Chapter 11
Options for Primary Hip Arthroplasty

Aleksey Dvorzhinskiy and Mathias P.G. Bostrom

Introduction

Total hip arthroplasty (THA) is widely regarded as one of the most successful
procedures in orthopedic surgery. It significantly reduces pain, increases mobility,
and restores function to patients who are otherwise incapacitated by degenerative
joint disease. In addition, THA has a cost/utility ratio that rivals treatments for hyper-
tension and coronary artery disease making it one of the most cost-effective medical
interventions known [1, 2]. Despite this, an ever-increasing life expectancy and
greater patient expectations for post-surgical activity have spurred advances in design
and surgical technique which seek to increase the longevity of the prosthesis while
minimizing morbidity. Such developments are crucial to reducing revision rates in
THA patients who are younger and may require multiple revisions in their lifetime.

This chapter will seek to provide an introduction to the rationale behind the
design of the acetabular and femoral stem components as well as the articulating
surfaces. We will also examine three surgical approaches commonly used in THA
implantation and discuss the advantages and hazards of each.
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Implant Design

In its simplest form, the design of hip arthroplasty consists of two components: one
acetabular and one femoral separated by a bearing surface. Ideally, these compo-
nents are rigidly attached to the surrounding bone while maintaining a nearly fric-
tionless articulation between them. Thus, the design choices available to orthopedic
surgeons relate to one of three elements: the acetabular component, the femoral
component, or the bearing surface. The femoral component is perhaps the most
complex and has a multitude of different options that relate to its shape, fixation
method, and modularity. The main options for the design of the acetabular compo-
nent relate to its fixation method. Lastly, the bearing surface options relate to the
materials used in the articulating interface.

Bearing Surfaces

The bearing surface is the articulation between the femoral and acetabular components
of the prosthesis. The ideal bearing surface materials are those that exhibit low friction,
minimize wear, and have sufficient toughness to resist fracture. Additionally, any debris
produced by the bearing surfaces should be biocompatible, i.e. not evoke an immune
response. To date, no perfect bearing surface exists and arguments can be made for
each in certain circumstances. In general, the materials used as bearing surfaces can be
broken down into metals, ceramics, and plastics. These materials are coupled with
either a similar (e.g., metal-on-metal) or different material (e.g., metal-on-plastic).

Perhaps the most difficult problem to solve has been the excessive wear of the
articulating surfaces. This phenomenon is an obstacle both because it serves to dis-
rupt the shape of the articulation surface and because it produces a significant
amount of particles over time. This wear debris can in turn cause catastrophic
implant failure or a localized resorptive response at the bone—implant interface that
leads to implant loosening. The osteolytic response to wear debris remains the most
frequent cause of failure and subsequent revision in total hip arthroplasty [3, 4]. In
addition to the material used in the bearing surfaces, the femoral head size can have
a significant effect on the wear generated. As such, a balance must be reached
between the increased stability that larger heads provide with the increased wear
particles that they produce. As patients are both living longer and the incidence of
early arthritis is increasing, the need to improve upon the wear properties of bearing
surface materials is self-evident.

Ultra-High Molecular Weight Polyethylene (UHMWPE)
and Highly Cross-Linked Modifications

Although the original articulation surfaces in THR devices were metal-on-metal
(MoM), the true success of hip arthroplasty began with the adoption of polyethyl-
ene as part of the bearing couple [5]. Early prostheses made by one of the
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originators of THR, John Charnley, incorporated a plastic bearing on the acetabular
component coupled with a metallic femoral head. Eventually, Charnley settled on
high molecular weight polyethylene as the bearing of choice and thus created the
first metal-on-polyethylene (MoP) device. Since then, polyethylene has been
coupled with numerous metal alloys (e.g., stainless steel, cobalt-chromium, and
titanium alloys) as well as ceramics (e.g., aluminum and zirconium oxides). Metal-
on-polyethylene (MoP) couples remain the bearing of choice in the majority of
total hip replacements today.

Despite this success, UHMWPE was shown early on to result in high amounts of
wear in both laboratory and clinical studies. As mentioned earlier, the debris pro-
duced by this wear can result in implant failure through the gradual process of oste-
olysis and implant loosening. There have been numerous studies which have
examined the wear of the Charnley hip prosthesis and although the literature differs
in many details, it can be combined to form a cohesive picture of the wear process.
In general, the wear rate of the polyethylene is highest at the beginning of the lifetime
of the prosthesis and subsequently decreases to a relative steady state in the long
term (16—18 months) [6]. The precise reason for this is unknown but it is hypothe-
sized that creep, bedding-in, and decreased patient activity over time play arole. This
means that examinations of wear rate immediately after implantation should be
taken with caution as long-term studies of the same subjects will show a decrease in
this property. Data gathered from hip simulators have shown that volumetric wear
rates typically range from 23.2 mm?*million cycles to 32.8 mm?*/million cycles [7].
When examining the clinical ramifications of this process, other studies have noted
that wear rates of 38.8 mm?/million cycles have resulted in a high risk for revision [8,
9]. In practice, this means that there is a relatively small difference between the typi-
cal wear rate seen in a successful versus unsuccessful arthroplasty. Thus, poor surgi-
cal technique, non-ideal implant placement, and increased load on the prosthesis due
to a variety of patient factors can all significantly increase the risk of revision.

The size of the femoral head is also an important factor when discussing the wear
of a bearing surface. Increasing femoral head size is an enticing design decision
because it is one way of reducing hip prosthetic dislocation rates. Unfortunately,
increasing the diameter of the femoral head also increases the sliding distance of the
bearing and therefore increases the volumetric wear in all types of bearing surfaces
[10]. A hip simulator study performed by Clarke et al. found a proportional increase
in volumetric wear of approximately 7.8 % for every millimeter that the head diam-
eter increased in MoP implants [7]. An in vivo radiographic study found that there
was a 74 % increase in volumetric wear when 28 and 32 mm MoP bearings were
compared [11]. A revision retrieval study of loose MoP acetabular components
found an increase of 5.1 mm?®/year for each millimeter increase in the radius of the
head [12]. Thus a tradeoff exists between the reduced dislocations that larger femo-
ral heads provide and the increased bearing surface wear that they produce.

In an attempt to improve the properties of UHMWPE, namely the wear rate,
technologies were developed to cross link adjacent polyethylene molecules. The
product, Highly Cross-Linked Polyethylene (HXLP), was designed for its resis-
tance to wear, reduction in wear particle volume, and subsequently its theoretically
reduced rate of implant loosening. It is produced by manipulation of ultra-high
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molecular weight polyethylene with either an electron beam or gamma irradiation.
This treatment leads to the creation of free radicals along the backbone of the
polyethylene molecule which combines to form a cross link between two separate
molecules and results in the production of HXLP. This new material has been shown
to reduce volumetric wear between 70 and 90 % in vitro [13, 14]. Muratoglu et al.
used a hip simulator to show that, compared to UHMWPE, HXLP had similar
mechanical properties with greatly improved wear resistance [15]. In fact, initial
results obtained from hip simulators were very encouraging and showed no increase
in the rate of wear with increasing head size even when using 46 mm heads. In vivo
studies however have shown mixed results in the short term (3 year follow-up).
In one study, linear wear was not found to increase with increasing head size, how-
ever other studies with a medium length follow-up showed an increased volumetric
wear with increasing head sizes [16—-18].

Simulators are often imperfect models for the conditions seen in patients. Thus,
despite the lower volume of wear debris produced from HXLP when tested in a
laboratory, it is plausible that the true amount of wear produced by a bearing surface
could be greater than predicted. Conditions in the human body are known to be more
damaging to arthroplasty components and therefore could result in significantly
more wear. Relevant factors that increase debris generation include third-bodies,
microseparation, edge loading, and damaged femoral heads. More complex in vitro
studies have been carried out which have attempted to mimic these effects and com-
pare the rate of wear between UHMWPE and HXLP. A study examining the perfor-
mance of HXLP in contact with scratched surfaces noted a tenfold increased rate of
wear in HXLP as compared with UHMWPE (i.e., 30x versus 3x that of a surface
contacting an undamaged femoral component) [19]. Polymethyl methacrylate debris
was found to increase wear 80-fold in HXLP as opposed to sixfold in UHMWPE
when compared to an articulation that was not subjected to this type of third body
[20]. Other studies have contradicted this data. McKellop et al. found that HXLP
interfacing with roughened surfaces had better wear resistance than UHMWPE but
the clinical relevance of the study was limited by the fact that the hip simulator used
higher than physiological concentrations of protein in the lubricant [21]. Another
property that is often lacking in hip simulators is microseparation due to joint laxity.
This phenomenon is described as the separation of the bearing surfaces with concen-
tric relocation during normal gait and is also associated with significant edge load-
ing [22]. Interestingly, microseparation and edge-loading are not known to have a
detrimental effect on hard-on-soft bearing surfaces such as MoP [23-25]. Conversely,
metal-on-metal and ceramic-on-ceramic bearings are negatively affected by these
phenomena and the ramifications of this effect will be discussed later.

Other concerns include the differences in the sizes of debris particles produced
by wear in HXLP versus UHMWPE. This property is a known determinant of the
ability of the material to produce an immune response and therefore cause implant
loosening. It has been noted that particles less than 0.5 pm in diameter have the
greatest effect on response by macrophages and the subsequent release of inflam-
matory cytokines [26-28]. Endo et al. showed that while non-cross-linked
UHMWPE produces larger debris volumes, the particles produced by HXLP were
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smaller and in a more biologically active (smaller) size range [29]. A mouse model
with identically sized particles of HXLP and UHMWPE implanted under the peri-
osteum of the calvaria showed a greater osteolytic response in the HXLP group
(35 % versus 9 %). The overall message of this data suggests that although there is
great potential in the decreased volume of wear produced by HXLP, the beneficial
clinical outcome of decreased wear debris may be offset by the increased tendency
of HXLP particles to induce an immune response that leads to osteolysis and even-
tual loosening.

Current clinical outcomes data has demonstrated the superiority of HXLP over
UHMWPE but suffers from a lack of studies looking at outcomes beyond 10 years
after implantation, primarily because HXLP was adopted relatively recently. Studies
have shown a risk ratio of 0.4 for radiological evidence of osteolysis when compar-
ing HXLP with UHMWPE [30]. A systematic review of studies that looked at greater
than 5-year follow-up also supported this trend and has encouraged the continued
use of the cross-linked polymer in bearing surface designs [31]. More recent ran-
domized controlled trials have also been favorable towards HXLP. A 7-year, double
blind, randomized controlled trial by Thomas et al. compared femoral head penetra-
tion between HXLP and UHMWPE acetabular liners. It was demonstrated that
HXLP has a significantly lower steady state wear rate compared to UHMWPE, with
a mean of 0.33 mm compared to 0.55 mm [32]. Shaun et al. reviewed 46 primary
THAs that used first generation HXLP liners with a mean follow-up of 9 years. It
was found that the linear penetration rate was 0.037 mm/year, demonstrating a 74 %
reduction in total penetration when compared to conventional polyethylene [33].

Although the vast majority of polyethylene bearing surfaces articulate with metal
femoral components, ceramic-on-polyethylene (CoP) bearing couples also exist and
are an enticing option due to the lower surface roughness of ceramic femoral heads
when compared with metallic alloys. Once again, initial simulator data showed a
20-fold reduction in the volumetric wear of ceramic versus metallic heads [34].
Subsequent in vitro studies using joint lubricant with a more physiologic composi-
tion were less favorable but still showed a 50 % reduction in polyethylene wear
when using ceramic versus metallic heads [35]. Clinical studies found that CoP had
a linear wear rate that was two to four times less than a MoP bearing [36, 37]. A
study of 31 matched pairs of a CoP and MoP with a follow-up of 15-20 years found
a 37 % decrease in the mean wear rate, but found no statistically significant differ-
ence in patient functional scores, radiographic evidence of osteolysis, or revision
[37]. Ceramic-metal composites have also been developed to combine the surface
hardness and scratch resistance of ceramics with the fracture resistance of metals
(e.g., oxidized zirconium, OxZr). Surface hardness studies have found that OxZr
heads have more than twice the hardness of CoCr heads while retaining the same
wear effects on polyethylene as ceramic heads in vitro. In vivo, a randomized study
comparing wear and migration of CoCr and OxZr heads articulating with HXLP
found no difference after 2 years [38]. Early retrieval case reports in patients found
reduced resistance to surface damage of the OxZr [39, 40]. Hip simulator studies
using damaged OxZr heads retrieved from patients found a 50-fold increase in poly-
ethylene wear as compared with pristine implants of the same material [41].
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Metal on Metal (MoM) Articulations

In 1938 Philip Wiles used a MoM articulation in what is thought to be the first THA
[42]. Later, in 1953, George McKee of Norwich, England, adopted the MoM articu-
lation in combination with a modified stem originally used for hemiarthroplasty.
Whilst this device showed good functional outcomes, its use was gradually phased
out due to the success of the Charnley MoP arthroplasty, which demonstrated
reduced short-term loosening rates. Recently there has been a resurgence in the use
of MoM articulations due to the increased resistance to wear they offer over conven-
tional MoP bearings [43]. Today, MoM bearings are used in traditional total hip
arthroplasties as well as hip resurfacings.

One of the main factors responsible for the loosening of prostheses is wear
debris. Volumetric wear is inversely proportional to the hardness of the softest sur-
face of a given bearing couple [10]. In a MoP articulation, this is clearly the poly-
ethylene and so that natural design progression is to replace this surface with another
metal and thus form a MoM bearing. Indeed, MoM bearings have shown significant
in vitro reductions in volumetric wear. Studies in simulators have shown wear rates
between 0.2 and 2.5 mm*million cycles for MoM bearings as compared with
32.8 mm?*/million cycles and 9 mm?*/million cycles for similarly sized heads in cou-
ples incorporating HMWPE and HXLP bearings, respectively [7, 44, 45]. Despite
the lower volumetric wear rate of MoM bearings compared to metal-on-polyethylene
bearings, the size of MoM wear particles has been shown to be around 50 nm in size
(cobalt chromium alloy particles) compared to 500 nm for polyethylene [46]. As a
result of this the actual number of particles and the surface area of debris generated
by MoM wear is greater and may raise concerns regarding a greater tissue response
per unit volume (3, 4) [46, 47].

The actual effects of metallic particles surrounding tissues is an area of intense
research. Lohann et al. have shown that phagocytosis of metal particles leads to a
decrease in cell osteoblastic activity, which may contribute to the cellular events that
lead to aseptic loosening of the implant [48]. Additionally, adverse local tissue
responses (ALTR) that are distinct from those seen in patients with MoP prostheses
have been observed in patients with MoM implants [49-52]. One subtype of these
adverse responses is termed aseptic lymphocyte-dominated vasculitis-associated
lesions (ALVAL). In contrast to the primarily macrophage and giant cell response
seen in MoP implants, this lymphocyte-dominated reaction is much more severe and
can result in not only implant loosening but severe soft tissue necrosis and pseudotu-
mor formation [53]. Mahendra et al. describe a spectrum of necrotic and inflamma-
tory changes in response to the deposition of cobalt-chrome (Co-Cr) wear particles
in periprosthetic tissues [54]. It appears that the incidence of pseudotumor formation
in patients with MoM resurfacings is somewhat based on patient demographics [55].
Glyn-Jones et al. examined a cohort of 1419 patients who received hip resurfacings
and found that age at implantation and the sex of the patient significantly affected the
need for revision due to pseudotumor formation. The overall revision rate for women
was 3.8 % compared to 0.5 % for men. Younger patients required revision for pseu-
dotumor formation more often: 6 % for individuals less than 40 years old and 1.4 %
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for patients older than 40. In women under 40 years of age, 13.1 % required revision
for pseudotumor formation at 6 years of follow-up [55].

Other studies have noted systemic distribution of metal ions. Urban et al. demon-
strated that metal particle migration can lead to metal deposition in the liver, spleen,
and para-aortic lymph nodes [56]. Increased chromosomal aberrations in peripheral
blood lymphocytes have also been noted [57]. In an effort to monitor the reaction of
individual patients to MoM implants, blood monitoring analyses have been devel-
oped. At baseline, patients receiving MoM arthroplasties show increases in metal
ion concentrations. Daniel et al. showed that the levels of cobalt and chromium
significantly increased at 1 year, followed by a decreasing trend until the 6th year
[58]. A 30-year follow-up of patients with MoM or MoP by Dunstan et al. showed
that while the levels of all metals used in the bearing surface remained elevated
during the duration of implantation, Co levels in the blood increased by up to 50-fold
in patients with loose MoM implants compared to the stable group. These results
suggest a role for Co blood monitoring in patients with MoM implants as a means
of screening for loose prostheses [59].

Despite this, some long-term follow-up studies have been favorable towards
MoM systems. As expected, the rate of osteolysis in patients with these implants
has been lower than those with MoP, on the order of 0-3 % at 10 years [60—64]. The
Metasul metal-on-metal hip system (Zimmer, Warsaw, Indiana) was studied by
Saito et al. and showed excellent long-term results. 90 patients were monitored with
a mean follow-up of 12.3 years. The survival rate with an endpoint defined as revi-
sion surgery and radiologic loosening was 94.4 %. In this study no adverse reactions
due to excess metal debris were observed [64]. Other studies have noted a 0-5 %
rate of ALTR in this implant type [65]. One theory for this discrepancy is that cor-
rect implant positioning is paramount in achieving optimal implant survival and
lower levels of wear debris in implants with MoM bearings. In vitro analysis of
acetabular component orientations supports this hypothesis. Angadji et al. used a
hip simulator to demonstrate increased wear rates and total wear volume with cup
angle orientations of over 50° [66]. Campbell et al. found that misalignment of the
acetabular component led to mechanical problems including increased edge loading
and failure rates in constructs that utilized MoM articulations, specifically
Birmingham hip resurfacings [67]. This edge loading leads to increased wear and as
aresult, particle release. Hart et al. demonstrated that cup inclination of over 50° in
Birmingham hip resurfacings leads to an increased whole blood level of cobalt and
chromium, further suggesting that metal levels can be minimized by correct align-
ment of the acetabular component [68].

Higher rates of soft tissue reactions have been described in constructs with large-
diameter heads [69]. At the 2011 British Hip Society Annual Conference, large
diameter MoM bearings were discussed and it was concluded that their use should
be avoided. It also recommended that patients with MoM bearings be followed up
for the life of the implant, especially in the first 5 years after implantation. Any
patients with MoM bearing presenting with pain should be investigated appropri-
ately with proper three-dimensional imaging in order to detect the presence of
ALTRs and respond accordingly [70].
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More research is needed to elucidate the conditions which induce ALTR to occur.
It is possible that certain factors leading to ALTRs are not inherent to MoM designs
and are thus under the control of the designer, manufacturer, or surgeon. For
instance, while correct implant alignment and surgical technique are crucial for the
longevity and function of all THAs, it appears that the tolerances allowable when
using MoM are more stringent. Additionally, certain implant designs have been
found to be more prone to failure as evidenced by the recall by DePuy of its ASR
and ASR XL arthroplasty systems which will be discussed later in the chapter.
Ultimately, MoM replacements are promising in their theoretical ability to decrease
the rate of loosening and expand the indications of arthroplasty to younger patients.
Unfortunately, these replacements are currently plagued by setbacks that are unique
to the environment of two articulating metals.

Ceramic on Ceramic Articulations

Ceramic-on-ceramic (CoC) bearings represent another approach taken to avoid the
frequency of debris-induced osteolysis in MoP arthroplasty. Since the 1970s, CoC
bearings have been used due to their very hard nature, scratch resistance, and
improved sliding properties. In fact, CoC bearings display even lower volumetric
wear rates than MoM bearing couples. Some studies have observed wear rates as
low as 0.004 mm?/million cycles, a rate approximately 6000 times less than simi-
larly sized MoP bearings [35]. Others have noted wear rates between 0.05 and
0.1 mm*million cycles which is still considerably less than both MoP and MoM
bearing couples [71-73]. The frictional properties of ceramics also appear to be
superior to the other bearing couples. Excess friction has been hypothesized to con-
tribute to sudden loosening of acetabular components and thus should be minimized
if at all possible [74]. In a hip simulator study using 25 % calf serum as lubricant,
Brockett et al. found CoC to exhibit the lowest friction factor of any combination
tested (e.g., CoM, CoP, MoP, and MoM) [75]. Additionally, in vitro studies have
shown that ceramic wear debris is significantly less inflammatory than UHMWPE
debris with a minimum volume of 100 pm?® needed to induce the production of TNF-
alpha, an inflammatory marker. Thus, given the biocompatibility and low rate of
wear production, the volume needed to induce osteolysis is unlikely to ever be
reached in vivo and is therefore not clinically relevant.

The analysis of actual clinical outcomes of CoC bearings presents a complex
picture. Early CoC bearings utilized alumina as the bearing surface and showed
decreased osteolysis, loosening and inflammation in comparison with polyethylene
[76]. The main drawback of the early generation of alumina-on-alumina (AoA)
bearings was high levels of ceramic fracture. Long-term survival of the early gen-
eration of AoA bearings was between 45 and 68.3 % at 18 years [77]. Recent
advances in ceramic design and production have led to significant reductions in
ceramic fracture rates. Hannouche et al. reported 13 fractures (8 in the femoral head
component and 5 in the acetabular component), in a cohort of 5500 alumina compo-
nents (3300 in AoA and 1200 in alumina-on-polyethylene) [78]. Long-term data has
favored the use of CoC implants. For instance, a minimum 20-year follow-up for 85



11 Options for Primary Hip Arthroplasty 215

hips with CoC bearings showed a 1.2 and 7.1 % incidence of radiolucencies
measuring >2 cm around the femoral and acetabular components, respectively [79].
In this series, 6/85 (7.1 %) required revision, all due to aseptic loosening of the
acetabular component. A different comparative study of CoC versus MoP bearings
with a mean 8-year follow-up demonstrated osteolysis in 1.4 % of CoC implanted
hips and 30.5 % of MoP implanted hips [80]. This combination of low fracture rate,
reduced wear volume, with reduced rates of osteolysis has led to a resurgence in
implants with a CoC articulation especially in young patients.

Despite these advantages, CoC bearings have the disadvantage of producing an
audible noise, described as a “squeak,” in select patients. While squeaking is a phe-
nomenon that occurs in all hard-on-hard bearings, it appears to be self-limiting in
MoM bearings and usually resolves within the first 6 months [81, 82]. Conversely,
the squeaking of CoC bearings occurs later in the lifetime of the prosthesis and
usually persists [83, 84]. Many potential causes of this squeaking have been proposed
including implant design, patient factors, and implant malposition. More specifically,
edge-loading, third bodies, and certain stem designs have been associated with an
increased risk of squeaking [85-87]. Interestingly, despite being a common cause for
revision, squeaking is not known to contribute to implant loosening or even osteoly-
sis as evidenced by two studies with minimum follow-ups of 2.5 and 10 years,
respectively [88, 89]. Reports on the incidence of squeaking vary greatly between
studies. A prospective observational study of 1486 CoC THAs with a mean follow-up
of 5.5 years found that 6 % of patients suffered from an audible squeak [89]. The
majority of squeaks in these patients occurred during walking, climbing stairs, and
bending forward. A prospective, randomized, multicenter study by Capello et al. of
475 CoC THAs found that only 0.8 % of patients noticed an audible squeak, with a
mean follow-up of 5 years [80]. Contrary to this, a smaller study of 43 CoC THA by
Keurentjes et al. reported audible squeaks in 20 % of patients [90]. A meta-analysis
revealed a mean incidence of 2.4 % (0.7-20 %) for CoC bearings [85]. Options for
patients who find the squeaking intolerable include an exchange of all components or
simply the liner. Before surgery is recommended patients should be counseled that
there is a chance that the squeaking may reduce over time.

It is clear that CoC THA is a viable option for patients, especially the young, who
remain increasingly active. However the risk of squeaking, while small, has dra-
matically reduced enthusiasm for this bearing. Still, if the incidence of this phenom-
enon can be minimized, it is possible that ceramics could become the bearing of
choice in THA.

The Acetabular Component

The acetabular component represents the proximal articulation surface of the total hip
replacement. Its function is to replace the native acetabulum with a synthetic bearing
that interfaces with the femoral component. The types of acetabular components can
loosely be divided into two groups: monoblock and modular. As the name implies
monoblock components typically consist of a single piece of either polyethylene or
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metal that is machined in such a way that it serves as an interface with the surrounding
bone on the convex surface while articulating with the femoral head on the concave
surface. By contrast modular cups consist of two pieces: a shell and a liner. The metal-
lic shell contains interfaces with the surrounding bone and contains a locking mecha-
nism on the concave surface that is able to accept the liner. Similarly to the mechanisms
of femoral component fixation, the acetabular components can either utilize cement
or osseointegration to provide rigid and lasting attachment to the surrounding bone.

Cemented Versus Uncemented Acetabular Components

The initial design of acetabular components utilized cement as the means of fixation
between a monoblock polyethylene cup and the underlying bone. Cementless mod-
ular acetabular components were introduced in the 1980s as a response to the idea
that cement was the principal cause of loosening of the acetabular component. The
term “cement disease” was used to describe the process of microscopic cement
particles inducing osteolysis and resulting in eventual loosening. Since then, this
concept has been challenged by studies that demonstrated that the major causes of
osteolysis are reactions to polyethylene wear particles and hydrostatic fluid flow
[91, 92]. Additionally, the increased degree of osteolysis seen in cementless cups as
compared with cemented ones has caused surgeons to re-examine the decision to
move away from cemented acetabular fixation [93, 94]. Still, few studies have com-
pared the long-term results of cemented versus uncemented acetabular and the opti-
mal fixation method has not yet been decided.

It is important to note that there is a huge variety of cemented and cementless
acetabular components that all have multiple aspects of their designs that can be
either beneficial or detrimental to implant survivorship. Therefore, overarching con-
clusions are sometimes difficult to draw due to the confounding effect created when
comparing two systems that differ in more than just their fixation method. Regardless
of these factors, a thorough review of the literature can describe trends that are use-
ful when deciding whether to use cement or osseointegration as the fixation method
in a given patient.

Multiple meta-analyses exist that compare cemented and uncemented fixation for
acetabular components. Many of these suffer from heterogeneities in patient cohorts,
bearing surfaces used, and other aforementioned confounders which serve to limit the
generalizability of this data. Early systematic reviews pooled studies with short- and
long-term outcomes which can skew data. One meta-analysis of 20 articles included
studies with follow-up of as little as 1 year. Another study used similar follow-up
criteria to examine cemented and uncemented acetabular components at short and
intermediate follow-up. Both meta-analyses failed to show a better survival of
cementless as compared with cemented [95, 96]. A meta-analysis of the literature
published by Toossi et al. in 2013 examined survivorship or revision rate of primary
total hip arthroplasty at a minimum of 10 years follow-up [97]. It analyzed 81 articles
that examined the outcomes of cementless, cemented or both types of acetabular
components and ultimately included 13,509 cemented components and 13,067 unce-
mented acetabular components in its analysis. Initially, the study did not reveal any
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effect of the type of acetabular component fixation on either survivorship or revision
rate, however a regression analysis showed that the estimated odds ratio for survivor-
ship of a cemented acetabular component was 1.6 (95 % CI 1.32-2.4 p=0.002) when
adjusted for age, sex, and mean duration of follow-up [97].

Osseointegration of Uncemented Acetabular Components

Modern uncemented acetabular components rely on a type of biologic fixation
known as osseointegration for adherence to the surrounding bone. The mechanism
of osseointegration seen in uncemented implants is classified as either ongrowth or
ingrowth. Traditionally, ingrowth is bone deposition in the interstices of a porous
surface and ongrowth is bone attachment to a flat implant surface. The difficulty
with these definitions is that ultimately porosity is an arbitrary definition and so
ingrowth may exist in situations where it is smaller than the resolution of current
imaging. Furthermore, even in porous-coated implants, there are flat surfaces which
facilitate ongrowth. Thus, both ongrowth and ingrowth can play a role in the fixa-
tion of an acetabular component. One criterion commonly used to distinguish these
two processes describes ingrowth as growth into pores which are visible under light
microscopy and ongrowth as a situation in which “no surface macroporosity at the
level of a light microscope is visible and the bone appears to be directly attached to
the implant material” [98].

Interestingly, early uncemented acetabular components relied on neither ingrowth
nor ongrowth for fixation and were plagued by failures. These designs utilized the
geometric shape of the implant, large pegs, or threaded rings for mechanical fixa-
tion. In a retrieval study by Bobyn et al. it was found that there was radiographic and
histological evidence of fibrous tissue filling the threaded grooves with as little as
9 % of the threaded (fixating) component surface area in contact with the bone [99].
It was concluded that the lack of “micro-interlock” or osseointegration among other
reasons was the cause of acetabular component migration and eventual failure.
These failures led to the development of the second-generation threaded cups which
added design features meant to support ingrowth through the use of porous coated
metallic surfaces or ongrowth using the rough surfaces of grit-blasted metals. The
superiority of porous over first generation threaded implants was shown in a
matched-pair analysis of otherwise identical cup designs. Porous threaded implants
performed significantly better at 2—4 years of follow-up with a 0 % loosening/revi-
sion rate noted in the porous group compared with a 29 % incidence of loosening
and a 10.7 rate of revision noted in the first generation design [100]. Other studies
with longer follow-up supported these findings [101, 102].

Bony ingrowth requires more than just a porous surface to occur successfully.
The surface must also be consist of a biocompatible material, have optimal pore
size, be in intimate contact with viable bone, and have adequate initial stability for
osseointegration to occur successfully. In several studies, the ideal diameter of the
pores was found to be between 150 and 450 um [103, 104]. Studies in canines have
demonstrated that less than 20 pm of micromotion allowed for optimal bone
ingrowth into a porous titanium mesh while over 150 pm of micromotion resulted
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in fibrous tissue at the bone—implant interface [105]. This fibrous tissue contributes
to osteolysis, implant instability, and eventual failure [106, 107]. Although initial
apposition of a porous implant with the surrounding bone surface is not absolutely
necessary for successful osseointegration, the rate and degree of mineralization is
enhanced when the initial post-surgical gap width is less than 0.5 mm [108, 109].
These findings along with clinical data have prompted manufacturers to favor
press-fit (under-reamed) acetabular fixation as opposed to line-to-line designs [110].
Additional fixation strength could also be achieved with the addition of supplemental
screw fixation. One cadaveric study comparing line-to-line with press-fit both with and
without screw fixation found that press fit with screw fixation resulted in the greatest
stability [111]. Other designs have utilized hydroxyapatite (HA) coated components as
an osteoconductive material to improve bone ingrowth and ongrowth. Although suc-
cessful on femoral components, the results of HA coated acetabular components have
been mixed. Smooth HA coated designs have proven to have high revision rates and
porous HA-coated implants have shown identical clinical results to non-HA coated
porous designs except for a decrease in polar radiolucencies at 2 years [102, 112—114].
An 8-year randomized controlled trial found no superior survival or rate of revision of
HA-coated porous acetabular cups over similar non-HA-coated implants [115].

Femoral Stem Design

The femoral component is designed to mimic function of the proximal portion of
the femur. This component is the most diverse in terms of design options available
to the surgeon owing to the complexity and nuances encountered in human femoral
anatomy. This section will discuss the effects of the use of cement, different implant
geometries, modularity, femoral head size, and bone preserving hip replacement
techniques, i.e. resurfacing.

Femoral Head Size and Dislocation Rates

Native femoral head sizes are typically larger than those used in total hip arthro-
plasty. Although total hip arthroplasty has largely been successful even when utiliz-
ing smaller heads, problems with impingement free range of motion and dislocation
have left room for improvement. In vitro data prompted researchers to experiment
with larger femoral head diameters in order to increase stability after arthroplasty
[116-118]. These designers sought to decrease the rate of dislocation by increasing
the head-to-neck ratio, the jump distance prior to dislocation, and the tension on the
surrounding soft tissues. Cadaveric studies showed that the range of motion
increased significantly when larger heads were employed and in samples with larger
head sizes the limitation in range of motion was due to bone impingement rather
than component impingement (Table 11.1) [119].
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As a result of this research, there has been a trend towards increasing femoral
head sizes in total hip arthroplasty in an effort to decrease dislocation rates and thus
improve the stability. This has largely been successful, especially for surgeons who
perform total hip arthroplasty through a posterior approach which has been tradi-
tionally associated with dislocation. Population based registry studies undertaken in
Finland and Sweden found that larger diameter femoral heads resulted in a decreased
dislocation rate. The Finnish study examined patients with femoral heads that were
32, 36, and greater than 36 mm and compared them with 28 mm heads. The results
showed a significantly decreased relative risk of dislocation of 0.4, 0.4, and 0.09,
respectively [120]. A Swedish registry study found similar results, noting that the
relative risk of revision of 28 mm heads compared with 22 mm heads was 0.5 [121]
A recent systematic review which incorporated 24 randomized controlled trials
found that larger femoral head size (36 mm vs. 28 mm) was associated with a
decreased risk of implant dislocation [122].

Unfortunately, larger femoral heads come at the cost of increased wear proper-
ties. As mentioned in the earlier section, larger femoral head sizes result in a
greater volumetric wear and therefore increased osteolysis, implant loosening,
and eventual failure. A hip simulator study performed by Clarke et al. focusing on
UHMWPE found a proportional increase in volumetric wear of approximately
7.8 % for every millimeter that the head diameter increased in MoP implants [7].
An in vivo radiographic study found that there was a 74 % increase in volumetric
wear when 28 and 32 mm MoP bearings were compared [11]. A revision retrieval
study of loose MoP acetabular components found an increase of 5.1 mm?*/year for
each millimeter increase in the radius of the head [12]. Studies comparing differ-
ent sized femoral heads articulating with HXLP found no difference in linear wear
but significantly increased volumetric wear associated with increasing head sizes
[16-18]. Similarly, MoM bearings have all shown increased wear associated with
larger head diameters [123]. MoM articulations have the added risk of producing
severe adverse soft tissue reaction and releasing serum ions as a result of wear
[49-52]. Thus, the use of large diameter heads in the context of MoM bearings is
currently not recommended [70].

When considering what size femoral head to use in a total joint arthroplasty
ultimately the improved range of motion and dislocation characteristics of the
larger heads must be weighed against the propensity of these components to pro-
duce more wear. Johnson et al. found that in order to perform activities of daily
living, one must have hip flexion of 120°, hip abduction of 20°, and hip external
rotation of 20° [124]. The greatest range of motion was seen in cadaveric samples
with a femoral head size of 44 mm, however a 32 mm head appears to be suffi-
ciently large to provide adequate range of motion for day-to-day functioning.
Thus one study concluded that for the average patient, a 28 or 32 mm cobalt
chrome on highly cross-linked polyethylene is a safe, durable, and effective bear-
ing surface that balances the risk of increased osteolysis with a decreased propen-
sity to produce significant wear [119].
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Cemented Femoral Components

The total hip arthroplasties popularized by Sir John Charnley utilized components
that were fixed to the surrounding bone using a self-curing acrylic bone cement.
In these early trials, there was a wide variability in the success of cemented femoral
components [125, 126]. This inconsistency can at least partially be explained by the
evolution of cementing techniques over the past half century. Originally the cement
distribution technique involved finger packing the bone cement into an unplugged
femoral canal. Modern cementing techniques involve cleansing the canal with pul-
satile lavage, inserting cement in a retrograde fashion, porosity reduction via
vacuum mixing, and cement pressurization within the canal. Additionally, the stem
is centralized proximally and distally in order to ensure an adequate and symmetric
stem mantle. Thus, when critically examining clinical data, it is important to deter-
mine which cement technique was used when placing the component.

The mechanisms of failure of cemented femoral components are typically the
result of mechanical factors initiating femoral loosening. Debonding, or separation
of the cement from the stem, occurs followed by high stresses produced in the
cement mantle proximally and at the distal tip of the implant [127—130]. These
stresses then initiate crack formation which further destabilizes the implant and
produces debris which results in an inflammatory reaction, bone resorption, and a
soft tissue membrane which is commonly encountered in aseptic loosening.
Interestingly, unlike uncemented components, this fibrous membrane forms late in
the loosening process of cemented components and is not thought to play a signifi-
cant role in the initial loosening process [107, 131]. The factors that led to the initial
debonding were examined in numerous studies. Radiolucencies in the cement man-
tle signifying poor distribution of cement were found to predict later failure [132].
Varus implant position was also found to be associated with a higher risk of aseptic
loosening and was thought to result in adverse outcomes due to its propensity to
create a poor cement mantle [133, 134]. Thus in an effort to evaluate cement man-
tles, a grading system was created by Barrack et al. [135] which distinguished com-
plete filling of the proximal diaphysis (A), near complete filling (B), incomplete
filling with either greater than 50 % demonstrating radiolucencies (C1) or less than
I mm of mantle present (C2) and gross deficiencies in the mantle with no cement
distal to the tip or multiple large voids (D). Aseptic loosening was associated with
C and D mantles with the latter having the greatest amount of implant failures.
Other variables that contributed to failure included increased weight of patient,
younger age of patient, male sex, and patients with post-traumatic osteoarthritis.
Interestingly, the type of implant and surgeon did not correlate with a change in
incidence of revision in this study [136].

Clinical outcomes of cemented femoral components have improved with advances
in cement techniques. Distal plugging of femoral canal, extensive lavage, and retro-
grade injection of bone cement resulted in reported mechanical failure rate of 1-5 %
in studies performed by Ranawat et al., Madey et al., and Smith et al. at 15 years
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follow-up [137-139]. Contradictory results were reported by Sanchez-Sotelo et al.
who found that the mechanical failure rate was 10 %. Stratification revealed a 4.3 %
failure rate in patients older than 50 years and a 27.7 % failure rate in patients younger
than 50 years [140]. Further advances in cementing technique including pressuriza-
tion and vacuum preparation of the cement have resulted in further decreases in
failures. A 13.5-year follow-up of 204 THAs placed with this cementing technique
showed only 4 revisions: one for osteolysis, two for recurrent dislocations, and one
delayed infection [141].

Uncemented Femoral Components

Uncemented implants were originally created to deal with the issue of “cement
disease” or the lysis of periprosthetic bone. Cementless femoral components rely on
osseointegration, the structural and functional connection between bone and
implant, without intervening soft tissue, for their fixation strength. The mechanism
of osseointegration seen in uncemented implants is classified as either ongrowth or
ingrowth. Traditionally, ingrowth is bone deposition in the interstices of a porous
surface and ongrowth is bone attachment to a flat implant surface. As noted earlier,
bony ingrowth requires more than just a porous surface to occur successfully. The
surface must also be consist of a biocompatible material, have optimal pore size, be
in intimate contact with viable bone, and have adequate initial stability for bony
ingrowth to occur successfully [103-105, 108, 109]. The ideal values for these
parameters are discussed earlier in the chapter when describing the osseointegration
of uncemented acetabular components.

While uncemented components have enjoyed great success, it is currently recog-
nized that “cement disease” is a misnomer and is instead referred to as osteolysis.
This process is known to cause loosening and eventual failure in both cemented and
uncemented implants. Osseointegration of cementless porous coated femoral stems
has proven to be a reliable and successful form of fixation but some features of
cementless stems such as stem geometry, surface properties of the porous surface,
and the extent to which the porous surface is applied to the stem continue to be a
source of debate. One way of categorizing femoral components is by stem geome-
try. The two most common types of geometries are anatomical and tapered. The
differences between these include their shape, metallurgy, head-neck design, and
ongrowth—ingrowth surface.

Anatomic and Tapered Designs Early hip arthroplasty designs featured anatomic
stems. These designs were constructed from cobalt-chrome alloys and achieved
fixation by osseointegration of the proximal femoral component. Unfortunately,
patients receiving these replacements frequently complained of thigh pain due to
some combination of modular mismatch, endosteal irritation, and lack of ingrowth.
Efforts to improve this design have led to the development of tapered femoral
components.
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The design rationale behind tapered components is geared towards promoting
long-lasting osseointegration between the component and the surrounding bone.
This requires rigid initial fixation until full osseointegration can be achieved. This
initial stability is provided by the taper when it is forced into the medullary canal
thereby producing circumferential hoop stresses that do not allow an axially loaded
tapered stem to advance any further [142]. Rotational stability is provided by a rect-
angular cross section of the tapered stem although circular cross sections also exist
and have shown highly satisfactory results as well [143]. An advantage of the circu-
lar cross section over the rectangular one is the ability to correct femoral anteversion
if necessary. The tapered design has been shown to reduce stress shielding and lead
to a decreased prevalence of thigh pain [144—147]. Femoral fixation requires osseo-
integration of the femoral component, typically in the proximal stem because of the
maximal contact between bone and implant afforded by this area. Once osseointe-
grated, the stem is rigidly and lastingly fixed to the surrounding bone.

Clinical studies have favored the use of tapered designs over anatomic ones. In
one study of 311 Porous Coated Anatomic (PCA) stems the overall survival rate of
the femoral component at 14 years was 95 %. Unfortunately this design also showed
a 36 % prevalence of thigh pain and 42 % of individuals had significant amount of
femoral osteolysis as evidenced by radiography [148]. One study with 10- to 13-year
follow-up of tapered total hip replacements in 283 patients found a 99 % survival
rate of the femoral component with osteolysis seen in only 6.2 % of cases [149].
Activity related thigh pain was also low, noted in only 3 % of patients [149]. Very
long-term studies of greater than 20 years have also shown positive results for
tapered designs. The 20- to 25-year survival rate for tapered total hip replacements
with follow-up ranging from 20 to 25 years was found to be between 86 and 95 %
[150-152]. A long-term study of 47 obese patients with 18- to 27-year follow-up
found a 94 % survival [153]. Risks for failure in a study of 326 patients receiving
tapered THA with a follow-up of 22 years were found to be undersized stems, and
hips where the cup was already revised. This study had a high (38 %) rate of cup
revision due to the use of smooth-threaded cementless sockets [151].

Proximal and Extensive Porosity Another point of contention among designers
of femoral components is the ideal extent of porous coating that should be applied
to a femoral implant. In general, uncemented press-fit designs fall into one of two
categories: fully porous-coated cylindrical stems that achieve distal fixation and
proximally porous-coated tapered stems that achieve proximal fixation.
Extensively porous coated prostheses are defined as those with porous coating of
more than 80 % of the surface area of the stem. The most common of these is the
Anatomic Medullary Locking (AML) stem produced by DePuy. A critical design
feature of the AML is its straight, cylindrical, non-tapered distal stem geometry.
Thus, the stem does not wedge in place and fixation depends on a “scratch fit”
between the rough external surface of the implant and a similar shaped bone canal.
The theoretical advantage of the extensive coating is that it allows for osseointegra-
tion over the entire length of the stem. In this design, distal porosity is particularly
important because the distal part of the stem most consistently contacts with the
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cortical bone. Interestingly, even in cases where successful osseointegration does
not occur and a fibrous tissue membrane forms between the bone and stem, ade-
quate fixation is still achieved and there is sufficient radiographic stability as well as
patient satisfaction owing to the extensively coated surface [154]. Conversely, prox-
imally porous coated femoral implants can be either tapered or cylindrical and were
intended to achieve biologic fixation solely in the femoral metaphysis. This prop-
erty was intended to reduce proximal stress shielding and preserve bone stock.

Both designs have proponents that cite multiple publications with reproducible
long-term follow-up. The reported incidence of thigh pain in patients receiving
THA with a fully coated femoral component has varied between 3 and 20 % [155-157].
Today, most surgeons presume that proximally coated stems and cemented stems
are less predisposed to causing thigh pain than fully coated stems although this idea
remains controversial [158—161]. Similarly, femoral bone loss as a result of stress
shielding around well-fixed femoral components is thought to occur more fre-
quently in extensively porous coated stems. In theory, bone loss in the femur could
lead to greater and lesser trochanteric avulsion fractures and make future revisions
more difficult. However, currently, it is important to note that stress shielding is
more of a radiographic finding than a diagnosis and the clinical ramifications of this
process have not yet been demonstrated. A prospective randomized blinded clinical
trial followed 388 patients receiving either proximally porous coated and fully
porous coated femoral components (Table 11.2). A minimum follow-up of 2 years
with a mean of 6 years was used and found that post-operative clinical outcome
scores were similar at all follow-up intervals. There were no differences in inci-
dence of thigh pain at any time although bone density reduction was greater in the
fully coated stem as compared with the proximally coated [162].

Modular Femoral Components

Despite the success of monoblock implants, these designs were limited by their
inability to fine-tune two properties which can differ greatly between patients: offset
and leg length. Since dislocations remain one of the most frequent post-operative
complications after THA, designers sought to reduce the dislocation rate by allow-
ing surgeons to make adjustments in the offset and neck length of implants. Thus
modular femoral stems were intended to allow a more accurate reproduction of
patient anatomy. The use of a modular head-neck junction allowed the surgeon
greater freedom in adjusting for leg length discrepancies as well as optimizing the
function of the abductors [163]. Modular head-neck components also allowed for
easier revision of femoral components when the femoral stem is clearly fixed and
requires no further fixation. Unfortunately, increased customizability came at a cost
and these implants suffer from an increased risk of fatigue failure, fretting, and
crevice corrosion.

There is a vast array of modular femoral stems that allow for retention and sacri-
fice of various components of hip anatomy. While most modular femoral compo-
nents are used in revision total hip arthroplasty, some complex primary total hip
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Table 11.2 Incidence and severity of thigh pain in Synergy™ (proximally coated) and Prodigy™
(fully porous coated) femoral stem groups [Reprinted from MacDonald SJ, Rosenzweig S, Guerin
JS, McCalden RW, Bohm ER, Bourne RB et al. Proximally versus fully porous-coated femoral
stems: a multicenter randomized trial. Clin Orthop Relat Res. 2010;468(2):424—32 with permission
from Springer Verlag]

Incidence Severity*
Time Synergy™ | Prodigy™ | p Value | Synergy™ Prodigy™ p Value
Preoperative | 71 % 69 % 0.75 80.74 (x20.24) |80.96 (+20.70) | 0.84
6 months 11 % 15 % 0.254 38.67 (¥31.96) |37.67 (¥23.01) | 0.94
1 year 11 % 14 % 0.512  |42.82 (+25.06) |47.42 (x27.99) | 0.683
2 years 9 % 6 % 0.527 42.25 (£34.76) |33 (£20.05) 0.661

*Values are expressed as mean=+SD on a 100-mm visual analog scale

arthroplasties can benefit from the use of these devices as well. Modularity can
occur at various points throughout these femoral stems and great emphasis has been
placed on the association between modularity positioning and implant failure.
Systems such as the Zimmer ZMR utilize a mid stem modularity allowing indepen-
dent selection of the sizing and positioning of the proximal and distal components.
The DePuy S-ROM is a proximal modular femoral implant that utilizes a titanium
stem with distal spines to achieve initial fit and rotational stability. Standard and
calcar replacement options are available with variable offset options. A separate
sleeve that incorporates a “step-like” geometry to convert shear to compressive
forces is available in both porous and hydroxyapatite coated designs. Between the
proximal and distal stem segments is a tapered section that engages this enveloping
sleeve. The sleeve is positioned first and the stem is placed through the sleeve and
engaged. This allows the S-ROM stem to separate hip biomechanics and component
fixation. The sleeve achieves fixation whilst the stem allows for adjustments in
length and offset. In all, the S-ROM design allows for 10,398 different reconstruc-
tive possibilities [164]. Unfortunately, stems with distal modularity have underper-
formed other systems and most have been withdrawn from the market.

Modular stems have produced good clinical outcomes in certain situations.
Restrepo et al. examined initial distal fixation, femoral offset restoration, leg length
equalization, and hip stability in 118 patients who underwent revision with Stryker
Restoration Stem [165]. This system consists of a fluted, titanium conical distal
stem, which attaches to a proximal body. Adequate bone ingrowth and fixation was
obtained in 100 % of patients and the offset was corrected in 66 % while leg length
discrepancy was corrected in 78 %. Ultimately, stability was achieved in 97 % of
patients who received this implant. Initial concerns were raised regarding failure of
the modular junction but in this study with a 4—7 years follow-up, no failure/fracture
was observed in a total of 118 patients [165].

When two components lock into each other, wear and corrosion are an inevitable
consequence. The production of wear particles can lead to osteolysis and corrosion
can lead to implant failure. More alarmingly, metallosis and adverse local tissue
responses (ALTR) similar to that seen in metal-on-metal bearing couples are being
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reported in patients with modular hip arthroplasties [166]. One subtype of these
adverse responses is termed aseptic lymphocyte-dominated vasculitis-associated
lesions (ALVAL). This lymphocyte-dominated reaction is very severe and can result
in not only implant loosening but also severe soft tissue necrosis and pseudotumor
formation [53]. Modular stems that incorporate a double taper (head-neck and neck-
stem) add additional sites for failure and corrosion, with the added risk of increased
wear particles.

Kop et al. examined 57 retrieved modular stems of 7 different designs. Of these,
three were cobalt-chromium-molybdenum based and four titanium based [167].
The aim of this retrieval study was to assess whether the same degradation mecha-
nism was present at the head-neck and neck-stem junction, whether or not the addi-
tional junction contributed to the revision, if the implant alloy affected the extent of
degradation, and if the trunion machine finish affected the degradation mechanisms.
Corrosion and fretting were both lowest in the titanium components with 62 % of
the Co-Cr-Mo components having corrosion of the trunion, and 90 % fretting. In
contrast, 30 % of Ti-based components showed corrosion, with 50 % exhibiting
fretting. However cold welding of the titanium components did occur. It was con-
cluded that titanium modular components may reduce the amount of degradation,
but at the expense of an increased risk of cold welding.

Kop et al. also used a retrieval study of 16 modular components to examine the
relationship between corrosion, material, and implant time. Of the retrieved implants
6 tapers showed fretting corrosion, with the average implant time being 39 months.
No corrosion was shown in the remaining 10 tapers, which had an average implanta-
tion time of 2.7 months. It was concluded that even with modern materials and taper
designs corrosion is still a concern with added modularity [168].

Gilbert et al. examined 148 retrieved modular hip prostheses. Significant corro-
sion was noted on 16 % of necks and 35 % of heads [169]. Concerns have also been
raised regarding the elevated serum metal ions levels produced due to corrosion of
modular stems. Once implanted, a protective surface oxide layer forms on the
implant (modular implants are typically composed of titanium or Cobalt-chrome).
While this film provides added corrosion resistance to the implant, it is subjected to
repeated disruption as a result of stresses applied to the prosthesis. As the film
reforms it reduces oxygen in the surrounding soft tissue. This process repeats itself
and results in a reduced ability of the film to protect the implant [29].

Jacobs et al. describe corrosion is also affecting the structural integrity of the
implant. This has been implicated in isolated incidents of fracture. Wright et al.
report a case of fracture of the modular neck in a 49-year-old man. The fracture
occurred while bending forward to tie his shoes, in the context of a fall onto his hip
2 months previously. On examination with light microscopy marked fretting and
corrosion were noted along with debris [170].

Despite the intra-operative advantages offered by modular stems, the added junc-
tions with the implant can lead to increased corrosion and wear particle production.
While implants such as the S-ROM and modular taper stems have revolutionized
revision surgery the use of modularity in primary THA should be avoided due to the
risk of fatigue fracture and corrosion.
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Hip Resurfacing

While THA is the treatment of choice for osteoarthritis of the hip there is an increas-
ing cohort of patients who are requiring replacements earlier in life in order to
remain physically active. While THA offers good symptomatic relief for these
patients, they are likely to require revision in the future as a result of the increased
physical demands placed on the implants, their increased life expectancy, and the
insufficient longevity of traditional total hip arthroplasty. Hip resurfacing was devel-
oped as one solution to this problem and involves the preservation of the femoral
neck through the use of a cap over the femoral head. This approach conserves femo-
ral bone and theoretically allows for easier revision in the future, should it be needed.

The results of early resurfacing procedures in the 1970s and 1980s were poor.
Accelerated wear and large volumes of biologically active wear debris resulted from
the combination of a large articulating surface with a thin polyethylene liner and led
to high rates of implant loosening and bone loss. With the development of new, more
wear resistant materials, resurfacing has been reintroduced, this time incorporating
a metal-on-metal (MoM) articulating surface [171]. As such, the downsides of MoM
bearing couples which have been discussed earlier in this chapter must be weighed
when deciding whether to pursue this reconstruction option.

As the stability of the femoral head is a key component in the effectiveness of
resurfacing, severe bone loss, cysts or osteonecrosis of the femoral head or neck are
contraindications for resurfacing. Retention of the femoral neck also means that
unlike THA, femoral neck fractures may occur. Marker et al. used a prospective
cohort study to identify the incidence of femoral neck fracture. 550 resurfacings
performed by a single surgeon were studied. It was shown that 14 (2.5 %) had
resulted in fracture of the femoral neck. Of these, 12 had occurred in the first 69
resurfacings performed, with women and obese patients shown to have a higher
cumulative incidence of fracture. It was concluded that the risk of femoral neck
fracture is multifactorial, associated with both the surgical learning curve and
patient selection [172].

In vitro studies have suggested more limitations to hip resurfacing. Bengs et al.
and Kluess et al. have both demonstrated reduced range of motion (ROM) in resur-
facing compared to THA. Kluess examined the ROM of eight resurfacing prosthet-
ics using 3D CAD models. The ROM of the resurfacing systems was found to be
substantially less than that of total hip prosthetics with the large diameter of the
femoral neck leading to impingements in all maneuvers analyzed [173]. Bengs
examined the ROM of eight different hip replacement designs implanted into com-
posite femurs and pelvises. It was found that compared to the THA prosthetics,
resurfacings showed reduced ranges of motion, with, once again, early impinge-
ment of the femoral neck [174]. This is important since hip resurfacing is largely
being indicated for younger and more active patients who require an increased
ROM for various activities. Fortunately, despite these studies demonstrating reduced
ROM in resurfacing systems, these reductions have not been seen when applied to
the clinical setting. Clinical studies have shown similar ROM for both resurfacing
and THA systems. Le Duff et al. examined 35 patients who had undergone bilateral
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surgery receiving THA on one side and resurfacing on the other, with a mean follow-
up of 88 months. They found no difference in ROM between the two systems [175].
Shimmin et al. suggested that while THA shows greater ROM in laboratory studies,
this cannot be recreated in patients with normal flexibility leading to similar ROM
in both THA and resurfacing [176]. Shimmin also reports that of the nine papers
comparing functional outcomes between THA and resurfacing, eight showed con-
sistently similar outcomes [176].

Springer et al. used a large meta-analysis to compare the results of 3269 resurfac-
ings with 6408 cementless THAs. Femoral revision for mechanical failure was used
as an endpoint and was found to be 1.3 % in the THA group with a mean follow-up
of 8.4 years compared to 2.6 % in the resurfacing group with a mean follow-up of
3.9 years [177]. Johanson et al. used the Nordic Arthroplasty Register Association
database to examine the non-septic 2-year revision risk of 1638 resurfacings and
compared to 172,554 THAs. By 2 years the revision rate for resurfacings was 2.4 %
compared to 1.1 % for THA [178].

It is clear that not all resurfacing systems yield similar results. Seppanen et al.
examined the Nordic Joint registry between 2001 and 2009. During this time 4401
hip resurfacings were performed. When comparing the Articulating Surface
Replacement (ASR) Hip resurfacing system (DePuy Orthopedics, Warsaw, Indiana),
to the Birmingham resurfacing system (BHR) it was found that the ASR had inferior
outcomes to the BHR with a relative revision risk of 1.8 (CI: 1.2-2.7) [179]. The
ASR Hip resurfacing system was recalled by DePuy voluntarily in August 2010,
based on unpublished data from the National Joint Registry of England and Wales
that showed a 12 % revision rate at 5 years [180]. In 2007, the Australian Orthopedic
Association National Joint Replacement Registry (AOANJRR) reported that the
ASR revision system had higher than expected revision rates (3.0 revisions per 100
observed component years), that were twice that of other resurfacing systems with
a cumulative percent revision at 2 years of 5.16 % [181]. De Steiger et al. reviewed
the AOANJRR between 2003 and December 2009 identifying 1167 ASR resurfac-
ing procedures. It was found that the cumulative revision rate at 5 years for the ASR
resurfacing system was 10.9 % compared to 4.0 % with all other hip resurfacing
prosthesis [180].

While the literature shows that resurfacing is a viable alternative to THA, espe-
cially in younger patients, it is clear that adequate surgical experience must be combined
with careful selection of the patient and prosthesis in order to achieve optimal
results. Additionally, it is important to note that hip resurfacings utilize a MoM
bearing couple which carries inherent issues as discussed earlier in the chapter.

Surgical Approaches in Hip Arthroplasty

Numerous surgical approaches to the hip exist for use in hip arthroplasty. Although
evidence in the literature can be found for the use of certain approaches over others
for given indications, realistically most surgeons will use the approach that they are
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most comfortable with for the vast majority of their cases. In certain situations,
however, there are definite advantages to either modifying the surgeon-preferred
approach or using a different one altogether. The need to access a particular ana-
tomic region either because of bony deficiency or in order to remove hardware from
a previous surgery are two such examples. Additionally, modifications of existing
approaches must be utilized in certain populations. Patients with difficult anatomy,
such as obese or muscular patients, require larger incisions, longer retractors, and
more surgical assistants in order to have a satisfactory clinical outcome.

Recently there has been a surge in interest within the orthopedic community to
perform THASs using minimally invasive surgery (MIS). Mini-incisions are either
smaller versions of conventional approaches or novel incisions which are used to
gain access to the acetabulum and femur. Ultimately, the invasiveness of a procedure
is more dependent on the amount of soft tissue damage that it causes rather than the
size of the incision. MIS appears to be less disruptive to soft tissues and advocates
point to the potential for reduced intra-operative blood loss, decreased muscle dam-
age, shorter length of hospitalization, reduced post-operative pain, and improved cos-
mesis that these methods offer. Conversely, some believe that the current practices in
THA already produce excellent results with low complication rate, significant
improvement in patient function, and excellent long-term prognosis. They argue that
smaller incisions impair intra-operative visualization and lead to implant malposi-
tion, increased risk of intra-operative fractures and the potential for increased muscle
damage. Concerns have also been expressed over the risk of neurovascular injury and
poor implant fixation [182].

Posterolateral

The posterior or Moore Southern approach is currently the most popular technique
for total hip arthroplasty. Many surgeons favor the posterolateral approach as it is
less technically demanding than other methods and results in limited muscle dam-
age while allowing for simple extension of the incision if needed. This method does
not violate the abductor mechanism and is therefore thought to result in a lower
incidence of post-operative Trendelenberg gait [183—186]. The major disadvantage
of this approach is the risk of posterior dislocation due to the need for the release of
the external rotators. This risk can be minimized by utilizing a careful repair of the
posterior soft tissue structures [187—191] or through the utilization of larger diam-
eter femoral heads. Despite these modifications, dislocation remains the main post-
operative concern of the posterolateral approach [192—-194].

The approach is performed with a 10-15 cm curved incision centered on the
posterior aspect of the greater trochanter. The fascia lata is split in line with the inci-
sion and the fibers of the gluteus maximus dissected bluntly to reveal the short
external rotators. These are then detached close to the femoral insertion and reflected
thus exposing the posterior aspect of the hip joint and capsule. An incision is then
made in the joint capsule and internal rotation of the thigh is used to dislocate the
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femoral head and thus expose the joint. Proximal and distal extensions are possible
and can be used to visualize the ilium or middle-distal femur, respectively. In obese
or muscular patients, this approach can be modified in order to obtain adequate
exposure. Often, the release of either the quadratus femoris, gluteal sling, reflected
head of the rectus femoris, or the anterior capsule can be used to mobilize the femur
and provide adequate exposure to ream the acetabulum. Failure to do this in obese
or muscular patients can result in excess retroversion and likely contributes to the
increased incidence of dislocation that is associated with this approach [195]. The
MIS adaptation of the posterolateral approach utilizes a smaller incision (8—10 cm)
along with minimal quadratus femoris release and a less invasive dissection.

Studies on the clinical outcomes of the posterolateral approach, whether tradi-
tional or MIS as compared with other approaches have been difficult to interpret due
to confounding variables and conflicting results. A Cochrane review by Jolles and
Bogoch examining the merits of a posterior versus lateral surgical approach for total
hip arthroplasty in adults with osteoarthritis found the quantity and quality of trials
to be insufficient to make a recommendation [196]. One study of 1793 primary
THRs performed by either the posterolateral or direct anterior approach found that
the former resulted in a 1.2 % decrease in wound infection compared with the latter
(7/505 vs. 3/1288) [197]. Studies have found a longer duration of rehabilitation,
greater blood loss, increased use of transfusion, greater narcotic usage, and a longer
hospital discharge associated with the posterolateral approach [198-201]. Other
studies conducted to compare parameters such as gait have found similar results
regardless of approach [202]. A prospective nonrandomized multicenter study of
1089 THAs found no difference in Oxford hip scores, dislocation rates, or revision
rates between anterolateral versus posterior hip replacements at 5 years follow-up
[203]. Unfortunately most of these studies were nonrandomized and so suffer from
selection bias which limits the generalizability of the results.

Others have compared the traditional posterolateral approach to the MIS adapta-
tion and have favored the adoption of the minimally invasive option. Sculco et al.
reported on 1500 procedures that utilized the MIS adaptation and found that the
complication rate for dislocation was 1.2 %, with femoral fracture and sciatic neu-
ropraxia rates both at 0.3 % [204]. A randomized controlled trial found that patients
who underwent a minimally invasive total hip arthroplasty demonstrated decreased
blood loss and limped less at 6-week follow-up [205]. A systemic review by Cheng
et al. compared the operative outcomes between standard and MIS in THA. It was
found that operative time and blood loss were significantly reduced in the MIS
group for patients with a posterolateral incision. There were no statistically signifi-
cant differences reported in post-operative outcomes between the standard and MIS
groups [206]. Berstock et al. conducted a systematic review and meta-analysis of
the standard versus mini-incision posterior approach to total hip arthroplasty and
found that the mini-incision posterior approach was associated with an early
improvement in the Harris hip score, reduced operating time (by 5 min), reduced
hospital stay (by 14 h), and reduced intra-operative and total blood loss (by 63 and
119 mL, respectively). There was no difference noted in the incidence of disloca-
tion, nerve injury, infection, or venous thromboembolic events [207].



11 Options for Primary Hip Arthroplasty 231
Direct Anterior

Recently there has been widespread interest in the direct anterior approach to the
hip for THA partially due to the belief that it reduces the risk of posterior dislocation
by preserving the external rotators. This approach is a minimally invasive modifica-
tion of the Smith-Peterson method that begins with an 8—10 cm incision from the
anterior superior iliac spine in the direction of the lateral patella. It then exploits the
inter-muscular and inter-nervous plane between the tensor fasciae latae (supplied by
the superior gluteal nerve), and the sartorius muscle (innervated by branches of the
femoral nerve). The rectus femoris is retracted medially and the iliopsoas is dis-
sected away from the joint capsule. An arthrotomy is then performed to gain access
to the joint. The obvious benefit of this approach is that no muscles are incised
including the posterior structures that are important in the stability of the hip.
Concerns surrounding this approach relate to its limited exposure of the femur.
Detractors contend that this may lead to malposition of femoral implants or the use
of implant designs that offer less bone fixation as compared with the conventional
posterior approaches.

The majority of approaches to the hip require resection/splitting of muscle. The
theoretical benefits of the anterior approach come mainly as a result of muscle pres-
ervation. By preserving the posterior structures and external rotators post-operative
dislocation rates are theoretically reduced. The high degree of soft tissue preserva-
tion means that the normal post-operative hip precautions are more relaxed and
restoration of function is earlier. A comparison of minimally invasive direct anterior
versus posterior total hip arthroplasty found that serum inflammation and muscle
damage markers were decreased in the direct-anterior-approach group as compared
with the posterolateral approach group [208]. Menghini et al. used 12 cadaver hips
to compare the degree of muscle damage caused by the anterior and posterior
approaches. While the posterior approach caused damage to the gluteus medius and
minimus (18 % vs 8 %), the anterior approach demonstrated a high degree of dam-
age to the tensor fasciae latae muscle (mean of 31 %). There was also a need to
transect the piriformis or conjoined tendon in 50 % of the anterior approaches to
mobilize the femur, thus causing damage to precisely those structures that the ante-
rior approach is designed to avoid [209].

Clinical outcome data has been mixed and has suggested short-term outcome
improvement associated with the use of the direct anterior approach as compared
with other approaches. Nakata et al. used a clinical comparative study of the direct
anterior with mini-posterior approach for 195 hips. It was found that patients who
received the direct anterior approach had a quicker recovery for hip function and
gait stability [198]. Other studies confirmed these findings and also found decreased
blood loss, less narcotic use, decreased pain scores after surgery, and less use of
walking aids with the direct approach [200, 201, 210-213]. Other studies have con-
tradicted these findings and reported increased or equivalent operating time, blood
loss, and length of recovery [214-216]. A prospective randomized study by Restrepo
et al. of 100 patients compared a modified Smith-Peterson approach to the direct
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lateral approach. It was found that at 1 year the anterior approach group showed
significantly better improvement in mental and physical health dimensions for the
Short Form-36 and Western Ontario McMaster Osteoarthritis Index, however at
2 years these results were the same for both groups [217]. No study to date has
proven that the long-term functional results of the direct anterior approach are supe-
rior to any other approach.

Whilst the anterior approach to the hip reduces the risk of damage to the muscles
and sciatic nerve, there is a high intra-operative risk of damage to the lateral femoral
cutaneous nerve. Goulding et al. followed 132 patients who underwent an anterior
approach to the hip and found that 81 % reported varying degrees of lateral femoral
cutaneous nerve neuropraxia. There was a higher risk of neuropraxia in those under-
going hip resurfacing as opposed to THA: 91 % and 67 %, respectively. Whilst only
a small number of patients reported complete resolution of the neuropraxia, no
patients reported functional limitation and the symptoms of neuropraxia were even-
tually reduced over time [218].

Reports of hip dislocation vary. Matta et al. studied 437 patients (494 hips),
undergoing an anterior approach to primary THA and found the dislocation rate to
be 0.61 % [219]. Sariali et al. used a prospective study of 1764 primary THA using
the anterior approach and found the dislocation rate to be 1.5 % [220]. These num-
bers are comparable to the reported dislocation rate when using the posterolateral
approach (1.2 %) [204]. More data is needed before one can say with certainty that
the anterior approach reduces dislocation rates.

Concerns have been raised with regard to the exposure attained when using the
anterior approach. Femoral exposure is limited and one study noted that peripros-
thetic femoral fractures went unnoticed during 1.65 % of procedures utilizing the
direct anterior approach [221]. The result is that the use of intra-operative fluoroscopy
is recommended in some centers which has the potential to increase operative times
and raises the risk of contamination of the surgical field. Additionally, specialist tables
are recommended for this approach which are costly and not widely available [204].

Anterolateral

The anterolateral approach is also commonly utilized in THR. This method pro-
vides an inter-muscular plane between the tensor fasciae lata and the gluteus
medius. It is important to note that both of these muscles are innervated by the
superior gluteal nerve and therefore this is not a true inter-nervous approach. One
study found that at a median of 9.3 months follow-up 74 % of patients exhibited
either atrophy or hypertrophy of the tensor fasciae latae and 42 % exhibited fat
replacement on MRI [222]. The approach begins with an incision starting posterior
and distal to the anterior superior iliac spine and running distal to become centered
over the tip of the greater trochanter. After incising the fascia, an interval is devel-
oped between the tensor fasciae lata and the gluteus medius. The abductor mecha-
nism, and the reflected head of the rectus femoris are incised while the psoas
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tendon is retracted after which a capsulotomy is performed and the joint visualized.
The theoretical advantages of this approach include a decreased risk of dislocation
owing to the limited disruption of posterior structures and good visualization of the
acetabulum.

Clinical data has again failed to show clear superiority or inferiority compared
with other approaches. A previously mentioned nonrandomized clinical trial com-
paring anterolateral and posterior hip approaches at 5 years follow-up failed to note
any differences in Oxford hip scores, dislocation, or revision rates between groups
[203]. A randomized clinical trial comparing anterolateral and lateral approaches
found improved gait mechanics at 6 weeks post-surgery but no difference in func-
tional outcomes after 12 weeks [223]. Other case series have shown similar results
although one suggested that the risk of varus femoral stem malalignment was
higher with anterolateral as compared with lateral approaches [224]. Lateral
approaches are similar to anterolateral but result in a split in the gluteus medius
rather than exploiting the inter-muscular plane between the gluteus medius and
tensor fascia lata. Other studies noted an improvement in patient-reported out-
comes such as pain and limping in patients undergoing the anterolateral approach
as compared with the direct lateral approach [225]. The incidence of dislocation in
a meta-analysis of studies comparing various approaches of studies was approxi-
mately 2.18 % for this approach which puts it in line with other approaches [190].
The anterolateral group showed increased range of motion as compared to the
transtrochanteric approach [226]. One observational study of the Swedish Hip
Arthroplasty Register noted an increased risk of revision due to aseptic loosening
of THAs which were implanted using the anterolateral approach as compared with
a posterolateral approach (RR 1.3 CI 1.0-1.6) [227]. Other studies have noted an
increased risk for abductor muscle avulsion using this approach with a subsequent
need for reattachment [228-230].

Similarly to other approaches, minimally invasive options exist for the
anterolateral approach. Comparative studies of conventional versus minimally
invasive options were conflicting with regard to surgical time and blood loss
[231, 232]. Studies comparing functional outcomes found that during the first
year after surgery, patients with the mini-incision THA had significantly better
hip muscle strength, walking speed, and functional score but after 1 year, the
performance characteristics studied were statistically equivalent [233-235]. A
study of gait mechanics comparing direct lateral, posterior, and anterolateral
approaches failed to find significant differences between groups in stride length,
step length, peak hip extension, and walking speed after total hip arthroplasty at
6 weeks or 1 year after surgery [236, 237].

Studies comparing the various minimally invasive approaches (two-incision,
mini- posterior, and mini-anterolateral found no difference between the three mini-
mally invasive approaches in early hospital discharge or early functional recovery
utilizing a rapid rehabilitation protocol [238]. Similarly a study comparing a mini-
incision anterolateral and direct lateral approaches found differences in muscle
strength recovery and blood inflammatory markers in short-term follow-up but did
not find any difference in the Harris hip score, pain visual analog scale, the Western
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Ontario and McMaster Universities Osteoarthritis Index, and Medical Outcomes
Study Short Form 36 score between the two groups throughout the 1-year study
period [239, 240].

Summary

Many approaches exist to gain access to the hip joint, with each having their own
advantages and disadvantages. Some require steep learning curves and so operative
results between surgeons in these approaches differ greatly. While each surgeon has
their own views on each approach, the posterior approach remains the gold stan-
dard, as it is easier to master and allows for increased exposure to the hip. However
it is clear that all approaches are successful in experienced hands, with surgical
ability having a great effect on patient outcomes. Care must be taken to ensure that
adequate exposure and familiarity to the procedure are attained so that complication
risk and patient morbidity can be kept to minimal.

Conclusion

Hip reconstruction is the subject of ongoing efforts to improve clinical outcomes.
It is especially challenging to improve on a treatment that has already produced
excellent results. THA is successful in 85-95 % of cases. Given this finding, many
will ask: why fix what isn't broken? One reason is that the surgical volume of hip
replacements is staggering. Over 500,000 THAs are performed annually in the
United States [241]. Even if only 5 % of these fail, the result is a significant
amount of burden on the healthcare system but more importantly on those patients
who are unlucky enough to have a poor clinical result. Secondly, implant failure
that results in revision is costly, technically difficult, and more likely to fail than
a primary procedure. Lastly, while THR is used often, there are many debilitated
patients who are currently not candidates for this procedure due to their young
age. Significant improvements in implant longevity can have a tremendous impact
on the lives of these individuals by returning function to their joints earlier and
allowing them to resume their normal way of life. Still, the multitude of new tech-
nological options that exist for total hip arthroplasty greatly exceed the evidence
supporting their use. New designs should be tried but all should be tested rigor-
ously in order to come to find the optimal combination of principal components.
Lastly, despite the emphasis on technology, one of the main contributors to the
success of THA is surgical ability. Component wear, soft tissue damage, and
implant stability have all been shown to be affected by surgical technique. Thus,
improvement in total hip arthroplasty must come from advances in implant design,
biomechanics, and surgical technique.
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