1.02) 0.7
Gender, female vs. male** 1.96 (1.34-2.86) | 0.0005 1.27 (0.78-2.09) 0.3
Side, left vs. right* 0.91 (0.68-1.21) 0.5 1.12 (0.80-1.57) 0.5
Pain, mild vs. no pain** 1.61 (1.00-2.58) 0.05 1.32(0.70-2.48) 0.4
Pain, moderate or severe vs. no pain** | 4.43 (2.47-7.93) | <0.001 2.06 (0.84-5.07) 0.1
Subluxation sensation** 1.86 (1.10-3.13) 0.02 0.90 (0.37-2.19) 0.8
Clicking** 4.05 (2.24-7.31) | <0.001 2.13 (0.85-5.33) 0.1
Swelling** 2.70(1.28-5.68) | 0.009 1.42 (0.41-4.90) 0.6
Head size < 44mm vs. 2 52mm* 1.72 (1.02-2.87) 0.04 1.59 (0.84-3.03) 0.2
Head size 46-50mm vs. = 52mm* 1.26 (0.86-1.86) 0.2 1.09 (0.68-1.74) 0.7
'sno‘f'j,)%aggg*fi‘g'e ofthe cup, <30vs. | 43(0.10-1.82)| 03 | 0.73(0.17-3.08) | 07
:/”S‘f'g‘;té%” dae';?'eeegfff‘e cup, >50 142(0.90-2.24)| 0.1 158 (0.91-2.76) | 0.1
Csntsea’fjfgr’gglg'e ofthecup.>0 |70 (028-176)| 05 | 259(0.35-19.43) | 0.4
OHS poor vs. excellent** 3.51(1.97-6.23) 0.04 0.43 (0.10-1.86) 0.1
OHS fair vs. excellent** 3.96 (2.06-7.59) 0.02 1.65 (0.61-4.50) 0.2
OHS good vs. excellent** 1.91 (1.09-3.33) 0.4 1.35(0.66-2.79) 0.3

* Multinomial logistic regression using GEE-estimation based on data of all hips and *** all pelvic

radiographs (1199).

** Multinomial logistic regression based on data of patients with a unilateral study device.

47



Heikki Mantymaki

Table 7.

Adjusted odds ratios (ORs) and 95% confidence intervals (Cls) of associations between

risk factors and symptoms with ARMD using multiple multinomial logistic regression
based on data of 714 patients with a unilateral study device in Study II.

ARMD versus no ARMD Probable ARMD
versus no ARMD
Adjusted OR p-value Adjusted OR p-value
(95% Cl) (95% CI)

Gender, female vs. male 2.22 (1.19-4.15) 0.01 0.88 (0.41-1.85) 0.7
Pain, mild vs. no pain 1.06 (0.58-1.94) 0.9 1.40 (0.68-2.89) 0.4
Pain, moderate or severe vs. no pain | 2.67 (0.97-7.34) 0.06 8.57 (2.08-35.34) |0.003
Clicking 2.85 (1.49-5.45) 0.002 2.31 (0.87-6.16) 0.09
Head size < 44mm vs. 2 52mm 1.12 (0.49-2.55) 0.8 2.32 (0.78-6.96) 0.1
Head size 46-50mm vs. 2 52mm | 0.49 (0.26-0.94) 0.03 0.98 (0.44-2.20) 1.0
OHS poor vs. excellent 1.35 (0.50-3.67) 0.6 0.07 (0.01-0.51) 0.008
OHS fair vs. excellent 2.14 (0.92-4.95) 0.08 0.59 (0.16-2.24) 04
OHS good vs. excellent 1.38 (0.69-2.74) 0.4 0.96 (0.41-2.24) 0.9

Table 8.

Age*

Gender, female vs. male**

Side, left vs. right*

Pain, mild vs. no pain**

Pain, moderate or severe vs. no pain**

Subluxation sensation**

Clicking**

Swelling**

Head size < 44mm vs. 2 52mm*

Head size 46-50mm vs. = 52mm*

Inclination angle of the cup, <30 vs. 30-50 degrees™
Inclination angle of the cup, >50 vs. 30-50 degrees*
Anteversion angle of the cup, <0 vs. >0 degrees*
OHS poor vs. excellent**

OHS fair vs. excellent*™

OHS good vs. excellent**

Crude hazard ratios (HRs) and 95% confidence intervals (Cls) of associations between
risk factors and ARMD revisions in Study .

Risk factors of ARMD revisions

Crude HR (95% Cl)

p-value

1.00 (0.97-1.04)
1.87 (0.79-4.40)
1.66 (0.84-3.32)
0.46 (0.09-2.27)
2.37 (0.59-9.46)
0.57 (0.07-4.43)
3.97 (1.05-14.99)
1.94 (0.25-15.21)
3.35 (1.08-10.38)
2.06 (0.77-5.51)

e~ e

0.01 (0.000-34081149)

1.28 (0.55-2.99)
7.63 (2.19-26.6)
3.26 (0.78-13.64)
1.24 (0.14-10.59)
1.67 (0.32-8.62)

1.0
0.2
0.1
0.3
0.2
0.6
0.04
0.5
0.04
0.2
0.7
0.6
0.001
0.1
0.8
0.5

* Cox regression with random intercept for patient (frailty model) based on data of all hips.
** Cox regression based on data of patients with a unilateral study device.
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5.3 Metal ion concentrations in repeated
measurements

A total of 319 patients met the criteria for Study III. The mean time elapsing from
the first metal ion assessment to the second was 2.0 years (SD 0.5, range 0.6-3.0)
and the mean follow-up time (time between the index operation and the first metal
ion measurement) was 5.5 years (range 1.8-9.3 years) (Tables 9 and 10).

Table 9. Comparison of demographic variables between the control group (=overall unilateral
ReCap-M2a-Magnum THR group, n=1047) and the study group (n=319).

Study Control

group group p-value
Proportion of female patients 59 % 55 % p=0.2
Age, years (SD) 64 (9) 65 (10) p=0.2
Median femoral head diameter, mm, mean (SD) 49 (4) 49 (4) p=0.4
Mean acetabular inclination, degrees (SD) 43 (7) 43 (8) p=1

Table 10. Differences in WB Co and Cr levels (ppb). There was a statistically significant decrease
in repeated WB Co and Cr values.

Initial Control p-value
WB Co, n=319
median (range) 1.4 (0.4-63) 1.1 (0.2-68)
geometric mean 1.5 1.2 p<0.001
WB Cr, n=317
median (range) 1.6 (0.6-13) 1.1 (0.3-19)
geometric mean 1.7 1.2 p<0.001

At the first measurement, 6.6% of the Co ion measurements exceeded the SUL. The
proportion rose slightly to 7% at the control measurement. The proportion of SUL-
exceeding Cr ion levels decreased during the measurement interval from 5% to 4%.
The Co value increased from safe to above safe in eight patients and the Cr value
from safe to above safe in six. The Co and Cr levels dropped over time and stayed
mostly below the SUL if the initial value was low. Exceptions were patients with
high values from the start (Figures 15, 16 and 17).
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Figure 15. Geometric mean WB Co and Cr values divided across the follow-up time before initial

measurement.
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Figure 16. Frequency distribution of change in WB Co levels compared to the initial measurement.
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Figure 17. Frequency distribution of change in WB Cr levels compared to the initial measurement.
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§) Discussion

6.1 Failure rates of ReCap-M2a-Magnum

In Study II, throughout the follow-up period of mean 5.2 years 104 patients (106
hips, 8.0% of all hips) required a revision operation for any reason. We determined
that ARMD was a frequent complication after ReCap-M2a-Magnum THA. Of 1,329
hips, 157 (11.8%) were considered to have definitive ARMD, in which revision
operations were not performed, and 33 (2.5%) had undergone revision operations
due to ARMD. Hence, the prevalence of ARMD in our cohort was 14.3%
(190/1329).

The revision rate of ReCap-M2a-Magnum THA is higher than in conventional
THA, but lower than with most other MoM THA designs (Seppanen et al., 2018).
According to the Australian registry data, the cumulative revision percentage of
ReCap-M2a-Magnum THA at 10-years is 8.7% (95% CI, 7.0-10.9). The revision
rate is fair compared to other models; for example the cumulative revision
percentage of ASR at 10-years is 45.1% (95% CI, 43.5-46.7) and BHR 14.4% (95%
CI, 12.9-16.1) (Australian Orthopaedic Association National Joint Replacement
Registry, 2018).

According to the Finnish Arthroplasty Register, the cumulative revision
percentage of ReCap-M2a-Magnum is 10.8% (95% CI, 9.9-11.7), of ASR 54.9%
(95% CI, 50.5-58.9) and BHR 18.6% (95% CI, 15.1-21.9) at 10-years (Finnish
Arthroplasty Register, n.d.).

Mokka et al. reported short-term survivals of 8,059 cementless LD MoM THAs
(Mokka, Makela, et al., 2013). The data was collected from the Finnish arthroplasty
register. They compared the survival of cementless LD MoM THA with
conventional cemented THA and compared the cementless LD MoM models with
each other. One of the implants analyzed was ReCap/BiMetric, that is to say ReCap-
M2A-Magnum, with 4,202 implants. The mean follow-up of ReCap/Bi-Metric was
1.8 years (range 0.0-5.0 years). At 3 years the survival of 1,190 hips was 97% (95%
Cl, 97-98) and at 5-years that of 59 hips was 97% (95% CI, 96-98). The short-term
survival of the ReCap-M2a-Magnum THA was shown to be comparable to that of
the conventional cemented THA. Considering the shorter follow-up time, the results
do not differ from ours in Study II.
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Mokka et al. reported a high prevalence of ARMD in ReCap-M2a-Magnum
THA patients. All 80 hips were studied with MRI, metal ion measurements, OHS
and clinical examination. They found that 14% (11/80) of the hips had ARMD at a
mean follow-up time of 6.0 years (range 5.5-6.7 years). Three of the hips had needed
revision surgery (Mokka, Junnila, et al., 2013). These results were similar to ours in
Study II. A limitation of the study by Mokka et al., and of our Study II, is that we
divided the “definite” and “probable” ARMD groups by the amount of fluid
collection on MRI. The dichotomy between MRI > 50 and <50 mm is artificial; thus,
we hypothesized that a fluid collection > 50 mm in any dimension was a clinically
significant amount of fluid with regard to the diagnosis of ARMD.

Based on the Finnish Arthroplasty Register, in 2018 Seppénen reported the
ReCap-M2a-Magnum to have a 10-year survival of 88% (95% CI, 86-90). The
lowest survival was 46% (95% CI, 41-51) for the ASR. The Finnish Arthroplasty
Register began registering ARMD as a reason for revision in May 2014. The most
common reason for revision in the MoM THA group was ARMD (69.2%) (Seppanen
et al., 2018).

Bosker et al. reported in 2012 a pseudotumor incidence of 39% and revision rate
of 12% 3.6 years after the ReCap-M2a-Magnum THA procedure (Bosker et al.,
2012). Later, in 2015, Bosker et al. screened 706 ReCap-M2a-Magnum hips using
CT and found 228 pseudotumors (32%) (Bosker et al., 2015). In all, 76 hips (11%)
were revised after a median of 5.3 years (range 1.0-8.3 years). CT-detected
pseudotumor formation in their study was markedly more common than the MR1/ion
measurement-based ARMD prevalence in our Study II, which was based only on
selective imaging and thus accounts for the difference. There may have been
asymptomatic patients in our study with low ion levels, fluid collection or soft tissue
masses in their hips, but we consider the clinical importance of imaging findings in
asymptomatic patients with normal ion levels to be somewhat minimal. The overall
revision rate in our Study II was slightly lower than in the study by Bosker et al.
(Bosker et al., 2015). Most of our revisions were performed for reasons other than
ARMD, such as periprosthetic fracture, lack of osteointegration of uncemented
implants, or infection. The reasons for revision were not assessed in the study by
Bosker et al. (Bosker et al., 2015), but we agree that early detection of pseudotumors
is important, as revision surgery performed before the onset of substantial soft tissue
damage will likely have better outcomes.

In a study of 280 hips (240 patients) with the ReCap Hip Resurfacing system,
different results were reported (van der Weegen, Hoekstra, Sijbesma, Austen, &
Poolman, 2012). There were no revisions due to ARMD, and no indications of
ARMD were observed during a mean follow-up period of 3.3 years (range 1.0-6.3
years). However, two cases of ALTR were found in histopathological investigations.
Later, as the concept of ARMD became clearer, the terms ARMD and ALTR came
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to refer to the same phenomenon. The differences to our study can also be explained
by shorter follow-up time of 3.3 vs. 5.2 years and the imaging method used
(ultrasound vs. MRI). However, ultrasound has been found to be effective for
detection of pseudotumors (Lainiala, Elo, et al., 2015).

6.2 Symptoms and risk factors in ARMD

ARMD may occur in asymptomatic LDH MoM hips (Kwon et al., 2011; Pandit et
al., 2008). However, pain, subluxation sensation, clicking, and fair/poor OHS were
significantly associated with ARMD in our Study II. Pain was also associated with
ARMD in the study by Bosker et al. (Bosker et al., 2015). In the study of Pandit et
al., patients with pseudotumors experienced symptoms like pain, spontaneous
dislocation, nerve palsy and a palpable lump (Pandit et al., 2008).

In addition, female gender and small diameter head sizes (< 44 mm) have been
reported as risk factors for ARMD in previous studies (Reito et al., 2013); but in one
multivariable model, larger head sizes were associated with ARMD when compared
to medium sizes. Glyn-Jones et al. also reported that female gender, age under 40
years, small component size and dysplasia increased the failure rate in HR patients.
Theoretically, it is possible that the lubrication between the bearing surfaces works
best with medium sized heads. In our study, retroverted cups were scarce, but they
were significantly associated with the ARMD revisions. The probability of edge
loading is increased with malpositioned cups.

6.3 Metal ion thresholds

There are currently no robust guidelines on how to interpret metal ion levels. It is
known that elevated Co and Cr levels are associated with failure and ARMD of the
MoMHA (K. De Smet et al., 2008; Grammatopoulos, Munemoto, Pollalis, &
Athanasou, 2017; Hart et al., 2014). To clarify low and high rates, it is known that
people in general, as background levels, have WB Co and Cr concentrations of 1.5
pg/L (0.6 to 8.6) and 0.5 pg/L (0.3 to 6.7) respectively (Sidaginamale et al., 2013).
Then, Langton et al. recommended revision surgery if Co ion concentration alone is
above 20 ug/L due to ARMD and osteolysis (Langton et al., 2013).

In Study II we state that patients with high ion levels (> 10 pg/L) had definitive
ARMD. We increased the cut-off level from 8 ug/L, as suggested by Lardanchet et
al. (Lardanchet et al., 2012), to 10 pug/L due to inclusion of bilateral THA. We used
a metal ion level of > 5 ng/L as a criterion for possible ARMD.

Different authorities have different thresholds for what they consider alarming
Co and Cr ion concentrations. Both the MHRA in Britain and Health Canada have
set the level of acceptable serum Co and Cr at 7 pg/L (Health Canada, 2012; MHRA,
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2012). European guidelines suggest that ion concentrations between 2 ppb and 7 ppb
are of concern (European Federation of National Associations of Orthopaedics and
Traumatology (EFORT), 2012). However, it seems that fixed thresholds for all
MoMHA designs are defective compared to implant-specific lower (2-5.5 ppb)
thresholds (Matharu, Berryman, et al., 2017).

Van der Straeten et al. defined the SUL for unilateral HR patients at Cr 4.6 ppb
and Co 4.0 ppb, and for bilateral HR patients at Cr 7.4 ppb and Co 5.0 ppb. (Van Der
Straeten et al., 2013). Patients below these limits had well-functioning artificial hips
without clinical or radiological findings. Ion levels above these values predicted poor
function. Sidaginamale et al. stated that WB Co levels > 4.5 ug/L indicate a poorly
functioning joint (Sidaginamale et al., 2013). A study of 1,748 patients with MoM
THA and HR implants observed that MoM THAs had significantly higher blood
metal ion concentrations compared with HR patients (Lainiala et al., 2016). In Study
IIT we decided to use the cut-off levels suggested by van der Straeten et al. (Van Der
Straeten et al., 2013).

A limitation of Study II was that we included patients with bilateral MoM
implants, which may have biased the metal ion analyses.

In Study I we had preoperative ion levels measured in only 68% of patients.
Therefore, we cannot reach a firm conclusion regarding the role of ion levels, but the
median ion levels were higher among patients without head removal problems,
which suggests that the head-detaching problem is not associated with high ion
levels.

6.4 Revision surgery and cold welding

In Study I we found that head removal from a M2a-Magnum implant was frequently
problematic in revision surgery. No problems in head removals were encountered
with M2a-38 implants. In 29% (20/70) of hips with M2a-Magnum implants, removal
of the head was difficult, which led to increased operation time and bleeding. In 17%
(12/70) of cases, difficulties led to unplanned and unwanted stem revision.

There are only a few reports of cold welding of the head-neck junction in
revisions. Revisions of MoM implants have a high risk for complications in general,
and improvement of symptoms and function can be modest (Lainiala, Reito, et al.,
2015; Stryker, Odum, Fehring, & Springer, 2015; Wyles, Van Demark, Sierra, &
Trousdale, 2014). One study with a 7-year follow-up showed similar survival after
ARMD revision compared to revision of conventional THA. However, 39% of the
patients experienced a poor outcome following ARMD revision (Matharu et al.,
2019).

The head-neck junction has been shown to be exposed to corrosive processes
that can lead to premature implant failure (Matthies et al., 2013; Urish, Giori,
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Lemons, Mihalko, & Hallab, 2019). Corrosion at the taper junction can lead to cold
welding or fatigue fractures of the modular neck adapters (Fraitzl, Moya, Castellani,
Wright, & Buly, 2011; Grupp, Weik, Bloemer, & Knaebel, 2010; Kop et al., 2012).

Explant analysis of five ReCap-M2a-Magnum THA revealed the wear of the
articulating surfaces to be more extensive than that of the taper junction. The mean
volumetric wear rate of the bearing surfaces was 6.1 mm?®/year (range 4.1-7.6
mm3/year). Additionally, the femoral head wear volume was larger than the wear
volume from the acetabular cup. The volumetric wear for tapers was 0.054
mm3/year, ranging from 0.16 to 0.96 mm3. (Scholes et al., 2017).

Whittaker et al. reported cold welding in four different kinds of THA designs:
M2a-Magnum/type 1 taper, ASR XL/Corail, Cormet/Zweymuller and Mitch/Exeter.
M?2a-Magnum had the highest prevalence of cold welding. The same type of implant
and taper was used in our Study I. Whittaker et al. had 27 implants clinically cold-
welded, but 11 of them could be separated with a special extraction tool. This
strengthens our conclusion in Study I that it is crucial to be prepared for revision
surgery with the correct equipment.

In Study I we compared revisions of M2a-Magnum implants in which the head
could be removed with or without problems. The risk of periprosthetic fracture or
joint infection was similar in both groups, but the trend for complications was greater
in patients with difficult head removal (25%; 5/20) compared with patients with no
difficulties (8%; 4/50). The titanium-titanium taper junction can be difficult to
separate during revision THA, and if not anticipated this problem can result in larger
and more complicated revision procedures in patients with the M2a-Magnum
implant. These unexpected difficulties may arise even if the primary operation was
performed recently (within 2 years) and even if serum metal ions are low. The
problems with head removal increase the operation time and amount of bleeding,
and the surgeon should inform the patient of the possibility of a more extensive
operation than preoperatively planned, including extended trochanteric osteotomy
for stem revision. These technical problems may also arise suddenly in emergency
THA revisions for septic infections and periprosthetic fractures. In revision
procedures with the M2a-Magnum implant, it is crucial to be prepared with special
tools, including a femoral head extraction tool provided by the stem manufacturer
and a diamond saw. We also note that the use of a titanium sleeve over an existing
titanium trunnion is increasing (Jack, Molloy, Walter, Zicat, & Walter, 2013). Based
on the results of our Study I, we raised the concern that a titanium sleeve may be
cold-welded over a titanium stem, and removal of the sleeve may be difficult in the
case of re-revision.

A limitation of Study I was that for the first head removals, we did not have a
specific extraction tool, and our knowledge of the risk of cold welding among M2a-
Magnum heads was limited. Therefore, it is possible that some of the stem revisions
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could have been avoided in the M2a-Magnum group by using an extraction tool or
diamond saw.

6.5 Follow-up protocol

The Finnish Arthroplasty Society has recommended following MoMHA patients
biannually using patient questionnaires, metal ion level measurements, and imaging
techniques like MRI, CT or ultrasound when needed (Finnish Arthroplasty Society,
2015). There was clearly a need for systematic screening of patients who had
undergone THA with a MoM bearing couple in order to identify those with ARMD.
Our patients in Studies I-III were part of the screening protocol.

The strengths of Study II included the fact that all of the ReCap-M2a-Magnum
implantations were performed at our institution. The Bi-Metric stem and Hardinge
approach were used in every operation, so the stem or approach did not cause bias.
A limitation of Study II was that the assessment of some ARMD cases was made
based on the surgical findings in the medical reports, and some revisions were
performed before the surgeons were familiar with the concept of ARMD.

Increase of pseudotumors has been reported in patients with ReCap-M2a-
Magnum THA in prolonged follow-up. This was seen especially in patients with
pain, Co levels > 4 pg/l and local swelling at the hip. Therefore, annual follow-up of
ReCap-M2a-Magnum patients was suggested for the lifetime of the implant (Bosker
et al., 2015). On the other hand, in a study of 152 patients with HR, none of the
asymptomatic patients with normal ultrasound and low blood metal ions (< 2 pg/L)
developed new pseudotumors within 5 years (Low, Matharu, Ostlere, Murray, &
Pandit, 2016). Based on these findings, patients with symptoms, elevated metal ion
levels or pseudotumor should be monitored frequently. Our findings in Study I1I also
imply that patients with unilateral ReCap-M2a-Magnum THA with low metal ion
levels do not benefit from routine metal ion level screening, at least in a mean 2-year
interval. However, we do not know how the WB metal ion levels develop in the long
term in unilateral ReCap-M2a-Magnum patients. Wear and corrosion of the bearing
surface and the trunnion may well increase in long-term follow-up.

Matharu et al. have suggested further research to clarify specific blood metal ion
thresholds for different implants (Matharu et al., 2015). Our results in Study III
strengthen this impression. Implant-specific thresholds seem to be more effective to
detect ARMD.

In 2013, Langton et al. studied repeated metal ion measurements of 205 patients
with ASR or BHR HR. The mean time interval between the initial and control
measurements was 27.3 months (range 6—52). They concluded that blood metal ion
tests could be used in asymptomatic patients as an indicator of the risk of early
implant failure (Langton et al., 2013).
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Reito et al. assessed 254 unilateral patients, of whom 156 had received an ASR
XL THR and 98 patients an ASR HR (n = 254) (Reito, Moilanen, et al., 2014). The
second blood sample was taken 8§ to 16 months after the first. In the THR group there
was a significant increase in WB Co levels over the measurement interval, and 32%
of the patients exceeded the SUL during the measurement interval (Van Der Straeten
et al., 2013). They recommended regular WB metal ion measurements in ASR XL
THR patients, but not in ASR HR patients (Reito et al. 2014). Although the
measurement interval of our study was even longer (mean 2 years) than in the study
of Reito et al. (2014), the decreasing tendency of WB ion levels was clear. The ASR
device has a poor overall performance and it may explain the difference in WB ion
level development compared with the ReCap-M2a-Magnum THR (Australian
Orthopaedic Association National Joint Replacement Registry, 2018; Seppanen et
al., 2018).

Group-level results may not be relevant from a single patient perspective. For
the patient, it is more relevant to know whether or not the metal level in their blood
is high, what the expected change is in a repeated measurement, and which levels
will raise concern. Therefore, we assessed our data additionally by modelling the
individual change. However, also on an individual level, the increase in ion levels
on repeated measurements was rare.

A limitation of our Study III was that the inclusion criterion used was arbitrary.
We aimed to study changes in WB metal ion levels by repeated measurements, and
the practical measurement interval was 2 years. The time frame from the first
measurement to the second was not constant, however, in our patients. Therefore,
we were compelled to select a time range, and 7 to 36 months (mean 2 years) was
deemed most suitable. It is possible that a longer time range between the
measurements such as 5 or 10 years might give different results.
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Conclusions

We found that the titanium—titanium taper junction can be very difficult to
separate during revision THAs, and if not anticipated, this problem can result
in larger and more complicated revision procedures in patients who have the
ReCap-M2a-Magnum implant. It is crucial to be prepared with special tools,
including a femoral head extraction tool and diamond saw. The patient has to
be informed of the possibility of a more extensive operation than
preoperatively planned.

We found a high prevalence of adverse reaction to metal debris in ReCap-
M2a-Magnum THA patients; however, most of them did not require revision

surgery.
Our findings suggest that repeated metal ion measurements in unilateral

ReCap-M2a-Magnum patients over a mean 2-year time interval did not show
any increase. Long-term ion levels are, however, not yet known.

59



Acknowledgements

Minulla on ollut viitdskirjatydssdni monta tirkedd tukijaa. Ensimméisend on
kiitettdivd ohjaajaani dosentti Keijo Mékeldd. Han on tehnyt valtavan tyon
auttaessaan ja opettaessaan minulle tutkimustyon tekemistd. Keijon kanssa
tyoskennellessd tulee usein mieleen RUK:n tunnuslause: “Tehtdvda kirkkaana
mielessd”. [lman Keijon tukea homma olisi tyssdnnyt monta kertaa matkan varrella.
Ystdvdni ja kanssakirjoittajani Jari Mokka kommentoi myds Keijon kanssa
tyOskentelystd osuvasti: ”Yritd pysya Keijon junan kyydissd.” Kiitos dosentti Petri
Virolaiselle, joka toimi alkuun toisena ohjaajani, ja kiitos toiselle ohjaajalleni
dosentti Petteri Lankiselle, jonka kanssa on kuljettu pitkddn yhtd matkaa
ortopediurillamme.

Tero Vahlberg ei tehnyt osatdihini ainoastaan statistiikkaa, vaan osallistui
aktiivisesti my0s niiden suunnitteluun. Keijo ja Tero ovat tehneet pitkdin yhteistyoti
ja siithen oli helppo ja innostava hypitd mukaan. Kiitos Tero yhteistyOstd,
toivottavasti voimme jatkaa sité.

Kiitin my0s muita kanssakirjoittajiani yhteistyostd, kiitos Jari Mokka, Mika
Junnila, Matti Seppinen, Tuukka Niiniméki, Antti Eskelinen, Aleksi Reito ja Joni
Hirviniemi.

Seurantaryhmén jésenet professori Ilkka Helenius ja edesmennyt professori
Mikael Victorzon kannustivat viitoskirjan eri vaiheissa eteenpdin.

Viitoskirjani esitarkastajat dosentti Minna Laitinen ja dosentti Hannu Miettinen
tekivat lukuisia korjausehdotuksia ja huomautuksia véitoskirjakésikirjoitukseeni. On
uskomatonta, miten tydlleen sokeutuu, kun sitd yksin toistuvasti pyorittelee. Kiitos
ndistd kaikista huomioista ja korjauksista.

Professori Hannu Aron kanssa olen kéynyt keskustelua véitoskirjatyon alku- ja
loppuvaiheessa. Harvoista tapaamisista huolimatta olen saanut hineltd useita terdvia
huomioita tutkimusty6té ajatellen.

Tein varsin paljon véitoskirjatyotd vapaa-ajalla, erityisesti ensimmaéisen osatyon
kanssa. Myohemmin tutkimusapurahat mahdollistivat tutkimusvapaat toisté ja vasta
silloin ymmarsin tutkimuksenteon mielekkyyden. Olenkin paéttdnyt, ettd jatkan
tutkimustydtd myds véitoskirjan teon jélkeen, mutta yhtdén lautapelid en jitd sen
vuoksi lasteni kanssa pelaamatta. Tarkein tukijani on ollut Medicinska stiftelsen i

60



Acknowledgements

Vasa - Vaasan ldédketieteellinen sdétié rs. Muita apurahan myontijid ovat Taysin
tutkimus-, kehitys- ja innovaatiokeskus, Turun lddketieteellisen tiedekunnan ja
tohtoriohjelmien apuraha, Tyksin kliininen laitos, Valtion tutkimusrahoitus ja Turun
Yliopistosdation Allan Ahon ortopedian ja traumatologian rahasto. Suuri kiitos
kaikille apurahan myontéjille.

Kiitos esimiehelleni Marko Nevalle, joka on kannustanut tutkimuksen tekoon ja
jarjestanyt kiireisen yksikkomme tyGt siten, ettd olen voinut pitdéd tutkimusvapaata
ja néin saattaa véitoskirjani valmiiksi.

Vaikka perheeni ei ole konkreettisesti osallistunut tutkimusty6honi, on heitad
kiitettava kaikesta, my0s tdmén opinndytteen loppuunsaattamisesta. Kiitos didilleni
Sinikka Méntymaéelle ja jo edesmenneelle isélleni Antti Mintymielle seké
siskoilleni Marialle, Annalle ja Liisalle.

Vaimoni Leena-Mari on itsekin véitoskirjatyontekijdnd ymmartinyt
vaitoskirjatyon vaativuuden ja rakkaudella sekd kannustanut ettd sopivasti
painostanut tyontekoon. Jatkuva tietokoneella istuminen herdtti myds lasteni
mielenkiinnon ja utelut projektista. Kun kerroin heille saavani mahdollisesti toisen
porilaisldhtoisen miehen Akseli Gallen-Kallelan suunnitteleman tohtorinmiekan,
ovat he kehottaneet minua saattamaan viitdskirjatyoni pikimmiten valmiiksi.
Miekka on saatava. Perheeni merkitys on ollut minulle luonnollisesti korvaamaton
tassd vaitoskirjaprosessissa.

27.1.2020
Heikki Mdntymdki

61



References

Amstutz, H. C., & Grigoris, P. (1996). Metal on metal bearings in hip arthroplasty. Clin Orthop Relat
Res(329 Suppl), S11-34.

Anderson, H., Toms, A. P., Cahir, J. G., Goodwin, R. W., Wimhurst, J., & Nolan, J. F. (2011). Grading
the severity of soft tissue changes associated with metal-on-metal hip replacements: reliability of
an MR grading system. Skeletal Radiol, 40(3), 303-307.

Australian Orthopaedic Association National Joint Replacement Registry. (2008). Annual Report 2008.
Adelaide, SA, Australia, Australian Orthopaedic Association, 2008. Retrieved from
https://aoanjrr.sahmri.com/documents/10180/42662/Annual%20Report%202008 ?version%20=1.
1&t=1349406277970

Australian Orthopaedic Association National Joint Replacement Registry. (2018). Supplementary
report: Metal/Metal Bearing Surface in Total Conventional Hip Arthroplasty. Retrieved from
https://aoanjrr.sahmri.com/documents/10180/578729/Metal+On+Metal+Bearing+Surface+Conve
ntional+Hip+Arthroplasty

Barrett, W. P., Kindsfater, K. A., & Lesko, J. P. (2012). Large-diameter modular metal-on-metal total
hip arthroplasty: incidence of revision for adverse reaction to metallic debris. J Arthroplasty, 27(6),
976-983.e971.

Berber, R., Skinner, J. A., & Hart, A. J. (2016). Management of metal-on-metal hip implant patients:
Who, when and how to revise? World J Orthop, 7(5), 272-279.

Berry, D. J., Barnes, C. L., Scott, R. D., Cabanela, M. E., & Poss, R. (1994). Catastrophic failure of the
polyethylene liner of uncemented acetabular components. J Bone Joint Surg Br, 76(4), 575-578.

Berton, C., Girard, J., Krantz, N., & Migaud, H. (2010). The Durom large diameter head acetabular
component: early results with a large-diameter metal-on-metal bearing. J Bone Joint Surg Br,
92(2), 202-208.

Biomet Orthopedics. (2009). M2a-MagnumTM Large Metal Articulation: Design Rationale. Retrieved
from http://www.biomet.com/campaign/trucAlternativeBearings/BO103400MagnumDesignRationale.pdf

Bosker, B. H., Ettema, H. B., Boomsma, M. F., Kollen, B. J., Maas, M., & Verheyen, C. C. (2012).
High incidence of pseudotumour formation after large-diameter metal-on-metal total hip
replacement: a prospective cohort study. J Bone Joint Surg Br, 94(6), 755-761.

Bosker, B. H., Ettema, H. B., van Rossum, M., Boomsma, M. F., Kollen, B. J., Maas, M., & Verheyen,
C. C. (2015). Pseudotumor formation and serum ions after large head metal-on-metal stemmed
total hip replacement. Risk factors, time course and revisions in 706 hips. Arch Orthop Trauma
Surg., 135(3), 417-425.

Bradberry, S. M., Wilkinson, J. M., & Ferner, R. E. (2014). Systemic toxicity related to metal hip
prostheses. Clin Toxicol (Phila), 52(8), 837-847.

Burroughs, B. R., Hallstrom, B., Golladay, G. J., Hoeffel, D., & Harris, W. H. (2005). Range of motion
and stability in total hip arthroplasty with 28-, 32-, 38-, and 44-mm femoral head sizes. J
Arthroplasty, 20(1), 11-19.

Callaghan, J. J., Dysart, S. H., & Savory, C. G. (1988). The uncemented porous-coated anatomic total
hip prosthesis. Two-year results of a prospective consecutive series. J Bone Joint Surg Am, 70(3),
337-346.

62



References

Chang, E. Y., McAnally, J. L., Van Horne, J. R., Statum, S., Wolfson, T., Gamst, A., & Chung, C. B.
(2012). Metal-on-metal total hip arthroplasty: do symptoms correlate with MR imaging findings?
Radiology, 265(3), 848-857.

Chang, S. D., Lee, M. J., Munk, P. L., Janzen, D. L., MacKay, A., & Xiang, Q. S. (2001). MRI of spinal
hardware: comparison of conventional T1-weighted sequence with a new metal artifact reduction
sequence. Skeletal Radiol, 30(4), 213-218.

Charnley, J. (1960). Anchorage of the femoral head prosthesis to the shaft of the femur. J Bone Joint
Surg Br, 42-B, 28-30.

Charnley, J. (1961). Arthroplasty of the hip. A new operation. Lancet, 1(7187), 1129-1132.

Charnley, J. (1964). The Bonding of Prostheses to Bone by Cement. J Bone Joint Surg Br, 46, 518-529.

Charnley, J. (1979). Low friction arthroplasty of the hip: theory and practice: Springer-Verlag, Berlin
1979.

Charnley, J., & Cupic, Z. (1973). The nine and ten year results of the low-friction arthroplasty of the
hip. Clin Orthop Relat Res(95), 9-25.

Charosky, C. B., Bullough, P. G., & Wilson, P. D., Jr. (1973). Total hip replacement failures. A
histological evaluation. J Bone Joint Surg Am, 55(1), 49-58.

Chmell, M. J., Poss, R., Thomas, W. H., & Sledge, C. B. (1996). Early failure of Hylamer acetabular
inserts due to eccentric wear. J Arthroplasty, 11(3), 351-353.

Clohisy, J. C., & Harris, W. H. (2001). Matched-pair analysis of cemented and cementless acetabular
reconstruction in primary total hip arthroplasty. J Arthroplasty, 16(6), 697-705.

Collier, J. P., Surprenant, V. A., Jensen, R. E., & Mayor, M. B. (1991). Corrosion at the interface of
cobalt-alloy heads on titanium-alloy stems. Clin Orthop Relat Res(271), 305-312.

Cooper, H. J., Della Valle, C. J., Berger, R. A., Tetreault, M., Paprosky, W. G., Sporer, S. M., & Jacobs,
J. J. (2012). Corrosion at the head-neck taper as a cause for adverse local tissue reactions after total
hip arthroplasty. J Bone Joint Surg Am, 94(18), 1655-1661.

Cuckler, J. M. (2005). The rationale for metal-on-metal total hip arthroplasty. Clin Orthop Relat Res,
441, 132-136.

D'Aubigne, R. M., & Postel, M. (1954). Functional results of hip arthroplasty with acrylic prosthesis. J
Bone Joint Surg Am, 36-A(3), 451-475.

Dawson, J., Fitzpatrick, R., Murray, D., & Carr, A. (1996). Comparison of measures to assess outcomes
in total hip replacement surgery. Qual Health Care, 5(2), 81-88.

De Smet, K., De Haan, R., Calistri, A., Campbell, P. A., Ebramzadeh, E., Pattyn, C., & Gill, H. S.
(2008). Metal ion measurement as a diagnostic tool to identify problems with metal-on-metal hip
resurfacing. J Bone Joint Surg Am, 90 Supp! 4, 202-208.

De Smet, K. A., Van Der Stracten, C., Van Orsouw, M., Doubi, R., Backers, K., & Grammatopoulos,
G. (2011). Revisions of metal-on-metal hip resurfacing: lessons learned and improved outcome.
Orthop Clin North Am, 42(2), 259-269, ix.

de Steiger, R. N., Miller, L. N., Prosser, G. H., Graves, S. E., Davidson, D. C., & Stanford, T. E. (2010).
Poor outcome of revised resurfacing hip arthroplasty. Acta Orthop, 81(1), 72-76.

Dobbs, H. S., & Minski, M. J. (1980). Metal ion release after total hip replacement. Biomaterials, 1(4),
193-198.

Dorr, L. D., Wan, Z., Longjohn, D. B., Dubois, B., & Murken, R. (2000). Total hip arthroplasty with
use of the Metasul metal-on-metal articulation. Four to seven-year results. J Bone Joint Surg Am,
82(6), 789-798.

Dowson, D., & Jin, Z. M. (2006). Metal-on-metal hip joint tribology. Proc Inst Mech Eng H, 220(2),
107-118.

Engh, C. A., & Massin, P. (1989). Cementless total hip arthroplasty using the anatomic medullary
locking stem. Results using a survivorship analysis. Clin Orthop Relat Res(249), 141-158.

European Federation of National Associations of Orthopaedics and Traumatology (EFORT), E. H. S.
E., the German Arbeitsgemeinschaft Endoprothetik (AE) and the Deutsche Arthrosehilfe (DAH),.
(2012, 16 Apr 2012). Consensus statement “Current evidence on the management of metal-on-

63



Heikki Mantymaki

metal  bearings”  Retrieved  from  https://www.efort.org/wp-content/uploads/2013/10/
2012 05 10 MoM_Consensus_statementl.pdf

Eustace, S., Jara, H., Goldberg, R., Fenlon, H., Mason, M., Melhem, E. R., & Yucel, E. K. (1998). A
comparison of conventional spin-echo and turbo spin-echo imaging of soft tissues adjacent to
orthopedic hardware. AJR Am J Roentgenol, 170(2), 455-458.

Evans, E. M., Freeman, M. A., Miller, A. J., & Vernon-Roberts, B. (1974). Metal sensitivity as a cause
of bone necrosis and loosening of the prosthesis in total joint replacement. J Bone Joint Surg Br,
56-b(4), 626-642.

Fehring, T. K., Odum, S., Sproul, R., & Weathersbee, J. (2014). High frequency of adverse local tissue
reactions in asymptomatic patients with metal-on-metal THA. Clin Orthop Relat Res, 472(2), 517-
522.

Ferguson, A. B., Jr., Laing, P. G., & Hodge, E. S. (1960). The ionization of metal implants in living
tissues. J Bone Joint Surg Am, 42-a, 77-90.

Finley, B., Scott, P. K., Glynn, M. E., Paustenbach, D., Donovan, E., & Thuett, K. A. (2017). Chromium
speciation in the blood of metal-on-metal hip implant patients. Toxicological & Environmental
Chemistry, 99(1), 48-64.

Finnish Arthroplasty Register. (n.d.). Endonet. Retrieved from https://thl.fi/far/#index

Finnish Arthroplasty Society. (2015). Finnish Arthroplasty Society. Recommendation for the use and
follow-up of patients with metal-on-metal (MoM) hip arthroplasty. Retrieved from
http://www.suomenartroplastiayhdistys.fi/index.php?page=1074&lang=1

Fraitzl, C. R., Moya, L. E., Castellani, L., Wright, T. M., & Buly, R. L. (2011). Corrosion at the stem-
sleeve interface of a modular titanium alloy femoral component as a reason for impaired
disengagement. J Arthroplasty, 26(1), 113-119, 119.el111.

Garbugz, D. S., Hargreaves, B. A., Duncan, C. P., Masri, B. A., Wilson, D. R., & Forster, B. B. (2014).
The John Charnley Award: Diagnostic accuracy of MRI versus ultrasound for detecting
pseudotumors in asymptomatic metal-on-metal THA. Clin Orthop Relat Res, 472(2), 417-423.

Garellick, G. K., J.; Rogmark,C.; Herberts,P. (2008, 10 April 2019). Swedish Hip Arthroplasty
Register: Annual Report 2008. Retrieved from https://registercentrum.blob.core.windows.net/
shpr/r/Annual-report-2008-HkLEFUTje.pdf

Gilbert, C. J., Cheung, A., Butany, J., Zywiel, M. G., Syed, K., McDonald, M., . . . Overgaard, C.
(2013). Hip pain and heart failure: the missing link. Can J Cardiol, 29(5), 639.631-632.

Girdlestone, G. R. (1924). Treatment of tuberculosis of bones and joints. Br Med J, 1(3311), 1044-
1046.

Girdlestone, G. R. (1926). Discussion on the late results of operation for chronic painful hip. Proc R
Soc Med, 19(Sect Orthop), 48-49.

Gliick, T. (1891). Referat iiber die durch das moderne chirurgische Experiment gewonnenen positiven
Resultate, betreffend die Naht und den Ersatz von Defecten hoéherer Gewebe, sowie
iber die Verwethung resorbirbarer und lebendiger Tampons in der Chirurgie. Archiv
fiir  klinische  Chirurgie, 41, 187-239. Retrieved from https://archive.org/details/
ArchivFrKlinischeChirurgie.V.41.1891/page/n197

Goldhofer, M. 1., Munir, S., Levy, Y. D., Walter, W. K., Zicat, B., & Walter, W. L. (2018). Increase in
Benign Squeaking Rate at Five-Year Follow-Up: Results of a Large Diameter Ceramic-on-
Ceramic Bearing in Total Hip Arthroplasty. J Arthroplasty, 33(4), 1210-1214.

Gonzalez Della Valle, A., Sharrock, N., Barlow, M., Caceres, L., Go, G., & Salvati, E. A. (2016). The
modern, hybrid total hip arthroplasty for primary osteoarthritis at the Hospital for Special Surgery.
Bone Joint J, 98-b(1 Suppl A), 54-59.

Grammatopoulos, G., Munemoto, M., Pollalis, A., & Athanasou, N. A. (2017). Correlation of serum
metal ion levels with pathological changes of ARMD in failed metal-on-metal-hip-resurfacing
arthroplasties. Arch Orthop Trauma Surg, 137(8), 1129-1137.

64



References

Grammatopoulos, G., Pandit, H., Kwon, Y. M., Gundle, R., McLardy-Smith, P., Beard, D. J., . .. Gill,
H. S. (2009). Hip resurfacings revised for inflammatory pseudotumour have a poor outcome. J
Bone Joint Surg Br, 91(8), 1019-1024.

Grote, C. W., Cowan, P. C., Anderson, D. W., & Templeton, K. J. (2018). Pseudotumor from Metal-
on-Metal Total Hip Arthroplasty Causing Unilateral Leg Edema: Case Presentation and Literature
Review. Biores Open Access, 7(1), 33-38.

Grupp, T. M., Weik, T., Bloemer, W., & Knaebel, H. P. (2010). Modular titanium alloy neck adapter
failures in hip replacement--failure mode analysis and influence of implant material. BMC
Musculoskelet Disord, 11, 3.

Haddad, F. S., Thakrar, R. R., Hart, A. J., Skinner, J. A., Nargol, A. V., Nolan, J. F., . . . Case, C. P.
(2011). Metal-on-metal bearings: the evidence so far. J Bone Joint Surg Br, 93(5), 572-579.

Halley, D. K., & Wroblewski, B. M. (1986). Long-term results of low-friction arthroplasty in patients
30 years of age or younger. Clin Orthop Relat Res(211), 43-50.

Hannemann, F., Hartmann, A., Schmitt, J., Lutzner, J., Seidler, A., Campbell, P., . . . Gunther, K. P.
(2013). European multidisciplinary consensus statement on the use and monitoring of metal-on-
metal bearings for total hip replacement and hip resurfacing. Orthop Traumatol Surg Res, 99(3),
263-271.

Harris, W. H., Krushell, R. J., & Galante, J. O. (1988). Results of cementless revisions of total hip
arthroplasties using the Harris-Galante prosthesis. Clin Orthop Relat Res(235), 120-126.

Hart, A. J., Sabah, S. A., Bandi, A. S., Maggiore, P., Tarassoli, P., Sampson, B., & J, A. S. (2011).
Sensitivity and specificity of blood cobalt and chromium metal ions for predicting failure of metal-
on-metal hip replacement. J Bone Joint Surg Br, 93(10), 1308-1313.

Hart, A. J., Sabah, S. A., Sampson, B., Skinner, J. A., Powell, J. J., Palla, L., . . . Eskelinen, A. (2014).
Surveillance of Patients with Metal-on-Metal Hip Resurfacing and Total Hip Prostheses: A
Prospective Cohort Study to Investigate the Relationship Between Blood Metal Ton Levels and
Implant Failure. J Bone Joint Surg Am, 96(13), 1091-1099.

Hart, A. J., Satchithananda, K., Liddle, A. D., Sabah, S. A., McRobbie, D., Henckel, J., . . . Mitchell,
A. W. (2012). Pseudotumors in association with well-functioning metal-on-metal hip prostheses:
a case-control study using three-dimensional computed tomography and magnetic resonance
imaging. J Bone Joint Surg Am, 94(4), 317-325.

Hauptfleisch, J., Pandit, H., Grammatopoulos, G., Gill, H. S., Murray, D. W., & Ostlere, S. (2012). A
MRI classification of periprosthetic soft tissue masses (pseudotumours) associated with metal-on-
metal resurfacing hip arthroplasty. Skeletal Radiol, 41(2), 149-155.

Health Canada. (2012, 9 May 2012). Metal-on-metal hip implants — information for orthopaedic
surgeons regarding patient management following surgery — for health professionals. Retrieved
from http://healthycanadians.gc.ca/recall-alert-rappel-avis/hc-sc/2012/15835a-eng.php

Hernigou, P., Quiennec, S., & Guissou, 1. (2014). Hip hemiarthroplasty: from Venable and Bohlman to
Moore and Thompson. /nt Orthop, 38(3), 655-661.

Heywood-Waddington, M. B. (1966). Use of the Austin Moore prosthesis for advanced osteoarthritis
of the hip. J Bone Joint Surg Br, 48(2), 236-244.

Hjorth, M. H., Egund, N., Mechlenburg, 1., Gelineck, J., Jakobsen, S. S., Soballe, K., & Stilling, M.
(2016). Does a titanium sleeve reduce the frequency of pseudotumors in metal-on-metal total hip
arthroplasty at 5-7years follow-up? Orthop Traumatol Surg Res, 102(8), 1035-1041.

Hjorth, M. H., Mechlenburg, 1., Soballe, K., Roemer, L., Jakobsen, S. S., & Stilling, M. (2018). Higher
Prevalence of Mixed or Solid Pseudotumors in Metal-on-Polyethylene Total Hip Arthroplasty
Compared With Metal-on-Metal Total Hip Arthroplasty and Resurfacing Hip Arthroplasty. J
Arthroplasty, 33(7), 2279-2286.

Howard, D. P., Wall, P. D. H., Fernandez, M. A., Parsons, H., & Howard, P. W. (2017). Ceramic-on-
ceramic bearing fractures in total hip arthroplasty: an analysis of data from the National Joint
Registry. Bone Joint J, 99-b(8), 1012-1019.

65



Heikki Mantymaki

Ikeda, T., Takahashi, K., Kabata, T., Sakagoshi, D., Tomita, K., & Yamada, M. (2010). Polyneuropathy
caused by cobalt-chromium metallosis after total hip replacement. Muscle Nerve, 42(1), 140-143.

Jack, C. M., Molloy, D. O., Walter, W. L., Zicat, B. A., & Walter, W. K. (2013). The use of ceramic-
on-ceramic bearings in isolated revision of the acetabular component. Bone Joint J, 95-b(3), 333-
338.

Jacobs, C. A., Christensen, C. P., Greenwald, A. S., & McKellop, H. (2007). Clinical performance of
highly cross-linked polyethylenes in total hip arthroplasty. J Bone Joint Surg Am, 89(12), 2779-
2786.

Johanson, P. E., Fenstad, A. M., Furnes, O., Garellick, G., Havelin, L. I., Overgaard, S., . . . Karrholm,
J. (2010). Inferior outcome after hip resurfacing arthroplasty than after conventional arthroplasty.
Evidence from the Nordic Arthroplasty Register Association (NARA) database, 1995 to 2007.
Acta Orthop, 81(5), 535-541.

Jones, L. C., & Hungerford, D. S. (1987). Cement disease. Clin Orthop Relat Res(225), 192-206.

Jones, R. (1904). Some Clinical Notes on Tuberculous Arthritis in the Young. Trans Med Chir Soc
Edinb, 23, 179-203.

Judet, J., & Judet, R. (1950). The use of an artificial femoral head for arthroplasty of the hip joint. J
Bone Joint Surg Br, 32-B(2), 166-173.

Junnila, M., Kostensalo, 1., Virolainen, P., Remes, V., Matilainen, M., Vahlberg, T., . . . Makela, K.
(2014). Hip resurfacing arthroplasty versus large-diameter head metal-on-metal total hip
arthroplasty: comparison of three designs from the Finnish Arthroplasty Register. Scand J Surg,
103(1), 54-59.

Kalairajah, Y., Azurza, K., Hulme, C., Molloy, S., & Drabu, K. J. (2005). Health outcome measures in
the evaluation of total hip arthroplasties--a comparison between the Harris hip score and the Oxford
hip score. J Arthroplasty, 20(8), 1037-1041.

Khan, A. H., Verma, R., Bajpai, A., & Mackey-Bojack, S. (2015). Unusual case of congestive heart
failure: cardiac magnetic resonance imaging and histopathologic findings in cobalt
cardiomyopathy. Circ Cardiovasc Imaging, 8(6).

Kiaer, S. (1952). Hip arthroplasty with acrylic prosthesis. Acta Orthop Scand, 22(2), 126-140.

Kim, C., Linsenmeyer, K. D., Vlad, S. C., Guermazi, A., Clancy, M. M., Niu, J., & Felson, D. T. (2014).
Prevalence of radiographic and symptomatic hip osteoarthritis in an urban United States
community: the Framingham osteoarthritis study. Arthritis Rheumatol, 66(11), 3013-3017.

Kim, Y. H., Park, J. W., Kulkarni, S. S., & Kim, Y. H. (2013). A randomised prospective evaluation of
ceramic-on-ceramic and ceramic-on-highly cross-linked polyethylene bearings in the same
patients with primary cementless total hip arthroplasty. Int Orthop, 37(11),2131-2137.

Knight, S. R., Aujla, R., & Biswas, S. P. (2011). Total Hip Arthroplasty - over 100 years of operative
history. Orthop Rev (Pavia), 3(2), el6.

Kop, A. M., Keogh, C., & Swarts, E. (2012). Proximal component modularity in THA--at what cost?
An implant retrieval study. Clin Orthop Relat Res, 470(7), 1885-1894.

Kostensalo, 1., Seppanen, M., Makela, K., Mokka, J., Virolainen, P., & Hirviniemi, J. (2012). Early
results of large head metal-on-metal hip arthroplasties. Scand J Surg, 101(1), 62-65.

Kwon, Y. M., Glyn-Jones, S., Simpson, D. J., Kamali, A., McLardy-Smith, P., Gill, H. S., & Murray,
D. W. (2010). Analysis of wear of retrieved metal-on-metal hip resurfacing implants revised due
to pseudotumours. J Bone Joint Surg Br, 92(3), 356-361.

Kwon, Y. M., Lombardi, A. V., Jacobs, J. J., Fehring, T. K., Lewis, C. G., & Cabanela, M. E. (2014).
Risk stratification algorithm for management of patients with metal-on-metal hip arthroplasty:
consensus statement of the American Association of Hip and Knee Surgeons, the American
Academy of Orthopaedic Surgeons, and the Hip Society. J Bone Joint Surg Am, 96(1), e4.

Kwon, Y. M., Ostlere, S. J., McLardy-Smith, P., Athanasou, N. A., Gill, H. S., & Murray, D. W. (2011).
" Asymptomatic" pseudotumors after metal-on-metal hip resurfacing arthroplasty: prevalence and
metal ion study. J Arthroplasty, 26(4), 511-518.

66



References

Laakman, R. W., Kaufman, B., Han, J. S, Nelson, A. D., Clampitt, M., O'Block, A. M., . . . Alfidi, R.
J. (1985). MR imaging in patients with metallic implants. Radiology, 157(3), 711-714.

Lainiala, O., Elo, P., Reito, A., Pajamaki, J., Puolakka, T., & Eskelinen, A. (2015). Good sensitivity
and specificity of ultrasound for detecting pseudotumors in 83 failed metal-on-metal hip
replacements. Acta Orthop, 86(3), 339-344.

Lainiala, O., Moilanen, T. P. S., Hart, A. J., Huhtala, H. S. A., Sabah, S. A., & Eskelinen, A. P. (2016).
Higher Blood Cobalt and Chromium Levels in Patients With Unilateral Metal-on-Metal Total Hip
Arthroplasties Compared to Hip Resurfacings. J Arthroplasty, 31(6), 1261-1266.

Lainiala, O., Reito, A., Elo, P., Pajamaki, J., Puolakka, T., & Eskelinen, A. (2015). Revision of Metal-
on-metal Hip Prostheses Results in Marked Reduction of Blood Cobalt and Chromium Ion
Concentrations. Clin Orthop Relat Res, 473(7), 2305-2313.

Langton, D. J., Jameson, S. S., Joyce, T. J., Hallab, N. J., Natu, S., & Nargol, A. V. (2010). Early failure
of metal-on-metal bearings in hip resurfacing and large-diameter total hip replacement: A
consequence of excess wear. J Bone Joint Surg Br, 92(1), 38-46.

Langton, D. J., Joyce, T. J., Jameson, S. S., Lord, J., Van Orsouw, M., Holland, J. P., . . . De Smet, K.
A. (2011). Adverse reaction to metal debris following hip resurfacing: the influence of component
type, orientation and volumetric wear. J Bone Joint Surg Br, 93(2), 164-171.

Langton, D. J., Sidaginamale, R. P., Joyce, T. J., Natu, S., Blain, P., Jefferson, R. D., . .. Nargol, A. V.
(2013). The clinical implications of elevated blood metal ion concentrations in asymptomatic
patients with MoM hip resurfacings: a cohort study. BMJ Open, 3(3).

Lardanchet, J. F., Taviaux, J., Amalsteen, D., Gabrion, A., & Mertl, P. (2012). One-year prospective
comparative study of three large-diameter metal-on-metal total hip prostheses: serum metal ion
levels and clinical outcomes. Orthop Traumatol Surg Res, 98(3), 265-274.

Lavigne, M., Belzile, E. L., Roy, A., Morin, F., Amzica, T., & Vendittoli, P. A. (2011). Comparison of
whole-blood metal ion levels in four types of metal-on-metal large-diameter femoral head total hip
arthroplasty: the potential influence of the adapter sleeve. J Bone Joint Surg Am, 93 Suppl 2, 128-
136.

Learmonth, I. D., Young, C., & Rorabeck, C. (2007). The operation of the century: total hip
replacement. Lancet, 370(9597), 1508-1519.

Lehil, M. S., & Bozic, K. J. (2014). Trends in total hip arthroplasty implant utilization in the United
States. J Arthroplasty, 29(10), 1915-1918.

Leibiger, T., & McGrory, B. J. (2015). Custom titanium sleeve for surgical treatment of mechanically
assisted crevice corrosion in the well-fixed, noncontemporary stem in total hip arthroplasty.
Arthroplasty today, 1(4), 107-110.

Leikin, J. B, Karydes, H. C., Whiteley, P. M., Wills, B. K., Cumpston, K. L., & Jacobs, J. J. (2013).
Outpatient toxicology clinic experience of patients with hip implants. Clin Toxicol (Phila), 51(4),
230-236.

Lin, C. C., Huang, S. C.,Ou, Y. K., Liu, Y. C., Tsai, C. M., Chan, H. H., & Wang, C. T. (2012). Survival
of patients aged over 80 years after Austin-Moore hemiarthroplasty and bipolar hemiarthroplasty
for femoral neck fractures. Asian J Surg, 35(2), 62-66.

Lord, G., & Bancel, P. (1983). The madreporic cementless total hip arthroplasty. New experimental
data and a seven-year clinical follow-up study. Clin Orthop Relat Res(176), 67-76.

Lord, G. A., Hardy, J. R., & Kummer, F. J. (1979). An uncemented total hip replacement: experimental
study and review of 300 madreporique arthroplasties. Clin Orthop Relat Res(141), 2-16.

Low, A. K., Matharu, G. S., Ostlere, S. J., Murray, D. W., & Pandit, H. G. (2016). How Should We
Follow-Up Asymptomatic Metal-on-Metal Hip Resurfacing Patients? A Prospective Longitudinal
Cohort Study. J Arthroplasty, 31(1), 146-151.

Lowy, M., & Sweetnam, D. R. (1968). Total hip replacement. Proc R Soc Med, 61(7), 665.

Madathil, B. K., Lin, Q., Hew, C. L., & Mohanty, M. (2010). Hypoxia-like effect of cobalt chromium
alloy micro particles on fibroblasts in vitro. J Orthop Res, 28(10), 1360-1367.

67



Heikki Mantymaki

Makela, K. T., Furnes, O., Hallan, G., Fenstad, A. M., Rolfson, O., Karrholm, J., . . . Overgaard, S.
(2019). The benefits of collaboration: the Nordic Arthroplasty Register Association. EFORT Open
Rev, 4(6), 391-400.

Makela, K. T., Visuri, T., Pulkkinen, P., Eskelinen, A., Remes, V., Virolainen, P., . . . Pukkala, E.
(2012). Risk of cancer with metal-on-metal hip replacements: population based study. Bmyj, 345,
e4646.

Malek, I. A., Rogers, J., King, A. C., Clutton, J., Winson, D., & John, A. (2015). The Interchangeability
of Plasma and Whole Blood Metal Ion Measurement in the Monitoring of Metal on Metal Hips.
Arthritis, 2015,216785-216785.

Malerba, G., De Santis, V., Francesco, B., Logroscino, G., Carmine, D., Corrado, P., & Maccauro, G.
(2016). Wear in total hip arthroplasty using ceramic head: 10 years maximum fu. Orthopaedic
Proceedings, 98-B(SUPP_9), 9-9.

Maloney, W. J., Galante, J. O., Anderson, M., Goldberg, V., Harris, W. H., Jacobs, J., . .. Woolson, S.
T. (1999). Fixation, polyethylene wear, and pelvic osteolysis in primary total hip replacement. Clin
Orthop Relat Res(369), 157-164.

Matharu, G. S., Berryman, F., Dunlop, D. J., Revell, M. P., Judge, A., Murray, D. W., & Pandit, H. G.
(2019). No Threshold Exists for Recommending Revision Surgery in Metal-on-Metal Hip
Arthroplasty Patients With Adverse Reactions to Metal Debris: A Retrospective Cohort Study of
346 Revisions. J Arthroplasty, 34(7), 1483-1491.

Matharu, G. S., Berryman, F., Judge, A., Reito, A., McConnell, J., Lainiala, O., . . . Murray, D. W.
(2017). Blood Metal Ion Thresholds to Identify Patients with Metal-on-Metal Hip Implants at Risk
of Adverse Reactions to Metal Debris: An External Multicenter Validation Study of Birmingham
Hip Resurfacing and Corail-Pinnacle Implants. J Bone Joint Surg Am, 99(18), 1532-1539.

Matharu, G. S., Eskelinen, A., Judge, A., Pandit, H. G., & Murray, D. W. (2018). Revision surgery of
metal-on-metal hip arthroplasties for adverse reactions to metal debris. Acta Orthop, 89(3), 278-
288.

Matharu, G. S., Judge, A., Murray, D. W., & Pandit, H. G. (2016). Prevalence of and Risk Factors for
Hip Resurfacing Revision: A Cohort Study Into the Second Decade After the Operation. J Bone
Joint Surg Am, 98(17), 1444-1452.

Matharu, G. S., Judge, A., Pandit, H. G., & Murray, D. W. (2017). Which factors influence the rate of
failure following metal-on-metal hip arthroplasty revision surgery performed for adverse reactions
to metal debris? an analysis from the National Joint Registry for England and Wales. Bone Joint
J, 99-b(8), 1020-1027.

Matharu, G. S., Mellon, S. J., Murray, D. W., & Pandit, H. G. (2015). Follow-Up of Metal-on-Metal
Hip Arthroplasty Patients Is Currently Not Evidence Based or Cost Effective. J Arthroplasty,
30(8), 1317-1323.

Matharu, G. S., Ostlere, S. J., Pandit, H. G., & Murray, D. W. (2016). What is the natural history of
asymptomatic pseudotumours in metal-on-metal hip resurfacing patients? Hip Int, 26(6), 522-530.

Matthies, A. K., Racasan, R., Bills, P., Blunt, L., Cro, S., Panagiotidou, A., . . . Hart, A. J. (2013).
Material loss at the taper junction of retrieved large head metal-on-metal total hip replacements. J
Orthop Res, 31(11), 1677-1685.

Matthies, A. K., Skinner, J. A., Osmani, H., Henckel, J., & Hart, A. J. (2012). Pseudotumors are
common in well-positioned low-wearing metal-on-metal hips. Clin Orthop Relat Res, 470(7),
1895-1906.

McBride, E. D. (1961). The Flanged Acetabular Replacement Prosthesis. Archives of Surgery, 83(5),
721-728.

McKee, G. K., Charnley, J., Hicks, J. H., & Zarek, J. M. (1957). Symposium: the use of metal in bone
surgery. Proc R Soc Med, 50(10), 837-846.

McKee, G. K., & Watson-Farrar, J. (1966). Replacement of arthritic hips by the McKee-Farrar
prosthesis. J Bone Joint Surg Br, 48(2), 245-259.

68



References

McMinn, D., Treacy, R., Lin, K., & Pynsent, P. (1996). Metal on metal surface replacement of the hip.
Experience of the McMinn prothesis. Clin Orthop Relat Res(329 Suppl), S89-98.

MHRA. (2012, 25 Jun 2012). Medical device alert: All metal-on-metal (MoM) hip
replacements (MDA/2012/036). Retrieved from https://assets.publishing.service.gov.uk/media/
5485abf6ed915d4c10000273/con155767.pdf

MHRA. (2017). Medical Device Alert, All metal-on-metal (MoM) hip replacements: updated advice
for follow-up of patients. Retrieved from https://assets.publishing.service.gov.uk/media/
5954calded915d0baa00009b/MDA-2017-018_Final.pdf

Mjoberg, B. (1994). Theories of wear and loosening in hip prostheses. Wear-induced loosening vs
loosening-induced wear--a review. Acta Orthop Scand, 65(3), 361-371.

Mjoberg, B. (2018). Does particle disease really exist? Acta Orthop, 89(1), 130-132.

Mokka, J., Junnila, M., Seppanen, M., Virolainen, P., Polonen, T., Vahlberg, T., . . . Makela, K. T.
(2013). Adverse reaction to metal debris after ReCap-M2A-Magnum large-diameter-head metal-
on-metal total hip arthroplasty. Acta Orthop, 84(6), 549-554.

Mokka, J., Makela, K. T., Virolainen, P., Remes, V., Pulkkinen, P., & Eskelinen, A. (2013). Cementless
total hip arthroplasty with large diameter metal-on-metal heads: short-term survivorship of 8059
hips from the Finnish Arthroplasty Register. Scand J Surg, 102(2), 117-123.

Moore, A. T. (1957). The self-locking metal hip prosthesis. J Bone Joint Surg Am, 39-4(4), 811-827.

Moore, A. T., & Bohlman, H. R. (1943). Metal Hip Joint. A Case Report. JBJS, 25(3), 688-692.

Morton, J. (1872). Clinical Lecture on Excision of the Head and Neck of the Femur in Cases of Hip-
Joint Disease. Br Med J, 1(577), 63-64.

Munro, J. T., Masri, B. A., Duncan, C. P., & Garbuz, D. S. (2014). High complication rate after revision
of large-head metal-on-metal total hip arthroplasty. Clin Orthop Relat Res, 472(2), 523-528.

Murphy, J. B. (1913). 1. Arthroplasty. Ann Surg, 57(5), 593-647.

Newton, A. W., Ranganath, L., Armstrong, C., Peter, V., & Roberts, N. B. (2012). Differential
distribution of cobalt, chromium, and nickel between whole blood, plasma and urine in patients
after metal-on-metal (MoM) hip arthroplasty. J Orthop Res, 30(10), 1640-1646.

NICE, N. I. f. H. a. C. E. (2014, 26 Feb 2014). Total hip replacement and resurfacing arthroplasty for
end-stage arthritis of the hip. Retrieved from https://www.nice.org.uk/guidance/ta304/chapter/5-
Implementation

Orishimo, K. F., Claus, A. M., Sychterz, C. J., & Engh, C. A. (2003). Relationship between
polyethylene wear and osteolysis in hips with a second-generation porous-coated cementless cup
after seven years of follow-up. J Bone Joint Surg Am, 85-a(6), 1095-1099.

Pandit, H., Glyn-Jones, S., McLardy-Smith, P., Gundle, R., Whitwell, D., Gibbons, C. L., . . . Murray,
D. W. (2008). Pseudotumours associated with metal-on-metal hip resurfacings. J Bone Joint Surg
Br, 90(7), 847-851.

Pijls, B. G., Meessen, J. M. T. A., Tucker, K., Stea, S., Steenbergen, L., Marie Fenstad, A., . . . Nelissen,
R. G. H. H. (2019). MoM total hip replacements in Europe: a NORE report. EFORT Open Rev,
4(6), 423-429.

Pivec, R., Johnson, A. J., Mears, S. C., & Mont, M. A. (2012). Hip arthroplasty. Lancet, 380(9855),
1768-17717.

Reito, A., Elo, P., Puolakka, T., Pajamaki, J., Nieminen, J., & Eskelinen, A. (2014). Repeated magnetic
resonance imaging in 154 hips with large-diameter metal-on-metal hip replacement. Acta Orthop,
85(6), 570-576.

Reito, A., Lainiala, O., Elo, P., & Eskelinen, A. (2016). Prevalence of Failure due to Adverse Reaction
to Metal Debris in Modern, Medium and Large Diameter Metal-on-Metal Hip Replacements--The
Effect of Novel Screening Methods: Systematic Review and Metaregression Analysis. PLoS One,
11(3), e0147872.

Reito, A., Moilanen, T., Puolakka, T., Pajamaki, J., & Eskelinen, A. (2014). Repeated metal ion
measurements in patients with high risk metal-on-metal hip replacement. Int Orthop, 38(7), 1353-
1361.

69



Heikki Mantymaki

Reito, A., Puolakka, T., Elo, P., Pajamaki, J., & Eskelinen, A. (2013). High prevalence of adverse
reactions to metal debris in small-headed ASR hips. Clin Orthop Relat Res, 471(9), 2954-2961.

Ring, P. A. (1968). Complete replacement arthroplasty of the hip by the ring prosthesis. J Bone Joint
Surg Br, 50(4), 720-731.

Rizzetti, M. C., Liberini, P., Zarattini, G., Catalani, S., Pazzaglia, U., Apostoli, P., & Padovani, A.
(2009). Loss of sight and sound. Could it be the hip? Lancet, 373(9668), 1052.

Robinson, E., Henckel, J., Sabah, S., Satchithananda, K., Skinner, J., & Hart, A. (2014). Cross-sectional
imaging of metal-on-metal hip arthroplasties. Can we substitute MARS MRI with CT? Acta
Orthop, 85(6), 577-584.

Salo, P. P., Honkanen, P. B., Ivanova, I., Reito, A., Pajamaki, J., & Eskelinen, A. (2017). High
prevalence of noise following Delta ceramic-on-ceramic total hip arthroplasty. Bone Joint J, 99-
b(1), 44-50.

Santavirta, S., Hoikka, V., Eskola, A., Konttinen, Y. T., Paavilainen, T., & Tallroth, K. (1990).
Aggressive granulomatous lesions in cementless total hip arthroplasty. J Bone Joint Surg Br, 72(6),
980-984.

Scholes, S. C., Hunt, B. J., Richardson, V. M., Langton, D. J., Smith, E., & Joyce, T. J. (2017). Explant
analysis of the Biomet Magnum/ReCap metal-on-metal hip joint. Bone Joint Res, 6(2), 113-122.

Scully, W. F., & Teeny, S. M. (2013). Pseudotumor associated with metal-on-polyethylene total hip
arthroplasty. Orthopedics, 36(5), €666-670.

Seppanen, M., Laaksonen, 1., Pulkkinen, P., Eskelinen, A., Puhto, A. P., Kettunen, J., . . . Makela, K.
(2018). High Revision Rate for Large-head Metal-on-metal THA at a Mean of 7.1 Years: A
Registry Study. Clin Orthop Relat Res, 476(6), 1223-1230.

Shorbe, H. B. (1970). Total hip replacement without cement. McBride acetabular component and
Moore femoral prosthesis. Clin Orthop Relat Res, 72, 186-200.

Sidaginamale, R. P., Joyce, T. J., Lord, J. K., Jefferson, R., Blain, P. G., Nargol, A. V., & Langton, D.
J. (2013). Blood metal ion testing is an effectivescreening tool to identify poorly performing metal-
on-metal bearingsurfaces. Bone Joint Res, 2(5), 84-95.

Sims, A. L., Parsons, N., Achten, J., Griffin, X. L., Costa, M. L., Reed, M. R., & collaborative, C. t.
(2018). A randomized controlled trial comparing the Thompson hemiarthroplasty with the Exeter
polished tapered stem and Unitrax modular head in the treatment of displaced intracapsular
fractures of the hip. Bone Joint J, 100-B(3), 352-360.

Sinha, R. K. (2002). Hip Replacement: Current Trends and Controversies: CRC Press, 2002.

Smeekes, C., Schouten, B. J. M., Nix, M., Ongkiehong, B. F., Wolterbeek, R., van der Wal, B. C. H.,
& Nelissen, R. (2018). Pseudotumor in metal-on-metal hip arthroplasty: a comparison study of
three grading systems with MRI. Skeletal Radiol, 47(8), 1099-1109.

Smith, A. J., Dieppe, P., Howard, P. W., & Blom, A. W. (2012). Failure rates of metal-on-metal hip
resurfacings: analysis of data from the National Joint Registry for England and Wales. Lancet,
380(9855), 1759-1766.

Smith, A. J., Dieppe, P., Vernon, K., Porter, M., & Blom, A. W. (2012). Failure rates of stemmed metal-
on-metal hip replacements: analysis of data from the National Joint Registry of England and Wales.
Lancet, 379(9822), 1199-1204.

Smith-Petersen, M. N. (1948). Evolution of mould arthroplasty of the hip joint. J Bone Joint Surg Br,
30B(1), 59-75.

Smolders, J. M., Bisseling, P., Hol, A., Van Der Straeten, C., Schreurs, B. W., & van Susante, J. L.
(2011). Metal ion interpretation in resurfacing versus conventional hip arthroplasty and in whole
blood versus serum. How should we interpret metal ion data. Hip Int, 21(5), 587-595.

Srinivasan, A., Jung, E., & Levine, B. R. (2012). Modularity of the femoral component in total hip
arthroplasty. J Am Acad Orthop Surg, 20(4), 214-222.

St John, K. R., Zardiackas, L. D., & Poggie, R. A. (2004). Wear evaluation of cobalt-chromium alloy
for use in a metal-on-metal hip prosthesis. J Biomed Mater Res B App!l Biomater, 68(1), 1-14.

70



References

Steens, W., von Foerster, G., & Katzer, A. (2006). Severe cobalt poisoning with loss of sight after
ceramic-metal pairing in a hip--a case report. Acta Orthop, 77(5), 830-832.

Stryker, L. S., Odum, S. M., Fehring, T. K., & Springer, B. D. (2015). Revisions of monoblock metal-
on-metal THASs have high early complication rates. Clin Orthop Relat Res, 473(2), 469-474.
Svensson, O., Mathiesen, E. B., Reinholt, F. P., & Blomgren, G. (1988). Formation of a fulminant soft-
tissue pseudotumor after uncemented hip arthroplasty. A case report. J Bone Joint Surg Am, 70(8),

1238-1242.

Therapeutic Goods Administration (TGA). (2012, 14 Jul 2017). Metal-on-metal hip replacement
implants — information for general practitioners, orthopaedic surgeons and other health
professionals.  Retrieved  from  http://www.tga.gov.au/hp/information-devices-mom-hip-
implants.htm

Therapeutic Goods Administration (TGA). (2015, 9 Feb 2015). Biomet M2a metal-on-metal total hip
replacement implants: Hazard alert - higher than expected revision rate. Retrieved from
https://www.tga.gov.au/alert/biomet-m2a-metal-metal-total-hip-replacement-implants

Thompson, F. R. (1952). Vitallium intramedullary hip prosthesis, preliminary report. N Y State J Med,
52(24), 3011-3020.

Trudnowski, R. J., & Rico, R. C. (1974). Specific gravity of blood and plasma at 4 and 37 degrees C.
Clin Chem, 20(5), 615-616.

U.S. Food & Drug Administration (FDA). (2011, 15 Mar 2019). Metal-on-Metal Hip Implants: The
FDA's Activities. Retrieved from https://www.fda.gov/medical-devices/metal-metal-hip-
implants/metal-metal-hip-implants-fdas-activities

U.S. Food and Drug Administration (FDA). (2013, 16 Nov 2018). Medical devices -Metal-on-metal
hip implants, Information for Orthopaedic Surgeons,. Retrieved from http://www.fda.gov/
MedicalDevices/ProductsandMedicalProcedures/ImplantsandProsthetics/MetalonMetalHipImpla
nts/ucm241667.htm

Urish, K. L., Giori, N. J., Lemons, J. E., Mihalko, W. M., & Hallab, N. (2019). Trunnion Corrosion in
Total Hip Arthroplasty-Basic Concepts. Orthop Clin North Am, 50(3), 281-288.

Van Der Straeten, C., Grammatopoulos, G., Gill, H. S., Calistri, A., Campbell, P., & De Smet, K. A.
(2013). The 2012 Otto Aufranc Award: The interpretation of metal ion levels in unilateral and
bilateral hip resurfacing. Clin Orthop Relat Res, 471(2), 377-385.

van der Weegen, W., Hoekstra, H. J., Sijbesma, T., Austen, S., & Poolman, R. W. (2012). Hip
resurfacing in a district general hospital: 6-year clinical results using the ReCap hip resurfacing
system. BMC Musculoskelet Disord, 13,247-247.

Waterson, H. B., Whitehouse, M. R., Greidanus, N. V., Garbuz, D. S., Masri, B. A., & Duncan, C. P.
(2018). Revision for adverse local tissue reaction following metal-on-polyethylene total hip
arthroplasty is associated with a high risk of early major complications. Bone Joint J, 100-b(6),
720-724.

Watters, T. S., Eward, W. C., Hallows, R. K., Dodd, L. G., Wellman, S. S., & Bolognesi, M. P. (2010).
Pseudotumor with superimposed periprosthetic infection following metal-on-metal total hip
arthroplasty: a case report. J Bone Joint Surg Am, 92(7), 1666-1669.

Whitehouse, M. R., Endo, M., Zachara, S., Nielsen, T. O., Greidanus, N. V., Masri, B. A., . .. Duncan,
C. P. (2015). Adverse local tissue reactions in metal-on-polyethylene total hip arthroplasty due to
trunnion corrosion: the risk of misdiagnosis. Bone Joint J, 97-b(8), 1024-1030.

Whittaker, R. K., Zaghloul, A. M., Hothi, H. S., Siddiqui, 1. A., Blunn, G. W., Skinner, J. A., & Hart,
A. J. (2017). Clinical Cold Welding of the Modular Total Hip Arthroplasty Prosthesis. J
Arthroplasty, 32(2), 610-615.

Wiles, P. (1958). The surgery of the osteoarthritic hip. Br J Surg, 45(193), 488-497.

Willert, H. G., Bertram, H., & Buchhorn, G. H. (1990). Osteolysis in alloarthroplasty of the hip. The
role of ultra-high molecular weight polyethylene wear particles. Clin Orthop Relat Res(258), 95-
107.

71



Heikki Mantymaki

Willert, H. G., Buchhorn, G. H., Fayyazi, A., Flury, R., Windler, M., Koster, G., & Lohmann, C. H.
(2005). Metal-on-metal bearings and hypersensitivity in patients with artificial hip joints. A
clinical and histomorphological study. J Bone Joint Surg Am, 87(1), 28-36.

Willert, H. G., Ludwig, J., & Semlitsch, M. (1974). Reaction of bone to methacrylate after hip
arthroplasty: a long-term gross, light microscopic, and scanning electron microscopic study. J Bone
Joint Surg Am, 56(7), 1368-1382.

Williams, D. H., Greidanus, N. V., Masri, B. A., Duncan, C. P., & Garbuz, D. S. (2011). Prevalence of
pseudotumor in asymptomatic patients after metal-on-metal hip arthroplasty. J Bone Joint Surg
Am, 93(23),2164-2171.

Wyles, C. C., Van Demark, R. E., 3rd, Sierra, R. J., & Trousdale, R. T. (2014). High rate of infection
after aseptic revision of failed metal-on-metal total hip arthroplasty. Clin Orthop Relat Res, 472(2),
509-516.

Wynn-Jones, H., Macnair, R., Wimhurst, J., Chirodian, N., Derbyshire, B., Toms, A., & Cabhir, J.
(2011). Silent soft tissue pathology is common with a modern metal-on-metal hip arthroplasty.
Acta Orthop, 82(3), 301-307.

Yale, L. M. (1886). II. On Excision of the Hip. Ann Surg, 3(1), 8-19.

Zywiel, M. G., Brandt, J. M., Overgaard, C. B., Cheung, A. C., Turgeon, T. R., & Syed, K. A. (2013).
Fatal cardiomyopathy after revision total hip replacement for fracture of a ceramic liner. Bone Joint
J, 95-B(1), 31-37.

Zywiel, M. G., Cherian, J. J., Banerjee, S., Cheung, A. C., Wong, F., Butany, J., ... Mont, M. A. (2016).
Systemic cobalt toxicity from total hip arthroplasties: review of a rare condition Part 2.
measurement, risk factors, and step-wise approach to treatment. Bone Joint J, 98-b(1), 14-20.

72






‘L’?‘j’fg UNIVERSITY

i OF TURKU

W

Painosalama Oy, Turku, Finland 2020

ISBN 978-951-29-7999-8 (PRINT)
ISBN 978-951-29-8000-0 (PDF)

ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)



	Abstract
	Tiivistelmä
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Review of the Literature
	2.1 History of total hip arthroplasty
	2.1.1 History of metal-on-metal total hip arthroplasty

	2.2 Fixation method in hip arthroplasty
	2.3 Bearings
	2.3.1 Metal-on-polyethylene
	2.3.2 Metal-on-metal total hip arthroplasty
	2.3.3 Hip resurfacing arthroplasty
	2.3.4 Ceramic

	2.4 Adverse reaction to metal debris
	2.4.1 Classification of pseudotumors
	2.4.2 Metal wear

	2.5 Problems related to trunnion
	2.6 Screening protocol of metal-on-metal total hip arthroplasty
	2.6.1 Symptoms
	2.6.2 Metal ion concentrations
	2.6.3 Imaging of metal-on-metal hip arthroplasty

	2.7 Cobalt and chromium toxicity
	2.8 Revision surgery for ARMD

	3 Aims
	4 Patients and Methods
	4.1 Patients
	4.2 Methods
	4.2.1 Study I
	4.2.2 Metal ion measurements (Study I, II and III)
	4.2.3 Follow-up protocol (Studies II and III)
	4.2.4 Study II
	4.2.4.1 Oxford Hip Score (Study II)
	4.2.4.2 Anteroposterior and lateral radiographs (Study II)
	4.2.4.3 Clinical examination
	4.2.4.4 Metal Artifact Reduction Sequence MRI
	4.2.4.5 Revision surgery
	4.2.4.6 Definig the ARMD
	4.2.4.7 Risk factors

	4.2.5 Components (Studies I, II and III)

	4.3 Statistical analysis
	4.4 Ethics

	5 Results
	5.1 Frequency of cold-welding and related complications in M2a-Magnum revisions
	5.2 Incidence and risk factors of ARMD in ReCap-M2a-Magnum patients
	5.3 Metal ion concentrations in repeated measurements

	6 Discussion
	6.1 Failure rates of ReCap-M2a-Magnum
	6.2 Symptoms and risk factors in ARMD
	6.3 Metal ion thresholds
	6.4 Revision surgery and cold welding
	6.5 Follow-up protocol

	7 Conclusions
	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1608
     530
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     2.4803
     -0.2835
            
                
         Both
         85
         AllDoc
         91
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     94
     100
     99
     100
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 85 to page 92; only odd numbered pages
     Trim: none
     Shift: move right by 7.43 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1608
     530
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Right
     7.4268
     -0.2835
            
                
         Odd
         85
         SubDoc
         92
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     84
     100
     90
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 85 to page 92; only even numbered pages
     Trim: none
     Shift: move left by 7.43 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1608
     530
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     7.4268
     -0.2835
            
                
         Even
         85
         SubDoc
         92
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     84
     100
     91
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.717 x 10.630 inches / 196.0 x 270.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20200225102336
       765.3543
       Blank
       555.5906
          

     Tall
     1
     0
     No
     1608
     530
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     7.4268
     -0.2835
            
                
         Both
         85
         AllDoc
         92
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     95
     100
     99
     100
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1608
     530
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     2.8346
     -0.2835
            
                
         Both
         145
         AllDoc
         159
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     0
     76
     75
     76
      

   1
  

 HistoryList_V1
 qi2base





