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4 Abstract

ABSTRACT

Inari Kostensalo — Primary and Revision Hip Replacement: a University Hospital
Database and Registry Study

From the Department of Orthopedics and Traumatology, Institute of Clinical Medicine,
Faculty of Medicine, Doctoral Program of Clinical Investigation, University of Turku,
and Turku University Hospital, Turku, Finland

Annales Universitatis Turkuensis
Painosalama Oy, Turku, Finland 2014

Large-headed total hip arthroplasty (THA) and hip resurfacing arthroplasty (HRA)
with metal-on-metal (MoM) bearings became popular during the last decade. Recently,
it has become evident that the large-head MoM hip implants are associated with
increased revision rates despite their theoretical advantages. The purpose of this study
was to evaluate the early results of primary MoM hip replacements and of acetabular
revisions.

I analyzed retrospectively the results of four MoM implant designs and the survival
rate of acetabular revisions with impaction bone grafting, as documented in the Turku
University Hospital database. Further, I evaluated the correlation between femoral head
size and dislocation rate, and used the Finnish Arthroplasty Register data to compare the
survival of three large-head MoM THAs to analogous HRAs.

The early results for the Magnum M2A—ReCap THA were good. A larger head
size decreased the risk of dislocation. Articular surface replacement (ASR) THA
yielded inferior results compared to analogous HRA. For two other designs the results
were similar. The R3—Synergy THA yielded inferior results compared to the reference
implants. The survival of acetabular reconstructions with impaction bone grafting was
inferior compared to previous reports.

In conclusion, the early results of the Biomet ReCap—Magnum design were
promising, and large head sizes decreased the dislocation rate. The survival of different
MoM hip implant designs varied. The survival of new designs and techniques may be
inferior to those reported by the clinics where implants are developed. An important
caveat is that early promising results of new devices may rapidly worsen. New implants
need to be introduced in a controlled fashion to the market; here, arthroplasty registers
are a valuable tool that needs to be used.

Keywords: Hip, osteoarthritis, total hip arthroplasty, hip resurfacing arthroplasty,
dislocation rate, metal-on-metal bearing, adverse reaction to metal debris, revision total
hip arthroplasty, impaction bone grafting
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TIIVISTELMA

Inari Kostensalo — Ensivaiheen ja uusintaleikattujen lonkan tekonivelten tulokset:
yliopistosairaalan ja proteesirekisterin aineistoon perustuva tutkimus.

Ortopedian ja traumatologian klinikka, Kliinisen ladketieteen laitos, Ladketieteellinen
tiedekunta, Turun yliopiston kliinisen ladketieteen tohtoriohjelma, Turun yliopisto ja
Turun yliopistollinen keskussairaala, Turku, Suomi

Annales universitatis Turkuensis
Painosalama Oy, Turku, Finland 2014

Isonuppiset, metalli-metalli-liukupintaiset lonkan tekonivelet sekd pinnoitetekonivelet
yleistyivdt viime vuosikymmenen aikana. Isonuppisia, metalli-metalli-liukupintaisia
lonkan tekonivelid kéytettdessd on kuitenkin ilmennyt uusintaleikkaustarpeen kasvami-
nen niiden teoreettisista eduista huolimatta. Témén tutkimuksen tarkoituksena oli arvioi-
da metalli-metalli-liukupintaisten lonkan tekonivelleikkausten sekd luunpakkausmene-
telmailld tehtyjen lonkkamaljakon uusintaleikkausten tuloksia.

Tutkimuksessa analysoin takautuvasti neljan metalli-metalli-liukupintaisen teko-
nivelmallin pysyvyystuloksia, sekd luunpakkaus-menetelmélld tehtyjen lonkkamaljakon
uusintaleikkausten tuloksia Turun Yliopistollisen Keskussairaalan aineiston perusteella.
Liséksi tutkin lonkan tekonivelen nuppikoon ja sijoiltaanmenoriskin vélistd yhteyttd Suo-
men Endoproteesirekisterin aineistoon perustuen. Teimme myds rekisteripohjaisen tutki-
muksen kolmen eri metalli-metalli liukupintaisen totaalilonkkaproteesin uusintaleikkaus-
riskisté ja vertasimme niitd vastaavien pinnoiteproteesien uusintaleikkausriskiin.

Lyhyen aikavilin tulokset Magnum M2A — ReCap totaalilonkkaproteesille olivat
hyvid. Suurempi nuppikoko oli selvésti yhdistettivissd pienempéén sijoiltaanmenoris-
kiin. Lyhyen aikavilin seurannassa ASR pinnoiteproteesin pysyvyys oli vastaavaa to-
taalilonkkaproteesia parempaa, mutta kahden muun verratun parin vélilla ei ollut eroa
uusintaleikkausriskissd. R3 — Synergy totaalilonkkaproteesin tulokset olivat huonommat
kuin vertailumalleilla. Birmingham pinnoiteproteesin pysyvyystulokset ja lonkkamalja-
kon luunpakkausmenetelmaélla tehtyjen uusintaleikkausten pysyvyystulokset olivat huo-
nommat kuin kehittijéklinikoiden tulokset.

Johtopéitdksend totesimme ettd alkuvaiheen tulokset ReCap-Magnum-implanttia
kéytettdessd olivat hyvit. Isojen nuppikokojen kéyttd véihensi tekonivelen sijoiltaanme-
non riskid. Metalli-metalli-liukupintaisten lonkkaimplanttien alkuvaiheen pysyvyystulok-
set vaihtelivat. Lonkan tekonivelleikkausten tulokset saattavat olla huonompia kuin miti
implantin tai tekniikan kehittdneen klinikan julkaisemat tulokset ovat olleet. Metalli-metal-
li-liukupintaisten lonkkaproteesien ongelmat ovat sittemmin osoittautuneet yleisiksi. Uu-
det tekonivelmallit tulee ottaa kdyttoon hallitusti jatkuvassa proteesirekisteriseurannassa.

Avainsanat: Lonkkanivel, nivelrikko, lonkan tekonivelleikkaus, lonkan pinnoiteteko-
nivel, sijoiltaanmenoriski, metalliliukupintainen tekonivel, metallihierre-haittavaikutus,
lonkan tekonivelen uusintaleikkaus, luunpakkaus
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8 Abbreviations

ABBREVIATIONS

AAOS American Academy of Orthopedic Surgeons
ALVAL aseptic lymphocyte-dominated vasculitis-associated lesion
ARMD adverse reaction to metal debris

ASR articular surface replacement

BHR Birmingham hip resurfacing

CI confidence interval

CoC ceramic-on-ceramic

HHS Harris Hip Score

HR hazard ratio

HRA hip resurfacing arthroplasty

HXLPE highly cross-linked polyethylene

ICD International Classification of Diseases

LDH MoM THA large-diameter head metal-on-metal total hip arthroplasty

MARS MRI metal artefact reduction sequence magnetic resonance imaging
MoM metal-on-metal

MoP metal on polyethylene

MRI magnetic resonance imaging

OA osteoarthritis

RA rheumatoid arthritis

RR risk ratio

THA total hip arthroplasty

THR total hip replacement
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1. INTRODUCTION

Total hip arthroplasty (THA) is the treatment of choice of severe osteoarthritis of the
hip joint and is one of the most cost-effective surgical treatments (Lavernia and Alcerro
2011; Pivec et al. 2012). The golden standard material for THA bearings has been
polyethylene-on-metal for several decades, but hard-on-hard bearing surfaces are also
available: ceramic-on-ceramic (CoC), metal-on-metal (MoM), and metal-on-ceramic.
Hip implants may be fastened to bone with bone cement or without bone cement
through bony ingrowth. Currently, most cemented prostheses are used with metal-on-
polyethylene or ceramic-on-polyethylene bearing surfaces and the polyethylene cup
is cemented directly on to the pelvic bone. Hard-on-hard options may be used with
uncemented acetabular fixation. Theoretically, polyethylene has higher wear rates than
hard-on-hard bearings (Silva et al. 2005; Lusty et al. 2007). Large femoral heads lead to
more volumetric wear than smaller heads in metal-on-polyethylene implants, which may
increase the risk of osteolysis (Clarke and Manley 2008).

The most common surgical complications after THA and hip resurfacing
arthroplasty (HRA) are osteolysis and aseptic loosening, infection, periprosthetic
fracture, dislocation and, lately, soft tissue problems associated with MoM bearings.
Revision surgery may be demanding because of soft tissue destruction due to adverse
reactions to metal debris (ARMD). Bone loss is often associated with revision surgery
and can be managed with different types of revision prostheses, metal augments and
bone autografts and allografts. Impaction bone grafting is a technique to treat bone loss
in revision THA.

During the last decade, MoM hip implants became popular due to the theoretical
advantages of decreased wear, a large femoral head size and a low dislocation rate. MoM
bearing surfaces may be used in association with both traditional THA and HRA. In
THA, the femoral head is cut and the stem is implanted into femoral cavity. In HRA, the
femoral head is resurfaced with a cemented metal cap and the femoral neck is preserved.
HRA was developed as a more natural and less invasive procedure (Amstutz and Le Duff
2012). The acetabular component in HRA might be used with a modular head for THA.

The short-term to midterm results of many MoM devices were promising (Steffen
et al. 2008; Ollivere et al. 2009; Zhang et al. 2010; McMinn et al. 2011). Gradually,
however, results were published on complications related to the metal bearings, such
as ALVAL-reactions (aseptic lymphocyte-dominated vasculitis-associated lesion) and
pseudotumors (Campbell et al. 2010; Delaunay et al. 2010; Natu et al. 2012). Currently,
these reactions are also called ARMD-reactions. As the severity and frequency of
these complications emerged as substantial clinical issues, national authorities released
recommendations to abandon the use of MoM bearings in THA (NJR 2007). In Finland,
the Finnish Arthroplasty Association has recommended that surgeons are not to use any
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MoM devices until more data from their safety would be available (Suomen Artroplastia
yhdistys 2012).

It is not all that easy to tracing and identify problems related to metal bearings.
Patients may have a wide range of symptoms or no symptoms. Clinical symptoms
predicting ARMD are pain, swelling, prosthetic squeaking and subluxation sensations.
High chromium and cobalt levels in the blood may predict ARMD, but with poor
sensitivity and specificity (MacNair et al. 2013; Sidaginamale et al. 2013). Metal artefact
reduction sequence magnetic resonance imaging (MARS MRI) is a reliable screening
tool, but its availability for diagnosis and follow-up is limited (Nawabi et al. 2014).

The purpose of this thesis was to study early survival results of large-headed MoM
THA and HRA. In addition, our aim was to evaluate the survival of acetabular revisions
performed with the impaction bone grafting technique.



Review of the Literature 13

2. REVIEW OF THE LITERATURE

2.1 PRIMARY HIP REPLACEMENT

Modern THA was introduced in the 1960’s when Charnley’s cemented low-friction
implants came on the market. Prior to that, common belief was that it was the synovial
fluid which was responsible for flow joint friction. Sir John Charnley realized, however,
that friction depended on the constitution of the joint surfaces rather than on the synovial
fluid. His first attempt to develop low-friction THA contained teflon bearings (Charnley
1966, Waugh 1990), but it turned out that these implants developed quite soon soft tissue
masses due to wear, and revision rates were high. His second bearing option was a metal-
on-polyethylene implant, which appeared to be safe (Waugh 1990).

Currently, the fixation options used in THA are cementation and cementless
fixation through bony ingrowth of porous surfaces (Pivec et al. 2012). The first implants
developed by Charnley were used cemented fixation (Waugh 1990), but since aseptic
loosening was a relatively common complication of these implants, porous coated
cementless fixation was developed, since the risk of aseptic loosening of cementless
stems compared to cemented stems is reduced (Wechter et al. 2013). Aseptic loosening
of a cementless stem after bony ingrowth is rare, although cementless polyethylene cups
do become aseptic loosened through wear and osteolysis.

The benefit of cement fixation is that the early periprosthetic fracture rate is lower
than of uncemented implants (Berry 1999). Cement may strengthen the bone cavity from
the inside which reduces the risk of fracture. Cemented hips are more suitable for elderly
patients with lower activity requirements (Bagari¢ et al. 2014; Mékelé et al. 2014).

The most common approaches for THA are the posterior approach and anterolateral
approach of Hardinge. HRAs were usually performed through the posterior approach.
A minimally invasive technique has theoretical advantages, e.g., less soft tissue trauma,
rapid recovery and reduced post-operative pain due to a small incision (Smith, Blake,
and Hing 2011). However, there is a risk for component malpositioning and an increased
risk of transient lateral femoral cutaneous nerve palsy. Several studies have shown no
significant functional or clinical difference between standard and minimally invasive
approaches (Wall and Mears 2008; Mazoochian et al. 2009; Smith et al. 2011).

2.1.1 Bearing surface options

Conventional metal-on-polyethylene bearing surfaces of uncemented THA are associated
with a high rate of wear particle induced osteolysis and aseptic loosenings. In the late
1990’s highly cross-linked and thermally treated polyethylenes came available (Jameson
et al. 2011). These materials are claimed to decrease osteolysis by a reduced wear rate
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(Kurtz et al. 2011). One factor which, nevertheless, causes higher wear rates is oxidation
in polyethylene bearings (Costa et al. 1998), since oxidation decreases the homogeneity
of these bearings. Third generation polyethylenes are infused with antioxidants to
minimize this effect (Gémez-Barrena et al. 2009). Laboratory tests and midterm clinical
results with these new polyethylenes have been promising (Callary et al. 2013; Snir et
al. 2014).

CoC bearings have optimal tribologic properties, biologically inert wear and,
at least theoretically, high durability due to extreme hardness. The most catastrophic
complications follow implant breakage. The first generation CoC bearings in the 1970’s
were made of aluminium oxide. These bearings had a relatively high breakage rate (Sedel
2000). The materials currently used are third-generation aluminium oxide or zirconium
oxide and breakage rates have reportedly been no more than 0.004% to 0.7% (Willmann
2000; Choy et al. 2013). CoC bearings have also a tendency to squeak audibly (Yang et
al. 2007; Restrepo et al. 2008; Jarrett et al. 2009). Squeaking is associated with implant
positioning and with young, heavier and taller patients. Squeaking may not affect patient
satisfaction (Sexton et al. 2011).

MoM bearings in THA were introduced in the 1960°s (Dandy and Theodorou
1975). The results were inferior compared to traditional polyethylene-on-metal bearings
and MoM bearings were almost forgotten for over three decades. In the early years
of the 21% century, second generation metal bearings came on the market. Now the
bearings were made on chromium-cobalt and were claimed to cause less wear metal on
polyethylene bearings (Clarke and Manley 2008; Lombardi et al. 2011).

2.1.2 Hip resurfacing arthroplasty

In HRA, the femoral head is covered with a metal cap and not, as in THA, replaced with
a total stem. Acetabular component is similar in THA and HRA. Due to a preserved
femoral neck, the anatomical result after HRA may be more natural.

HRA was thought to have advantages over THA, e.g., improved range of motion
and hip function, bone preservation, lower dislocation rates and easier and safer revision
operation in case of failure (Johansson et al. 2000; Burroughs et al. 2005; Shimmin et
al. 2008). Originally, HRA was designed mainly for young patients with osteoarthritis,
whose likelihood to have a revision procedure later in life is higher than for elderly
patients. Promising early results extended the indications to other diagnoses, e.g.,
femoral head necrosis. Patients with HRA are thought to remain more active and to have
better functions of daily living than patients with THA. Some evidence supporting this
assumption has been published (Baker et al. 2011). Patients treated with HRA are often
younger and more physically active, which may bias patient selection. HRA requires a
larger opening than THA, and soft tissue trauma is larger despite the bone preserving
features.
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In the 1980°s hip resurfacing prostheses with polyethylene-on-metal bearings
were introduced (Tan et al. 2013). Results were inferior than with standard THA and
these prostheses were abandoned (Amstutz and Le Duff 2012).

HRA was regularly used instead of THA for treatment of young and active patients
in the early 21* century. The Birmingham hip resurfacing arthroplasty (BHR (Smith &
Nephew, Memphis, USA)) was one of the most common HRA models. Other common
HRA designs were the Articular Surface Replacement (ASR) (DePuy, Warsaw, USA), the
ReCap HRA (Biomet, Warsaw, USA), the Converse Plus (Wright Medical Technology,
Arlington, USA) and the Durom (Zimmer, Warsaw, USA) models. The BHR may have
a lower risk for early revision compared to other HRAs (Johanson et al. 2010). Some
studies show better functional results for HRA in ten year follow-up studies compared to
THA (Baker et al. 2011). Other studies have not found statistically significant functional
differences in 4 - 5 year follow-up studies where THA and HRA have been compared
(Parsons and Edlin 2012; Larkin et al. 2013; Whitehouse et al. 2013).

Midterm results have shown high survival rates for HRA (Steffen et al. 2008;
Ollivere et al. 2009). Survivorship as high as 99% and 98% at 10 and 13 years have been
reported among patients under 55 years treated with HRA (McMinn et al. 2011). Ten-
year survivorships as high as 94% and six-year survivorship 97% has been published for
BHR HRA (Treacy et al. 2011; Reito et al. 2011). The reported results of HRA compared
to THA have been inferior, and an almost 3-fold revision rate of HRA has been reported
compared to THA (Johanson et al. 2010), while the ASR revision rate has been 4-fold
compared to the BHR revision rate (Underwood et al. 2011). The 7-year survival rate of
ASR HRA has been as low as 51% (Reito et al. 2013). The Durom HRA survival rate
has been 95.2% at 3 years (Leclercq et al. 2013) and 88.2% at 5 years of follow-up (Naal
etal. 2011).

Refinement of surgical techniques and experience seem to improve survival rates
(Witjes etal. 2009; Treacy et al. 2011). Hospitals that operated less than 70 HRA annually
had an almost 4-fold risk for early revision compared to hospitals that performed a larger
amount of operations (Johanson et al. 2010). Female patients seem to be at a double risk
for early HRA revisions compared to males (“Medical Device Alert”; Johanson et al.
2010; Naal et al. 2011).

2.1.3 Large-diameter head metal-on-metal total hip arthroplasty

The MoM articulation was considered to allow larger femoral head sizes without
increasing wear (Dowson et al. 2004; Silva et al. 2005). A MoM prosthesis is considered
to have a large diameter when the femoral head is 36 mm in diameter or more (G Singh
et al. 2013). A large femoral head size increases the range of motion, improves stability
and reduces impingement (Burroughs et al. 2005) and it decreases the risk for dislocation
as the jump distance increases (Bystrom et al. 2003). The jump distance is the distance
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that femoral head must travel before dislocating from the hip socket. These advantages
led to an increased use of large-diameter femoral head MoM THAs (LDH MoM THA).
LDH MoM THA was considered to allow correction of anatomical abnormalities in the
femoral neck, which would reduce the risk of impingement compared to HRA.

Recently, there has been an increasing concern related to the wear debris generated
from the taper junction (also known as the trunnion) of LDH MoM THAs (Pastides et
al. 2013). A larger femoral head allows more offset, which increases the micromotion
between the head center and the trunnion (Elkins et al. 2013). This wear process is called
“trunnionosis” (Pastides et al. 2013). Contributing factors that have led to an increase in
the incidence of trunnionosis might be short trunnion length, ridged surface and the use
of larger femoral head sizes (Langton et al. 2012). Trunnionosis is associated with the
development of adverse reaction to metal debris (ARMD) (Vundelinckx et al. 2013).

The effect of trunnion wear has been also documented in non-MoM THAs (Mao
et al. 2012; Walsh et al. 2012), although, trunnionosis is obviously more common in
large-headed MoM implants (Fricka et al. 2012).

2.2 COMPLICATIONS AFTER TOTAL HIP ARTHROPLASTY AND
HIP RESURFACING ARTHROPLASTY

The most common surgical complications associated with MoM THA and HRA are
aseptic loosening and periprosthetic osteolysis, dislocation, infection, periprosthetic
fracture and ARMD.

2.2.1 Aseptic loosening

Aseptic loosening of the cup due to wear debris-induced osteolysis is a common
late term complication (Iannotti et al. 1986). It can lead to component migration,
instability or fracture. The amount of wear debris depends on positioning of the
components and implant materials (Callanan et al. 2011). Aseptic loosening of a
truly osteointegrated uncemented stem is rare, but the uncemented stem may not
always osteointegrate early after surgery due to poor bone quality or an undersized
component. The stem may subside and cause a periprosthetic fracture, which is
called early loosening of the stem.

2.2.2 Dislocation

Until 2003, prosthetic component dislocation was one of the most common indications
for reoperation, second only to component loosening (Vaughn 1993; Bystrom et al.
2003). Since then, the dislocation rate has decreased significantly (Krenzel et al. 2010;
Jameson et al. 2011), which is thought to be associated with the increased use of larger
head sizes.
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The last decade has shown that a larger femoral head size decreases indeed
the occurrence of dislocations (Bystrom et al. 2003; Krenzel et al. 2010; Dudda et al.
2010; Jameson et al. 2011). Dislocation rates as low as 0.05% have been reported when
femoral components over 36 mm in diameter have been used (Lombardi et al. 2011).
There is a significantly increased risk of revision due to dislocation as the femoral head
size decreases; the risk is especially high when a small diameter femoral component is
used with an uncemented acetabular component (Conroy et al. 2008). A large British
study has documented a significant decrease in dislocation rates between 2006 and 2009,
but with no change in the overall revision rates (Jameson et al. 2011). Two significant
changes in hip surgery were introduced during that time: femoral heads with a larger
diameter and the posterior approach became more popular (Jameson et al. 2011).

The clearest change in dislocation rate occurs when the head size increases from
28 mm to 32 mm (Wang et al. 2012), and the dislocation rate with 28 mm diameter
femoral heads is fourfold compared to 32 mm diameter femoral heads (Bystrom et al.
2003).

The posterior approach is more prone to cause revision for dislocation than the
straight lateral or anterolateral approach (Bystrom et al. 2003; Enocson et al. 2009;
Krenzel et al. 2010). An improved repair technique can be used to reconstruct the
posterior soft-tissue sleeve during the posterior surgical approach to prevent dislocation
(Mahoney and Pellicci 2003). Patients who underwent THA because of a femoral fracture
had dislocation rate on 2% when the anterolateral approach was used. The risk for
dislocation was 14% when the operation was performed through posterolateral approach.
The risk for dislocation was 12% with the posterolateral approach and posterior repair
(Enocson et al. 2009). The difference between the posterolateral approach with posterior
repair and without posterior repair was not significant in one study (Enocson et al. 2009),
while in another study posterior repair significantly decreased the dislocation rate when
the posterior approach was used from 4% to 0% (Mahoney and Pellicci 2003).

The primary indication for THR is associated with the dislocation rate. THRs
indicated by dislocated hip fractures are known for instability (Johansson et al. 2000;
Furnes et al. 2001), and a dislocation rate of 6% has been reported (Enocson et al. 2009).
When THA was indicated by developmental hip dysplasia, 3% of patients had dislocation
(Wang et al. 2012).

After revision arthroplasty, the dislocation rate is three times higher than the
dislocation rate after primary hip arthroplasty (Khatod et al. 2006). It has been reported
that after conversion from hip hemiarthroplasty to THA, the dislocation rate is higher
compared to first-time revision from THA to THA (Sah and Estok 2008). The indication
for revision affects the dislocation rate also after revision surgery. In one study, 14.7%
of the patients who underwent revision for the treatment of a deep prosthesis infection
had dislocation after the revision, while only 1.7% of patients whose revision was due to
aseptic loosening had dislocation after the revision (Hartman and Garvin 2006).
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The effect of the duration of the primary operation on the dislocation rate has been
examined in many studies, and no significant correlation has been reported (Bystrom et
al. 2003; Khatod et al. 2006). A high preoperative range of motion is a risk for dislocation,
and the risk is even greater if the high range of motion is combined with surgery via the
posterior approach and the use of a femoral head with a diameter under 32 mm (Krenzel
et al. 2010).

The risk for redislocation is significantly higher than the risk for first-time
dislocation (Mahoney and Pellicci 2003), and thus prevention of the first dislocation
is critical. The femoral head size is the most important predictor of dislocation. The
posterior approach is also a significant risk factor for dislocation and this risk cannot
necessarily be reduced with posterior repair. Component malpositioning, posterior
approach and a small femoral component size are also the most important risk factors
for early dislocation (Nishii et al. 2004; Patel et al. 2007; Dudda et al. 2010).

2.2.3 Prosthetic infections

Prosthetic infection may be a septic, life-threatening complication. In the acute phase,
a prosthetic infection may be cured with surgical lavation and debridement with in
combination with prolonged antimicrobial medication. A chronic infection requires
usually an amotion of the implant and a two-stage revision. Prosthetic infections are
associated with high morbidity and mortality (Pivec et al. 2012). Prosthetic infection
need to be considered in the differential diagnosis in revisions due to aseptic loosening.
The prevalence of prosthetic infections varies from 1% to 3% after primary THA
(Fitzgerald 1995; Dale et al. 2011), but rises significantly after revisions (James et al.
1982; Blom et al. 2003).

2.2.4 Periprosthetic fractures

A periprosthetic fracture is a serious complication after THA and HRA and the treatment
depends on the fracture type and stability of the implant. Femoral periprosthetic fractures
are more common than acetabular fractures (Masri et al. 2004). The overall postoperative
periprosthetic femoral fracture rate after primary THA varies from 1% to 3% (Berry
1999; Park et al. 2003; Cook et al. 2008). Periprosthetic femoral fractures in the short-
term are often associated with an improper choice of implant or technical problems. The
risk for late periprosthetic fractures increases after 10 years due to osteolysis, especially
among elderly patients (Cook et al. 2008).

Periprosthetic femoral fractures may be treated conservatively, by surgical
osteosynthesis (wiring, plates, and/or cortical strut bone grafts) or by revision arthroplasty
(Park et al. 2011). Periprosthetic femoral fractures associated with THA are usually
classified by the Vancouver classification system (Masri et al. 2004). The classification
records the location of the fracture, the stability of the prosthesis and the surrounding
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bone stock. Thus, type A fractures include trochanteric fractures, in type B the fracture is
in the stem area and in type C the fracture is located below the stem.

An important risk factor for periprosthetic fractures is osteolysis and aseptic
loosening of the implant (Sarvilinna et al. 2004). Other predictors of periprosthetic
fractures are female gender, high age and the indication for surgery (J Singh et al. 2013).
In the same study, cemented implants had 30% lower risk for early periprosthetic fracture
compared to uncemented implants. Cement is thought to strengthen bone cavity from
inside and, therefore, to decrease the periprosthetic fracture risk (Thomsen et al. 2008).
Cook et al. reported a 0.8% fracture rate at 5 years and 3.5% at 10 years after primary
implant in cemented THA (Cook et al. 2008), while Berry (Berry 1999) reported from
the Mayo clinic a fracture incidence of 5.4% for uncemented THAs, 0.3% for cemented
THAs and 1.1% overall. The study consisted more than 23, 000 hips operated between
1969 and 1999. The fracture incidence after revision surgery was much higher, 4.0%
(Berry 1999).

Femoral neck fractures after HRAs occur predominantly early after the operation
(Shimmin and Back 2005; Zustin et al. 2010; Matharu et al. 2013) with a subsequent
incidence peak 10 years after surgery (Carrothers et al. 2010; Zustin et al. 2010). The
second peak may be associated with neck thinning over time. The overall prevalence of
femoral neck fractures in HRA is reportedly 1.1% at a mean follow-up time of 5.5 years
(Matharu et al. 2013). This figure comes close to the periprosthetic fracture rates of THA
(Cook et al. 2008; J Singh et al. 2013).

2.2.5 Complications related to metal-on-metal articulations

Metal debris may enter the hip joint when large-head MoM articulations are used for
THA, where there is a risk of trunnion wear and corrosion. After LDH MoM THA
and HRA, the chromium and cobalt ion concentrations may be elevated not only in hip
joint, but also in the serum, plasma and urine of the patient (Hartmann et al. 2013). High
metal ion levels in the blood are associated with complications related to MoM bearing
surfaces (MacNair et al. 2013; Mokka et al. 2013).

MoM bearing surface related complications are becoming common. When
these problems first appeared, they were considered to be reactions related to aseptic
lymphocytic vasculitis (aseptic lymphocyte-dominated vasculitis-associated lesion or
ALVAL-reactions), but later research has shown that ALVAL-reactions are only a part
of this problem. Rather, direct toxicity of cobalt and chromium is currently thought
to be involved in the development of MoM reactions of the hip joint. At the moment
metal bearing and trunnionosis related complications are commonly called adverse
reactions to metal debris or ARMD. ARMD is a spectrum of changes involving pure
metallosis, ALVAL and granulomatous inflammation (Natu et al. 2012). ARMD may
include soft tissue necrosis, pseudotumors and hip joint effusion. Clinically, patients
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may be symptomless or experience groin pain, clicking, a sensation of subluxation and
palpable masses in the groin area (Mokka et al. 2013). In MRI ARMD may be seen as
a fluid collection or a solid mass (Toms et al. 2008). ARMD is more common among
female patients, and the risk increases when components of small size are used and the
inclination angle is high (de Haan et al. 2008; Glyn-Jones et al. 2009).

ARMD may appear as pseudotumors. Pseudotumors are fluid collections and/or
soft tissue masses associated with MoM bearings. These sterile, inflammatory tumors
are neither malignant nor infectious, but they might indicate revision due to groin pain,
a palpable mass or paresthesia (Pandit et al. 2008; Bisschop et al. 2013). The prevalence
varies between studies from 0.1% (Beaule et al. 2011) to no less than 69% (Chang et
al. 2012; Matthies et al. 2012). In a study of Bisschop et al. (2013), 28% of the patients
had pseudotumor five years after surgery, but only 28% of these pseudotumors were
symptomatic. In a recent meta-analysis, the prevalence varied from 0% to 6.9% (Wiley
et al. 2013). A blood cobalt level >85 nmol/L predicts pseudotumor formation (Wiley et
al. 2013). In one study the prevalence of pseudotumors was significantly higher among
female patients: it was 13.1% at six years for women under 40 years and 6.1% at eight
years for women over 40 years vs. 0.5% for men (Glyn-Jones et al. 2009). Pseudotumors
have been associated with high metal ion levels in many (Pandit et al. 2008; Hart et al.
2009; Langton et al. 2010), but not all studies. Thus, Matthies et al. (2012) found no
correlation between serum metal ion levels nor cup position and pseudotumor prevalence
(2012).

Symptomless pseudotumors may be found by metal artefact reduction sequence
magnetic resonance imaging (MARS MRI). Sonography may also be used to identify
solid or cystic masses (Fang et al. 2008). MRI findings can be compared to each other
and grading systems have been designed for this (van der Weegen et al. 2014). Of these
systems the one published by Anderson (normal, infection or varying severity of MoM
disease) is the most appropriate one for pseudotumor severity grading (van der Weegen
et al. 2014).

2.2.5.1 Metal ion release

Persons no harboring metal devices or otherwise lacking metal exposure have
immeasurably low levels of chromium and cobalt in their serum. In a study of
Sidaginamale et al. (Sidaginamale et al. 2013) 3.22% of 3042 persons without a MoM
implant had a blood chromium level >2pg/L and 0.033% had a blood cobalt level
>2ug/L. The highest blood chromium level was 8.6pg/L and the highest blood cobalt
value was 6.7ug/L. In patients with a MoM hip device, these concentrations are often
at least somewhat elevated. The typical detection limit of cobalt in human serum is
0.3ug/L. Concentrations >50ug/L are considered very high (Hartmann et al. 2013).
There is no unequivocal limit above which revision due to a soft tissue reaction or
cobalt poisoning needs consideration. The decision to revise is made by a combination



Review of the Literature 21

of the individual patient’s symptoms, laboratory results and MRI findings. It has been
stated that Sug/L could be used as a limit to detect ARMD (Hart et al. 2011; Mokka
et al. 2013). The UK Medicines and Healthcare products Regulatory Agency instructs
that patients with serum chromium or cobalt levels >7ug/l should be investigated
further for any soft tissue reactions (NJR 2007) Patients with >5ug/L cobalt in their
serum have a 4-fold risk for ARMD compared to lower cobalt levels (Bosker et al.
2012). Sidaginamale et al. (Sidaginamale et al. 2013) reported a 94% sensitivity
and 95% specificity for serum cobalt levels over 4.5ug/l to detect abnormal metal
wear. However, low metal ion levels do not exclude ARMD (MacNair et al. 2013).
In some studies, serum chromium and cobalt levels have correlated highly with the
cup inclination angle. An inclination angle >50° was associated with increased serum
metal-ion levels (de Haan et al. 2008; Hart et al. 2011; MacNair et al. 2013). An
acetabular component inclination angle > 60° has been reported to increase the risk for
ARMD (Langton et al. 2009; Reito et al. 2011; MacNair et al. 2013), but other large
studies have not observed any no correlation between the inclination angle and serum
metal-ion levels (Emmanuel et al. 2013; Mokka et al. 2013).

Female gender is a significant risk factor for high serum chromium levels (MacNair
et al. 2013). Bilateral prostheses are associated with significantly higher serum metal
ion levels than to unilateral prosthesis (MacNair et al. 2013). A further risk factor for
elevated serum ion levels is a small femoral head size (< 51 mm vs. > 53 mm) (Langton
et al. 2008).

The metal ion levels in patients treated with hip resurfacing prosthesis may be
similar to those of patients with MoM THAs (Moroni et al. 2011). In studies comparing
the metal ion levels in the blood of patients with types of HRA, patients with BHR had
higher blood ion concentrations than patients who had ASR or Metasul MTHR (Langton
et al. 2009). Male patients with BHR HRA stand out as having higher blood metal ion
levels compared to other HRA designs (Witzleb et al. 2006; Langton et al. 2009).

Metal ions released into the blood are largely cleared by the kidneys and excreted
into the urine. Nephrotoxicity studies do not indicate that there are any renal effects in
the midterm or short term (Corradi et al. 2011; J. Yang et al. 2011).

Several case reports on systemic cobalt toxicity have been published. Gilbert et
al. reported a patient with hypothyroidism, dilated cardiomyopathy, pericardial effusion,
liver failure and polycythemia after bilateral MoM THA (Gilbert et al. 2013). These are
the classical signs of cobalt poisoning. The diagnosis was confirmed by biopsies and
analysis of hip aspiration fluid. Cardiomyopathy due to cobaltism has been reported in at
least seven other patients (Machado etal. 2012; Zywiel et al. 2013), although causality has
not always been unequivocal (Machado et al. 2012). Interestingly, however, one patient
had a symptomatic improvement after removal of the MoM hip replacement (Machado
et al. 2012). A patient has reportedly died because of cobalt-induced cardiomyopathy.
This patient had undergone revision surgery to after fracture of a CoC component and
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was fitted with a MoP device. He developed classical cobalt toxicity, the hip device was
removed and he underwent cobalt chelation therapy, but died in spite of these efforts
(Zywiel et al. 2013).

The neurological manifestations of cobalt toxicity may include optic atrophy,
deafness and limb paresthesia (Royal and Hospitals 2000). In one case report, the patient
developed blindness, deafness and lower limb paresthesia and removal of the implant
provided some improvement (Rizzetti et al. 2009).

Permanent metal ion exposure may be a cancer risk due to chromosomal damage
(Daley et al. 2004). The overall short-term cancer risk of modern MoM hip arthroplasties
is not increased (Makeld et al. 2012; Brewster et al. 2013), but the incidence of basalioma
and soft-tissue sarcomas was significantly higher in a MoM cohort than in non-MoM
cohort (Mékelé et al. 2014). Since soft tissue sarcomas are extremely rare, this may still
be a chance finding.

2.3 REVISION SURGERY

The demand for primary THA is increasing, and this will raise the demand for revision
surgery. However, the revision rate has remained relatively constant over time (Kurtz
et al. 2005; Kurtz et al. 2007). Aseptic loosening is one of the most common reasons
for revision hip arthroplasty (Hailer et al. 2010; Karam et al. 2012). Aseptic loosening
is usually associated with loss of bone stock from both the acetabular and the femoral
side. Repair of this bone stock is a major problem in revision surgery (van Haaren et
al. 2007).

Acetabular bone deficiency may be classified according Paproskys acetabular
defect classification. Class I means minimal bone loss with no component migration
and intact acetabular walls; class II moderate bone loss and destruction of medial and/
or superior walls; and class I1I acetabular bone defects, severe bone loss and destruction
of the acetabular rim (Paprosky et al. 1994; Yu et al. 2013). Another classification of
acetabular defects has been presented by the AAOS. In this classification type I means
segmental deficiency with significant rim defect; type Il cavitary defects medially
or posteriorly; type III combined cavitary and segmental deficiency; type IV pelvic
discontinuity; and type V arthrodesis.

On the femoral side the Endo-Klinik classification from I to IV is generally used.
Grade I is minimal bone stock loss and IV the most severe. Femoral bone deficiency
can be treated with impaction bone grafting, megaprosthesis or structural allografts
(Ornstein et al. 2009; Buttaro et al. 2012). The results with regard to an acceptably low
frequency of aseptic loosening and minor bone loss have been satisfactory (Ornstein
et al. 2009). The most common complication after these revisions is periprosthetic
fracture; the incidence varies from 4% to 32% (Pekkarinen et al. 2000; Halliday et al.
2003).
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2.3.1 Impaction bone grafting in acetabular bone deficiency

Impaction bone grafting with a cemented polyethylene cup has been widely used for over
30 years to reconstruct major acetabular defects in primary and revision hip replacement
surgery. Procedures are managed according to principles established by Slooff et al. and
Schreurs et al. (Slooff et al. 1993; Slooff et al. 1996; Schreurs et al. 2001; Schreurs et
al. 2004).

The original impaction bone grafting technique, also known as Slooff’s procedure,
was described in 1993 (Slooff et al. 1993). In this technique, acetabular cavities are tightly
impacted with morselized femoral head or with a cancellous graft alone. The graft may
be impacted against a wire mesh and the acetabular component is cemented on top of the
graft. Long-term and midterm results have been favorable, and with aseptic loosening
as the endpoint, survival rates have been over 90% in many studies (Slooff et al. 1996;
Welten et al. 2000; Schreurs et al. 2001; de Kam et al. 2010; van Egmond et al. 2011).
Short-term studies show high, over 95% survival rates (Comba et al. 2006). The surgical
technique is demanding and some studies have reported less satisfactory outcomes in
non-tertiary referral centers (Azuma et al. 1994; van Haaren et al. 2007). The etiology
of graft reabsorption are unknown and results may be unpredictable (Azuma et al. 1994;
van Haaren et al. 2007).

In one recent study results of impaction bone grafting in AAOS type III and IV
acetabular bone deficiencies were not as good as presented above (van Haaren et al.
2007). However, the grafts in this inferior study were not washed before impaction (van
Haaren et al. 2007), and authors suggested that it may have worsened the mechanical
stability and affected to results (Arts et al. 2006). Bone graft washing is thought to
increase friction and to allow tighter impaction by removing fat and bone marrow from
the graft. In addition, bone graft washing reduces the risk of bacterial infection (Hirn et
al. 2001).

Bone graft size affects graft survival. Large and washed bone grafts tend to have
the least cup migration and cement penetration seems to be better when larger grafts are
used (Ullmark and Nilsson 1999). Washing itself does not influence cement penetration
but bone graft incorporation is affected (Arts et al. 20006).

Bone grafts are of human origin and must be sterilized before recipient contact to
prevent transmission of bacteria and viruses. Traditionally, freezing has been the golden
standard sterilization procedure. Fresh frozen bone is stored in -80°C in accordance with
bone bank protocols (AATB 2014). Since freezing leaves some concern of residual viral
or prion contamination, some centers prefer irradiated bone grafts (Tomford 1995).

2.3.2 Revision after metal-on-metal hip replacement

The indications for a revision operation due to ARMD after MoM hip replacement are
not unambiguous. If the patient has severe symptoms like hip pain, clicking, sensation
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of subluxation or swelling, the decision to revise is easier. Radiographic and laboratory
findings provide information about the possibility of metal induced soft tissue reactions.
However, there is no definite indication for revision and the decision is often difficult.
If a revision is indicated by an ARMD-reaction, the procedure tends to be challenging
because of concomitant soft-tissue destruction. All pseudotumor formation needs to be
completely resected to avoid recurrence and infection (Liddle et al. 2013).

The outcome of revision surgery indicated by a pseudotumor or gluteus muscle
necrosis may be poor. Almost half of the revised hips may encounter a major complication
and a third require re-revision during 3 years of follow-up (Grammatopolous et al. 2009).
In a study of Liddle et al., the survival rates for revisions due to pseudotumor were
comparable with the survival rates for revision performed for any other reason during 30
months of follow-up (Liddle et al. 2013). Of note, however, is that this study included
HRA revisions for any reason and did not concentrate on the MoM problem.

Ball et al. reported on the change in metal ion concentrations following revision
surgery. Patients with very high (> 20 pg/L) metal ion concentrations had a reduction in
the concentration after one year of follow-up, but some patients still had levels > 5 pg/L
at that time (Ball et al. 2013).
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3. AIMS OF THE PRESENT STUDY

The main purpose of this study was to evaluate the survival rates and complication

frequencies of MoM hip implants on the basis of data entered into the Turku University
Hospital database and the Finnish Arthroplasty Register. Additional aims were to assess

the association between femoral head size and dislocation revision rates and to evaluate

the long-term results of acetabular revision operations where impaction bone grafting

has been used.

The specific aims of the studies were:

1.

To evaluate the short-term clinical results of Biomet Magnum M2A — ReCap total
hip replacement. (1)

To study the association between femoral head size and dislocation revision rate
in primary THA and HRA based on data from the Finnish Arthroplasty Register.

D

To analyze the early outcome of three HRA designs and to compare the outcome
with analogous LDH MoM THAs from the data of the Finnish Arthroplasty
Register. (I11)

To assess the short-term to midterm survival results of the metal-on-metal hip
devices Birmingham hip resurfacing arthroplasty, Synergy — Birmingham modular
hip arthroplasty, and Synergy — R3 total hip arthroplasty in Turku University
Hospital. (IV)

To evaluate the long-term results of acetabular revisions, based on the Turku
University Hospital’s data, where a technique of acetabular reconstruction with
impaction bone grafting was used for total hip revision arthroplasty. (V)



26 Patients and Methods

4. PATIENTS AND METHODS

4.1 PATIENTS

4.1.1 Studies I, IV and V

Studies I, IV and V are retrospective studies based on data collected from the Turku
University Hospital’s medical records and from the Implant DB database (BCB
Medical).

In study I, during the study period between September 2005 and June 2009, a
total of 691 cementless MoM THA operations were performed on 635 patients using
the Biomet Bimetric stem, the ReCap cup and the M2a-Magnum femoral head. The
M2a-Magnum modular head and the ReCap cup are high-carbon, as-cast single-heated
components. The system is modular, with different head sizes and the option to adapt
the neck length with different length tapers. The main components of the head and
acetabular component are produced from a cobalt-chromium alloy that contains a
small proportion of molybdenum and carbon. The stem, taper and taper adapters are
made of a titanium, aluminium and vanadium alloy (Bosker et al. 2012). All Magnum
M2A — ReCap implants were included in the study. Demographic data are presented
in Table 1.

Table 1. Patients in study 1.

Harris Hip Score (HHS)
3 months after 1 year after the

Number Mean age  Preoperative the surgery surgery
Women 369 65 (25-88)
Men 266 65 (28-88)
Total 635 63 (25-88) 59.8 86.4 94.0

In study IV, all BHR HRAs, Synergy — BHR modular hip arthroplasties and
Synergy — R3 THAS performed between February 2004 and September 2010 in the Turku
University Hospital were included. There were a total of 329 operations on 313 patients
during the study time. The BHR cup is a chromium-cobalt monoblock component with
a metallic inner surface. R3 is a modular titanium cup with three liner options: plastic,
ceramic and metal. Both the BHR cup and the R3 cup with a metal liner can be used
with the Synergy stem, except that the head size in the Synergy — BHR modular hip
arthroplasty device is, on average, much larger than in Synergy — R3 THA. Demographic
data are presented in Table 2.
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Table 2. Patients in study IV.

Harris Hip Score

Mean
3 months 1 year
Number Male Female Age Preopera- postoper- postoper-
n (%) n (%) n(%) Mean tively atively atively
BHR HRA 249 (75.7%) 175 (81.4%) 74 (64.9%) 52.0 65.8 93.6 97.8
BHR — Syn
modular hip 39 (11.9%) 21 (9.8%) 18 (15.8%) 57.8 61.9 86.8 923
replacement
R3 —Syn THA 41 (12.5%) 19 (8.8%) 22 (19.3%) 62.5 61.8 89.4 97.0
Total 329 215 114 54.0 64.9 92.3 97.2

Study V covered the time period between the years 1999 — 2004 and involved
the patients treated at the Turku University Hospital. During this time, a total
of 63 acetabular revisions were performed, where impaction bone grafting and a
cemented cup were used. There were 62 patients. Demographic data are presented
in Table 3.

Table 3. Patients in study V.

Number Mean age
Women 42
Men 21
Total 63 68 (35-77)

4.1.2 Studies II and ITI

Studies II and I1I are based on the data entered into the Finnish Arthroplasty Register.

In study 11, all primary THAs and HRAs performed in Finland between 1996 and
2010 were included. If both hips of the same patients had been operated, only the first
one was included, making a total of 79,382 hips. Only patients aged 18-100 years at the
time of operation were included. Patients without information of femoral head size were
excluded. Only the most common implant designs (more than 100 implantations during
the study period) were included. Head sizes 28 mm, 32 mm, 36 mm, and 37+ mm of
these implants were included, leaving altogether 42,379 hips for final analysis. Data on
the implants are presented in Table 4.
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Table 4. Implants in study I1.

Mean  Number of hips
Number follow-up revised due to

Implant Implant type of hips (years) dislocation
Elite Plus Cemented THA 1,291 8.4 10
Lubinus IP & Lubinus SP I & Cemented THA 2,666 79 78
Lubinus SP II/Lubinus IP
Exeter Universal/Ex All-poly & Ex Cemented THA 12,119 6.2 159
Contemporary
Spectron/Reflection Cemented THA 4,192 43 27
ML-Taper/MMC & Durom- Cementless THA 362 1.5 0
resurfacing cup
cementless Spotorno/Morscher & Cementless THA 132 4.5 0
Durom- resurfacing cup
Synergy/R3 & BHR- resurfacing cup Cementless THA 1,225 1.8 0
Biomet Bimetric/Biomet cups ~ Cementless THA 10,029 5.1 140
ABGI/ABG I & ABG II Cementless THA 2,075 10.0 25
ABG II/ABG 11 Cementless THA 1,897 6.5 16
Accolade & Omnifit & Symax/  Cementless THA 160 4.4 0
Trident
Summit/Pinnacle & ASR- Cementless THA 2,045 3.2 11
resurfacing cup
Corail/ Pinnacle & ASR- Cementless THA 411 2.7 2
resurfacing cup
BHR-resurfacing prosthesis HRA 1,635 53 2
ASR- resurfacing prosthesis HRA 836 4.2 1
ReCap- resurfacing prosthesis HRA 587 33 1
Durom- resurfacing prosthesis HRA 287 4.1 0
Conserve Plus- resurfacing prosthesis HRA 430 2.9 0
Total 42,379 5,6 472

In study 111, all Bimetric — Recap THAs (Biomet, Warsaw, USA), ReCap HRAs
(Biomet), Synergy — BHR THA (Smith & Nephew, Memphis, USA), BHR HRAs (Smith
& Nephew), Corail & Summit ASR THAs (DePuy, Warsaw, USA) and ASR HRAs
(DePuy) devices used for hip surgery in Finland during the study period 2001 — 2011
were included. To reduce skewness between HRA and THA, patients older than 85 years
were excluded. Also patients with a diagnosis of other reason or rheumatoid arthritis
were excluded. All the other diagnoses were included. This yielded a total of 5,464
Bimetric/ReCap THAs, 698 ReCap HRAs, 475 Synergy/BHR THAs, 1,902 BHR HRAs,
632 Corail & Summit/ASR THAs and 979 ASR HRAs and a grand total of 10,150 hips.
Demographic data are presented in Table 5.
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Table 5. Implants in study III.

Mean follow- Mean age Operated Diagnosis,

Males Implanting

Hip Device n up (years, (years, o . side, % % primary
range) range) % period right  osteoarthritis
Bimetric/
ReCap THA 5,464 3,1(0-7,0) 63(21-85) 54  2005-2011 56 93
ReCap 41(0-7,7) 56 (25-77) 65  2004-2011 52 96
resurfacing
Synergy/
BIIR TLHA 475  4,0(0-7,6) 58 (18-82) 55  2004-2011 54 92
BHR
. 1,902 6,0 (0-10,7) 54 (18-83) 69  2001-2011 53 91
resurfacing
Corail &
Summit/ 632 3,9 (0-7,7) 60(21-78) 58  2004-2010 54 91
ASR THA
ASR
. 979  5,0(0-7,8) 56(25-79) 64  2004-2010 56 96
resurfacing
Total 10,150 4,0 (0-10,7) 60 (18-85) 59  2001-2011 55 93

4.2 METHODS

All data was collected retrospectively from the medical records of the Turku University
Hospital, from the Implant DB database (studies I, IV and V) and from the Finnish
Arthroplasty Register (studies II and III).

Data on hip and knee total arthroplasties has been collected by the Finnish
Arthroplasty Register since the 1980°s (Paavolainen et al. 1991). Health care authorities,
institutions and orthopedic units are obligated to provide all essential information to the
National Institute for Health and Welfare for maintenance of this register, and currently
98% of all implantations are entered. Revisions can be linked to the primary operation
by using a personal identification number.

In study I, we evaluated the postoperative complications, indications for
reoperation and changes in HHS retrospectively from electronic databases. All patients
had two scheduled outpatient visits, the first at two to three months after surgery and the
second one year after surgery.

In study II, revision for dislocation was defined as the endpoint. Of all included
THASs, 15.0% were LDH MoM THAs. The survival rate for dislocation was evaluated in
head size groups 28 mm, 32 mm, 36 mm and 37+ mm, and these groups were compared
to one another. The patient’s age at day of surgery (18-49 years, 50-59 years, 60-69
years, 70-79 years and 80+ years), gender and time period of operation (1996-2000,
2001-2005, and 2006-2010) were examined as potential confounding factors. Patients
who had died or left Finland during the follow-up time were censored at that point.
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In study III, the revision risk between three HRA and their analogous THA models
were compared. This made a total of three HRA — THA pairs (ReCap HRA vs. Bimetric/
ReCap THA, BHR HRA vs. Synergy/BHR THA, and ASR HRA vs. Corail&Summit/
ASR THA). The patient’s age at the day of surgery, gender, operated side, head size <
50 mm or > 50 mm, primary diagnosis and implant design were examined as potential
confounding factors. The effect of age was also analyzed by dividing the patients
to those under 55 years and 55 years or older. Revision for any reason served as the
endpoint. Revision for aseptic loosening, revision for dislocation, revision for infection
and revision for periprosthetic fracture were also studied as separate end-points. Patients
who had died or left Finland during the follow-up time were censored at that point.

In study IV, revision operation served as the end-point. All patients had a scheduled
follow-up visit at two months and at one year after surgery. Acetabular anteversion and
abduction angles, complications and the HHS were evaluated and recorded. Radiolucency
around the components was evaluated as a sign of loosening. Blood chromium and cobalt
levels were measured in samples obtained from a total of 100 patients. These variables
were studied as potential risk factors for revision.

In study V, re-revision for any reason served as the end-point. Acetabular defects
were classified according to Paprosky’s acetabular defect classification from pre-
revision radiographs. The patient’s age at the day of index operation, operated side,
bilateral operation, indication for primary arthroplasty, primary implant type, reason
for index revision, acetabular cup type used in revision, possible simultaneous stem
revision, amount of femoral heads used to graft, amount of screws used for impaction
bone grafting, mesh usage, rheumatoid arthritis diagnosis and Paprosky’s bone defect
classification were evaluated as potential risk factors for re-revision.

4.2.1 Statistical methods

All statistical analyses were carried out using the SAS System for Windows, versions
9.2 and 9.3 (SAS Institute Inc, Cary, NC, USA). Implant survival probabilities were
assessed using the Kaplan-Meier survival and log-rank test. In study II, a Kolmogorov-
type of supremum test was performed to check the proportional hazard assumption.
Potential confounding factors were studied by Cox’s multiple regression model. Results
were expressed by HR and 95% CI. P-values from data obtained from the Cox multiple
regression analysis were applied to the Wald test. P-values less than 0.05 were considered
statistically significant.
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5. RESULTS

5.1 Studyl

HHS increased from a preoperative value of 59.8 to 86.4 at three months of follow-
up and to 94.0 at one year of follow-up. The most common reason for re-operation
was a periprosthetic calcar fracture in the femur. A total of 23 patients required a re-
operation. At one year of follow-up, there were no complications associated with the
metal bearings.

5.2 Study Il

A larger femoral head size was statistically significantly associated with a decreased risk
for revision for dislocation. The adjusted risk ratio in the Cox model was 0.40 (95% CI
0.26-0.62, p<0.001) for the 32 mm head size, 0.41 (CI 0.24-0.70, p=0.001) for the 36
mm head size and 0.09 for the 37+ mm (CI 0.05-0.17, p<0.001). Survival charts for the
different age groups are presented in Figures la-c.
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Figure 1a. Survival data of the implants by head size in the age group 50-59 year. Adjustments
have been performed for sex and time period. Study II.
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Figure 1b. Survival data of the implants by head size in the age group 60-69 year. Adjustments
have been performed for sex and time period. Study II.
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Figure 1c. Survival data of the implants by head size in the age group 70-79 year. Adjustments
have been performed for sex and time period. Study II.

The reference group (head size 28 mm) contained 56% of all hips and had the
longest follow-up time. Figures 2 a-d show the unadjusted dislocation revision rate
divided by the head size groups 28 mm, 32 mm, 36 mm and 37+ mm during the first
30 days, during 1 to 12 months postoperatively and during 2 to 5 years postoperatively.

The revision risk for dislocation did not differ between HRAs and LDH MoM THAs
(RR 0.82, CI10.22- 3.07, p=0.8). Male gender was significantly associated with an increased
dislocation revision rate in the Cox model (RR 1.23, CI 1.03 — 1.48, p=0.02). The dislocation
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risk was increased during the time period 2006 — 2010 compared to 1996 — 2000 after
adjustments for femoral head size in the Cox model (RR 1.41, CI 1.01 — 1.97, p=0.05).

Survival: 0 - 30 days postoperatively
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Figure 2a. Unadjusted dislocation revision rate during the first 30 postoperative days by head
size. Study II.
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Figure 2b. Unadjusted dislocation revision rate during 1 to 12 months postoperatively by head
size. Study II.
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Survival: 1 - 2 years postoperatively
1.000 = |
c ‘_Hl.L I-I—|
=
‘5
c
r n
c 1'_‘1.
S 0.999 4 \_'1
5
2 L
)
o Head Size "I.
S 28 [y
Z 0998 4——32
@ — 36
37+
T T T T T T
0.0 0.2 04 0.6 0.8 1.0
Years after 1 year

Figure 2c. Unadjusted dislocation revision rate during 1 to 2 years postoperatively by head size.
Study II.

Survival: 2 - 5 years postoperatively
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Figure 2d. Unadjusted dislocation revision rate during 2 to 5 years postoperatively by head size.
Study II.

53 Study III

The revision risk for ASR THA was significantly higher compared to ASR HRA by
Cox regression analysis (RR 0.73, CI 0.54 — 0.98; p=0.04). There was no statistically
significant difference in revision risk between ReCap HRA and Bimetric — ReCap THA
(RR 1.43, CI 0.95-2.14; p=0.09) or BHR HRA and Synergy — BHR THA (RR 1.35, CI
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0.75-2.43; p=0.31). Figures 3 a-c show the overall survivals, where revision for any
reason was the end-point. Adjustments were made for age at surgery, gender, head size
and diagnosis.

There was no difference in the risk of revision due to dislocations, fractures or
infections. The risk for revision for aseptic loosening in ASR HRA was statistically
significantly lower than of ASR THA. P-values are presented in Table 6.

Table 6. P-values for revision risks for different indications between implant pairs.

BHR HRA vs.
ASR HRA vs. BHR modular hip ReCap HRA vs.
Indication ASR THA replacement ReCap THA
Dislocation 0.4 0.5 0.7
Fracture 0.2 0.5 0.2
Infection 0.2 0.95 0.1
Aseptic loosening <0.001 0.2 0.8

Subgroup analysis showed that elderly women with ReCap HRA had a higher
revision risk compared to Bimetric — ReCap THA. Elderly men with ASR THA had

a similar revision risk as with ASR HRA. Subgroup analyses are presented in detail in
Table 7.

Table 7. Subgroup analysis: age and gender stratification.

Adjusted RR Adjusted RR Adjusted RR
for revision for revision for revision ASR
ReCap HRA/ BHR HRA/ HRA/Corail &
Bimetric-ReCap Synergy-BHR Summit-ASR
(95% CI) p-value (95% CI) p-value (95% CI) p-value
Age
< 54 years
0.79 243 0.73
Males 028228y 7 0321860 P (024208) O
1.01 1.01 1.70
Females 355800 09 (035205 9 (072404 O
Age
> 55 years
0.93 1.08 0.48
Males  044.199) 986 036325y 0¥ (028084 OO
Females 3:32 <0.001 .48 0.46 0.65 0.07

(1.87-6.60) (0.52-4.22) (0.41-1.03)
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Figure 3a. Cox-adjusted survival curves of ReCap resurfacings and Bimetric — ReCap THAs.
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Figure 3c. Cox-adjusted survival curves of ASR resurfacings and ASR THAs. Study III.

5.4 Study IV

At the end of follow-up, the overall survival rate was 87.6% for BHR — BHR HRA,
94.9% for Synergy — BHR modular hip replacement and 80.5% for Synergy — R3 THA.
At three years the overall survival rate was 90.5% for BHR — BHR HRA, 94.9% for
Synergy — BHR modular hip replacement and 80.5% for Synergy — R3 THA. Survival
charts are presented in Figures 4 a-b. In Cox’s regression model, a larger femoral head
size was associated with lower revision risk rate (p=0.009). The patient’s age, gender,
cup anteversion or abduction angle were not associated with revision risk. The adjusted
risk ratios for revision for any reason according to Cox’s model are presented in Table 8.

The concentrations of cobalt and chromium were assessed of 100 patients. Of these
patients 77 had undergone hip arthroplasty with BHR HRAs 8 with the Synergy — BHR
modular hip replacement and 15 with Synergy — R3 THA. The average overall chromium
level was 4.0 ug/l and the average cobalt level was 6.7 pg/l. Forty-six hips were revised
during the follow-up time. Five of these revisions were performed for ARMD.

Table 8. Revision risks in study IV. N = number of patients

3 years follow-up time Total follow-up time
N HR CI p-value N HR CI p-value
Synergy —BHR 39  1.00 39  1.00
modular hip
replacement

BHR HRA 249 246 0.57-10.52 0.2 249 264 0.62-11.21 0.2
Synergy—R3THA 41 4.02 0.85-19.03 0.08 41 446 094-21.18 0.06
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Figure 4a. Kaplan-Meier survival curves for revision risk covering the entire follow-up time
(log-rank test, p=0.036). Study I'V.
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Figure 4b. Kaplan-Meier survival curves for revision risk at three years of follow-up (log-rank
test, p=0.048). Study I'V.

5.5 StudyV

Eighteen of 63 study-hips underwent acetabular re-revision after acetabular impaction
bone grafting. The overall survival rate was 71% during the mean follow-up time of 7.4
years (Figure 5). The mean time to re-revision was 4.3 years after the index operation. The
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most common reason for re-revision was aseptic loosening of the acetabular component
(83% of all re-revisions). Cox’s regression model did not reveal any risk factors for re-
revision. The results of the logistic regression analysis are presented in Table 9.

Table 9. Logistic regression analysis of the influence of certain variables on re-revision rate.

Variable RR CI p-value
Age 1.02 0.96 - 1.07 0.6
Laterality 1.6 0.52 -4.89 0.4
Bilateral 1.26 0.11 — 14.88 0.9
Cement fixation in primary arthroplasty 1.72 0.52 -5.67 0.4
Stem revision 0.32 0.06 —1.63 0.2
First-time revision versus several revisions  1.45 047 -441 0.5
Femoral heads used 0.56 0.06 —5.44 0.6
Mesh 3.88 0.45-33.6 0.2
Gender 0.71 0.23-2.21 0.6
Cup 0.60 0.16 —2.20 0.4
Rheumatoid arthritis 0.20 0.024 — 1.69 0.1
Paprosky classification 1,2 vs. 3 1.58 0.50 - 5.00 0.4
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Figure 5. Kaplan-Meier survival chart for acetabular revision with impaction bone grafting.
Study V.
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6. DISCUSSION

Problems with wear debris, periprosthetic osteolysis and aseptic loosening in traditional
MoP THAs created a need for new, more durable bearing materials. The survival of hip
implants is limited, and especially young patients require durable implants with a long
lifespan and easier revision procedures. MoM bearings allow a larger femoral head size
compared to the traditional MoP bearings (Silva et al. 2005). A larger femoral head
size allows better functional results and reduces the dislocation rate (Burroughs et al.
2005). Early results of the ReCap-Magnum MoM device were promising in our study,
while the early results of the other MoM devices varied. However, the knowledge and
experience of using MoM bearings has increased exponentially during studies IV and
V. The high frequency of ARMD associated with the ReCap-Magnum (and other MoM
study devices) has become common knowledge (Hart et al. 2011; Melvin et al. 2013),
and the ReCap-Magnum device was recalled by the Biomet company in 2014.

Dislocation is a serious complication after THA and HRA. A larger femoral head
size decreases the dislocation risk (Bartz et al. 2000; Bystrom et al. 2003). Earlier studies
on the dislocation risk in THA have included only a limited number of LDH MoM
THAs or HRAs. In study II, a head size 28 mm was associated with a 10-fold risk
for revision due to dislocation compared a head size > 37 mm. The 28 mm head size
group had significantly longer follow-up time compared the larger head size groups,
but this needs to be balanced against the fact that most of the dislocations occurred
during the first post-operative year, which accords with earlier studies (Jameson et al.
2011). To ensure freedom from any bias related to different follow-up durations, we
performed survival analyses differently for early and late revisions, and the results were
similar. After adjusting for head size and other confounding factors in the Cox model,
the dislocation revision rate was higher in 2006 — 2010 compared to 1996 — 2000. This
might be related to patient selection favoring more sick patients. New implants allow
reoperations for dislocation inoperable previously and use of approximately larger head
sizes might result in less accurate component positioning. Recurrent dislocations are no
longer tolerated, and these hips might be revised more often than earlier. There were
practically no dislocations in the head size group > 37mm. Head sizes 32 mm and 36
mm are large enough to decrease the dislocation rate compared to the 28 mm group, but
might not cause trunnionosis to as high an extent as larger head sizes. In new, highly
crosslinked polyethylenes, the wear rate seems to be similar for sizes 28 mm and 36
mm (Bragdon et al. 2007). Wear rates tend to increase when the head size exceeds 36
mm (Lachiewicz et al. 2009; Bragdon et al. 2012). The posterior approach predisposes
to dislocation (Krenzel et al. 2010). Unfortunately, data concerning surgical approach is
not available in Finnish Arthroplasty Register. In addition, the register data endpoint is
always revision, and data on the patient’s quality of life is not available.
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Follow-ups to trace MoM hip replacement related complications have been
arranged in all units that have implanted MoM prostheses. These systematic follow-
ups usually consist of symptom questionnaires, metal ion measurements and MARS
MRI for selected patients. There is a wide range of symptoms, laboratory results and
radiographic findings associated with metal bearing related complications (Bisschop et
al. 2013). Patients may experience pain, swelling, clicking, sensation of subluxation and
other symptoms, or have a silent, symptomless ARMD (Mokka et al. 2013). High blood
chromium and cobalt levels may predict ARMD. Sidaginamale et al. reported that when
serum cobalt levels are >4.5nug/L, this is associated with a sensitivity of 94% and a
specificity of 95% with abnormal metal wear rates (Sidaginamale et al. 2013). However,
no direct correlation between wear rates and ARMD has been reported (Langton et al.
2011). This poses challenges to follow-up. In our study there was no correlation between
blood metal ion levels and ARMD prevalence. The amount of patients was relatively
small and ARMD may not yet have emerged during the follow-up time. The overall
metal ion level was above the reference values, but the patients whose hips were revised
for ARMD had similar metal ion levels as the other patients in the study. The metal
ion concentrations of only 100 patients were determined and this may have reduced
the possibilities to achieve a statistically and clinically meaningful correlation between
metal ion levels and metal bearing related complications.

MARS MRI can be used to detect silent ARMD and to determine the severity
of the reaction. It has high sensitivity and specificity in predicting ALVAL (Nawabi et
al. 2014). Thomas et al. reported of no correlation between ARMD MRI findings and
clinical symptom scores (Thomas et al. 2013).

We were not able to perform MRI in studies I and IV, and there are probably
silent MoM hip replacement related complications that went undetected. A later study
including partly the same patients as in study I showed a significant amount of silent
ARMD (Mokka et al. 2013).

A larger femoral head size seems to be associated with an increased revision risk
as a consequence of increased taper corrosion (Dyrkacz et al. 2013). According to this
assumption, LDH MoM may produce more metal wear than HRA due to trunnionosis,
i.e., corrosion in the junction between the femoral head and the adapter sleeve (Lavigne
etal. 2011). In study III, of the three HRA—THA pairs compared, only ASR THA yielded
increased revision rates compared to ASR HRA. It has recently become evident that the
revision risk of ASR THA is increased compared to that of ASR HRA (Reito et al. 2013).
In study IV three different MoM implants from the same manufacturer were compared,
and the Synergy — BHR modular hip replacement device was associated with a better
outcome than BHR HRA. In the same study, BHR HRA had significantly higher survival
rate compared to Synergy — R3 THA. These findings imply that implant survival of HRA
is not better than of THA.
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Birmingham HRA has had very good midterm survival results (Reito et al. 2011;
Treacy et al. 2011; Pailhe et al. 2013). In studies I1I and IV, BHR HRA had a fair survival
rate, but our BHR HRA survival was inferior to the results of studies from development
centers and other specialized clinics (Reito et al. 2013; Treacy et al. 2011). The Synergy
— R3 implant with MoM bearing surfaces had a very poor outcome already short-term
(study IV). A metal liner for R3 acetabular components is no longer in use.

The effect of acetabular inclination and abduction angles on MoM bearing related
complications has been discussed (de Haan et al. 2008; Glyn-Jones et al. 2009; Reito et al.
2011; MacNair et al. 2013; Mokka et al. 2013). The optimal abduction angle is between
31° and 50°, and an abduction angle of more than 60° predisposes to ARMD (Langton et
al. 2009; Reito et al. 2011). In study IV, five patients underwent revision due to ARMD
and all of them had an optimal abduction angle. In the same study, seven patients had
an abduction angle of over 60°, but none developed ARMD or had exceptionally high
metal ion levels.

The periprosthetic fracture rate has been reported to be similar in THA and
HRA (Cook et al. 2008; Steffen et al. 2009; Matharu et al. 2013). Matharu et al. (2013)
reported a femoral neck fracture rate after HRA of 1.1% and Steffen et al. (2009) of
1.8%, which are comparable figures to the ones in studies I and IV. Cementing seems
to protect from periprosthetic fractures in THA (J Singh et al. 2013). It strengthens the
femoral bone cavity from the inside and reduces the risk for periprosthetic fracture. In
study III, elderly women with ReCap HRA had a higher revision rate for periprosthetic
fracture than ReCap THA. This is probably explained by the high femoral neck fracture
rate in this patient group.

The results of revisions conducted for metal bearing related complications (at
least regarding pseudotumors) may be worse than after revisions for other reasons
(Grammatopolous et al. 2009). There is still a very limited amount of studies on the
results of revisions indicated by ARMD, and future research is needed.

Revisions involving large acetabular bone defects are a challenging problem. In
study V, we evaluated the Turku University Hospital’s results of acetabular revisions
with impaction bone grafting and a cemented cup. The overall survival rate was 71%
after a mean follow-up time of 7.4 years, which is lower than in earlier studies from
development centers (Schreurs et al. 2001; Schreurs et al. 2004). Van Haaren et al.
published results that are similar to ours (2007), but in their study the bone chips were
not washed, which might have resulted in inferior mechanical stability (Arts et al. 2006).
In our study, the grafts were washed three times, twice with water and once with an
antimicrobial wash to prevent infection. Our inferior results could be explained by more
severe acetabular bone defects, as indicated by the Paprosky classification. In addition,
our bone chip diameter was 0.3 — 1.0 cm, which may be slightly too small for optimal
bone incorporation (Tagil 2000). Although our results were inferior to most of the
earlier studies and although acetabular impaction bone grafting may not always provide
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a reliable bone stock, bone grafting has played an important role in acetabular revision
surgery before the introduction of trabecular metal cups and other new revision systems.
Our study has some limitations. Studies II and III were register studies using the
data of the Finnish Arthroplasty Register. This method does not allow comparisons of
the functional results between different study groups. Tracing MoM hip replacement
related complications from register data is unreliable. Since MoM complications are a
relatively new clinical entity, there is no specific question in the Finnish Arthroplasty
Register data collection form concerning revision due to ARMD. Revisions for metal
bearing related complication are recorded for example as revisions due to other reasons.
The register does not contain information concerning metal ion levels, the surgical
approach or radiological examinations to detect silent osteolysis or acetabular abduction
and inclination angles. At the moment the ability of the Finnish Arthroplasty Register
to detect poor performing implants quickly is poor. Dates of death should be updated
to the Finnish Register sooner, to allow a rapid yearly analysis of implant survival of
arthroplasty devices. Yearly register reports should be produced and published actively
by orthopedic clinicians — preferably on the internet. The Finnish data should be promptly
combined with international databases to detect inferior implants as early as possible.

In studies I, IV and V, data was collected retrospectively. In both register and
retrospective studies the reliability of the results depends on the accuracy of the input
data. We were not able to measure metal ion levels nor to evaluate radiographs of all
patients in study IV. In study V, we were not able to measure graft incorporation from
post-operative radiographs. In both studies IV and V, revision only served as an end-
point. Some of the patients might have aseptic loosening, but due to patient related
circumstances revision may not have been performed. In studies I and IV the follow-up
time was too short to detect later onset ARMD.

Complications after THA are relatively common in Finland. New implants need
to be carefully tested before they are released to the market at large. Although early
implant survival of a new device may be good, this will not overrule the possibility of
rapidly accumulating complications later on. A revision of the activity of the Finnish
Arthroplasty Register is required aimed at detecting inferior implants as early as
possible.
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Conclusions

7.

CONCLUSIONS

Our study leads to the following conclusions:

I

1L

111

Iv.

Early short-term results of the Magnum — M2A metal-on-metal THA were good.
We did not encounter any metal bearing related complications or dislocations. The
functional results improved according to pre- and postoperative Harris Hip Score.

A larger femoral head size reduces the need for revisions due to dislocations in
THAs and HRAs and, vice versa, a decreased use of larger femoral head sizes for
wear issues may increase the amount dislocation revisions in the future. Although
attractive from a mechanical point of view, recent unfavorable clinical outcome
data of these large headed metal-on-metal prosthesis, generates caution in using
these implants.

There was no difference in the need for revision between BHR HRAs and THAs
or between ReCap HRAs and THAS in the short-term or midterm at a nationwide
level. The ReCap LDH MoM adapter sleeve is made of titanium, not of chromium
cobalt like in two other models, and this may affect the development of ARMD.
The revision risk of the ASR THAs was significantly higher than of the ASR
HRAs. The true prevalence of ARMD among patients with metal-on-metal hip
implants is not known, and these results need to be updated annually to elucidate
if there will be differences between the HRAs and THAs, and between the designs
from different manufacturers.

The Synergy — R3 had a poor survival already at short-term. The BHR HRA
survival rate was inferior when compared to previous midterm studies. Metal
bearing related complications are a serious concern. Our findings support the
decision to abandon metal-on-metal devices.

Overall implant survival was inferior compared to earlier studies from the
development centers. There were no statistically significant risk factors for re-
revision of impaction bone grafting with a cemented cup. Impaction bone grafting
of acetabular defects in revision total hip arthroplasty may not always provide a
reliable bone stock.
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