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Preface

Total hip arthroplasty (THA) has been recognised as one of the most important
surgical advances during the last five decades. End-hip arthritis is probably the most
disabling condition to affect daily life activities not only in elderly but also in young
patients. The older population is increasing in most countries worldwide, and they
are more active than ever during the last decades so cartilage aging plus more physi-
cal and social demands in the more developed societies are strongly increasing THA
indications. Thus, in young patients diagnoses other than primary arthritis, such as
avascular necrosis, post-traumatic conditions, rheumatologic diseases and congeni-
tal hip diseases or other developmental sequelae, influence THA outcome together
with the possibility of loosening and wear at long term. All these issues contribute
to a greater number of THA revision procedures.

Nowadays, both cemented and cementless bone fixation can provide excellent
long-term survival when using most contemporary implants. Most current femoral
components have a survivorship higher than 95% more than 10 and 15 years after
surgery. In fact, the THA revision procedure that is increasing is acetabular revision,
and, as is reflected in most National Registries and clinical studies, the most fre-
quent indication for THA revision surgery is related to the acetabular side.
Indications for acetabular revision surgery at short term include dislocation, infec-
tion or, more rarely, fractures. To date, recent problems related to newer, not-very
well studied, implants have also increased the number of revision procedures due to
newer complications. At long term, the most frequent reasons for hip revision sur-
gery are wear and loosening with the appearance of osteolysis. During last years,
the appearance of late dislocation in older patients has become of interest.
Nevertheless, in an indication for acetabular revision surgery, the most challenging
issue is the existence of bone defect. Proper hip reconstruction during surgery to
allow the closest distance to the hip rotation centre and the longest duration of the
implant is the main purpose of the treatment.

First, a hip surgeon must be familiar with the basic science that can affect bone
biology and changes associated to implants. A better understanding of all these
changes related to bearing surfaces and bone interfaces facilitates clinical manage-
ment when facing a patient with THA. Biological processes secondary to wear
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particles and different reactions to all kinds of polyethylenes, metallic particles,
ceramics and cement contribute to silent osteolysis until there is significant bone
destruction or implant loosening. The hip surgeon must also be familiar with
advances in research that may improve clinical management. Second, it is necessary
to classify the bone defects in every patient. Different imaging techniques can now-
adays improve preoperative diagnosis, while newer surgical tools and tricks can
diminish bone loss during explantation of the failed acetabular component.

Appropriate surgical planning is critical before starting an acetabular revision
procedure. Recommendations in young patients presenting severe polyethylene
wear with osteolysis and fixed implants are different than in other patients with
loosened cups. The surgical team needs to be familiar with revision implants, tech-
niques and bone graft use. Understanding the biology of the latter, particularly of
allografts, improves the clinical and radiological outcome. Despite the surgical
choice, the surgeon must keep in mind that bone defect determines surgical tech-
nique. From conventional cementless cups to cages, bone impaction grafting or
reinforcement rings, adequate hip rotation centre reconstruction in stable construc-
tion will affect the clinical and radiological outcome of these patients. Independent
industry-unrelated high-quality studies are the most reliable way to review all the
different clinical choices. Finally, all issues associated to different complications,
such as dislocation or infection, must be addressed for proper management.

Acetabular revision surgery in the presence of bone defect continues to be of
concern for the patient and the surgeon. In this book all the most critical topics are
covered beginning with the basic science, trying to clarify some newer research
findings, continuing with established reconstruction techniques with or without the
use of bone graft are reviewed. Continuing high-quality clinical studies to evaluate
this complex problem and improve our understanding of the concepts will allow us
to reliably improve outcomes for our patients.

Madrid, Spain Eduardo Garcia-Rey
Madrid, Spain Eduardo Garcia-Cimbrelo
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Chapter 1
Osteolysis After Total Hip Arthroplasty:
Basic Science

G. Vallés and N. Vilaboa

Total Hip Replacement: Clinical Need and Demand

Total hip arthroplasty (THA) represents the most successful and revolutionary
intervention achieved in orthopedic surgery in the last century [1-3]. This surgery is
performed to restore the injured or degenerated joint function when conservative
treatment options have failed and pain, stiffness and other limitations drastically
reduce the patient’s quality of life. The clinical settings in which hip arthroplasty is
indicated involve acute and chronic underlying joint-related diseases, mostly degen-
erative osteoarthritis and rheumatoid arthritis but also other arthropathies including
avascular necrosis, developmental and congenital disorders, neoplasias, fractures
and post-traumatic degenerative arthritis [4]. In 2010, the number of individuals
bearing hip implants in USA was estimated in more than 2.5 millions [5]. In Europe,
countries with high incidence are Germany, Switzerland and Belgium with ratios, of
296, 287 and 240 THA procedures per 100,000 inhabitants, respectively, while in
US and UK the frequencies are 184 and 194 [3].

Early hip failure (within 5 years of implantation) is mainly associated to instabil-
ity, aseptic loosening (AL), infections, wear and fracture and has a decreasing trend
due to improvements in surgery techniques and advances in the biomaterials field.
However, an alarming prevalence has been detected in some cohorts, especially in
patients with metal-on metal (MoM) bearings [6, 7]. In the long-term, the survival
rate (endpoint at revision) of prosthesis after 10—15 years of implantation has been
estimated about a 90-95% [8-10] although percentages of only 58-62% or even
less have been also reported after longer service periods [10—12].
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Demographic changes and lifestyle habits, with a younger and more active pop-
ulation suffering from disabling joint diseases, have led to a significant raise in the
number of THA performed [4, 5, 13]. While THA was initially intended for elderly
patients with limited activity, current candidates include young and middle-age
patients as well as physically active elderly individuals [3, 13]. As a consequence,
the incidence of total hip replacements (THR) increased by a 25% during the
period 2000-2009 and is expected to increase annually at a rate of approximately
a 5% per year in the coming years, to such an extent that in the period 2005-2030
THA procedures will increase a 174% [4, 14]. Approximately half of the joint
replacements currently performed in USA are made in patients younger than
65 years. In Europe, 42% of men and 31% of women who underwent THA in
England and Wales were in this age group [15]. By 2030, 52% of THR might be
performed in these patients [16, 17]. Given the limited expected time of service of
prosthesis in patients younger than 50 years, the revision rates will dramatically
increase in coming years [17, 18].

Implant Failure: Aseptic Loosening

Implant failure is still a major complication of joint arthroplasty with severe conse-
quences for the patient that impact the health-care system [8, 16, 19-21]. Failure,
origined by mechanical and/or biological factors, can arise from multifactorial
causes such as implant design, surgical technique, method of fixation or infection
but the main factor limiting the longevity of THAs is AL secondary to peripros-
thetic osteolysis [3, 13, 15, 17]. Specifically, implant loosening due to aseptic oste-
olysis accounts for over 70% of total hip revisions while infections, recurrent
dislocations, periprosthetic fractures and surgical errors contribute to about a 20%
of the reported failures [21-23]. Instability and infection are complications fre-
quently diagnosed in the early postoperative period, while osteolysis and AL usu-
ally appear in the medium to long-term [18]. Revision surgery is a procedure
technically more challenging than primary arthroplasty and often associated with
poorer prognosis and higher risk of failure [24, 25]. The late development and diag-
nosis of AL, usually asymptomatic in early stages, and its association to severe
periprosthetic bone defects are factors that compromise the revision surgery proce-
dure [18, 26]. Patients for revision surgery are typically in their 70s and 80s, and
age-associated issues including morbidity and mortality risks undermine the inter-
vention. The exponential growth in the number of primary total joint replacement
procedures is associated to a concomitant increase in the number of revision opera-
tions. In this regard it has been estimated that the revision burden (ratio of revision/
primary THA) will be about 17% in 2030 [27, 28]. Statistical data have shown that
10 years after of the primary hip arthroplasty, 24% of cases develop osteolysis and
about a 15% of recipients require further surgical intervention due to AL [17, 29].
In young patients, under 30 years, the percentage of cases which requires revision
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surgery can reach rates up to 33% while in older patients range from 7% to 15%
[30]. Regarding components, the acetabular cup is revised more frequently than the
femoral stem [30, 31]. Currently, 40,000 hip revision procedures due to loosening
are performed annually in USA and it is expected to increase about a 137% for
2030 [14, 32].

AL is characterized by areas of osteolysis at the bone-implant interface, identi-
fied radiographically as radiolucent zones, which can result in displacement of the
prosthetic component [3, 33]. Progression of peri-prosthetic bone loss as assessed
by radiology is very slow. Osteolytic lesions often appear many years after the pri-
mary surgery and can be associated to mechanically stable implants [34]. Clinical
symptoms associated to bone tissue destruction may not be clearly apparent or even
remain silenced.

Several factors determine the longevity of hip implants. Apart from the impor-
tance of a correct surgical technique (orientation and alignment of prosthetic com-
ponents, prosthesis stability, anchorage and osteointegration of the implant ...)
there are significant differences regarding prosthesis- (e.g. type of bearing material,
prosthesis design, shape of prosthesis, surface technology, type of fixation ...) and
patient- related factors (e.g. age, co-morbidities, level of activity and differences in
mechanical loading,...) wich influence the host response to the implant and there-
fore its success or failure [17, 35]. In this regard, Engh et al. found that implant wear
and patient-specific propensity equally contribute to the degree of osteolysis and
might account for the extent of the area affected by periprosthetic bone loss [36].
Research efforts have attempted to identify clinical risk factors and individual sus-
ceptibility to periprosthetic osteolysis in order to predict the outcome and prevent,
or at least attenuate, the ensuing complications of THA [37]. Over the last years, the
influence of parameters such as gender, body mass index, and age [21, 37, 38], as
well as the contribution of genetic factors to the development and progression of AL
[15, 37, 38] have been considered. Regarding age and gender, young male patients
show high risk of developing osteolysis [38]. Considering other factors, genetic
variations affecting molecules involved in inflammation and bone turnover may
play a role in the predisposition to AL of patients with THA. Particularly, polimor-
phisms in genes encoding proteins such as tumor necrosis factor-o (TNF-a), inter-
leukin-6 (IL-6), transforming growth factor-p (TGF-), interleukin-1 receptor
antagonist (IL-1 Ra), matrix metalloproteinase-1 (MMP-1), osteoprotegerin (OPG)
or receptor activator for nuclear factor kappa-B ligand (RANKL), have been associ-
ated with susceptibility to osteolysis and/or short prosthesis longevity [15, 20, 39—
41]. These proteins are powerful mediators in the biological response to particulate
wear debris and the periprosthetic bone loss around THR.

Other risk factor associated to predisposition to osteolysis is the preoperative
diagnosis, which might influence the host response to the biomaterial. While some
authors have observed higher rates of loosening in patients who underwent THA
due to inflammatory arthritis, post-traumatic arthritis, developmental dysplasia or
osteonecrosis as compared to primary osteoarthritis, others have not found signifi-
cant differences between these groups [15, 42].
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The Enemy: Wear Debris Particles

Osteolysis is the long-term consequence of the biological response to wear debris
and products derived from corrosion of implants [3, 33, 43]. Particulate wear debris,
mainly generated by articulating motion at the bearing surfaces but also by non-
articular surfaces, are the primary causes of periprosthetic bone loss and implant
loosening [44, 45]. Locally, continous exposure to prosthetic debris combined to
repetitive mechanical stresses triggers an inflammatory chronic response which is
highly influenced by the intrinsic properties of wear debris particles. The type of
prosthesis determines the characteristics of the resultant wear debris particles and
therefore the magnitude of the host response [33]. Articulating bearings in THA are
hard-on-hard material such as MoM or ceramic-on-ceramic (CoC) and hard-on-soft
material (metal-on-polymer) couples, being the most satisfactory the combination
of a cobalt chrome femoral head articulating on an ultra high molecular weight
polyethylene (UHMWPE) acetabular component [33, 46]. Wear occurs through five
major mechanisms: adhesion, abrasion, third body, fatigue, and corrosion. Third
body wear damage is considered a relevant source of particles in which metal, poly-
mer, cement or even cortical bone debris are entrapped between the UHMWPE
acetabular component and the hard bearing surface contributing to accelerated dete-
rioration of the implant [3, 47]. Research in materials manufacturing and tribology
has focused on identifying alternative bearing surfaces that reduce the production of
wear particles debris [3, 46]. These new materials might give rise to wear particles
with unknown characteristics.

In general, the standing paradigm of AL states that implant-derived-particles
stimulate periprosthetic cells to release factors which affect cell functions through
autocrine and/or paracrine mechanisms [13, 18, 33, 48]. Potentially, all cell types at
the periprosthetic tissue are targets of wear debris but macrophages are critically
involved [17, 29, 33, 45]. Macrophages activated by particles produce an array of
inflammatory, chemotactic and bone-resorbing factors such as chemokines, growth
factors, cytokines, degradative enzymes and reactive oxygen radicals, among oth-
ers, triggering and perpetuating the periprosthetic osteolytic cascade [3, 24, 43, 48].
As result of the inflammatory response, a granulomatous pseudomembrane gener-
ates at the bone-implant interface, which further compromises the interface stability
and osseointegration of the device. Altered-load bearing effects contribute to abnor-
mal wear processes and production of particles in the implant bed, leading in
advanced stages of periprosthetic osteolysis to further anomalous mechanical load-
ing [45]. Although osteolysis due to wear debris initiates as a localized phenome-
non, joint fluid can transport wear debris, cells and molecules to adjacent bone sites
extending the affected bone-implant interface. Morever, high fluid production and
altered loading increase periprosthetic pressure in the peri-implant region [34, 49].
Moreover, the extent of the inflammatory reaction to wear particles is not confined
to joint and adjacent tissues since wear debris, mainly metal particles, have been
detected in remote organs including the spleen, liver, kidney and lung [3, 45].
Whether systemic dissemination of wear particles may cause side effects, e.g. toxic-
ity and carcinogenicity, is a matter of debate.
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Fig. 1.1 Periprosthetic membrane retrieved from a patient undergoing revision surgery due to hip
aseptic loosening. (a) Optical microscopy imaging. Hematoxylin-eosin staining showing charac-
teristic features of the foreign body reaction induced by wear debris particles, with infiltration of
inflammatory cells. High amounts of metal particles are found, indicated by white arrows. (b)
Transmitted polarized light and confocal microscopy imaging. Nuclei of cells in the tissue were
counterstained with DAPI (blue). UHMWPE particles were detected by polarized light as bright
areas (indicated by a red arrow) and metal particles were detected by transmitted light (black,
white arrows) and by reflection (green false colour labelled). Scale bar: 100 pm

Histological examination of periprosthetic tissues retrieved during revision sur-
gery has revealed significant amounts of prosthesis-derived particles (Fig. 1.1) and
a multi-cellular composition characterised by the presence, among other cells, of
macrophages, multinucleated foreign body giant cells containing engulfed particles,
lymphocytes, fibroblasts and osteoclasts in association to elevated levels of pro-
inflammatory cytokines, such as TNF-q, interleukin-1p (IL-1p), prostaglandin-E2
(PGE,) and RANKL [33, 50].

The phagocytosable range size of particles able to induce an in vitro inflamma-
tory response has been established in less than 10 pm [33]. In general, nanometer-
sized particles with diameters lower than 150 nm can be internalized through
endocytosis or pinocytosis, while particles sized between 150 nm and 10 pm utilize
a phagocytosis-mediated process and particles higher than 20 pm induce multinu-
cleated giant cell formation [33, 51]. The greater the particle load of phagocytosable
particles, the higher is the local inflammatory response. Regarding shape, elongated
particles are more reactive than round particles [23].

Originally coined as “cement disease”, as osteolysis due to AL was thought to be
a response to particles of polymethylmethacrylate (PMMA), later it was observed
that osteolysis also occurs with cementless implants and potentially all kind of par-
ticles (metals, PE, ceramics, and bone cement) can elicit a biological response in
joint tissues [3, 33, 43]. Particle chemistry plays an important role [3, 13, 33]. In
general, metal particles are more pro-inflammatory and/or toxic than polymers or
ceramics [3, 52-54]. An overview of the most relevant and recent findings about the
cellular events and molecular pathways modulated by the different types of wear
debris is presented in the following sections.
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Polyethylene Particles

Analyses of periprosthetic tissues retrieved during revision surgery have shown that
UHMWPE wear debris originated from the acetabular liner are the most frequent
types of debris, standing for 70-90% of the debris load independently if implants
are cemented or not [3, 17]. Probably due to their abundance, UHMWPE particles
are considered as key players in the stimulation of periprosthetic bone loss and
implant loosening. Traditionally, the most used bearing couple was UHMWPE
articulating against a metallic ball [3]. With hundreds of thousands of UHMWPE
particles generated in a single step in the periprosthetic space, about 500 billion of
particles produced per year, and a total amount of trillions of particles during the
lifetime of a prosthesis, osteolysis was associated to a threshold of 2.16x 10° and
polyethylene (PE) particles per gram of interfacial tissue and a wear rate greater
than 0.1 mm/year of the UHMWPE acetabular liner [3, 17, 23, 55].

Histological examination of periprosthetic tissues have revealed that UHMWPE
debris appears as small particles or large shards, and exhibit birefringence under
polarized light [45]. Once isolated from membranes, UHMWPE particles display an
irregular surface with a predominant globular shape, although other irregular shapes
are also observed especially in those of larger size, being 90% smaller than 1 pm [3,
17]. The different sizes and shapes observed have been related to the specific wear
mode as well as to the implantation period [3, 45]. Small particles can be detected
within macrophages while large particles are usually included within foreign body
multinucleated giant cells [45].

Bacterial lipopolysaccharide (LPS), possibly derived from subclinical infections
or systemic sources, may bind to particles and contribute further to the inflamma-
tory reaction [56, 57]. Some evidence suggests that macrophages might not be able
to induce an inflammatory response if adsorbed endotoxins are not present on
UHMWPE particles [58]. Proteins present in the physiological fluids, including
type I collagen, aggrecan proteoglycans, immunoglobulin, fibronectin and albumin,
can also be adsorbed on UHMWPE surfaces [59]. The interaction of adsorbed pro-
teins and cell surface receptors, such as integrins, has a remarkable role in the mac-
rophage interactions with biomaterials. Specifically, integrins participate in
receptor-mediated phagocytosis of wear particles of different composition, includ-
ing UHMWPE. The downstream effects of integrin-mediated interactions result in
the production of pro-inflammatory cytokines and osteoclast activation, as shown
by Zaveri et al. who have recently reported that Mac-1 integrin and RGD-binding
integrins are involved in osteolysis induced by UHMWPE particles [59]. Macrophage
activation can occur not only by phagocytosis of UHMWPE particles but also by
cell contact through receptor-mediated mechanisms, including Toll-like receptors
(TLRs), and the cluster of differentiation molecules CD11b and CD14 [60]. Thus,
Maitra et al. reported that UHMWPE particles stimulate in vitro TLR1/2 and acti-
vate phagocytosis [61]. In a PE particle-induced osteolysis murine calvarial model,
TLR2 and TLR4 were found highly expressed in macrophages [60]. TLRs act pri-
marily through the adapter protein myeloid differentiation primary response protein
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(MyD88) and induce activation of nuclear factor kappa-B (NF-xB), mitogen-
activated protein kinases (MAPK) and interferon-regulatory factors (IRFs), leading
to the release of pro-inflammatory cytokines, growth factors and chemokines [22,
24]. TLRs are activated by pathogen- or damage-associated molecular patterns in
response to infection or tissue damage. Oxidative stress, e.g. oxygen intermediates
and free radicals, may provoke degradation of UHMWPE resulting in products as
alkane polymers. These degradation products could influence the “original” inmu-
nogenecity of particles, altering their binding affinity to TLRs or other molecules in
the cells surfaces and thereby activating endogenous signaling systems. Moreover,
particulate debris affects the host tissue integrity by increasing cell death, which
generates danger signals such as heat shock proteins that further increase TLR acti-
vation [51].

The inflammasome has been recently involved in the cellular activation by wear
particles [17, 61]. Inflammasome activation depends on reactive oxygen species
(ROS), enzymes release and other danger signals. Upon phagocytosis of UHMWPE
particles, endosomal and lysosomal damage results in release of cathepsins which
trigger the inflammasome activation. If particles are larger that 20 pm, multinucle-
ated giant cells may activate also NADPH oxidases and generate ROS, also contrib-
uting to its activation [51].

After the initial interaction with macrophages, particles induce an active infiltra-
tion of inflammatory cells into the periprosthetic area. Migration is mediated
through chemotactic factors such as interleukin-8 (IL-8), macrophage chemotactic
protein-1 (MCP-1), and macrophage inflammatory protein-1 (MIP-1) released by
inflammatory and mesenchymal cells, among others, upon challenging with parti-
cles [62]. Thus, the pro-resorptive environment is created not only by locally acti-
vated cells but also by migration of macrophages and osteoclast precursors, i.e.
monocytes. In this regard, in vivo studies employing UHMWPE particles have
shown the contribution of chemotactic factors released by macrophages and mesen-
chymal stem cells (MSCs) to cell recruitment [60]. Specifically, the CCR2/MCP-1
and the CCR1/MIP-1a ligand/receptor axes are involved in the systemic recruit-
ment of macrophages and MSCs, respectively, in the presence of UHMWPE parti-
cles [60, 63].

The most active field of research during the last decade has been focused in the
identification of factors associated to the destruction of the bone tissue when
UHMWPE particles are present. For instance, in vitro stimulation of macrophages
with these particles increases the expression of genes involved in inflammation and
osteoclastogenesis such as MMP9 (coding for matrix metalloproteinase-9), CTSK
(coding for cathepsin K protein), CALCR (coding for calcitonin receptor) and
TNFRSFI11A (coding for receptor activator of nuclear factor kappa-B protein
(RANK)). In vivo, calvarial models of PE particle-induced osteolysis have corrobo-
rated these findings [16].

Production of factors involved in bone destruction depends on the size and con-
centration of wear particles. Green et al. showed that, for a given tested concentra-
tion, PE particles of 0.24 um in length induce higher production of TNF-a, IL-1p,
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IL-6, and PGE, in macrophages than larger particles. Dose- and size-dependent
effects were also reported, as sizes range between 0.45 and 1.71 pm were the most
reactive when higher concentrations were tested [51]. A recent study has shown
that treatment of peripheral blood mononuclear cells with UHMWPE particles
below 50 nm does not induce the release of TNF-«, IL-1f, IL-6 and IL-8 [64].
Regarding concentration, UHMWPE particles showed a dose-dependent induction
in the production of TNF-a, IL-1p and IL-6 in macrophages, and in the production
of RANKL in osteoblasts [16, 51, 65]. PE particles are able to regulate prolifera-
tion and function of osteoblastic or bone-forming cells, through induced expres-
sion of pro-osteoclastogenic factors RANKL, IL-6, IL-8, PGE, and macrophage
colony-stimulating factor (M-CSF) and also through the interference in the regula-
tion of matrix synthesis proteins such as collagen or alkaline phosphatase (ALP)
[16, 66, 67]. Differentiation of osteoblastic cells into a mature, osteocyte-like phe-
notype is tighly regulated by several genes including runt-related ranscription
factor-2 (Runx2), sclerostin (SOST) and osterix (Osx) whose expression is also
altered in the presence of PE particles. In osteoprogenitor cells, UHMWPE parti-
cles inhibit in a dose-dependent manner proliferation and osteogenic differentia-
tion [67]. Effects of PE particles on osteoblasts are further influenced by their
maturation state [66]. A recent study has detected increased expression of cata-
bolic markers incuding matrix metalloproteinase-13 (MMP-13), carbonic anhy-
drase 2 (CA2), cathepsin K, and tartrate resistant acid phosphatase (TRAP) in
human primary osteocyte-like cultures exposed to PE particles [68]. Moreover,
in vitro exposure of macrophages to these particles induces spontaneous differen-
tiation into mature and active osteoclasts [69]. In other coexisting cells in the peri-
prosthetic bone bed, studies are scarce. For instance, in fibroblasts, dominant cell
type in the interfacial membrane, PE particles induce the expression of the pro-
inflammatory cytokine IL-6 [16]. The role of these cells in wear-induced osteolysis
has been mainly attributed to their interaction and cooperation with macrophages
to amplify inflammation, fibrosis and osteoclast activation [51]. Macrophages and
fibroblasts in the interfacial tissues overexpress macrophage migration inhibitory
factor (MIF), which can up-regulate the expression of pro-inflamatory factors and
matrix metalloproteinases (MMPs) involved in the periprosthetic bone tissue
destruction [70]. New lines of evidence have addressed the role of dendritic cells
(DCs) in UHMWPE particles-induced osteolysis, with a similar role than macro-
phages [S1].

Research efforts have recently focused in how to fit the paradigm of polarization
of macrophages when exposed to wear particles. Wear particles contribute to the
creation of a periprosthetic environment in which macrophages can be polarized to
M1 (pro-inflammatory) and M2 (anti-inflammatory) phenotypes. Both phenotypes
have been observed and extensively characterized [17, 60]. Polarization of uncom-
mitted MO or M1 macrophages toward the M2 phenotype, that promotes bone heal-
ing, has been proposed as therapeutic strategy to decrease the local inflammation. In
a calvaria model employing UHMWPE particles, bone resorption was reduced after
administration of the M2 phenotype inducer interleukin-4 (IL-4) [71].
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Broad-scale expression profiling of human macrophages challenged to UHMWPE
particles revealed changes in the expression of genes related to inflammatory
response, cell proliferation, cytokine-mediated signaling, response to stress, cell
migration and death [24]. Among others, particles modulated the transcript levels of
genes encoding factors with remarkable roles in osteoclastogenesis and bone resorp-
tion such as IL-8, MIP-1a, MIP-1f, macrophage inflammatory protein-3 alpha
(MIP-3a), interleukin-23 (IL-23), M-CSF, IL-1a and vascular endothelial growth
factor (VEGF); and cell surface receptors involved in the recognition of particles
such as p-integrins, protein-coupled receptors, intercellular adhesion molecules,
TNF receptor superfamily members and TLRs-signaling. Moreover significant up-
regulation of the expression of genes encoding MMPs, including MMP-1 and MMP-
19, was also found.

Overall, these findings show that inflammation and osteoclastogenesis-related
mechanisms activated by UHMWPE particles are main processes involved in the
pathogenesis of wear-induced osteolysis. The introduction of highly crosslinked
polyethylene (HXLPE) to reduce wear and osteolysis in total joint arthroplasty has
attracted great interest. Moreover, as compared to polymeric and metallic particles,
HXLPE particles induce a moderate degree of peri-implant osteolysis [72].

Metallic Particles

Metal particles are massively generated from the bearing surfaces of MoM hip
replacements, which were conceived as alternative to metal-on-polyethylene (MoP).
However, adverse long-term effects are associated to MoM, including a higher rate
of failure as compared to other bearing surfaces [46]. Metals are susceptible to deg-
radation upon exposure to extracellular tissue fluids, and therefore the clinical out-
come and durability of implants are affiliated to particulate corrosion and wear
products. Metal wear particles arise mainly from the bearing surfaces but also from
the metal back and fixation screws of the acetabular cup [45, 73]. Under the optical
microscope, they appear as black to brownish colored entities, with amorphous or
irregular shapes (flakes or needles) and sharp edges, and sizes ranging from 0.1 to
5 pm [3]. Ultrastructural methods showed that the majority of metal particles
retrieved from periprosthetic tissues and joint simulators are in the nanometric
range [3, 74]. These nanoparticles have a greater relative surface area than mic-
roparticles and are potentially more chemically and biologically reactive [45].
About 6-250% 10" metal particles are released per year from a MoM articulating
surface [3]. As particles with other compositions, metallic particles stimulate
inflammation and bone resorption in detriment of bone formation [75]. Resorption
areas associate to metal particles and periprosthetic tissues are characterized by
express inflammatory mediators including IL-8, IL-1f, macrophage inflammatory
protein-2 alpha (MIP-2a), stromal cell-derived factor 1 (SDF-1) and its receptor
CXCR4 [9, 76, 77].
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In vitro, exposure to Ti particles induces macrophages to release TNF-a, IL-6,
IL-1p and PGE, in a process mediated by tyrosine phosphorylation and MAPK
pathway [9]. A recent factor associated to induced inflammation by Ti particles is
the cannabinoid receptor type 2 (CB2), inductor of osteoclastogenesis [78]. Similar
to described in PE particles, dose- and size-dependent responses have been observed
and the release of pro-inflammatory factors can occur independently of
phagocytosis-dependent mechanisms. Concentration-dependent effects have been
detected for TNF-a, IL-1p and IL-6 [54]. Apart from inflammatory factors, the
expression of genes encoding osteoclastogenic markers can be induced by Ti par-
ticles, including TRAP, nuclear factor of activated T-cells 1 (NFATC1, also termed
NFAT?2), cathepsin K and RANK, as well as nitric oxide synthase 2 (NOS2), NF-xB
and MMP-9. By regulating the expression of genes involved in the superoxide dis-
mutase pathways, Ti particles also modulate oxidative stress [16]. Regarding che-
motactic factors, in vitro exposure of primary human monocytes/macrophages to Ti
particles increased the production of MIP-la, resulting in increased monocyte
migration. Other chemokines induced upon exposure to Ti particles in osteoblasts
and osteoclasts are CCL17 and CCL22. Interestingly, the expression of the gene
encoding CCRA4, receptor of both chemokines, is up-regulated in osteoclast precur-
sors exposed to Ti particles which accounts for macrophage recruitment and bone
loss [79].

In osteoblastic cells, metal particles modulate the expression of genes encoding
pro-inflammatory and bone-resorbing factors. In vitro studies have shown that Ti
particles decrease OPG and induce IL-6 production, effects associated to increased
nuclear factor IL-6 (NF-IL-6) and NF-xB activation while production of MMP-2
increases through p38 signaling [9, 16, 80]. Ti particles severely impact on the via-
bility and osteogenic potential of osteoblast precursors [16, 81]. Moreover, Ti par-
ticles produce adverse effects in MSCs that include toxicity and increased IL-8
production. Induction of genes encoding pro-apoptotic proteins and down-regulation
of those encoding anti-apoptotic and osteogenic factors has been detected in MSCs
challenged with Ti particles [16]. Altogether, these findings indicate that Ti particles
impair the viability, proliferation and differentiation ability of MSCs. Exposure of
fibroblasts to Ti-based particles induce the expression and/or production of RANKL,
IL-6 and MCP-1 in a dose-dependent manner and stimulates the release of osteo-
lytic enzymes as stromelysin and collagenase [3, 9, 16]. In human synovial cells, Ti
particles increase MMP-2 activity [82].

Bacterial endotoxins are detected frequently and in a significant amount adsorbed
to metallic wear particles [57, 75]. In macrophages, exposure to Ti particles adsorbed
to LPS results in the regulation of TLRs-mediated responses and the stimulation in
the production of the proinflammatory cytokines TNF-«, IL-1p and IL-6 [75].
Nonetheless, endotoxin-free Ti particles activate TLRs-mediated pathways and
induce the expression of same genes [83]. However, comparative studies have
shown that endotoxin-free Ti particles induce inflammation and osteolysis to a
lower extent than those with adsorbed bacterial debris [84]. As observed with
UHMWPE particles, NALP3 inflammasome can be activated upon Ti particles
internalization and subsequent cathepsin release [17].
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In response to implant metal debris challenge, macrophages adopt a pro-
inflammatory M1 phenotype [16, 79]. In a study to clarify whether macrophage
phenotypes are equally sensitive to Ti particles, these cells were polarized towards
phenotype MO, M1 and M2 and then incubated with Ti particles. While no signifi-
cant effects were observed in M2-macrophages after Ti particle challenge,
M1-macrophages experienced drastic changes both at the transcriptome and the
proteome levels, with a notable increase in the production of inflammatory chemo-
kines (e.g. MCP-1, MIP-1a, IL-8), cytokines (TNF-a, IL-1) and growth factors
(e.g. granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte-
colony stimulating factor (G-CSF) and epidermal growth factor (EGF)) [85]. This
study supports again the notion that the local microenvironment, which determines
the macrophage phenotype, notably influences the response to particles.

Changes in mechanotransduction and adhesive properties of cells treated with
metal particles have also been addressed in in vitro studies. For example, Preedy
et al. observed that Ti particles increase osteoblast elasticity [86].

In vivo studies employing calvaria or air pouch models have corroborated the
in vitro findings regarding Ti particles induction of TNF-a, cyclooxygenase-2
(COX-2), IL-1p, MMP-9, MCP-1, RANK, RANKL, NFATCI1, VEGF and CB2
expression and/or production [9, 16]. Similar results were observed when Ti-alloy
particles were investigated [16].

Concerns about wear debris derived from CoCr are mainly based on ions release.
Co and Cr ions can travel through lymh and blood with harmful consequences for
heart, brain and thyroid, spleen or liver [9]. CoCr alloy particles have been histo-
logically identified in necrotic areas with infiltrating macrophages and lymphocytes
[87]. In the local tissues, Co-Cr alloy particles and ions impair the expression of
proteins related with osteoblastic differentiation (OPG, Osx and osteocalcin (OCN))
and increase those related with inflammation and osteoclastogenesis (IL-6, RANKL,
MCP-1 and NFATC1) [16]. Co ions affect osteoblasts and neutrophils functions and
stimulate chemokine secretion in both cell types [88]. Ions released from a CoCr
alloy (CoCr29Mo6) induced necrosis in osteoblasts and peripheral blood mononu-
clear cells (PBMCs) and also stimulated IL-6, IL-8, and MMP-1 expression in these
cell types [89]. Co and Cr ions are highly cytotoxic for macrophages and lympho-
cytes, inducing apoptosis [9]. Exposure to CoCr particles, increase expression and/
or production of pro-inflammatory factors (IL-la, IL-6, interleukin-10 (IL-10),
IL-8, GM-CSF and PGE,) in monocyte-macrophage lineage cells, reduce viability
in histiocytes and fibroblasts and affect osteogenic differentiation in MSCs [9, 16,
90]. Treatment of THP-1 cells with a CoCr alloy (ASTM F75) particles increase the
production of TNF-a, IL-1p and IL-8 through TLR4 signaling pathway [91]. In
fibroblasts, CoCr nanoparticles increase the production of ROS and induce apopto-
sis [9, 92]. Regarding size, CoCr nanoparticles release more ions and are more
cytotoxic than CoCr microparticles [93].

After being phagocytosed by macrophages metal nanoparticles trigger endoplas-
mic reticule (ER) stress. Periprosthetic tissues express large amounts of ER stress-
associated molecules (Ca’*, IRE1-a, GRP78/Bip, CHOP, cleaved Caspase-4, and
JNK). It has been speculated that apoptosis in macrophages challenged to metal
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particles might be mediated by ER stress pathways, also linked to inflammation and
osteoclastogenesis [94]. Similar to UHMWPE particles, chemical changes in metal
particles surface altere the recognition of particles by cells and their subsequent
effects [9, 95]. Also, release of endogenous alarmins has been proposed to contribute
to positive feedback mechanisms in the periprosthetic tissue challenged with metal-
lic debris [84, 18].

Several studies report a scarce number of T-lymphocytes in periprosthetic tis-
sues, concluding that osteolysis occurs independently of these cells [51]. However,
lymphocytes play a key role in hypersensitivity reactions leading to early osteoly-
sis [45, 51]. Hypersensitivity or allergy to metallic components is a matter of con-
cern to orthopaedic surgeons. This reaction is usually a cell-mediated (type-IV
delayed hypersensitivity) response, characterized by activation of delayed-type
hypersensitivity T lymphocytes by haptenic antigen and cytokine release which
leads to recruitment of cytotoxic T-cells and macrophages activation. Activated
macrophages mediate delayed-type hypersensitivity T lymphocytes activation,
self-perpetuating the inflammatory response [9, 79]. Another adverse local tissue
reaction is the aseptic lymphocyte-dominated vasculitis-associated lesions
(ALVaL). This response is similar to the type IV hypersensitivity response, charac-
terized by inflammation accompanied by lymphocytic infiltration, accumulation of
plasma cells and macrophages and soft tissue necrosis [3, 9, 96]. Pseudotumors,
mainly affecting soft tissues, are another complication of metal THA. Pseudotumors
are identified as a solid or cystic mass-forming tissue characterized by necrosis
areas, mononuclear cell infiltration and giant multinucleated cells, with high
degree of perivascular lymphocytic aggregation. The prevalence of pseudotumors
in hip implanted patients is a controversial issue. While some authors estimated a
low frequency, just about a 1% within 5 years of MoM implantation, others have
found a much higher incidence, up to 60% [3, 9, 97]. This absence of consensum
may be explained due to the asymptomatic nature in some cases and the similarity
with other adverse reactions. In this regard, Catelas et al. have stated relevant dif-
ferences in the proteome of pseudotumors and osteolytic tissues which correlate
with predominant adaptive immune responses in patients with pseudotumors and
innate immune responses in patients with periprosthetic osteolysis [98]. One
molecular mechanism which might explain the local soft tissue growing around
the implant (fibro-pseudotumors) is the induction of hypoxia and angiogenesis by
metal debris, which increases the levels of transcription factor hypoxia inducible
factor 1 alpha (HIF-1a) and VEGF [79]. Finally, some studies suggested an asso-
ciation between MoM implants and risk for developing cancer but epidemiological
studies have not been able to prove increased incidence of cancer in patients with
these implants [9, 99].

In summary, existing data employing metal and metal-alloys wear debris and
their byproducts indicate their involvement in the induction of adverse local tissue
reactions, based not only in the activation of inflammation and bone resorption-
related mechanisms but also in the induction of the oxidative stress and cytotoxicity.
These effects are mainly dose- and concentration-dependents which, in the context
of metal particles exhibiting submicrometric and nanometric sizes and being
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released in high amounts to the periprosthetic space, represent a clear threat to tis-
sue homeostasis.

Ceramic Particles

Ceramics present chemical and mechanical advantageous properties for the manu-
facturing of orthopaedic devices, especially for young patients, including biochemi-
cal inertness, hardness, high-strength and corrosion and wear resistance [3, 100,
101]. Currently, the most used ceramic materials in clinical practice are alumina
(AL,0;) and zirconia (ZrO,) [3]. Hip implant revisions of Al,Os-based components
have been associated to their brittleness and the subsequent risk of catastrophic
failures due to deficiencies in the manufacture [3, 102]. A great variability in the
frequency of ceramics fracture rate has been reported but in general, incidence is
small [3, 103]. Wear volume of ceramic bearing couples is lower than that of metal-
lic and therefore a lower risk of revision is expected [3, 104]. Moreover, PE compo-
nent exhibits a lower linear wear in CoP (0.034 mm/year) than in MoP (0.1 mm/
year) bearings. On crosslinked PE, ceramics display a wear rate of 0.019 mm/year
compared to 0.03 for metals [3]. Relative inertness and low abundance of ceramic
wear debris in the periprosthetic space imply limited adverse biologic reactions and
risk of osteolysis associated to this type of material.

Ceramic debris appears as fine greyish-brown particles (ZrO,) and brown,
brownish-green or black granules (AL,O;) [45, 105, 106]. Regarding size, ceramic
particles are similar to metal particles, and ten times smaller than polymeric parti-
cles. More in detail, some studies have shown a range from 0.13 to 7.2 pm in tissues
around loosened CoC hip implants and others have reported a bimodal size distribu-
tion, with most of them in the nanometric-order (5-90 nm) and submicron- to
micron-scale for the rest (up to 3.2 pm) [3, 106, 107].

Manufacturing defects, instability or mal position of hip prosthesis components
are main factors involved in the generation of ceramic particles, which once pro-
duced are “potential” inducers of periprosthetic osteolysis [3, 60, 108]. In fact, pro-
duction of ceramic debris associated to occasional osteolytic areas has been
considered as the consequence of mechanical instability rather than the origin of
failure [108]. Typical foreign body reaction was only observed in association to
large amounts of wear particles [109]. The cellular mechanisms involved in the
biological response to ceramic particles are a controversial issue, not fully eluci-
dated. While some authors state that ceramics are able to activate cells in a similar
manner to metallic debris due to their comparable size, others express doubts about
the involvement of the same mechanisms. In fact, studies in retrieved tissues have
shown a differential cellular response to accumulated ceramic wear debris [110].
Biocompatibility of ZrO, particles seems to be greater than that of Ti particles since
induction of pro-inflammatory gene expression was significantly lower in macro-
phages challenged with ZrO,. In vivo experiments support these findings, with
higher extent of inflammation and bone resorption induced by Ti or PE particles
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than ceramics [83, 111]. Bylski et al. exposed THP-1 macrophage-like cells to dif-
ferent concentrations of Al,O; and Ti particles and found that, regardless of particle
size and time exposure, ceramic caused only minor up-regulations of RANK, TNF-o
and OPG mRNA levels while Ti highly stimulated the expression these genes and
led to cytotoxic effects in a dose- and time-dependent manner [107]. Also, minor
induction in the production of pro-inflammatory proteins such as IL-1p and MCP-1
has been reported after exposure of primary human macrophages to Al,O; particles
[112]. In a comparative study using murine macrophage cells treated with PE or
ceramic particles, the latter led to lower release of TNF-o [113].

The negligible in vitro effects of Al,O; particles on cell viability and cytokines
production may account for the low incidence of osteolysis in patients with CoC
prosthesis [60]. Once again, particle size, composition and concentration are rele-
vant factors to consider [114, 115, 116]. Regarding induction of pro-inflammatory
cytokines, neither Al,Os or ZrO, particles induced IL-1 or IL-6 production in human
fibroblast-like synoviocytes isolated from patients with osteoarthritis or rheumatoid
arthritis [117]. Al,O; and ZrO, are susceptible of internalization in J774 cells, induc-
ing both type of particles the release of TNF-a at same extent [118].

Exposure of human macrophages to ZrO, or TiO, nanoparticles upregulated the
expression of TLR7 and TLR10 [119]. Moreover, ZrO, nanoparticles induced IL-1
production and IL-1Ra synthesis while in LPS-treated macrophages IL-1Ra release
is reduced, therefore promoting the creation of a pro-inflammatory environment,
amplifying the M1 macrophage-effector functions.

A recent study has evaluated the ZrO, effects on osteoclasts, whose recruitment
and activation are directly involved in the periarticular osteolysis [120]. Exposure of
osteoclasts to ZrO, increased cell fusion and expression of osteoclast function- and
bone matrix-related proteins including vitronectin receptor (VNR), TRAP, RANK
and cathepsin K without stimulating osteoclast bone resorptive capacity. Moreover,
higher expression of MMP-1 and an impaired production of the tissue inhibitor of
this metalloproteinase were observed.

AL,O; particles can be internalized by osteoblastic MG-63 cells which resulted
in decreased proliferation, ALP activity and TGF-p1 secretion [121]. In contrast,
exposure of these cells to ZrO, stimulated proliferation and ALP activity.
Interestingly, both types of particles induced the production of PGE, in a dose-
dependent manner. Treatment of primary human osteoblasts with Al,O; induced the
expression and secretion of IL-6 [122] and affected the osteoblastic function by
decreasing the C-terminal type I procollagen (PICP) secretion and ALP activity
[123]. The paracrine interactions between macrophages and osteoblasts were also
affected by treatment of these cell types with Al,O; particles which resulted in
increased production of IL-6 and GM-CSF as assessed in a a co-culture in vitro
model [124]. Another study examined the cross talk between macrophages and
osteoblasts in the presence of Al,O; particles employing media conditioned by
osteoblasts exposed to particles in which a slight decrease in OPG-to-RANKL ratio
was detected [125]. In this study, secretion of TNF-a, IL-6 and GM-CSF by PBMCs
was not induced by culturing these cells with media conditioned by osteoblast
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exposed to Al,O;. Osteoclasts formation assays showed an increase in TRAP-
positive aggregates which suggested the activation of osteoclastogenesis although
osteoclast generation was not enhanced in PBMC cultures exposed to conditioned
medium of osteoblasts challenged with Al,O;.

In summary, although ceramics present advantages in comparison to other mate-
rials, they still seem able to elicit an adverse local reaction. However, the moderate
wear rate of ceramic components together with the limited effects of ceramic
particles-induced biological responses may significantly account for the low inci-
dence of osteolysis in patients bearing this type of prosthesis.

Cement Particles

PMMA debris arise from the fragmentation of the cement used to fix components
of THA [3, 126]. Bone cement is frequently applied to the femoral stem but also
the acetabular shell may be fixed to the adjacent bone. PMMA-based bone cement
was introduced by Charnley as an effective mean to achieve stable fixation
between the bone bed and the implant, and later as matrix for local delivery of
antibiotics [126]. Apart from favouring formation of a fibrous interfacial tissue,
PMMA experiences brittleness and shrinkage, lack of adherence to the bone and
during its application, the in situ exothermic polymerization reaction can damage
the adjacent bone tissue. In general, cemented prostheses are not options for
young and active patients, with good bone stock quality, as PMMA can cause
third body wear and secondary loosening of the hip components [127]. PMMA
third-body abrasive particles originated from the failure of the cement mantle can
induce surface damage, especially relevant in PE and Ti-based components [3,
128]. ZrO, and BaSO, are used as radio-opaque contrast media in bone cement,
and therefore disintegration of the cement mantle can produce PMMA and/or
ZrO, or BaSO, particles which can contribute to direct cell responses and also to
third-body wear [3, 126].

Acrylic particles found in the capsular tissue present a size range from 1-2 pm to
several hundreds of microns. Several shapes have been observed, being the smallest
particles similar to dust granules and the largest ones like pearls clusters or grapes
bunch [3]. Under light microscopy, particles present a size between 0.5 and 2 pm
with grey or yellow brown colour and under polarized light, they show slight white
birefringence [129].

Localized areas of osteolysis exhibiting foreign body response to cement parti-
cles are frequently observed [60]. PMMA, ZrO, and BaSO, particles of phagocytos-
able size can be internalized and stored within macrophages while the
non-phagocytosable large cement fragments are surrounded by foreign body giant
cells. Aggressive granulomatous lesions as well as non-granulomatous AL around
cemented total hip prostheses have been observed. PMMA particles are also able to
activate the lymphocyte-mediated immune response [3].
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Cell surface receptor complement receptor 3 (CR3) is involved in the phagocy-
tosis and activation of signaling pathways of macrophages exposed to PMMA [48].
Production of inflammatory mediators is also mediated by TLRs in a manner partly
dependent on MyD88 signaling pathway, since inhibition of this adaptor molecule
decreased the induced production of TNF-a in RAW 264.7 murine macrophages
exposed to PMMA [22]. As described for polymeric and metallic particles, PMMA
particles activate the NALP3 inflammasome [130]. Phagocytosed cement particles
induce caspase-1 activation in monocyte/macrophage cells and the release of down-
stream effectors IL-1B and TNF-a, both involved in the amplification of osteoclas-
togenesis mediated by RANKL.

In vitro studies suggest that PMMA particles may have more potent osteolytic
effects than high density PE particles [131]. In fact, the activation of macrophages
by PMMA particles has long been considered as a key mechanism in wear-induced
osteolysis of cemented implants [3, 48]. Apart from peri-implant resident cell acti-
vation, PMMA particles are also able to recruit peripheral monocyte/macrophages,
promoting the systemic trafficking of macrophages to the site of inflammation [3],
as observed after PMMA injection in the medullary canal of nude mice and the
intravenous administration of RAW264.7 macrophages stably expressing a biolumi-
nescent reporter gene [132]. This finding was corroborated using a severe combined
immunodeficiency mouse chimera model, in which fragments of periprosthetic
granulomatous tissues and bone chips retrieved during revision surgery in loosened
patients were implanted in mice [133]. PBMCs isolated from patients during revi-
sion surgery were fluorescently labeled and cultured with cement particles before
intraperitoneal injection. Fluorescent-labeled PBMCs challenged with PMMA par-
ticles and a high number of TRAP-positive cells accumulated in transplanted peri-
prosthetic tissues.

The chemotactic effects induced by PMMA particles leading to migration of
human monocyte and MSCs have been studied in in vitro studies [60, 79].
Macrophages challenged with cement particles increase MCP-1 release. Like MCP-
1, MIP-1a is expressed in periprosthetic tissues and produced by cells of the mono-
cytic/macrophagic lineage after priming with PMMA particles [22]. Moreover,
neutralizing antibody to MIP-1a lessened the migration of monocytes induced by
media conditioned by macrophages exposed to PMMA particles [134]. An indepen-
dent study confirmed the involvement of MCP-1 and MIP-1a induced by PMMA
particles in the homing of monocytes and MSCs, suggesting the involvement of
various chemokines in the recruitment of macrophages and MSCs [135]. Fibroblasts,
a cell source of chemokines, increase MCP-1 release upon exposure to PMMA
particles [136].

Exposure of macrophages to PMMA increases the expression of pro-inflammatory
cytokines, via activation of the NF-kB pathway [137, 138]. Among other
macrophage-releated cell types, dose- and time-dependent induction of the secre-
tion of IL-1 and PGE, has been observed in peritoneal macrophages [60] while
induction in the release of IL-1p and TNF-a was described in bone marrow
macrophages [139]. In line with this, Pearle and colleagues performed microarrays
profiling of monocytes and unfractionated PBMCs exposed to PMMA and Ti par-
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ticles to assess, respectively, the activation of the innate immune system and the
innate and adaptive immune system [140]. Exposure of monocytes to PMMA
induced the transcript levels of TNF-a, IL-1a, IL-1p, IL-6, IL-8 and COX-2, key
regulator of PGE, synthesis, as well as the chemokines MIP-3ac and CCL11. Similar
data were obtained in PBMC exposed to PMMA. Comparison with data obtained
from cells exposed to Ti particles suggested that PMMA-inflammatory effects are
mediated by the activation of the innate immune system, i.e., monocytes, in a T cell-
independent manner, while lymphocytes are not essential mediators in PMMA-
induced osteolysis.

Apart from the induction in the inflammatory response, PMMA particles contrib-
ute to mononuclear phagocytes and macrophages differentiation into TRAP-positive
cells with resorptive capacity [131, 141]. Other osteoclastic phenotypic markers
might be regulated by PMMA particles, as murine RAW264.7 cells exposed to
PMMA upregulated cathepsin K and RANK expression [142]. PMMA particles
stimulate osteoclastogenesis, at least in part, by induction of RANKL and TNF-a
expression and by activation of NF-kB [143]. Signaling pathways that cooperate
with RANKL-induced during differentiation of macrophages into osteoclasts, like
MAPK pathway, are also activated. Expression and activity of the transcription fac-
tor NFAT?2, involved critically in osteoclast lineage commitment, increases in osteo-
clast precursors exposed to PMMA particles [144]. PMMA-derived effects on the
osteoclastic lineage seem to be dependent on their stages of development, increas-
ing the number of osteoclasts precursors and enhancing the number and bone
resorption capacity of mature cells [145].

As mentioned before, macrophages exhibit functional plasticity in order to adapt
to the dynamic periprosthetic microenvironment. Macrophages challenged by
PMMA particles exhibit characteristics of M1 phenotype [146]. However, macro-
phages may evolve from M1 to M2 phenotype as proven in in vitro experiments in
which M1 macrophages were treated with IL-4 prior to exposure to PMMA parti-
cles or were simultaneously treated with IL-4 and particles [139].

Exposure to PMMA particles impairs viability, proliferation and osteogenic dif-
ferentiation of osteoprogenitor cells. Transcript levels of the transcription factors
Runx2, Osx and DIx5 that orchestrate osteogenic differentiation, and OCN decrease
after exposure of MC3T3-E1 to PMMA particles [138, 147]. Effects on osteopro-
genitor proliferation and differentiation have been found to be dose-dependent [148].
The more potent inhibitory effects of PMMA particles have been detected in the
early phase of osteoprogenitor differentiation, as shown in cultures of murine bone
marrow cells [148, 149]. PMMA-induced inhibition of osteoblastic differentiation is
characterized by altered expression of genes encoding bone morphogenetic protein
3 (BMP3) and SOST, which are negative regulators of bone formation [150].

Regarding mature bone-forming cells, proliferation and collagen synthesis of
osteoblastic cells exposed to PMMA were reported to be inhibited whereas OCN
and IL-6 production were stimulated [151]. Additionally, apoptotic rates and
MMP-1 expression were enhanced in osteoblasts exposed to PMMA [152]. As
observed with other types of particles, the mechanisms involved in osteoblasts dys-
function after exposure to PMMA particles are not totally understood. Among other
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participating mechanisms, inhibition of MAPK activity and reduced TGF-$1 pro-
duction, which play an essential role in differentiation and the response to environ-
mental stress, have been proposed [150]. A recent study has addressed the
consequences of the physical stress stimuli that PMMA particles impose to osteo-
blasts that include an increase in the elastic modulus with time, production of
calcium and changes in cytoskeleton organisation which influence cell behaviour
and function [86]. Addition of radio-opaque agents favors macrophage-osteoclast
differentiation and their resorptive activity, being more resorptive PMMA contain-
ing BaSO, than ZrO, [153]. Moreover, exposure of osteoblastic cells to cements
containing these radio-opaque agents increased the expression ratio RANKL/OPG
[154]. Such imbalance might be related to stimulation of osteoclast differentiation
and inhibition of osteoclast apoptosis.

Collected evidence indicates that cement-derived wear particles elicit important
adverse cellular reactions that lead to to periprosthetic osteolysis. Cement particles
are found in high proportion in the periprosthetic bone bed which facilitates their
direct action and severe effects on bone and immune cells.

Perspectives

Research efforts in THR have been oriented toward the improvement of the tribol-
ogy of materials used in prostheses manufacturing as well as to the elucidation of
the biological processes triggered by wear particles [26]. Important advances in
orthopaedic materials concerning their microstructure, surface characteristics and/
or design have been made and multiple biomaterials have been generated as promis-
ing alternatives including advanced composites and hybrid materials [155-157].
Among others, coatings of the material surfaces with bioceramics or functionaliza-
tion with extracellular matrix proteins, biological peptides or growth factors are
expected to stimulate physiological mechanisms that counterbalance the develop-
ment of osteolysis [50, 158]. However, novel materials still face issues regarding
their long-term performance and biological response to wear and corrosion debris.
Moreover, a deeper understanding of the local and systemic biological responses to
materials is needed. The identification of signaling pathways and cellular and
molecular mediators that contribute to periprosthetic osteolysis will facilitate not
only the generation of mimetic, self-diagnosing and multifunctional materials but
also the development of targeted and personalized therapeutic strategies. Innovations
in genotyping, pharmacogenomics and large-scale molecular phenotyping will
facilitate the identification of the mechanisms involved in the pathogenesis of oste-
olysis that then will be used to design strategies for the diagnosis, prevention and
treatment of AL [24, 159]. For instance, recent progresses in the understanding of
the signaling pathways that integrate ER stress, apoptosis, inflammation or osteo-
clastogenesis have been proposed as promising therapeutic targets to mitigate wear
particle-induced osteolysis [94, 160]. Acting upstream of the inflammatory cascade
activated by wear particles might lead to better therapeutic control of the local
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process, in opposition to systemic management which might be associated to
adverse side-effects. Three main events triggered by the presence of particles can be
targeted: cellular chemotaxis, polarization of macrophages and NF-xB signaling
[60, 85, 161, 162]. Protein phosphatase 2A, a major serine-threonine phosphatase
involved in NF-kB and c-Jun N-terminal kinase signaling pathways has been pro-
posed as new target for pharmacological intervention in Ti-induced osteolysis [163].
Inhibition of the glycogen synthetase kinase 3 beta, regulator in the canonical Wnt
signaling pathway which is essential in the maintenance of normal bone mass, has
been suggested as a target of molecules to treat wear-debris induced osteolysis
[164]. Other proposed targets explored are bone morphogenetic proteins [165] and
protein kinase C [166]. Therefore, the more we know about intracellular signaling
activated by wear particles, the more options we have to develop therapeutic inter-
ventions for aseptic implant loosening.

Other therapeutic intervention has focused in controlling the levels of RANKL
and OPG [50]. Specific materials, such as biosilica and microstructured Ti surfaces,
are able to stimulate the endogenous production of OPG. Treatments with anti-
resorptive bisphosphonates (e.g. alendronate and zolendronate), RANKL antibodies
or OPG-like molecules have been proposed. Some of these drugs have proven their
efficacy in pathologies associated to catabolic bone disorders, but might have an
important impact at systemic level. Unwanted side effects have been also associated
to anti-inflammatory drugs as corticosteroids or TNF-a antagonists or IL-1 antago-
nists, which have been suggested to treat wear-induced osteolysis [51]. Other phar-
macological agents assayed include the synthetic molecules OA-14
((N-(3-(dodecylcarbamoyl)phenyl)-1H-indole-2-carboxamide)) [167] and metho-
trexate [168] or the ursolic acid [169].

An active research has been performed testing agents able to modulate the
NF-xB signaling pathway, including natural bioactive compounds such as trip-
tolide, notoginsenoside R1 or sophocarpine [170-172], antibiotics as rifampin
[173], bioflavonoids such as anthocyanin or amentoflavone, [174, 175], compo-
nents of the omega-3 fatty acids such as the docosahexanoic acid [176] or the pro-
biotic Lactobacillus casei [177]. In this search of modulators of NF-xB, the hormone
melatonin has been reported as candidate for the treatment of wear debris-induced
osteolysis [178]. Sirtuin 1, NAD(+)-dependent histone deacetylase which regulates
the transcriptional activity of NF-kB, has been considered as a pharmacological
target in osteoblast and macrophages challenged to metal particles [179, 180].
Statins such as simvastatin and pitavastatin, employed as lipid-lowering medica-
tion, have been also proposed for the prevention and/or treatment in wear particle-
induced bone resorption. Our group reported that simvastatin down-regulates IL-6
secretion in osteoblastic cells cultured in isolation or co-cultured with macrophages
and exposed to Ti particles [181]. In order to improve the local efficacy of anti-
inflammatory and/or anti-osteolytic therapeutic agents different methods to concen-
trate the drug preferentially into the inflammatory area have been proposed, avoiding
or reducing systemic exposure. In this regard, local delivery of dexamethasone con-
jugated to the copolymer HPMA or covalently conjugated to TiO, particles has
been assayed [182, 183].
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Gene therapy has also emerged as a potential therapeutic avenue. For instance,
in vitro and in vivo models have shown the effectiveness of viral gene delivery of
IL-10, IL-1Ra and OPG in Ti- and UHMWPE-induced osteolysis models [184—
189]. Other therapeutic experimental approaches employed small interfering RNA
to silence TNF-a, the catalytic subunit of phosphoinositide 3-kinase (PI3K) p110p
or the chemokine receptor CXCR2 [190-192]. Although promising preliminary
results have been achieved, the implementation of gene therapy into orthopaedic
practice is still a distant possibility.

Other important aspect to consider is the early diagnosis of wear particles-
induced osteolysis. Therefore, efforts are focused in the search of biomarkers as
diagnostic and prognostic tools to monitor the progression of the disease. Different
biomarkers in synovial fluid, urine and serum have been proposed, but still none
have proved relevant clinical utility [193, 194]. In this regard, our group has been
focused during the last years in the identification of serum proteins with potential to
be regarded as biomarkers.

Concluding Remarks

Wear particles-induced osteolysis is one of the major challenges for orthopedic sur-
geons due to the absence of clinical signs and symptoms until late stages of destruc-
tion and failure. The increasing demand of hip arthroplasties and the growing
incidence in young patients, with predictions pointing to a substantial increase in
revision surgeries, highlights that this issue has to be seriously considered. Currently,
strategies are focused on improving the implant behaviour and limiting the biologi-
cal response to its degradation products. Despite intense research efforts in the
materials field, the long-term performance of novel biomaterials is still unknown. In
the biomedical field, it is imperative to unravel the cellular and molecular mecha-
nisms triggered by wear debris to establish effective medical interventions. Too
many questions that still remain not answered and become major challenges for
basic research groups.
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Chapter 2
Bone Defects in Acetabular Revision
Surgery. Imaging and Classifications

Eduardo Garcia-Rey

Introduction

Prosthetic component loosening leads to bone loss and complicating the
reconstruction of the hip during a revision surgery. Osteolytic lesions may develop
from a biological reaction to wear debris, most frequently polyethylene and metal
debris, or by bone erosion produced by repeated movement secondary to compo-
nent loosening [1]. This biological reaction produces an osteoclastic resorption that
can be seen on radiographs as cystic lesions or radiolucent lines around the pros-
thetic components.

Osteolysis of the pelvis is found associated with both cemented and cementless
cups. However, its pattern will differ depending on the type of hip fixation. These
differences are related to the path of least resistance for particle-laden joint fluid [2].
Access to the implant-bone interface is related to the type of fixation, subsequent
remodeling and implant design. With cemented acetabular components, the subcon-
dral bone can be reamed at the time of surgery, but it usually reconstitutes itself.
Sclerotic bone is a relative barrier for the ingress of joint fluid and wear particles
into the trabecular bone of the supracetabular region [3]. As a consequence, bone
resorption occurs most frequently in a linear manner, resulting in degradation of the
bone at the cement-bone interface and loosening of the implant over the time. A soft
tissue membrane develops and compromises stability as the cutting wedge of bone
resorption progresses toward the dome of the cemented acetabular component. In
contrast, with cementless cups, the pattern of bone remodeling and the path of least
resistance for joint fluid and wear particles around a cementless porous-coated cup
are different. Both tend to ingrow into the porous coating in a limited fashion. The
areas that develop ingrowth become osteointegrated and are resistant to fluid and
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Fig. 2.1 (a) Anteroposterior radiograph of the hip showing acetabular osteolysis around a
cemented cup. Bone resorption occurs in a linear manner, resulting in degradation of the bone at
the cement-bone interface and loosening of the implant over the time. (b) Anteroposterior radio-
graph of the hip showing acetabular osteolysis around a cementless cup. The areas that develop
ingrowth become osseointegrated and are resistant to fluid and particles migrating along the inter-
face. Extensive bone loss can occur without affecting implant stability

particles migrating along the interface. However, areas without ingrowth are
potential access channels for joint fluid to be pumped into the supracetabular region
[4]. Acetabular osteolysis destroys lateral and anterior acetabular walls while the
cup migrates medially, affecting the acetabular roof and the medial wall and produc-
ing segmental defects. Acetabular osteolytic lesions develop around the dome or
screw holes of the acetabular component and near the cup rim, where particulate
debris from the bearing surface tend to migrate [5—7]. Extensive bone loss can occur
without affecting implant stability (Fig. 2.1). These patients can be clinically asymp-
tomatic despite significant destruction of the pelvic bone [8] and detected only with
radiographs or other imaging diagnosis techniques. Osteolysis is associated with
pain if the bone loss results in decreased mechnical support for the acetabular
component.

Although the osteolytic pattern around cemented and cementless components is
different, histologic evaluation shows the membrane is similar regardless of the type
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Fig. 2.2 Microphotography of an osteolytic cavity showing abundant macrophages in association
with intra- and extracellular wear debris. In the presence of larger polyethylene particles, giant
cells are common

of implant fixation or the pattern of osteolysis. Histologically, we can find abundant
macrophages in association with intra- and extracelular wear debris. In the presence
of larger particles of polyethylene, giant cells are common [2, 3, 9, 10] (Fig. 2.2).

Diagnosis and treatment of osteolysis of the pelvis presents challenging and con-
troversial problems. It is often asymptomatic and does not present symptoms until
considerable bone loss and loosening of the acetabular socket occur. Reconstructive
hip surgery in cases with major bone deficiency is more complex and takes longer
than a standard total replacement. In order to avoid complications and having to
abandon the planned reconstruction, preoperative planning must meticulous.
Planning must be include patient evaluation, detailed imaging assessment of the
bone defects and the proposed surgical reconstruction.

Patient Evaluation

The severity of the patient’ hip problems will inform decision on whether the patient
can benefit from a long and potentially dangerous operation. A detailed orthopedic
history should be obtained, including characteristics of the pain, function, range of
motion, limb length discrepancies, hip musculature, ambulatory capacity, ability to
climb stairs, to sit, etc. The surgeon must be sure that subjective complaints in the
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hip region are caused by hip pathology and are not referred from the lumbar spine,
retroperitoneum, inguinal hernias or femoral neuropathies. Assessing whether some
pathology in joints other than the hip or impairment of cardiac, pulmonary or neu-
rologic systems might compromise results.

The white blood cell count, erythrocyte sedimentation rate, and C-reactive pro-
tein level should be part of the standard workup before revision surgery, given their
high sensitivity and specificity for infections when these tests are combined [11].
Patient evaluation also requires detection of any preoperative anemia, which is fre-
quent in patients undergoing primary and revision surgery [12]. It is well known that
preoperative anemia is a risk factor for allogenic blood transfusion [13], and trans-
fusion is associated with a higher risk for longer stays, infection, and an increased
mortality rate [14]. So, any preoperative anemia must be treated before surgery to
avoid intra and postoperative complications. Different studies support the use of
recombinant human erythropoietin and oral and intravenous iron supplementation
in the patients [12, 15].

Imaging Assessment

Radiographic Evaluation

Diagnosis of osteolysis and aseptic loosening is made based on serial radiographs.
Osteolytic lesions on radiographs appears as well-demarcated, scalloped areas of
bone loss, depending on the type of fixation and subsequent bone remodeling. These
lesions are differentiated from loss from stress-shielding bone loss, which causes
more diffuse trabecular thinning. A proper technique is important for accurate inter-
pretation of the radiographs [16]. A true anteroposterior (AP) view must be taken
with the patient in supine position (or standing), with the tube-to-image distance of
120 cm and the beam centered on the pubic symphysis. The radiographic assess-
ment options include: (1) AP of the pelvis with hips in neutral rotation and neutral
abduction. (2) Oblique view of the pelvis. (3) True lateral view of the involved hip.
(4) AP and rotational views of the femur.

1. AP radiograph of the pelvis with hips in neutral rotation and neutral
abduction. A true AP X-ray of the pelvis with both hips in neutral rotation and
abduction should be obtained for every patient. It is important to include the
contralateral hip to allow comparison between the two hips and to make a pre-
liminary assessment of leg length discrepancy. Subtle as well as large medial
wall defects can be identified. The AP pelvis X-ray allows assessment of the
roof and floor of the acetabulum, superior rim. A high center of rotation of the
failed hip is indicative of a deficiency in the acetabular roof or superior rim.
Penetration of the implant more medially than the Kohler’ line suggests a defi-
cient acetabulum floor. Loss of integrity of the teardrop indicates that the medial
wall is damaged. The quality of the bone stock can be compared with the other
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hip. If there is marked superior migration on the AP X-ray, anterior and poste-
rior wall deficiency should be anticipated because the ilium becomes very thin
above the area where the true acetabulum should be. However, the AP radio-
graph provides only limited information regarding the integrity of the anterior
and posterior columns because these structures are superimposed and partly
obscured by the implant. The presence of ischial lysis can suggest significant
posterior column deficiency [17].

A true AP radiograph of the acetabulum allows accurate acetabular templat-
ing. However patients with significant flexion deformities will often end up with
an inlet view if their standard AP X-ray is taken with their hips in extension. This
view can be misleading when tempalting the acetabulum and it is better to flex
the hip to make a normal AP X-ray of the pelvis.

2. Oblique radiograph of the pelvis. Iliac and obturator oblique views described
by Judet el al. [18] provide additional information. The AP X-ray may suggest
that there is adequate lateral coverage of the acetabular component. However
superior migration should make one suspicious of a posterior wall (deficiency).
An obturator oblique view can reveal the extent of the superior rim or posterior
wall deficiency. The AP view may suggest superior rim deficiency, an iliac
oblique view may be of value to demonstrate superior coverage anteriorly but
can be misleading when estimating acetabular volume. The obturator oblique
films should help reveal the true magnitude of the superior and posterior rim
deficiency.

3. True lateral of the involved hip. A true lateral view can be helpful in assessing
bone stock of both prosthetic components. On the acetabular side this view
allows assessment of the thickness of the posterior intra-acetabular segment.
This segment is defined on X-ray by the apex of the sciatic notch and the mid-
posterior arch of the subchondral bony condensation.

4. AP and rotational views of the femur. Rotational views make it possible to
check the integrity of the femur and bone quality. The frog lateral view (external
rotation) also allows assessment of the femoral canal alignment which can be
distorted following protrusion of a long-stem prosthesis.

Because radiographs show only a two-dimensional image of a three-dimensional
structure, a comparison of different X-ray series with computed tomography (CT)
images found higher specificity than sensitivity when assessing with CT [7, 19-21].
The use of oblique radiographs increased sensitivity compared to the use of only
and AP X-ray [20, 22, 23].

Computed Tomography

Acetabular bone defects determine the type of acetabular revision surgery, but
potential treatment can be complicated by difficulties in the presurgical evaluation
when plain radiographs provide limited information regarding the existence and
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location of lysis that consequently results in an underestimation of the lesions
[21-23]. CT can be used to supplement information for radiographic assessment.
CT and MRI can provide cross-sectional images of osteolytic lesions, especially
when radiographs do not provide adequate visualization of the lesion size, loca-
tion or progression. However, CT and MRI images can be distorted by metal arti-
facts from the adjacent prosthetic components. Metal artifact reduction protocols
permit acceptable visualization of osteolysis. CT images are preferred if osteo-
lytic lesions do not affect soft tissue. CT images are grossly distorted around
cobalt-chromium and stainless steel implants, whereas artifacts around titanium
implants are mild [5].

Initially, the value of CT images for evaluating bone adjacent to metal implants
was limited, but the use of metal artifact suppression protocols has improved the
quality of the images [24]. New techniques using volumetric computed tomogra-
phy (CT) scanning with three-dimensional reconstruction and artifact minimiza-
tion are believed to accurately determine the volume and location of osteolytic
cavities in failed THAs. Multislice CT scanners produce images in a continuous
fashion as the table and patient move through the gantry. Because the multislice
CT technique provides sequential images of lytic defects, the total volume of lytic
bone loss can be determined. The area of the lytic lesion can be calculated from
each tracing by determining the number of pixels per square centimeter. Volumes
are calculated automatically by the measurement software. Horizontal and verti-
cal measurements of the cup are determined on the coronal CT planes. The vol-
ume between adjacent cuts is calculated by averaging the areas between adjacent
cuts multiplied by the distance between the cuts. Summation of the volumes of
each of these cuts is used to determine the total volume of bone loss produced by
lysis [21].

These CT techniques with three-dimensional reconstruction and artifact minimi-
zation have been used and validated for diagnosing and measuring pelvic osteolysis
and have demonstrated the volume and location of osteolytic cavities in patients
with failed cups more accurately than plain radiographs. Since the bone loss is
almost always more extensive than seen on radiographs alone, CT is very useful in
planning acetabular revision [6, 21, 25-27]. In hemipelvis retrieved at autopsy,
Leung et al. [28] report plain radiographs identified 52% of the lesions, whereas CT
scans identified 87% of the lesions. Garcia-Cimbrelo et al. [27] reported, in a series
of 33 hips with osteolysis on the radiographs and the 52 hips with osteolysis on CT,
that radiographs had a sensitivity of 61.5% with and a specificity of 87.5% when
using the CT findings as the gold standard. Claus et al. [19] reported overall sensi-
tivity for osteolysis detection with a single radiograph as 41.5%, depending on the
location and size of the lysis. They found that sensitivity ranged from 72% for
lesions in the ilium to 15% for lesions in the ischium and acetabular rim, and that
the detection rate for lesions with a volume greater than 10 cm® was higher than the
for smaller lesions. The best concordance between radiographic and CT findings
was in the ilium [19, 27]. However, the pubic region can have more artifacts than
other periacetabular areas as a result of streak artifacts from double hip implants and
this could mask pubic lesions [25, 27].
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Because of the higher irradiation associated with CT, it is unlikely this technique
will replace radiographs, and it should only be used in a single instance and to
improve the evaluation of the osteolytic cavities and help in planning a difficult revi-
sion surgery, but it is not needed for regular controls. Despite the radiation, CT is
useful in two scenarios. The first is in the research setting to define the natural his-
tory of periprosthetic osteolysis and the second is in the five and 10 years post sur-
gery controls of high risk young active patients. Since osteolysis is often
asymptomatic and not identified on radiographs, a CT at five and 10 years post
surgery can identify and allow counseling for these patients.

Multislice CT scanning with metal artifact minimization is more sensitive for
identifying and quantifying osteolysis around cemented and cementless cups than
plain radiographs. Because CT scans can show the actual extent and location of
osteolysis, they are useful adjuncts in planning cup revision, despite their relatively
hip radioactive exposure (Fig. 2.3).

Fig. 2.3 (a) An anteroposterior radiograph of a 70-year-old man seven years postsurgery shows an
expansile and contained lytic cavity around a stable cementless cup. (b) A CT image shows a lytic
cavity around the cup. (¢) Multislice CT reconstruction shows a lytic cavity (in green) increasing
the size of the radiographic preoperative bone defect
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Magnetic Resonance Imaging

MRI is another alternative to CT because there is no ionizing radiation exposure with
MRI. However, metal, particularly chrome-cobalt, affects image quality on MRI
because of artifacts. Factors that produce artifacts on MR images include the composi-
tion of the metallic implants, the orientation of the implants in relation to the direction
of the main magnetic field, the strength of field, the pulse sequence type, and other
imaging parameters (mainly voxel size, determined by the field of view, image matrix,
section thickness, and echo train length) [5]. The use of lower field strength has been
recommended to reduce metal artifacts. With high-field systems, increasing the band
width can improve image. A small field of view with a high-resolution matrix, thin
sections, and high gradient strength can also help to reduce metal-related artifacts [29].

Recently, specific metal suppression sequences have been developed, including
multiacquisition with variable resonance image combination (MAVRIC) hybrid
sequences [30, 31]. MAVRIC and fast spin-echo techniques can help visualize the
hip after total hip arthrplasty, with fewer artifacts from the metallic hardware than
traditional MRI and are useful in detecting periprosthetic osteolysis. MAVRIC can
detect more damage from osteolysis than fast spin-echo sequences [31]. Wear debris
after total hip arthroplasty will cause a soft-tissue sinovial reaction before it pro-
gresses to wear-induced osteolysis and an acetabular bone defect. Hayter et al. [32]
showed that the presence of intermediate and low signal debris on MRI correlated
with the debris characteristics found at the time of histologic analysis. MRI can be
used for early osteolysis diagnosis and thus can allow earlier treatment. Cost, feasi-
bility, and metal artifact remain as barriers to the clinical applicability of MRI for
evaluating aseptic loosening. However, the superior soft-tissue imaging of MRI
makes it quite likely that it will be increasingly used in imaging protocols.

MRI has been used to assess bone and soft tissue lesions after total hip replace-
ment. It could reveal osteolysis, sinovitis, trochanteric bursitis, and loosening of com-
ponents [33, 34] (Fig. 2.4). Walde et al. [26] compared the accuracy of radiography,
CT, and MRI in assessing periacetabular osteolytic lesions in a cadaveric study and
found that sensitivity for lesion detection was 22% with radiography, 75% with CT,
and 95% with MRI. In lesions larger than 3 cm?, which are of more concern clini-
cally, their study found CT and MRI to be effective with detection rates greater than
80%. However, another study founds CT to be more accurate than MRI at measuring
lesion volumen [6]. Metal-on-metal resurfacing or total hip arthroplasty can produce
both osteolytic lesions in bone and so-called soft-issue pseudotumors. Pseudotumors,
which has been associated with an adverse local reaction, can develop in soft tissue
and are not well visualized in radiographs. The pseudotumors are filled with fluid and
are well-visualized on MRI [35]. Ultrasound is also useful for detecting soft-tissue
mass and can help to delinéate soft-tissue pseudotumors after placing a metal-on-
metal prosthesis [36], but it is not effective for detecting osteolytic lesions [5].

Angiography of the iliac vessels is occasionally indicated when there is a con-
cern that the external iliac vessels might have been damaged during extraction of a
failed intrapelvic acetabular component. I it will detect if there is a close contact
between the vessels and the implant (Fig. 2.5). If the angiograms confirm that the
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Fig. 2.4 MRI used to assess
bone and soft tissue lesions
after total hip replacement. It
can reveal osteolysis,
synovitis, trochanteric
bursitis, and component
loosening

Fig. 2.5 Angiography of
the iliac vessels showing if
there is any close contact
between the vessels and
the implant
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vessels are sitting between the bony pelvis and the prosthesis, it may be wise to
consider a retroperitoneal approach to extract the prosthesis [37].

Classification of Acetabular Bone Defects

Because the complexity of acetabular revision surgery depends on the type, size
and location of the bone loss, it is important to plan the surgery preoperatively, clas-
sifying the bone defects to prepare the appropriate surgical technique and avoid
unexpected complications. However, the definitive bone defects are finally evalu-
ated intraoperatively after removing the failed cup. A good bone defect classifica-
tion system must be based on imaging findings and must include the following
aspects [17].

1. The system must be based on plain radiographs. CT images and other modalities
can be useful in complex cases or in resection-arthroplasty conversion in total
hip replacement.

2. The classification must be validated by documented low rates of interobserver
and intraobserver error prior to being accepted into routine usage [38].

3. The classification must be a guide to the surgeon that facilitates choosing the
surgical technique.

A deficiency common to all classifications is the lack of information on how the
radiographic interpretation of the degree of bone loss can be correlated with the
changes that are found intraoperatively. The relative benefits of a simple versus a
complex classification system are debatable. A simple system is likely to be more
easily remembered and more widely used. However, it may not adequately define
the exact nature of a given defect [17]. Several systems have been proposed for clas-
sifying acetabular bone defects, with the American Academy of Orthoaedic
Surgeons (AAOS) and Paprosky systems being the most commonly used [39, 40].
The Gross et al. system is also very simple and useful for the surgeon [41].

The AAOS classification organizes the acetabular bone defects by pattern but
does not quantify the size or location of the defect. Despite being the most com-
monly cited system, the AAOS defect classification system does not guide the iden-
tification of reconstruction options. The AAOS system distinguishes five types of
defect: Type I, segmental defects, when bone loss involves any complete loss of
supporting hemisphere of the acetabulum, including the medial wall; Type II, cavi-
tary defects, which are those with a volumetric loss in the acetabular cavity but
with an intact rim; Type III, combined defects; Type IV, pelvic discontinuity;
Type V, arthodesis. Berry et al. classified the AAOS type IV defect, pelvic discon-
tinuity, as type I'Va, discontinuity with mild segmental or cavitary bone loss; type
IVb, discontinuity with moderate or severe segmental or cavitary bone loss; and
type I'Vc, discontinuity with prior pelvic irradiation [42].

The Paprosky classification is based on anatomic landmarks and uses four
criteria to predict the location and severity of bone loss thus allowing appropriate
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planning [40]. The four criteria are: superior migration of the hip center, ischial
osteolysis, acetabular teardrop osteolysis, and the position of the component relative
to the Kohler line. Superior migration of the hip represents bone loss of the acetabu-
lar dome involving the anterior and posterior column. Ischial osteolysis indicates
bone loss from the posterior column including the posterior wall. Teardrop osteoly-
sis and migration beyond the Kohler line reflects medial acetabular bone loss.
Paprosky distinguishes three types of bone loss: Type I is an intact, undistorted rim,
no lysis or migration. Type II is intact, distorted rim with less than 3 mm of supero-
medial or superolateral migration. Type II can be subclassified into: Type IIA,
superomedial; Type IIB, superolateral, no superior dome an less than 30% segmen-
tal rim defect; Type IIC, anterior column and medial defect, Kohler line violated,
rim intact. Type III is superior migration greater than 3 mm with severe ischial and
medial osteolysis. Type III can be differentiated into: Type IIIA, Kohler line intact,
30% to 60% of component supported by graft, bone loss between the 10- and
2-o’clock positions; Type IIIB, Kohler line is not intact, more than 60% component
supported by graft, bone loss between the 9- and 5-0’clock positions.

The Gross system is based on the degree of bone loss seen on preoperative stan-
dard AP and lateral radiographs of the hip [43]. The degree of bone loss is classified
as: Type I or cavitary, contained defects, with intact acetabular walls and column. A
central defect, even if it involves more than 50% of the acetabulum, must be consid-
ered contained if the acetabular rim and column are intact and there is enough bone
to fix a cup or ring. Type II or segmental defects that are uncontained, that involve
structural bone loss. They can be classified in Type IIA, minor defects of the column
that involve less than 50% of the structural wall, while Type IIB are major defects
of the column involving at least 50% of the acetabulum [41]. Saleh et al. [43] devel-
oped another classification and distinguish: Type I, no substantial loss of bone stock;
Type II contained loss of bone stock (columns and/or rim intact); Type III uncon-
tained loss of bone stock (<50% acetabulum); Type IV, uncontained lose of bone
acetabulum; Type V, Contained loss of bone stock with pelvic discontinuity.

Planned Surgical Reconstruction

Because revision surgeries are long and complex operations, adequate preoperative
planning of the reconstruction of the hip it is necessary to obtain as much as possible
the original form and function of the hip joint. It is imperative to identify the com-
ponent type and manufacturer before revision surgery to arrange for compatible
implants to be available during the surgery.

Because each revision arthroplasty is unique, the surgeon must consider the pre-
vious approaches used, which components require revision and what defects need
to be addressed. Despite the best preparation, unplanned events can occur. The sur-
geon should be prepared to enhance the surgical exposure with a combination of
bony and soft-tissue procedures. Exposures must be more extensive than in primary
or standard revision surgery. When another extension is necessary to augment an old
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incision, it is safer to make this incision at right angles to the old one in order to
leave flaps with wider base. Routinely, we prefer the postero lateral approach. It
involves division of the short external rotators from their trochanteric attachment
and excision of the posterior capsule. The hip is dislocated posteriorly in flexion,
adduction and internal rotation, This approach allows good exposure of the poste-
rior wall of the acetabulum but limited exposure of the superior rim. A retractor is
placed in the obturator foramen to determine the level of the inferior border of the
acetabulum. Aspiration of the hip should be done to obtain fluid for bacteriological
studies. Removal of all scar tissue is essential to obtain a wide exposure of the entire
cup. A circumferential capsulotomy is done an, if appropriate, the ilipsoas tendon is
divided. After removing the cup, the fibrous interface is removed using curettes. At
least three biopsy specimens are taken this fibrous membrane for histological and
bacterial study.

Removing the components can be difficult and very time-consuming. The sur-
geon must be familiar with the basic techniques of implant removal [44]. Removal
of a failed arthroplasty must be done efficiently and with every effort made to pre-
serve host bone stock.

In cemented all-polyethylene components, the rim of the cup and the cement is
easily seen in the majority of cases. If the component is grossly loose, the extraction
will be easy with little force needed to drill %-in hole in the central aspect of the
polyethylene cup and insert a threaded acetabular extractor into the hole. After cup
removal, the remaining cement may be removed under direct line of sight with the
use of osteotomes or curettes. Sectioning the remaining cement particles facilitates
cement removal and decrease the amount of host bone injury. The presence of mul-
tiple cement anchoring holes increases the risk bone loss and fracture. Since intra-
pelvic cement fragments are larger than their respective acetabular defects they are
frequently left in situ to avoid increasing the defect size. If necessary, the intrapelvic
cement may be removed through a separate ilioinguinal incision [44].

The removal of a well-fixed cementless acetabular component begins with com-
plete acetabular rim exposure and extraction of the polyethylene and screws. The
entire perimeter of the metal shell must been clearly exposed before any attempt at
extraction. Extraction of a well-fixed metal shell requires patience and caution to
limit the amount of host bone destruction. The implant bone interface is disrupted
with curve osteotomes used in a circumferential manner (Fig. 2.6). Peters et al.
report that using curve osteotomes the revision component size was on average
6.5- mm wider than before [45]. The use of new cup extraction systems has been
very useful in limiting bone destruction during cup removal. Mitchell et al. [46]
report excellent results in a series of 31 hips with well-fixed cementless sockets
using the Explant Acetabular Cup Removal System (Zimmer, Warsaw, Indiana)
(Fig. 2.7). This system involves blades that closely match the outer diameter of the
acetabular socket. The technique involves a centering head that matches the inner
diameter of the socket to allow the stiff truncated blade to penetrate the dense
peripheral bone and create channels while staying close to the shell. A second full
radius blade, frees the dome of the cup from the iliac bone The time needed to
remove the cup did not exceed 5 min in any hip. The mean difference between the
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Fig. 2.6 (a) Anteroposterior radiograph of a 74-year-old man twelve years postsurgery shows a
stable cup with severe polyethylene wear. (b) Curve osteotomes were used in a circumferential
manner to disrupt the bone-implant interface. (¢) Photograph shows the removed host bone with
the acetabular socket increasing the preoperative bone defect

Fig. 2.7 (a) System to remove an acetabular cup with ingrowth employs blades that closely match
the outer diameter of the acetabular socket. (b) The resulting defect is no larger than the cup plus
the thickness of the blades
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size of extracted and the implanted cup 4 mm, indicating that no more host bone was
removed than the thickness of the blades. The classification of the intraoperative
bone defect did not change following removal of the implant in any hip [46].

Occasionally, an abdominal-retroperitoneal approach can be recommended to
remove a prosthesis that has emigrated into the pelvis. The femoral prosthesis is
removed using a posterolateral approach followed by removal of the acetabular
componente via an abdominal retroperitoneal approach to permit exposure of the
major intrapelvis structures and to ascertain their relationship to the acetabular com-
ponent [37]. A vascular or general surgeon may need to be present to assist in the
operative exposure and implant extraction.

After removing the implant, the resulting bone defect can be larger than preop-
eratively foreseen. The surgeon must meticulously examine the actual intraopera-
tive bone defect, and it is who must then determine the necessary surgical technique
to reconstruct the acetabulum and place the new socket in the anatomic center of hip
rotation.
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Chapter 3

Prosthetic Component Fixation

and Bone Defect Determine Acetabular
Revision Surgery

Eduardo Garcia-Cimbrelo and Eduardo Garcia-Rey

Introduction

Acetabular revision surgery can present a considerable technical challenge to surgeons
depending on the type of cup fixation and the intraoperative bone defect. The decision
surgically to treat osteolytic lesions around well-fixed acetabular components or to
observe them is made on the basis of the presence or absence of symptoms, as well as
the size, location, and rate of progression of the lesion. The relative urgency of surgical
treatment is based on the potential adverse consequences of waiting. Catastrophic con-
sequences are loss of superior supporting bone resulting in a segmental bone defect
that would convert a cavitary-contained defect into an uncontained segmental defect.
Another very difficult-to-solve consequence is the loss of anterior and posterior col-
umn support, which results in a pelvic discontinuity. While a superior defect can be
visualised on an anteroposterior (AP) radiographs, pelvic discontinuity can require
oblique radiographs and computed tomography (CT) scans to assess the integrity of
the posterior and anterior columns. For patients at risk of developing these complica-
tions, surgical treatment is indicated [1].

Osteolytic Lesions Around Well-Fixed Acetabular
Components. Timing of Surgery

The natural history of osteolysis and the timing of surgical intervention is not clearly
defined. Timing of surgical intervention for polyethylene wear and asymptomatic
osteolysis is complicated by different factors: (1) osteolysis is difficult to quantify
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only using two-dimensional radiographs; and (2) it is difficult to predict when com-
plete wear-through of the poletyhelene liner or catastrophic loosening of the socket
due to bone less will finally occur [2]. Asymptomatic patients with radiographically
wear but no evidence of ostelysis should be advised of this and undergo yearly
evaluations. Although most patients develop symptoms and associated osteolysis,
osteolysis can be radiographically diagnosed without symptoms, but, and as soon as
osteolysis is seen, socket should be revised regardless of symptoms. The develop-
ment of radiographic lysis means a higher degree of technical difficulty for the
reconstruction. From the perspective of the revision surgery, there is great value in
an early intervention in the face of polyethylene wear and pelvic osteolysis [3].
Mehin et al. advise that osteolysis affecting 50% of the cup contour is more predic-
tive of loosening than the amount of affected area [4]. Changing the polyethylene
liner while possible should be considered before allowing the osteolysis to affect
cup fixation.

While bone destruction in the acetabulum is associated with loosening in
cemented total hip arthroplasties, the surgeon is not faced with removing a well-
fixed socket during revision surgery. In contrast, the surgeon frequently must decide
whether to remove a well-fixed porous-coated cup when reoperating for osteolysis
and polyethylene wear. The first strategy is to remove the well-fixed cup, graft
defects, and revise the cup. A second strategy involves doing a liner exchange with
debriding and grafting of osteolysis lesions. According to the cup fixation type of
fixation, Maloney et al. [5] classified patients with acetabular osteolysis in three

types:

1. Type I. The porous-coated cup is radiographically stable. in addition, the poly-
ethylene is replaceable. For the liner to be replaceable different criteria must be
met: (1) The cup is not malpositioned. If the cup is malpositioned, cup must be
removed to avoid recurrent postoperative dislocation; (2) The locking mecha-
nism for the modular component must be intact so the replacement of the liner is
stable; (3) The metal shell must not be damaged secondary to head penetration;
(4) The polyethylene liner must be of adequate thickness, a minimum of 6—8 mm.

2. Type II. The metal shell is radiographically stable, however, because of factors
noted previously (malpositioned cup, a damaged metal shell, locking mechanism
failure, poor cup design, impossibility of providing a liner with adequate thick-
ness), the well-fixed cup is removed.

3. Type III. The cup is loosened. The only treatment is to revise the cup.

Type 1. Treatment When the Cementless Cup Is
Radiographically Stable and the Polyethylene Is Replaceable

When a preoperative evaluation determines that a case is potentially Type I, it is
necessary to confirm at the time of the revision surgery (Fig. 3.1). After dislocating
the hip, the acetabular line and screws are removed. The stability of the
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Fig. 3.1 Anteroposterior
radiograph of a hip shows a
stable cup with significant
polyethylene wear and a
rounded and well-limited
osteolytic cavity

metal-backed shell is also confirmed manually. If Type I classification continues,
accessible osteolytic lesions are debrided and grafted with particulate graft mate-
rial. A new polyethylene liner is inserted and it should be as thick as possible
(Fig. 3.2) [5].

Maloney et al. [5], in a series of 40 hips with a mean follow-up of 3.5 years (Type
I cases), exchanged the polyethylene liner and debrided the ostolytic lesion.
Allograft bone chips were packed into the lytic defect in 29 patients. In the remain-
ing 11 patients, the lesion was debrided but not grafted. At final follow-up all ace-
tabular cups were stable and no new lesions were identified. One third of the lesions
had resolved completely regardless of whether they received graft material. The
remaining two thirds of the lesions had decreased in size. Maloney et al. [6] suggest
that the replacement of the liner and elimination of the source of the high particle
load is more important than removing all of the granulation tissue. Leaving the
metal shell prevented complete debridement of the granuloma because it made it
more difficult to access the entire lesion [6].

Several techniques can be used to graft bone in osteolytic defects when there is a
well-fixed acetabular component. The technique depends on the accessability of the
lesions. Lesions in the anterior column and pubic symphysis are difficult to assess
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Fig. 3.2 (a) Anteroposterior radiograph of hip a shows a radiographically stable cementless cup
and replaceable polyethylene. (b) Osteolytic lesions were debrided and grafted and a new polyeth-
ylene liner was inserted with a ceramic femoral head

with a stable socket [7]. Therefore only a liner change is done and these lesions are
not grafted. In a well-fixed socket with screw holes, the osteolytic lesions can be
grafted through the holes. The process of placing graft through such a small area is
labor-intensive and usually results in less than optimum grafting. Different series
report good results using simple devices to facilitate the accessing and debriding of
the granulomata and grafting of dome lesions, such as special cones made in differ-
ent diameters and a long cylindrical body with a funneled top, or chondrotome
shaver blades [7, 8].

Modular component exchange surgery is considered more benign for the treat-
ment of polyethylene wear and osteolysis than full actabular revisién and has
induced no significant intraoperative complications [9, 10]. However, Boucher et al.
[11] report in a series of 24 patients who had an isolated polyethylene liner exchange
for wear or osteolysis, at a mean of 56-months follow-up time, six hips (25%) had
dislocation. Griffin et al. in a series of 55 patients treated with modular exchange,
reported 18% of patients experienced postoperative dislocation, three of which
required re-revision surgery. One additional patient required re-revision due to cata-
strophic failure of the socket after 5 years [9]. Hip instability is the problem associ-
ated to this procedure, so more stable constructs should be emphasized. Alberton
et al. using a 32-mm-diameter femoral head, report a significantly lower clinical risk
of dislocation [12]. However, the necessity for a fairly thick polyethylene compo-
nent did not permit the use of a larger femoral head with modular exchange surgery.
The new highly cross-linked polyethylene may allow the use of larger femoral
heads and thinner liners [13]. Talmo et al. also report that 14 hips (25%) with ace-
tabular revision used this technique, and of these in eight were revised due to liner
dislodgment [14].
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Type I1. Treatment When the Cementless Cup is
Radiographically Stable But the Polyethylene Is Not
Replaceable

When the preoperative or intraoperative evaluation determines that the clssification
should be Type 1II, the surgeon has to be prepared to remove a stable cup. This has
the potential to result in major bone destruction producing segmental defects in the
medial wall of the acetabulum, the posterior or anterior columns, and even pelvic
discontinuity [5]. Carefull attention to the preoperative radiographs is necessary and
helps the surgeon to plan the optimal technique for removing a stable shell (Fig. 3.3).
An ingrown cup that is abutting the medial wall should not be removed with space
occupying tools (curved osteotomes). Peters et al. found that the revision compo-
nent size was an average 6.5-mm larger due to the increase in the acetabular cavitary
diameter when curve osteotomes were used [15].

The cementation of a new polyethylene liner into damaged shells has been done
and may enable retention of old cups when there is a deficient locking mechanism
or matching liners are unvailable for patients classified as Type II [16]. Cementing
a liner into a stable socket is a good alternative for suitable patients who have a well-
fixed cementless cup with an inner diameter that is larger than the outer diameter of
the cemented liner. Biomechanical testing of cemented polyethylene liners has
shown initial fixation strengths that exceed conventional locking mechanisms [17].
Clinical reports with follow-ups of as many as 6 years have shown survival in 90%
of cases [17, 18]. This technique requires the proper patient selection, accurate siz-
ing of the new liner, careful preparation of the substrate of the liner and the shell,
and good cementing technique. The potential advantages of this technique are less
surgical morbidity, more rapid surgery and patient recovery.

The use of new cup extraction systems has been very useful to limit bone destruc-
tion during cup removal. Mitchell et al. report excellent results in a series of 31 hips
with well-fixed cementless sockets using the Explant Acetabular Cup Removal
System (Zimmer, Warsaw, Indiana). The time taken to remove the cup did not

Fig. 3.3 Photograph shows
an explanted cementless cup
due to a liner rupture, the
polyethylene is not
replaceable
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exceed 5 min in any hip. The median difference between the size of the removed
component the size of the new cup was 4 mm, indicating that no more host bone was
removed than the thickness of the blades. The classification of the intraoperative
bone defect did not change in any hip following implant removal [19].

After removing the metal shell, granulomatous tissue and osteolytic defects are
debrided. Depending on the intraoperative bone defect after removing the stable
shell, the surgeon must be prepared to solve possible major bone defects using the
necessary graft material and tools to reconstruct the defects.

Talmo et al. [14] in a series 128 revisions involving a well-fixed Harris-Galante
Porous (HGP-I) or HGP-II acetabular component found that, of the hips that under-
went modular liner exchange at revision, 14 hips (25%) required re-revision of the
socket., 8 for liner dislodgement, 3 for osteolysis, 2 for dislocation and 1 for aseptic
loosening. Of the hips that underwent liner cementing, six (27%) were re-revised:
four for dislocation and two for loosening. Of the hips that underwent revision of a
well-fixed shell, four (15%) required re-revision, two for dislocation and two for
loosening. For these authors using new acetabular cup removal systems, complete
revision of the socket is more reliable than liner exchange or liner cementation.

Type II1. Revision Surgery in Loosened Acetabular Cups

Cup loosening produces bone defects and cup migration. The bone defect deter-
mines the technique used in acetabular cup revision [20]. Cup migration also make
it necessary to reconstruct the centre of rotation of the hip to place the cup in the
anatomic rotation centre of the hip to obtain a good clinical result [21]. Restoration
of the bone stock and the hip rotation centre of the hip remain a problem in acetabu-
lar revision surgery.

As yet there is little consensus on acetabular revision surgery because there is a
wide variety of available implants and techniques and questions regarding the pos-
sible use of morselised and structural bone-allograft that can be necessary when
there is severe bone loss [6, 22]. Although preoperative planning is necessary in
order to forestall potential difficulties, the intraoperative findings determine what
intervention will be performed. The cup requires appropriate acetabular bone stock
support. There must be enough medial bone stock and supportive rims to obtain a
long-term result. A pelvic discontinuity that may be very difficult to diagnose, makes
it necessary to stabilise the acetabular columns before implanting the cup [23].

Classification of Acetabular Defects

The use of an adequate system to classify the acetabular defects helps plan the
operation. However, the different classifications have not been universally validated.
The Paprosky et al. system [24] is based on the extent of the bone defect, and allows
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the surgeon to choose the most adequate technique in every case. According to
Paprosky, types 1 and 2 represent a bone loss of less than 30% of the acetabular
surface, type 3A represents a bone loss of between 30% and 50%, and type 3B is a
defect affecting more than 50% of the acetabular surface.

Minor Acetabular Bone Defects Paprosky Types 1 and 2
Cemented Techniques in Acetabular Revision Surgery

Conventional cemented techniques without additional bone grafting were widely
used in acetabular revision surgery in the seventies and early eighties. The long-
term results of revision surgey using early cementing techniques were inferior to
those of primary surgery [25-28]. The use of a cemented socket alone requires
healthy bone and an intact acetabular rim to be effective. Radiolucent lines around
the socket are frequent in revision surgery, increase in width progressively over
time, and must be considered a sign of prosthetic loosening [27]. This lack of initial
fixation in revision surgery may be due to residual tissue debris or an inadequate
bone-cement interlock on the smooth sclerotic bed. The use of contemporary
cementing techniques seems to have improved the results [29]. Currently, cement
alone techniques in acetabular revision surgery should be used in non complicated
cases with an adequate bone bed, for old and less active patients (Fig. 3.4). The early
clinical results in revision surgery can be similar to those obtained in primary
surgery, but the radiographic signs must be assessed, even in asymptomatic patients,

Fig. 3.4 Anteroposterior
radiograph of pelvis shows
bilateral revised cemented
total hip arthroplasties.
Radiolucent lines around
both components are
clearly visible in both
prostheses
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to check for progressive widening of radiolucent lines, which indicate poor bone-
cement fixation that causes late failures. Any major bone defect counter indicates
the use of cement alone techniques [27].

Cementless Porous-Coated Cup in Revision Surgery

A hemispherical titanium porous cementles cup supplemented with screws and fre-
quently associated with morsellised allografts is currently used in most institutions
for revision surgery and shows excellent results [30-34]. Supplemental fixation
with multiple screws is advised in revision surgery to minimise micromotion and
promote bone ingrowth. Screws should be placed not only posterosuperiorly into
the dome of the acetabulum but also inferiorly into the ischium [34]. Good results
should be expected in cases with a bone defect less than 30% and poor results in
cases with a bone defect greater than 50% [33]. A major bone defect rarely repro-
duces the geometry of the implant, in these cases, contact between the cup and the
healthy bone is very poor, and osseointegration is not obtained. Intimate apposition
of the acetabular component against intact viable host is necessary to obtain a good
result, and if the only viable host-bone is high on the acetabulum, the cementless
cup must be placed here. When the cup is implanted in a vascularised bone bed, cup
fixation should be similar to that obtained in primary surgery. Morsellized graft
associated with a porous cementless cup is only useful in small cavitary defects.
Biologic fixation of a cementless porous-coated cup is not to be expected in regions
supported by solid allograft [35, 36].

The use of new biomaterials, such as porous tantalum trabecular metal, have
afforded a superior capacity for bone ingrowth that make the use of hemispherical
cementless cups feasible for acetabular revision despite marked bone loss. Tantalum
has excellent mechanical and biological compatibility with host bone and induces
bone ingrowth with complete osseointegration of the scaffoldat 4-6 months.
Different series report encouraging results in revision surgery [37-41]. The inci-
dence of radiolucent lines observed around the tantalum trabecular metal acetabular
components is lower than that displayed around the conventional porous-coated
components [37]. The excellent osteoconductive properties of porous tantalum tra-
becular metal may enable stronger biologic fixation even when limited viable bone
host is available [42]. The properties of tantalum trabecular metal promote bone
formation even across periacetabular defects up to 5 mm in width [43]. Ingrowth is
easily obtained if the component is initially stable. In Paprosky types 1 and 2 ace-
tabular defects, excellent stability can be achieved by the tight press-fit of the tanta-
lum trabecular metal components (Fig. 3.5) [37]. Although the use of tantalum
trabecular metal cups improves the press-fit of the cups in revision surgery, we do
not yet know yet the minimum bone bed necessary to obtain an adequate and reli-
able osseointegration [44].

Newer porous titanium trabecular cups have a similar architecture to the porous
tantalum trabecular metal cups, with 60-70% porosity and pore diameter ranging
from 250 to 650 pm. Basic science studies have validated both porous metals by
demonstrating excellent bony ingrowth potential as well as mechanical strength
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Fig. 3.5 (a) Preoperative radiograph shows a loosened cementless cup. (b) A porous tantalum cup
was used in revision surgery. (¢) Two years later medial wall remodelling was observed and the
clinical outcome is good

[45, 46]. Gallart et al. reported a series of 67 revisions using trabecular titanium
cups with a mean follow-up of 30.5 months, eight patients underwent cup re-revi-
sion: two for loosening, three for infection, and three for hip dislocation. The
remaining cases did not present radiological signs of loosening [47]. None of the
cases with Paprosky type I classifications needed revision, while four with type II
and four with type III needed revision. Ayers et al. in a series using RSA, found no
significant difference in proximal migration between tantalum and titanium acetab-
ular cups over a 5-year follow-up period [48].

Laaksonen et al. in a large registry approach compare the clinical outcome of
porous-tantalum cups with other cementless designs [49]. Authors found similar
results for implant survival in both groups for first-time revision. They were also
unable to identify a “protective effect” by porous tantalum cups against re-revision
for infection. Severe defects treated with tantalum augments were excluded from
this study. Although trabecular metal could be slightly superior to cups with porous
coating, more evidence is still needed before any definitive statements [50].

Major Acetabular Bone Defects (Paprosky Types 3A and 3B)

Uncemented hemispherical cups are the treatment of choice in small acetabular
defects, but it is accepted that they will provide poor results when acetabular bone
defects are greater than 50% [33]. Another limitation for these implants in revision
hip surgery is bone resection. Although extra-large uncemented components have
achieved good results [51], the extensive reaming required to obtain good bone
contact with the host bone, which is more important in the antero-posterior diameter
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of the acetabulum, can ultimately affect implant stability [52]. In these difficult
cases, we use metallic rings, oblong cups, tantalum cementles porous cup associ-
ated with tantalum augments, and the bone impacting grafting technique.

Metallic Rings

During the 1970s, Miiller developed a metallic ring to increase a deficient acetabu-
lar bone bed. Burch and Schneider also developed an anti-protrusio cage. There are
several similar designs today. These rings try to provide a greater contact between
the implant and the acetabular bone bed in the hope of distributing the stresses over
a greater area. In the early period only cement was used in conjunction with the ring
to secure cup fixation. The Miiller ring was used in segmental defects, and the Burch
and Schneider cage was used in major defects [53].The advantages of antoprotrusio
cages are that the reinforcement device seems to protect grafts from overstress,
helps to restore the appropriate centre of rotation of the hip and support the polyeth-
ylene cemented cup. The best results obtained with the Miiller ring are seen in cavi-
tary and anterior segmental defects, while the Burch-Schneider antiprotrusio cage is
indicated in major bone defects, but its use requires experience and good exposure,
since the screws must be placed in zones with good bone stock [54]. Most series
reporting poor long-term results have cases with only a cemented cup associated
with a metallic ring. Allografts are currently associated with these devices and have
improved those poor results. Grafts are protected from forces that might contribute
to graft failure and allograft remodelling is frequently seen (Fig. 3.6). All series
described the best results when metal rings were used in association with graft [53—
56]. Coscujuela et al. [57], in a series of 96 acetabular revisions using a Burch-
Schneider antiprotrusio cage with a mean follow-up of 8.1 years (range, from 5 to
13 years), found three re-revisions, one because of aseptical loosening and two
because of deep infection. The Kaplan-Meier survivorship rate, with aseptic compo-
nent loosening as the criterion of failure, was 92.4% (95% confidence interval,
85.1-99.8%) at 13 years. Radiographic evaluation determined that three cages were
considered definitely loose. The distance from the prosthetic femoral head to the
approximate anatomic rotation centre of the hip was lowered an average of 4.3 mm
and lateralised an average of 1.3 mm.

Metal ring and cemented cup alone could be used for salvage surgery in elderly
patients and in low-demand patients [58]. The Burch-Schneider antiprotrusio cage
long-term survival rate compares favourably with that for other devices.

Oblong Cups

The purpose of an oblong cup is to obtain sufficient stability in both the anterior and
posterior column of the acetabulum without sacrificing the longitudinal axis [59,
60]. This should allow the reconstruction of the anatomic centre of hip rotation and
is desirable in order to obtain good results in acetabular revision surgery. Using
these cups, different authors have reported excellent clinical and radiological results
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Fig. 3.6 (a) Preoperative radiograph shows a loosened cemented cup. (b) A metallic cage was
used in revision surgery with a good clinical outcome

[60]. Herrera et al. reported a 14.2% migration rate that was greater in vertical cups
and in major bone defects with an incomplete cup contact at the acetabular rim [61].
Landor et al. reported a survival rate for aseptic loosening of 90% at 12 years with-
out deep infection in patients with different bone defects; they do not recommend
these implants for large bone defects and also emphasize a need of correct cup
positioning [62]. Garcia-Rey et al. report in a series of 46 hips with a mean follow-
up of 7.2 years, four re-revisions (three due to aseptic loosening); the survival rate
for re-revision due to aseptic loosening was 60.1% at 7 years, but the survival rate
for radiological loosening at 7 years was 40.54% [63] (Fig. 3.7). Chen et al. reported
an early rate of probable or definite loosening of 24% in a follow-up that ranged
from 24 to 41 months; failure was greater with major bone defects and undersized
components and they did not recommend the routine use of these types of implants
[64]. Abeyta et al. reported the long term results of 15 hips using S-ROM (DePuy
Johnson and Johnson, Leeds, UK) oblong bi-hemispherical cups; three cups were
revised due to aseptic loosening and one showed complete radiolucencies around
the cup [65]. On the other hand, Moskal et al. assessed 11 bilobed components in
combined acetabular defects that did not require revision over a 5 year follow-up
[66]. Although most series observe good results for oblong or bilobed cups, Babis
etal. have reported poor results with the Procotyl E cup (Wright Medical Technology,
Arlington, TN) in Paprosky defect type 3A and do not recommend this
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Fig. 3.7 Postoperative AR s R
radiograph shows an oblong : :
cup used in revision surgery

with a good clinical outcome

technique [67]. Many factors may be responsible for the acetabular cup loosening.
A shorter horizontal distance was related to the appearance of radiological cup loos-
ening in the Babis et al. study. Similarly, Surace et al. correlated the clinical results
of the LOR cup to its proper postoperative positioning [68]. Bone defect is consid-
ered to be the most important factor in obtaining a good result in hip revision sur-
gery. Several authors have reported worse results in major bone defects when oblong
cups were used [60, 61]. Currently, clinical and radiological results for these oblong
cup designs are not encouraging in medium term follow-ups. The high rate of radio-
logical loosening is a concern since this failure was observed regardless of the grade
of the bone defect. Although a good reconstruction of the center of rotation of the
hip is frequently achieved, and the postoperative position is frequently correct, this
was not enough to achieve an acceptable rate of radiological loosening with these
cups. We recommend careful evaluation of the patient before using these types of
devices in revision hip surgery.

Porous Trabecular Metal Cementles Cup Associated with Trabecular
Metal Augments

The use of porous trabecular metal cementless cups is currently more and more
associated with the use of trabecular metal augments [40, 69, 70]. The theoretical
advantages are that, as augments are not oblong cups, there is not allograft risks
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such as disease and bone graft resorption, and well as the simplicity of their use.
Different series report excellent results using this technique [71-74].

Acetabular component augments are added to reduce a large acetabular bone
defect volume and restore the acetabular rim to aid in the support of the revision
cup. A trabecular metal modular augment shaped like a partial hemisphere with rim
screw holes is indicated when less than 50% host acetabular bone is present [75].
The acetabulum is reamed in the anatomic position for the eventual reconstruction
until two points of fixation are achieved and this will determine the size of acetabu-
lum. Once the desired cup position is identified, the augment is positioned to opti-
mize the filling and fit to the bone defect and provide primary support for the
acetabular component [37]. In cases presenting Paprosky type 3 defects, augment
can be used to fill the large defect and allow for direct apposition of the tantalum
surface to host bone (Fig. 3.8). Location and orientation of augments depends on the
pattern of bone loss. It is more common to use augments with the wide base placed
laterally and the apex medially. The revision acetabular cup directly contacts the
augments, and the augments are necessary to achieve press-fit by the acetabular cup.
Particulate bone graft is placd into any remaining cavity before implanting the cup
in place. The interface between the revision shell and the augment is cemented to
minimize micromotion and subsequent fretting. Multiple screws into both the ilium
and ischium are used for fixation. In cases where augments may not provide ade-
quate defect repair and component stability, an acetabular cage may be used [75—
77]. Ballester and Sueiro also reported excellent results in a series of 35 patients
with severe bone defects using buttress tantalum augments [71].

Impacting Morsellized Allograft and Cemented Cup

In the light of the good results with impacting autografts taken from the femoral
head and a cemented cup in acetabular protrusio, Slooff et al. used a similar tech-
nique in acetabular revision surgery [78]. Impacted morselized bone allograft and
cement in the acetabulum used in revision surgery have given good clinical results
[79-81]. The use of metallic meshes converts segmental defects into cavitary
defects, making it possible to the fill the cavity with bone-bank impacted morsell-
ized allografts. After this, the cup is cemented onto the graft. In the impacting graft
technique, open cancellous bone allows rapid revascularisation of the graft, and
bone formation preceeds resorption, thus avoiding the loss of mechanical properties
of the bone. What is more, the morsellized allograft can fill in an irregular bone
defect [80].

We commonly use this technique in acetabular defects greater than 30%, where
our porous cementless cups results have been poor [33]. In a series of 181 hips with
either a Paprosky grade 3A (98 hips) or grade 3B defect (83 hips) [82], 12 hips were
re-revised and 17 hips showed bone resorption. The total cumulative probability of
not having a probable or definite radiographic loosening after 8 years was 94.6% in
Paprosky grade 3A hips and 85.9%in grade 3B hips (p = 0.0453) (Fig. 3.9). Placing
the acetabulum in the anatomic position is important for good long-term results
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Fig. 3.8 Postoperative
radiograph shows a porous
tantalum cup associated with
a tantalum augment, with a
good clinical outcome

[83, 84]. The mid-term results for impacted bone allograft and cemented all-
polyethylene cups are more favorable in Paprosky grade 3A than in Paprosky grade
3B hips and acetabular reconstruction allows anatomic positioning of the cups and
promotes good final results. Van Haaren et al. [85] report a high rate of failure with
impaction bone grafting in large acetabular defects, including those with pelvic dis-
continuities. Our series excluded cases with pelvic discontinuity because major
bone defects associated with pelvic discontinuity usually require complex acetabu-
lar reconstructive techniques using cages or plates, which effectively excluded them
from the series [23]. Buttaro et al. suggested considering metal mesh, impaction
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Fig. 3.9 (a) Preoperative radiograph of the hip after removal of a metal-metal total hip arthro-
plasty that developed a pseudotumor and a bone defect at the acetabular medial wall. (b)
Postoperative radiograph shows impacting bone grafting in the acetabulum and a cementless femo-
ral stem than were used in revision surgery. (¢) The bone defect is remodeled at 7 years. The clini-
cal result is excellent

bone grafting, and a cemented acetabular component when reconstructing acetabu-
lar defects of medium severity, but advised treating severe combined deficiencies
with an acetabular ring [86]. Waddell et al. report their American experience in 21
patients with Paprosky 3B acetabular defect who underwent total hip arthroplasty
revision using impacting bone grafting [87]. After an average follow-up of 47 months
for the entire series, one patient has had radiographic loosening without symptoms
at 120 months postoperatively. No patients have been revised for a related reason.
Authors concluded that impacting bone grafting is a reliable technique for the treat-
ment of Paprosky 3B acetabular defects. As in other series [80], the impression at
re-revision was that the original bone graft had been incorporated, and a new bone
impacting grafting was performed because part of the existing graft looked viable
and well incorporated to the host-bone. Radiological assessment of bone graft
resorption is difficult when impacted bone allograft has been used with cement in an
acetabular revision, but the cup and remodeled graft is clearly stable. Most hips
presented uniform graft and host bone radiodensity. Histologic studies of cup loos-
ening in humans report bone substitution, but at a slower rate than in animal models
[88-91]. The open structure of the cancellous bone graft, associated with cement,
permits good vascularization, and thus bone substitution takes place without
mechanical loosening [79]. Board et al. report in an in vitro study that strain, as
from vigorous graft impaction and postoperative loading, can transform bone
allograft from osteoconductive to osteoinductive, since BMP-7 was found to be
released from the graft in proportion to the strain imposed on it [92]. Clinical studies
using PET to evaluate the spatial and temporal development of bone formation after
acetabular revision surgery report that the impacted bone allograft had transformed
to living bone [93].
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Cup migration and bone graft resorption are some of the limitations after acetabu-
lar impaction bone grafting in revision surgery when used for large segmental
defects. Garcia-Rey et al. have reported in a series of 204 hips that the survival rate
forloosening at 15 years was 83.2 + 12% for Paprosky Type defect 3A and 72.5+ 12%
for group 3B defects (Mantel-Cox, p = 0.04) [94]. The survival rate for loosening
was lesser when using rim meshes (Mantel Cox, p = 0.008). Patients with a bone
defect 3B and a metallic mesh rim had a higher risk for loosening (p = 0.047; Hazard
Ratio: 2.36, Confidence Interval 95% (IC) 1.01-5.5, and, p = 0.026; OR: 3.7, CI
95%: 1.13—12.4, respectively). Rigby et al. explain that the mechanism of failure of
these cups consisted of movement and rotation of the cup/cement composite within
the graft [95]. This was followed, eventually, by the mesh being pulled off the recon-
structed rim. Failure of the metalwork did not initiate the rotation and migration
process. Another possible explanation for the high failure rate in this series could be
that in large segmental defects the absence of superior bony support leads to a large
amount of bone graft placed at the most loaded area above the acetabular component.
Owing to insufficient support for the bone graft, it is likely that micromovement of
the prosthesis results in implant failure [85]. RSA studies have shown that almost all
impacted sockets migrate in the postoperative period, although the rate of migration
decreases with time. Ornstein et al. report that 41% of the sockets were still found to
be migrating 18—24 months after surgery [96]. Mohaddes et al. conducted a ran-
domised study with 17 years follow-up, including RSA, and concluded that cemented
fixation with bone grafting in acetabular revision surgery results in higher proximal
migration [97]. Better results for cemented fixation would probably have been
obtained if bigger graft particles and a more consistent impaction technique had been
used. It could also be argued that the increased proximal migration of the cemented
acetabular components is due to a different pattern of bone remodelling when
cemented fixation is used in conjunction with bone impaction grafting. Garcia-Rey
et al. also concluded that impacting bone grafting improves the reconstruction of the
rotation of the hip center in acetabular revision surgery [94]. Although results are
good for large contained or medial defects, hips with a large segmental rim defect
may need other options for reconstruction in these challenging surgeries. A large
metal mesh does not avoid cranial femoral head migration when there is a large seg-
mental defect of the acetabular roof. Porous trabecular metal augments associated
with impacting grafting technique have obtained good early results in this situation
(Fig. 3.10). The combination of biological fixation offered by tantalum and impac-
tion grafting seems to generate an adequate cranial support for the cemented cup
[98-100]. We must perform more prospective comparative and ideally, randomized
studies examining impacting bone grafting versus metal augments as well as the
results of impacting bone grafting with and without the augments.

Pelvic Discontinuity
Pelvic discontinuity (acetabular disassociation) is one of the more challenging situ-

ations for the hip arthroplasty surgeon to manage. Pelvic discontinuity is a distinct
form of bone loss. Occurring in association with total hip arthroplasty, in which
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Fig. 3.10 (a) Anteroposterior radiograph of a hip shows a failed impacting bone grafting of a
revised cup. (b) A new impacting bone graft associated with tantalum augments were used in re-
revision surgery

there is loss of structural bone between the superior and inferior part of the pelvis
resulting from bone loss or fracture through the acetabulum [23, 38]. Its incidence
is rare, around 0.9%, and several surgical techniques including ilioisquial cages, or
acetabular plates have been recommended [23]. Preoperative diagnosis is impor-
tant to avoid surgical complications. The radiographic findings include a visible
fracture line through the anterior and posterior columns, medial translation of the
inferior aspect of the hemipelvis relative to the superior aspect (seen as a break in
Kohler’s line), and rotation of the inferior aspect of the hemipelvis relative to the
superior aspect (seen as asymmetry of the obturator rings) on a true anterioposte-
rior radiograph [23]. However, the diagnosis of pelvic discontinuity using standard
imaging views (i.e., anteroposterior, pelvic inlet and outlet views) is challenging
because the prosthetic implant can obstruct full visualisation of the defect, espe-
cially if the posterior column is involved. Multiple reports support the superiority
of the computed tomography (CT) over traditional radiographs in monitoring peri-
prosthetic osteolysis [101, 102]. Massive acetabular bone loss is the most common
cause of pelvic discontinuity, making a reliable means of monitoring osteolysis in
the hip arthroplasty patient important. Leung et al. found that while radiographs
were able to detect at most 52% of osteolytic lesions, CT scans were able to detect
87% [102].

Intraoperative diagnosis of pelvic discontinuity can be made by placing stress on
the inferior hemipelvis in the anteroposterior direction and observing any disassoci-
ated movement between the superior and inferior portions of the acetabulum. This
approach can be limited by the fracture line not being very mobile. Furthermore,
visual assessment also presents challenges because the fracture line may pass
through areas of bone loss or be filled with fibrous tissue [23].
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Berry et al. [23] subclassified the AAOS Type IV defect (pelvic discontinuity)
into three subgroups: Type IVa, if the pelvic discontinuity is associated only with
cavitary defect and or mild-moderate segmental bone loss; as Type I'Vb if the dis-
continuity is associated with more severe segmental or combined bone loss; and as
Type IVc if it was associated with previous irradiation of the pelvis with or without
cavitary or segmental bone loss. Rogers et al. distinguish acute and chronic pelvic
discontiniutes [38]. Acute pelvis discontinuity is secondary to a blunt trauma or
iatrogenic intraoperative trauma to impact the uncemented componenet into the
acetabulum. A “T “pattern or transverse acetabular fracture is frequent in these
cases, and the resulting bone loss is moderate and the acetabular reconstruction rela-
tively simple, however, the posterior column must be stabilized with a reconstruc-
tion plate initially in addition to revising the acetabulum. Chronic pelvis discontinuity
is secondary to septic or aseptic periprosthetic bone loss. The bone loss is frequently
severe and reconstruction requires the use of an ischial cage or a cup-cage. The
diagnosis is frequently not obvious before surgery, despite the use of CT and oblique
x-Ray. Therefore, a high-level of suspicion should be maintained during surgery,
with the possibility of a pelvic discontinuity specifically being checked after any
initial gente reaming [38].

Reconstruction Techniques

Porous Metal Components The implantation of the acetabular component is
complex and complications and poor results are frequent. A hemispheric acetabular
component alone does not provide adequate implant stability in patients with pelvic
discontinuity and a number of different methods have been used for reconstruction
depending on the degree of severity. The best results are obtained in patients who do
not have severe segmental acetabular bone loss (Type IVa) and are worse in those
with severe segmental or combined defects (Type IVb) or those who have previ-
ously been treated with irradiation in the pelvis (Type IVc) [23].

Internal Fixation with Acetabular Reconstruction In cases of acute pelvic dis-
continuity with moderate segmentl bone-loss, the use of a compression posterior
column plating supplementing a trabecular metal acetabular revision shell can solve
the problem depending on the size and nature of the cavitary defect that is the result
of stabilizing the posterior column. Plates are used in conjunction with acetabular
reconstruction to stabilize the pelvic discontinuity (Fig. 3.11). Dual plating of pos-
terior and anterior columns and plating of just the posterior or anterior column have
been described in the literature [38, 103, 104]. Dual plating requires combined ilio-
inguinal pelvic and posterior surgical approaches to the hip. Berry et al. found unfa-
vorable results using plating with a cemented cup, and none of the five cases had
good long term survivorship [23]. Better results were found in the eight cases in
whom a cementless cup and dual or single plating was used: four (three type IVA
and one type IVB) had satisfactory results, while the other four (all type IVB) did
not. Stiehl et al. used structural allografts with dual plating or single column plating.
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Fig. 3.11 Anteroposterior
radiograph of the hip shows a
pelvis discontinuity after an
acetabular fracture that was
treated using an acetabular
plate recontruction to
stabilize the posterior column
and total hip arthroplasty

Of the 10 pelvic discontinuities, seven out of the nine Type IVB and the single Type
IVC pelvic discontinuities shaved actual healing of the discontinuity. The utility of
fixation was called into question in these cases by the high complication rate of
60%. Eggli et al. used plating of either the posterior or anterior column along with
reconstruction using allograft chips covered by autograft [104], and at a mean fol-
low-up of 8 years, reported reoperation had occurred in two of the seven cases but
at their last follow-up, all cases demonstrated a stable and healed pelvic discontinu-
ity. Rogers et al. used compression plating of the posterior column, revision cup,
and screw supplementation in eight of their patients with acute pelvic discontinuity
and, at a mean follow-up of 34 months, there were no further revisions in any of
those eight cases [38].

Metallic Rings The Kerboull plate was developed in 1974 to address pelvic dis-
continuity [105]. The vertical plate is proximally fixed to the ilium via screw fixa-
tion and distally via a hooked end that inserts under the inferior acetabular margin.
It has traditionally been used with bone grafts, providing the grafts with mechanical
support, to address areas of acetabular bone loss. The failure rate during the period
analyzed was only 5% (three hips) and these were due to partial or complete resorp-
tion of allograft. However, in their study only 12 of the 60 hips had Type IV acetabu-
lar bone loss (AAOS) and the remainder (48 hips) had Type III loss [105]. The study
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did not specify how the Type IV hips fared with this reconstruction technique. The
promising results in the above study need validation with further studies focusing
on Type IV acetabular defects.

Acetabular Distraction with Porous Acetabular Cup The acetabular distrac-
tion technique is another novel approach to managing pelvic discontinuities.
Paprosky et al. [106] recommend the use of metal acetabular augments to distract
across the pelvic discontinuity, since the amount of bone loss along the posterior
column is often too severe to provide direct bone apposition during compression
plating. The goal of the distraction technique is to address the acetabular nonunion
with distraction by expanding the defect and creating elastic recoil forces that
should compress the porous metal construct and provide a stable construct.
Intraoperatively, a Cobb elevator is used to delineate the fracture line and debride
the granulation tissue followed by acetabular reaming that is performed to better
define the acetabular bone that is suitable for fixation using augmentation [107].
The location and severity of bone loss determine the type and position of the ace-
tabular augments used to enhance initial component stability. Augments are fre-
quently used to reconstruct portions of the anterosuperior aspect of the acetabulum
as well as the posteroinferior aspect; they provide two secure points of fixation for
the acetabular component. A porous acetabular cup, which is 6—-8 mm larger than
the hemisferic reamer that engaged the anterior and posterior columns, is used to
distract the superior hemipelvis from the inferior hemipelvis. Multiple screws are
placed in ilium and ischium, and the augment is secured to the cup with polymeth-
ylmethacrylate [107]. Sporer et al. reported good mid-term results using acetabu-
lar distraction and only one case (1/20) required revision for aseptic loosening at
9 months, at the 4 year follow-up, four hips showed migration of the acetabular
component but they were clinically stable [107]. The acetabular distraction tech-
nique is a reasonable option for many patients but the long-term data is limited in
this regard.

Cup-Cage Construct In cases with chronic pelvic discontinuity or major column
defects, different aurthors recommend the use of a cup-cage acetabular recon-
struction owing to the inherent beneficial biological and biomechanical properties
of porous tantalum metal [23, 38, 56, 71, 108, 109]. The cup-cage construct is a
well-described technique to correct large acetabular defects and pelvic discontinu-
ity. Using this technique, a porous metal cup is secured to host bone and allograft,
if used. An acetabular cage is subsequently anchored to the pelvis. Placing a screw
through both the cage and the cup adds a level of unity and stability to the con-
struct. The rationale behind the cup and cage is that it removes loading forces on
the cup and allows time to optimize ingrowth of new bone into the cup [74]. Cup-
cage reconstruction has yielded encouraging short-term outcomes, including one
study that demonstrated no clinical or radiological evidence of loosening in 23 out
of 26 (88.5%) hips with an average follow-up of 44.6 months (range, 24-68)
[110]. Another study with a mean follow-up of 82 months reported a survival rate
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of 87.2% for cup-cage reconstructions as opposed to just 49.9% for the group
treated with only a cage [74]. Despite the use of new biomaterials, Rogers et al.
report only an 8-year survivorship of 86.3% using cup-cage reconstructions [38].
Ballester and Sueiro [71] reported excellent results in a series of 35 patients with
severe bone defects including five cases of chronic pelvic discontinuity using but-
tress tantalum augments with cup-cage construct; no mechanical failure had
occurred in any hip and all patients had a radiographically stable cup. Radiographic
assessment showed an improvement in the position of the rotation centre of the
hip. Konan et al. [108] in a series of 24 patients with pelvic discontinuity treated
using a cup-cage construct, at median 6-year (minimum 2 year, maximum
10 years) follow-up reported that one patient was converted to excision arthro-
plasty for infection. A further three patients required revision for instability but the
cup-cage construct was not revised. The cup-cage construct is a viable method of
dealing with a complex pelvic discontinuity. However, the failure rate due to loos-
ening in most reports does prompt the need for further refinement of the technique
and technology in this very challenging group of patients, as well as continued
evaluation at the mid- and long-term so as to confirm the ongoing success of this
method of reconstruction [111].

The cup-cage technique is technically challenging, and forceful impaction of
the ischial flange of the cage into the ischium risks producing an iatrogenic pelvic
dissociation [112]. Furthermore, the increased dissection required for placement
of the ischial flange may increase the risk of sciatic nerve injury [113]. Sculco
et al. report good results using the half cup-cage modification, designed to sim-
plify cage insertion [112]. The half-cup cage involves removal of the ischial
flange to create a single-flanged cup-cage construct. Sculco et al. found both full
and half cup-cage constructs gave successful clinical outcomes in the treatment
of major acetabular defects and pelvic discontinuities. Each method should be
used on the basis of individual intraoperative findings, including the extent of
bone loss, the quality of the remaining bone stock, and the presence of pelvic
discontinuity.

Custom Triflange Implants Triflange implants are custom-made, porous-coated
titanium alloy components considered to be a final therapeutic salvage option in
patients with pelvic discontinuity and/or large acetabular defects. A triflange con-
struct is designed and manufactured based on pelvic CT scans with metal subtrac-
tion software converted into a 3-D representation of the patient’s hemipelvis. The
manufacturer generates personalized implants from the corresponding images.
Triflange components have had produced wide-ranging clinical results. DeBoer
et al. reported zero cases (0/20) requiring revision of the triflange construct and
average Harris Hip Score (HHS) of 80 at 10 years follow-up [114]. Taunton et al.
reported a revision rate of 30% (20/57) at 5.4 years and a 21% dislocation rate most
likely attributable to instability generated from he preoperative trochanteric escape
performed in 51% of patients, as well as possible traction injury to the superior
gluteal nerve during exposure leading to abductor muscle weakness [115]. When
comparing manufacturing cost, triflange components are priced similar to other
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constructs used to treat pelvic discontinuity, including the cup-cage construct. The
major drawback of the triflange construct is that it may take up to several weeks or
longer to prepare the implant for surgery. However, custom triflange components
may be the only viable reconstructive option for discontinuity with massive seg-
mental bone loss [111].

The outcome for reconstruction of pelvic a discontinuity is dependent on many
factors including the extent of bone loss associated with the discontinuity, severity
of osteopenia, vascularity of the pelvic bone, chronicity of discontinuity and recon-
struction technique. Healing of the discontinuity can be achieved more effectively
for defects associated with cavitary or mild to moderate segmental bone loss (AAOS
type I'Va) than those with more severe bone loss or poor vascularity (AAOS types
IVb and I'Vc). However, stable fixation of the revision component to the iliac por-
tion of the pelvis may still be feasible with a cup cage or custom triflange recon-
struction without union of the discontinuity.

Conclusion

The type of cup fixation and the degree of pelvic osteolysis determines the surgical
technique to reconstruct the acetabulum and implantation of a stable acetabular
component. Table 3.1 shows recommendations according to this variables. Table 3.2
shows results of different surgical techniques depending on the acetabular bone
defect.

Table 3.1 Surgical techniques recommended depending on type of cup fixation and the degree of
pelvic osteolysis in acetabular revision surfery

Socket fixation Surgical technique

Type I: cementless cup stable and polyethylene | Retain shell, exchange liner, + grafting

replaceable

Type II: cementless cup stable but the Revise socket + bone grafting

polyethylene not replaceable

Type III. Loosened socket Revise component

Paprosky bone defect types 1 and 2

Porous cup= bone grafting

Paprosky bone defect type 3 A

Trabecular porous augment and cups/
impacting bone grafting

Paprosky bone defect type 3B

Impacting bone grafting + porous augments

Pelvic discontinuity

Acute pelvic discontinuity

Acetabular plates to stabilize the posterior
column

Chronic pelvic discontinuity

Cup-cages/distraction technique




3 Prosthetic Component Fixation and Bone Defect Determine Acetabular Revision 71

Table 3.2 Results of differents techniques used according to the acetabular bone defect in revision
surgery

Bone

defect

according

Surgical to Number | Follow-up | Revised Loosened
Author technique Year | Paprosky | of cases | (years) cups cups
Garcia- Cemented cup | 1995 | 1-3 180 11.5 19 29
Cimbrelo
et al. [27]
Garcia- Cementless 1999 | 1-3 65 8.3 7 18 (grade
Cimbrelo | cup 3)
[33]
Fernandez- | Porous- 2010 | 1-3 253 6.1 2 0
Fairen et al. | tantalum (infections)
[37]
Coscujuela- | Antiprotrusio- | 2010 | 2-3 68 8.1 3(2 °
Manaet al. | cage infections)
[57]
Garcia-Rey | Oblong cups | 2013 |2-3A 45 7.2 2 8
et al. [64]
Ballester- Tantalum 2010 | 3A-3B 19 22 0 0
Alfaro et al. | augments
[72]
Garcia- Impacting 2010 | 3A-3B 181 7.7 12 14
Cimbrelo bone grafting
et al. [82]
Garcia-Rey | Impacting 2015 |3A-3B 204 10.4 14 24
et al. [94] bone grafting
Gallart et al. | Trabecular 2016 | 1-3 67 2.5 8 2
[47] titanium
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Chapter 4
Biology of Bone Grafting

Eduardo Garcia-Rey and Enrique Gémez-Barrena

Introduction

Bone defects due to trauma or pathological bone resorption represent a major
challenge for surgeons. The need for bone regeneration is one of the central clinical
issues in regenerative medicine. Autografts have always been considered the “gold
standard of bone transplantation”. Bone autografts were originally used to unite
fractures, and in this situation the quantity of graft material that can be harvested
from the host is usually sufficient. Posteriorly, with improved techniques for limb
salvage surgery in orthopedic oncology, allograft bone has been more and more
used [1]. In total hip arthroplasty (THA), at revision surgery, the magnitude of bone
loss around the implant can make reconstruction of the hip using conventional
methods impossible, and bone allograft must be used on both the acetabular and
femoral sides.

On the acetabular side, allografts have been used as morselised pieces to fill
cavitary defects [2] or as structural grafts to support acetabular components in more
severe defects [3, 4]. Kwong et al. have questioned the longevity of hip reconstruc-
tions using structural allografts [5]. Reconstructive oncologic surgery with struc-
tural allografts has been associated with a high complication rate including infection,
fracture of the allograft, and nonunion of the graft-host junction [6, 7]. However, in
revision surgery using morselised allografts, even structural allografts, complica-
tion rates have been low [3, 4, 8—10]. Currently, the overall clinical experience with
the use of allografts in acetabular revision surgery has been positive and its use is a
major part of the armamentarium in orthopedic reconstructive surgery [1].

Bone repair is a special process in which sequential cellular and molecular events
take place to generate new bone, rather than causing a fibrous scar as in other

E. Garcia-Rey (<) - E. Gémez-Barrena
Orthopaedic Surgery Department, Hospital Universitario La Paz-1diPaz,
Madrid, Spain

© Springer Nature Switzerland AG 2019 79
E. Garcia-Rey, E. Garcia-Cimbrelo (eds.), Acetabular Revision Surgery in Major
Bone Defects, https://doi.org/10.1007/978-3-319-98596-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98596-1_4&domain=pdf

80 E. Garcia-Rey and E. Gomez-Barrena

connective tissues. The precise serial, ordered events required to produce the new
bone are modulated by systemic and local factors, and disruption of these events or
their organisation may cause healing problems.

Bone Healing Process

The general pattern of bone healing, based on endochondral ossification, includes
chronological phases of haematoma, inflammation, angiogenesis, chondrogenesis
to osteogenesis, and bone remodeling [11]. Membranous ossification, with no peri-
osteal reaction or visible callus formation, is seldom obtained. The well-established
characteristics of the mentioned phases require different processes of cell migration
and differentiation, extracellular matrix formation and organization towards calcifi-
cation, as well as both local and systemic modulation.

Formation of a hematoma related to blood vessel damage is accompanied by an
inflammatory response [12] where pro-inflammatory cytokines such as Interleukin
(IL-1), —6, and particularly Tumor necrosis factor (TNF), initiate the bone healing
cascade towards endochondral bone formation and remodeling [13]. Secondarily,
growth and differentiation factors, particularly the Transforming growth factor
(TGF), superfamily including Bone morphogenetics proteins (BMP), as well as
platelet derived growth factor (PDGF), fibroblast growth factor (FGF), and insulin-
like growth factors (IGF), orchestrate crucial events for chondro-osteogenesis,
including chemotaxis, mesenchymal and osteoprogenitor cell proliferation and dif-
ferentiation, continuing into the extracellular matrix ossification [14]. Finally, angio-
genesis is also regulated at the molecular level, and an angiopoietin pathway has
been described in the early days of the healing process [15], but a Vascular endothe-
lial growth factor (VEGF) dependent pathway related to endochondral bone forma-
tion, with BMPs stimulating the expression of VEGF by osteoblasts and
osteoblast-like cells has also been described [16]. Inhibitory molecules are needed
to control growth factors and various BMP antagonists are released with this pur-
pose to the extracellular compartment (sclerostatin, follistatin, etc.). Other inhibitory
mechanisms include receptor inhibition of some members of the TGF-b superfam-
ily, which has been related to a pseudo-receptor called BAMBI (BMP and activin
membrane bound inhibitor) [17], but also intracellular inhibition by the activation of
I-SMADs [18, 19], among other mechanisms. Many aspects are known in this bone
healing cascade of molecules, cells, and events, yet the complex interactions and
processes, with simultaneous sequences, are still only partially understood.

Besides the triad controlling bone healing, with the participation of cells, extra-
cellular matrix, and osteoinductive factors, a fourth major controller has been
stressed by different authors [20, 21]; and it is related to the biomechanics of the
callus. Mechanical influence on biological processes significantly affects all the
phases of bone formation. Major external forces are not the only influences to dis-
rupt the healing process, mechanical loading influences endochondral ossification
since compression enhances bone apposition [20]. The earlier phases of osteogenesis
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show increased cell proliferation if cyclic motion with associated shear stresses
occurs, while intramembranous ossification may occur in areas with low stress and
strain. Mechanical signaling at the cellular level may modulate molecular changes
in cytoskeleton, integrins, and ion channel activities with consequences in the dif-
ferentiation and gene expression of cells involved in the healing process.
Transduction mechanisms range from direct mechanical stimulation of cells [22], to
fluid shear stresses and various matrix effects that indirectly affect cells [23].
Clinical studies showed the beneficial influence of interfragmentary motion (of
about 0.6 mm) in the early stages of the healing process [24], and the role of
mechanical stimulus in general to influence the rate of healing.

Despite this mechanism of bone healing, alteration of local and systemic factors
may impair healing. While systemic factors are recognised to influence the outcome
of bone healing, nonsteroidal anti-inflammatory drugs (that inhibit the Cox-2
required in the inflammation phase), age (with decreased expression of mediators,
hormonal changes, impaired osteoblast function), or smoking [25], local factors and
the mechanical environment are determinant for bone healing.

Biology of Bone Grafting

The properties of the bone tissue that are critical for successful healing and incorpo-
ration of bone grafts. These include osteogenesis, osteoclastic resorption, osteoin-
duction, and osteoconduction. Osteogenesis refers to the ability of bone to regenerate
itself by production of new bone. This function is accomplished by osteoblasts.
Osteoclastic resorption is the ability to remove bone mineral and is mediated by
osteoclasts. Osteoinduction is the ability to stimulate new bone formation by recruit-
ment of pluripotential mesenchymal cells from the surrounding host bed. This
unique property of bone is mediated by several bone matrix-derived soluble pro-
teins of which the best characterized group is the family of BMP. BMP function
does not require living cells and its activity is triggered by removing bone mineral
[26]. Osteoconduction refers to the bone graft’s ability to function as a scaffold for
the ingrowth of capillaries, perivascular tissue, and osteoprogenitor cells from the
host bed. This scaffold is critical to the remodeling of bone and allows gradual
replacement of the bone graft over time by resorption of old bone trabeculae and
formation of new bone, a process known as creeping substitution.

Autograft bone possesses all of the four unique properties lasted above. Processed
allograft bone only possesses the property of osteconduction. This explains why
autograft heals and incorporates faster than allograft bone. From a clinical point of
view, bone graft success of a bone graft is defined as the point in time when the host-
graft interface unites and the graft-host bone construct tolerates physiologic weight
bearing without fracture or pain [1]. Clinical success will vary depending on the
type of bone graft procedure. In cancellous grafting to a defect in spongious bone,
the graft needs to be remodeled and incorporated before the construct can sustain
physiologic loads. In cases in which a massive cortical graft has to join to host bone
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for a successful clinical result, it does not have to and will not incorporate or remodel
completely. Despite this lack of biologic incorporation an allograft construct can be
a clinical success when united and supported by internal fixation. Complete incor-
poration may mask success from a biological view point; however, it may not be
necessary for clinical function [1].

Autogenous Bone Graft

Healing and incorporation of autogenous grafts is an orderly sequential process
whose histologic sequence is similar to that seen in fracture healing. The early phase
after transplantation is predominated by inflammation. Surface osteoblasts and osteo-
cytes from the graft survive and are capable of producing early new bone [27]. During
this early phase, vascular invasion from the host bed occurs. Along with these new
blood vessels come pluripotential mesenchymal cells that can differentiate into osteo-
blasts through the mechanism known as osteoinduction. These newly-formed osteo-
blasts will secrete seams of osteoid around the central core of necrotic bone [1]. Both
the donor and the recipient contribute osteogenic cells. The early phase following
transplantation is similar for cancellous and cortical autografts. The late phase after
autogenous bone grafting differs significantly between cancellous and cortical bone.
In cancellous grafting bone formation occurs concomitantly with bone resorption.
Osteoblasts secrete seams of osteoid on the surface of the necrotic bone while the
osteoclasts gradually resorb the dead trabeculae. This process, known as creeping
substitution, characterises the late phase of autogenous cancellous bone grafting. This
remodeling phase eventually results in complete replacement of the graft by host
bone and marrow. In cortical grafting, bone formation occurs only after complete
resorption of dead lamellar bone. Thus, haversians systems have to be gradually bro-
ken down by osteoclasts before any bone formation can occur. This is a very slow
process and is reflected in the slow revascularisation. Unlike cancellous grafts, resorp-
tion predominates for long periods of time in cortical grafts. Widespread graft resorp-
tion can be seen as early as 2 weeks after transplantation and can last for many months
or years [28] with the consequence that the cortical graft will be weaker than normal
bone. Another major difference between cancellous and cortical autografts is that the
cancellous grafts are completely remodeled and replaced by host bone, whereas corti-
cal grafts are never completely remodeled and will always be a combination of
necrotic and live bone. Autograft taken from the femoral head have been frequently
used for reconstructing the acetabular medial wall in acetabular protrusio (Fig. 4.1)
and for acetabular roof in severe developmental dysplasia of the hip (Fig. 4.2).

Awareness of the biology of autogenous bone grafts is important to understand-
ing events related to healing and incorporation of allograft bone. Although autoge-
nous bone grafts possess all the unique features required for successful healing and
incorporation, they are limitations to their derived from the lack of suitable quantity
and donor site morbidity. These difficulties have lead to the increasing clinical use
of allograft bone.
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Fig. 4.1 (a) Anteroposterior radiograph of a hip shows acetabular protrusio. (b) Postoperative
radiograph, a cancellous autograft taken from the femoral head was used to reconstruct the acetab-
ular protrusio. (¢) Postoperative radiograph at 10 years shows good trabecular remodelling of the
autograft

Fig. 4.2 (a—c) Radiographs show structural autograft taken from the femoral head to reconstruct
the acetabular roof in developmental dysplasia of the hip in cemented and cementless total hip
arthroplasties. We can see good trabecular remodelling in all hips

Allograft Bone Graft

Allograft bone is an attractive alternative to autogenous bone. Its advantages are that
it is available in unlimited quantities and various shapes that can be tailored to the
defect encountered at surgery and it avoids donor site morbidity. These characteris-
tics make it a very useful alternative in revision surgery with severe bone defects.
The biology of allograft bone healing and incorporation is very similar to the
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biology of autografts with the main difference being the lack of donor cells that can
contribute to healing. One of the problems with allograft is the low level of osteo-
progenitor cells but the use of growth factors, scaffolds, mesenchymal stem cells,
and achieving proper biomechanics are known to promote bone healing [21].
However, the incorporation of cancellous bone and the healing (union) of cortical
allografts is generally slower than that of equivalent autograft [1].

Understanding the biology of allograft incorporation and the mechanisms that
can alter the biology is critical to the successful application of allografts in revision
surgery. Bone loss in revision surgery can be cavitary or segmental [29, 30], and the
process of allograft incorporation will vary with the clinical situation in which it is
used. The most critical factor in allograft incorporation is the recipient host bed.
Morselised allograft has been successfully used as a filler in acetabular revision
surgery where there is a cavitary defect [8, 10]. From a biological point of view this
is the ideal environment-consisting of a well-vascularised bed. This recipient bed
results in incorporation of the allograft through a combination of revascularisation,
osteoconduction, and remodeling. The contrasting situation is one in which a seg-
mental allograft must be used to replace a segmental bone loss. In this situation the
junction between graft and host is cortex to cortex, although most of the allograft is
in contact with soft tissue. The allograft can unite to the host in these circumstances
but there will be very limited internal remodeling of the allograft [28].

Allograft incorporation has been studied extensively in animals to help us under-
stand the biology of allografting. Fresh allografts are rejected by the host immune
system. The initial response in fresh allografts is inflammation followed by com-
plete graft resorption or marked delay in graft incorporation [1]. Because of the
immune response to fresh allografts, bone allografts for use in clinical surgery are
processed. The most common methods of processing are freezing or freeze-drying.
These techniques allow the long-term preservation of the graft. Bone frozen at
—70 °C has a shelf life of 5 years. These techniques have been shown to decrease or
eliminate the immunogeneity of the bone allografts although it does decease graft
biological activity by removing all live cells.

Allograft in the form of morselised chips to fill cavitary defects in revision sur-
gery has had good clinical results [2] (Fig. 4.3). These grafts biologically lack osteo-
genesis but they do possess osteoconductive properties and remodel like cancellous
autografts, although at a slower rate. Despite their slower incorporation, cancellous
allografts are widely accepted as a reconstructive alternative in cavitary well-
vascularised host defects [2, 8—10, 31, 32]. Sclerotic bone is frequently observed on
the acetabulum. This condition will affect the osteogenia and osteoinductive proper-
ties, but it will still usually have more preserved cells and growth factors than femo-
ral bone. The fact that the pelvis is mostly made up of cancellous bone with bone
marrow and blood together with the morphology of the acetabular bone defects
(often cavitary and suitable for containing bone grafts), have contributed to the use
of bone allograft on the acetabular side [33] (Fig. 4.4).

The use of structural allografts in revision surgery is controversial with contra-
dictory reports of long-term results. Complications such as infection, nonunion, and
fracture have been reported in approximately 30% of cases [7]. Structural grafts can
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Fig.4.3 (a)Anteroposterior radiograph of a hip shows a cementless loosened cup. (b) Postoperative
radiograph 3 months after impacting allograft bone grafting with a cemented cup used in revision
surgery. (¢) Radiograph 6 months post-surgery. (¢) Radiograph 1 year post-surgery. (d) Radiograph
at 5 years post surgery. Observe the progression of allograft remodelling
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Fig.4.4 (a)Anteroposterior radiograph of a hip shows a cementless loosened cup. (b) Postoperative
radiograph 10 years after impacting allograft bone grafting with a cemented cup in a revision
surgery

be cortical, as in proximal femoral replacement, or cortico-cancellous as in acetabu-
lar reconstruction. These structural allografts have limited biologic activity. The
first step in the healing of structural allografts is the inflammatory response. This
response brings in the pluripotential cells required for new bone formation. In most
cases union will then occur at the allograft host junction (Fig. 4.5). The success of
union is highly dependent on the host. Revascularisation, creeping substitution and
remodeling occur to a very limited degree in processed allografts [33]. Many factors
have been implicated as having an effect on structural allograft incorporation,
including immune response, mechanical response, and graft host stability [1].
Despite these multiple confounding factors, experiments that have controlled for
them [34] have shown that processed structural allograft bone unites to the host but
lacks the ability to remodel, and the arthroplasty relies on internal fixation devices
for clinical function.

Although controlled animal experiments have provided insight into the basic sci-
ence of allograft incorporation, ultimately the clinical fate and the biologic response
to these allografts in humans are what matters. Human retrieval studies [28, 35, 36]
have provided great insights into the biological behavior of frozen allografts in
humans. Enneking et al. [28] found that union in massive allografts occurs at the
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Fig. 4.5 (a) preoperative radiograph of a hip shows a resection-arthroplasty. (b) Radiographs
show structural allograft taken from the femoral head to reconstruct the acetabular roof. The bone
allograft provided mechanical support for the skeleton with a good clinical outcome

host graft junction slowly at cortical junctions, by formation of external callus from
the host. In addition, they found that internal repair (remodeling) took place on the
superficial ends of the graft and involved less than 20% of the graft. An important
clinical finding was that soft tissues become firmly attached to the graft by a seam
of new bone. Human retrieval has confirmed previous results in animal experiments.
Frozen structural allografts are biologically inert and only possess the osteoconduc-
tive property of bone grafts, and therefore function as implants. This has important
biological and biomechanic consequences.

In terms of structural function, acellular dead allograft supported by internal
fixation is biomechanically as strong as live bone because it is the mineralised bone
matrix of bone that serves this structural function. Therefore, once union occurs at
the graft-host junction, an allograft prosthesis composite, such as would be used in
the reconstruction of a massive proximal femoral deficiency, can be considered a
clinical success. Achieving union can be difficult because allograft is only osteocon-
ductive. To improve union rates, autograft should be placed at the graft-host junc-
tion because autograft possesses cells capable of osteogenesis and proteins capable
of osteoinduction.

Once union has been achieved at the graft-host junction, allograft composites
can continue to function well clinically in spite of the fact that they are incapable
of remodeling. This lack of remodeling ability has important clinical implications
in terms of the methods to fix allograft to host bone. It is also this remodeling
ability that may be responsable for the fractures seen in these large weight-
bearing allografts. It has been shown that holes in allografts and the use of plates
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lead to an increased fracture risk fractures that are a common and serious compli-
cations in allograft. Being biologically inert allograft is also susceptible to fatigue
fracture.

Regarding the increasingly-used impacting bone grafting technique, the main
question regarding the biology of impacting grafting is whether cancellous allograft
incorporates when combined with cement. Clinical studies on impacting bone
grafting on both the femoral and acetabular sides have been encouraging [2, 8, 37].
Radiographic follow-up indicates that the impacted allograft does incorporate [37].
In biopsies of cases that have previously undergone impacting bone grafting,
allograft incorporation was seen on histology in all patients. The grafts were revas-
cularised, remodeled, and had experienced creeping substitution [38, 39]. Because
these were limited biopsies, we do not know whether incorporation was complete.
Animal experiments support the fact that allograft that has been impact-grafted
does at least partially incorporate [40]. Schreurs et al. using goats, found partial
graft incorporation very similar to when morselized allograft is used in cavitary
defects without cement [41]. In a vitro study, Board et al. [42] report that strain, as
from vigorous graft impaction and postoperative loading, can transform bone
allograft from osteoconductive to osteoinductive, since BMP-7 was found to be
released from the graft in proportion to the strain imposed on it. Clinical studies
using positron emission tomography (PET) to evaluate the spatial and temporal
development of bone formation after acetabular revision surgery report that the
impacted bone allograft had transformed to living bone [43]. It seems that cement
does not interfere with the incorporation process.

Complete allograft incorporation may not be the goal in all clinical situations.
Clinical success ultimately depends on the bone graft providing mechanical support
for the skeleton.

Immunology of Allografting

Fresh allografts will provoke an immune response in the host that can result in graft
resorption or a marked delay in graft incorporation. For this reason techniques were
developed to decrease the immunogenicity of transplanted allograft bone. The most
common clinical techniques used today are deep-freezing and freeze-drying. These
methods allow for long-term preservation and storage of allograft bone. Originally
these techniques were also shown to eliminate the host immune response. It was
clear that because these preserved allografts had no living cells they would not elicit
a strong alloreactive immune response when transplanted. With the advent of mod-
ern immunologic assay techniques it became apparent that fresh and processed
allograft bone can invoke immune responses. Although processed allograft bone
can elicit ahost immune response, the exact role of immunology in the biological
incorporation is unclear [1].

The evidence from experimental studies indicates that processed allograft bone
is definitely immunogenic. However, the role of this immune response in the fate of
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allograft bone incorporation is not clearly defined. The immune response seems to
delay revascularization and incorporation but whether this mechanism actually
plays a role in humans has not yet been examined.

Bone Extenders and Enhancers

Different materials have been used to enhance graft incorporation, including bioc-
eramics, DBM or mesenchymal cells.

So-called bioactive bioceramics can act as a scaffold for bone regeneration.
These bioinert biomaterials are osteoconductive, and may have some osteoinductive
properties in certain environments [44]. The use of different mostly synthetic com-
posites of biphasic calcium phosphates (BCP) or hydroxyapatite (HA as powder,
granules, pellets or cement)mixed with bone allograft has been assessed in acetabu-
lar revision surgery. Different authors report good clinical results using both
cemented or cementless cups [45, 46].

Used as a demineralised freez-dried allograft, the DBM has some properties such
as inducing growth factor release, which may it to act as a osteoinductive substitute.
When mixed with bone allograft, DBM can serve for bone reconstruction in the
acetabulum [47].

For their part, mesenchymal stem cells are probably the best osteogenic pro-
genitors given their potential capacity to differentiate into osteoblasts. Harvested
from crest iliac bone and centrifugated, afterwards, good clinical data have been
reported when mixing with structural frozen-irradiated allograft in severe bone
defects [48].
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Chapter 5
Acetabular Revision with Impaction
Bone Grafting

Berend Willem Schreurs and Wim Rijnen

Introduction

Impaction bone grafting was started at end of the 1970s by Tom Slooff at the
Radboud University Medical Centre in Nijmegen [1]. He started this technique by
modifying bone reconstruction methods that were introduced by Hastings and
Parker [2] and McCollum et al. [3] (1980) in acetabular protrusion. He started to use
the technique in primary total hips with acetabular protrusion and in revision hip
surgery in patients with contained bone defects [1]. The difference with the previous
described techniques was that he used larger bone chips produced by hand with a
rongeur and that he impacted the bone grafts using a metal hammer and the trial cup
as impactor. He used the technique only in combination with a cemented cup, at that
time the Mueller 32 mm cup. Initially, all patients had a long time recovery period
with 6 weeks bed rest. After the initial favourable results, the technique was extended
to more complex primaries like reconstructions in developmental dysplasia of the
hip (DDH) and more demanding revisions. For medial wall defects he used metal
titanium perforated meshes to strengthen the medial wall to prevent a blowout dur-
ing impaction. At that time there was a lot of concerns about this new technique and
suggestions were made that too much contact between the reconstructed bone layer
and bone cement would harm the incorporation of the bone graft [4]. By using the
same metal meshes as he used for reconstructing of the medial wall mesh directly
on top of these reconstruction, he was able to limit the bone cement contact.
However, in retrospect the suggestion that bone cement would hamper bone incor-
poration was wrong, as was shown in many experiments. About 10 years after the
start of this technique at our institution, we quit stopping these meshes on top of the
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bone graft. Also during the years we learned that early mobilisation of the patients
was possible after these reconstructions, and we followed the trend to start early
mobilisation after revision.

After our initial experience we started many experiments to underpin the science
around this technique. We performed mechanical experiments in vitro using human
cadaveric pelvic bone as well as an artificial developed acetabular model to study
the mechanical effects of bone impaction grafting [5]. We found that after a techni-
cally proper impaction using a metal hammer and a metal impactor, and after pres-
surizing of the cement on top of these reconstructions a very nice cement bone graft
interface was obtained, and that the cement did only slightly protrude into the
impacted bone reconstruction. We also found out that it is important to use larger
bone chips to obtain a better stability. For acetabular impaction bone grafting bone
chips with a diameter of 8—12 mm seems to be the most attractive [5]. There have
been studies from other centres suggesting that mixes of larger and smaller bone
chips are also attractive [6]. However, there is certainly agreement that small sized
bone chips (2—4 mm) are not attractive, as they will lead to more migration and less
cup stability. We also learned that washing of the bone grafts may be attractive and
hence reducing the fat in the bone chips is also attractive to improve cup stability
[71, as was earlier confirmed by Dunlop et al. [6]. However, all our long-term clini-
cal data are based on non-washed bone chips. We also performed animal experi-
ments in goats use bone chambers to investigate the incorporation process of the
bone graft [8]. In other animal experiments in goats, we did realistic hip surgery
implanting cemented total hips in combination with acetabular bone impaction
grafting [9]. These experiments showed that the impacted bone grafts do effectively
incorporate. This was confirmed in human biopsy data and retrievals [10]. In our
center we published two papers studying bone biopsies taken during re-opertions
after previous reconstructions with bone impaction grafting [10]. Overall, the bone
chips were nicely incorporated with few remnants of the original bone chips. There
was also a retrieval study by Heekin [11] that showed that these bone chips really
incorporate into normal bone.

Indications and Guidelines for Use

Acetabular bone impaction grafting can be considered in all cases with acetabular
bone stock loss in revision hip surgery. However, infection should be ruled out
before the reconstruction is performed. In septic loosening, we advise two stage
surgery if acetabular bone impaction grafting is considered. There is some informa-
tion about using this technique also in one stage revisions in infective cases, how-
ever this is scientifically not sufficiently underpinned yet. There is a tendency to
start using bone impaction grafting in the more extensive defects, when the sur-
geons primary choice of revision technique is not suitable anymore. This is a poten-
tial drawback for the technique of impaction bone grafting. Like in all techniques, it
is important to start the experience with a technique in the less demanding and
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hence forgiving cases. Once familiar with a technique one can start to use it in the
more demanding cases. This is of course the same with impaction bone grafting.
And as with all other techniques, the outcome in the more extensive defects is less
favourable. However, this bone reconstruction technique is one of the few tech-
niques that can make a future revision, despite a failure, less demanding as more
bone can be present at the re-revision.

Technique

The posterolateral approach is our favourable exposure, because of the excellent
view on the acetabulum. This exposure also facilitates the insertion of a superolat-
eral mesh. Especially the fixation of these meshes on the posterior wall is difficult
when using other approaches. If only a medial wall mesh is needed, other surgical
approaches can certainly be considered. Identifying the major landmarks is helpful
for orientation purposes because in many cases the anatomy is disturbed extensively
by the loosening process itself or by methods to remove the cup. The important
landmarks guiding the reconstruction are the tip of the greater trochanter, the tendi-
nous part of the gluteus maximus, the lower border of the gluteus medius and mini-
mus, the transverse ligament and the tuber ischiadicum, if needed. Be aware of the
position of the sciatic nerve, although exposure of this structure is not advised. After
exposure of the joint, three biopsies of the capsule are taken for cultures. Three
other biopsies are taken of the interface behind the cup or of the femur.

Releasing the gluteus maximus tendon on the femoral side can be helpful to
mobilize the femur anteriorly. A circumferential exposure of the entire acetabulum
is achieved by removing all scar tissue anterior, superior and posterior at the acetab-
ular rim, and perform a circumferential capsulotomy and or even capsulectomy.
Sometimes a release of the tendinous part of the iliopsoas attachment is helpful for
exposure, however one should consider that this will hamper the future activity level
of the patient. In case of a noncemented cup in most cases a modern device that
facilitates explantation is helpful using curved chisel mounted on a head that is
central in the inner diameter of the cup. In cases of a still well fixed cemented cup
the technique of reaming out the polyethylene cup using acetabulum reamers and
subsequently splitting the cement with osteotomes is a technique that will prevent
unnecessary bone stock loss. After removing the component, and is applicable the
cement, the fibrous interface is removed completely from the irregular acetabular
wall using sharp spoons and curettes. Care is taken to locate and trim the transverse
ligament at the inferior part of the acetabulum. The acetabular walls are recon-
structed from this level upwards. After taking of the biopsy samples, systemic anti-
biotic therapy is started although some evidence suggests that a shot of antibiotics
at the beginning of the procedure will not hamper the outcome of the cultures and
may prevent superimposed infections from the revision procedure itself.

The acetabular floor and walls are examined meticulously for any segmental
defects. Often these defects can only be detected by manual examination of the
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walls. Check carefully is there is a dissociation of the pelvis, in these cases additional
plating is necessary to prevent failure of the revised reconstruction. Meshes are not
strong enough to stabilize these defects. The plates can be used on the outside of the
acetabulum but also inserted on the inner side of the acetabulum, depending on the
case and the preference of the surgeon. Special care is given to the transverse liga-
ment, this is still often available at revision surgery. This ligament can be used for
especially estimating the extent of the superolateral wall defect. By placing a suit-
able sized trial prosthesis on this ligament in the correct position, the extent of the
superolateral defect can be visualized. The defects are now reconstructed using wire
meshes being able to contain the bone grafts. If one want to use a reamer to optimize
the bone bed for bone impacting grafting and to remove more debris, this has to be
done before fixation of the meshes. If there is a medial wall defect or a weak medial
wall that maybe will not resist the forces during bone impaction grafting, a medial
wall mesh should be used. There are several options available that can be performed,
we prefer titanium meshes. Often, these do not need any screw fixation and will
snap in nicely, however screw fixation is an option. For segmental defects, using
scissors and pliers, a flexible stainless steel or titanium preformed wire mesh is
trimmed and adapted to fit the acetabular rim defects. The superolateral pelvic bone
can be exposed by lifting up the abductors, there are no major structures that will be
damaged by this exposure. The wire mesh is fixed to the remaining acetabular wall
with at least three small fragment screws to ensure rigid fixation. In most cases 6
screws are used, one can use standard 3.5 mm small fragment screws or selftapping
screws. Screws are placed on the most anterior and posterior positions in the mesh
an on the superolateral position in the pelvis. If the posterior wall is weak or there is
a significant bone defect of the posterior wall, bony support can be found by expos-
ing the tuber ischiadicum. In these cases one can choose to support the often quite
extensive mesh by a plate that is bowed flat over the mesh and extents from the tuber
area to the anterior side of the acetabulum. Both pelvic reconstruction plates as well
as one-third tubular plates can be used.

After closing of the defects on the rim and medial wall the acetabulum is now
contained and transformed into a cavitary defect. If a sclerotic acetabular wall exists
despite previous reaming, many small holes must be drilled into the sclerotic host
bone to enhance surface contact and promote vascular invasion into the graft.
Allograft bone chips are then ordered, some bone banks offer washed deep frozen
trabecular bone chips of 8—12 mm. If not, deep-fresh-frozen femoral heads from the
abone bank are first cleaned after thawing in saline. These heads can then be divided
in four parts and using rongeurs with a large beak bone chip of the suitable size can
be produced by hand. Alternatively, one can use a bone mill in the operation theatre.
All fibrous tissues and cartilage is removed. An option is to use a specially designed
head reamer to remove the cartilage. Next, the remaining bone is divided into four
equal parts. Substantial chips of at least 8-12 mm are by a specially designed
Noviomagus Bone Mill (A One Medical, Oss, The Netherlands). Most commercial
bone mill produce bone chips that are small (2-5 mm).

After cleaning and washing the acetabulum, any small cavity is packed tightly
with chips and subsequently impacted using the small round, half moon and large
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round impactors. Next, the entire socket is filled, layer-by-layer with cancellous
chips. Acetabular shaped large metal impactors hammer the chips in situ, starting
with the smallest-possible-size impactor and ending with the largest-size-impactor
suitable for a new acetabular wall of preferable at least 5 mm thick. Consequently,
the whole acetabular hemisphere is covered with an impacted and stable layer of
allograft chips. It is evident that after impaction this bone layer is not circumferen-
tially equal in thickness. The thickness of the bone graft layer depends of course on
the variety of depth of the acetabular defect. After impaction, the pre-existing
enlarged acetabular diameter has been reduced to a normal size. Next the size of the
suitable cup is planned, this planning should allow a cement mantle of 2—4 mm
around the cup. While the antibiotic-loaded cement is being prepared, pressure on
the graft is maintained using the last impactor. After inserting and pressurizing the
cement, the cup is placed and held in position with the pusher until the cement has
been polymerized. The advantage of impaction bone grafting is clearly that within
certain limits the surgeon decides during surgery the size and shape of the new
acetabulum and subsequently the size and position of the new implant. It is impor-
tant to reconstruct the anatomy of the hip in such a way that the cup is placed at the
level of the transverse ligament, the anatomical centre of rotation that guarantees the
best mechanical properties.

Postoperative management includes anticoagulation therapy for 4-6 weeks using
subcutaneous low molecular weight heparins, and if one prefers systemic antibiotics
for 24 h. Indomethacin is administered for 7 days to prevent the development of
heterotopic ossification. Mobilization of the patient is nowadays like in the primary
total hip replacement, out of bed the day of surgery or the next day and walking with
two crutches and but only touch weight bearing for the first 6 weeks. In the second
period of 6 weeks 50% weight bearing is allowed. In smaller defects we start load-
ing with 50% in the first 6 weeks and after 6 weeks full weight bearing. In cases of
pelvic discontinuity the protocol is individualized according to the different circum-
stances of the revision arthroplasty. A period of two to maximum of 6 weeks bed
rest is not used anymore, only after rare cases with very extensive acetabular
reconstructions.

Results

Two recent reviews of the literature on outcomes of bone impaction grafting on the
acetabular side were published in 2013 and 2018 [12].

The first paper on the outcome of bone impaction grating from our institution
was a mixed series of both primary and revision case and was published by Slooff
et al. [1]. This was only short to medium follow-up. However, we published our
long term experience in several subsequential publications focussing on a group
of 62 consecutive revisions all done at our center [13, 14]. Between 1979 and
1986, four surgeons performed 62 acetabular reconstructions in 58 consecutive
patients (13 men, 43 women) for the management of failed hip arthroplasty.
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The indication for the revision surgery was aseptic or septic loosening in 58 hip
and 4 hips respectively. The mean age of the patients at the time of the procedure
was 59 years. Defects were cavitary in 39 hips and in 23 hips the defects were
combined segmental cavitary according to the AAOS classification. All patients
could be followed and no hip was lost to follow-up during this long term review.
At the last publication in 2015 the follow-up was between 25 and 30 years, the
Kaplan-Meier survivorship of the cup with the end point of revision for any rea-
son was 52% at 25 years postoperatively (95% CI, 45-99%). Excluding two revi-
sions that were performed for the management of septic loosening at 3 and 6 years
postoperatively, survivorship with the end point of aseptic loosening was 58% at
25 years postoperatively (95% CI, 38—-73%). Most hips had a stable radiologic
appearance. In this last study we evaluated also the outcome of the re-revisions
performed for the management of the acetabular reconstruction to prove that
reconstructions with bone impaction grafting facilitates future revisions. In this
part of the study we evaluated the clinical and radiographic outcomes of 11 con-
secutive repeat acetabular revisions in 10 patients with all repeat bone impaction
grafting again and a cemented polyethylene cup. The mean follow-up was 10 years
after repeat revision and 28 years after the primary revision. Data of all re-revi-
sions were available. Using again a Kaplan-Meier survival analysis the survival
with further revision of the cup for any reason as the end point was 91% (95% CI,
51-99%) at 10 years postoperatively. On the basis of the results of this study long-
term follow-up, including the data of the re-revisions bone impaction grafting was
considered to be a safe and adequate biological reconstruction technique of ace-
tabular bone defects in revision surgery.

In patients with revision of the cup and diagnosis rheumatoid arthritis, the best
results in the literature have been achieved using simple repeat cementation or bone
impaction grafting with a cemented cup. In one of our studies, 35 consecutive ace-
tabular revisions were performed in 28 patients with rheumatoid arthritis using
acetabular bone impaction grafting and a cemented cup. At 8-19 years postopera-
tively, no patient was lost to follow-up, but outcomes were included for eight
patients (ten hips) who died during the follow-up period. Acetabular bone stock
defects were cavitary (11 hips) or combined segmental and cavitary (24 hips). At
minimum §-year follow-up, eight hips had a re-revision. With septic loosening
excluded, Kaplan-Meier analysis demonstrated a survival rate with aseptic loosen-
ing as the end point of 85% (95% CI, 71-99%) at 11-year follow-up [15]. The litera-
ture on revisions with a noncemented cup in rheumatoid arthritis has been very
disappointing [16]. In a recent study we showed that the bone impaction grafting
techniques also works in revisions in young patients [17]. We studied the outcome
of 34 hips (33 patients) who had a revision by performing both a femoral and ace-
tabular bone impaction grafting in one revision procedure. All patients were under
55 years, the average age at surgery was 46 years. At a mean follow-up of more than
11 years, survival rate with the endpoint of re-revision for any component for any
reason was 87% (95% confidence interval [CI], 67%—-95%) and with the endpoint
of re-revision for aseptic loosening, the survival rate was 97% (95% CI, 80%—
100%). This is in striking contrast with the only study on the outcome on unce-
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mented revisions in young patients by Gross and Lee [18] who reported only a
survival of less than 70% with also a lot of patients lost to follow-up.

Several studies from other centres have confirmed the data from our original
studies. Certainly in the less extensive defects results outcomes overall are very
satisfying. Comba et al. [19] stated that the survival rate for the reconstruction was
95.8% (95% confidence interval 92.3-99.1) overall, and 98%, excluding revision
due to sepsis. They concluded that their study from an independent center has repro-
duced the results of the originators of the method. Garcia-Cimbrelo and Cordero
[20] concluded that the mid-term results with impacted allograft and cemented all-
polyethylene cups were favourable in acetabular revision surgery. Other studies had
the same conclusion, bone impaction grafting works well and most patients are
satisfied, however in some cases there is radiological loosening of the cup with
radiolucent lines, but patients have few complaints [21, 22].

However, the outcome in the larger defects type Paproski 3A and 3B the out-
comes are less favourable and as in all techniques, the more extensive the defect the
less favourable the long term outcomes. Buttaro et al. [23] stated that metal mesh,
impaction grafting, and a cemented cup should be considered for reconstruction of
medium uncontained acetabular defects, but not for severe combined deficiencies.
Garcia-Rey et al. [24] reported in their paper the outcome of 226 of these cases with
a lateral rim reconstruction with a metal mesh. In the more extensive defects at
15 years follow-up, the outcome for endpoint aseptic loosening was 80% versus an
outcome of 89% in the cases with a smaller defect. However, especially the patients
who had a medial wall mesh and a lateral rim mesh in their study were unsatisfying,
with only a survival of just over 50% at 15 years. This was also stated in the paper
of Gilbody et al. [22] that was already cited before, although the overall outcome in
this large study with over 300 acetabular reconstructions was satisfying, the out-
come of the Paprosky type 3 defects were less satisfying. The same experience was
reported before by van Haaren et al. [25], Iwase et al. [26] and Kostensalo et al. [27]
who all reported a survival in the larger IIIA en IIIB defects of around 73% at
7 years follow-up. It is important to compare these less satisfying outcome with
other techniques, who also have problems in these more extensive defects. Recently,
a group from the Unites States started using this technique especially in these larger
defects, as this is the only option to have a biological reconstruction and they showed
satisfying results, although these are short term data [28].

Certainly, it has been suggested that Paprosky grade 3 defects may be better
managed with other techniques. A solution could be to combine in these defects the
technique of bone impaction grafting with tantalum or titanium metal augments [29,
30]. Short term results are promising, but the effect after long term has to be studied.
Also stronger or better fitting meshes could be a solution to improve the outcome in
these demanding cases as was shown by Stigbrand et al. [31].

Although the technique was started in combination with cemented cups, there
are now data that this technique will also work with noncemented cup implants.
This is important as in revisions with noncemented cups, and especially in the
younger patients, bone reconstruction is also essential. Although one of the
concerns was that not using cement would lead to higher migrations and more
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instability a recent RSA study proved that this assumption is not correct [32].
However, a caveat can be that in this study they used smaller sized bone chips. As
stated before, cup stability is better when lager chips are used from 8 to 12 mm.
Palm et al. [33] already reported about the use of bone impaction grafting with a
noncemented cup. The extent of the graft was not extensive in all, but even in the
case with a more extensive reconstruction the outcome at 7—11 years was satisfying.
There are some other reports, but more information about the combination of impac-
tion bone grafting is needed and this can also be a potent future reconstruction
option leading to reconstruction of bone.

Conclusions and Recommendations

Bone impaction grafting is one of the few biological methods to really reconstruct the
bone loss as is often seen in revision surgery. This is important, and especially in the
younger patients facing a future revision. Unfortunately, we will be confronted with
more revisions in younger patients [34]. The process of incorporation of impacted
bone grafts has been studied both in animal experiments and in human biopsies, with
nearly complete incorporation of these grafts demonstrated. Satisfactorily outcomes
of acetabular bone impaction grafting for the management of cavitary and simple
segmental defects in revision procedures have been reported in many studies. However,
in the Paprosky type IITIA and IIIB defects there certainly is a need for improvement
of the outcomes. There are some guidelines to improve the outcome. First, one should
start to get familiar with bone impaction grafting in the smaller and less demanding
defects before starting to reconstruct extensive defects. It is important, especially in
the larger defects to use larger chips from 8 to 12 mm. There is a need to improve the
quality of the meshes, certainly in the situation larger superolateral defects. The limi-
tations of the technique are unclear about how extensive the reconstruction can be. A
thickness to a maximum of 3 cm seems to be safe. However, even in the case of a
failed bone impaction grafting, even in a large defect, often the next revision is more
easy as there will be more bone then at the first revision.
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Chapter 6

Biological Repair of Acetabular Bone
Defects and Cup Migration After
Impaction Bone Grafting in

Total Hip Arthroplasty

Eduardo Garcia-Rey and Eduardo Garcia-Cimbrelo

Introduction

Cup loosening produces cup migration and acetabular bone defects. To be able to
support a cup, there must be sufficient medial bone stock and supportive rims in the
acetabulum. Reconstruction also require appropriate reconstruction of the anatomic
center of rotation of the hip.

Different techniques and prostheses can be used to overcome the defects present
at revision total hip arthroplasty surgery. Nowadays, many surgeons tend to replace
the bone defects with large acetabular cups and metal augment if necessary with
varying results [1]. Uncemented jumbo cups are used in large defects, so as to maxi-
mise prosthesis contact with host bone by using the larger cup size. Van Roth et al.
report that the survival with end point re-revision for any reason at 20 years was
83%, and using aseptic loosening as end point 88% at the same period [2]. When a
defect is not restored in a biological manner, one could assume that the absence of
sufficient bone stock could jeopardize further revisions. If a defect is just filled with
a larger cup, without restoring the acetabular bone stock, especially in young
patients, it cause serious problems when there is no bone left for proper reconstruc-
tion of the acetabulum [1].

Impaction Bone Grafting Outcome

We must choose between using more metal to reconstruct these acetabular defects
or biological reconstruction techniques that should create a stable situation with
good long-term results [1] (Fig. 6.1). Different studies have evaluated the use of
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Fig. 6.1 (a) Anteroposterior radiograph of hip shows a cemented loosened cup. (b) Postoperative
radiograph 3 months after impacting allograft bone grafting with a cemented cup used in revision
surgery. (¢) Radiograph three years after operattion. We can follow remodelling of the allograft

impacting bone grafting (IBG) combined with an uncemented total hip arthroplasty
(THA). Lie et al. reported inferior results in uncemented revision THA with IBG
when compared with other revision techniques at a relatively short follow-up [3]. In
contrast, over the past few years, advances have been made in the porous coating,
and the results of uncemented cups combined with IBG have improved subsequently
[4-6]. The Nijmegen group has repeatedly reported favorable long-term results
using IBG with cemented cup technique [7, 8].

Different studies have shown that many of the mechanical failures in acetabular
revisions occur within the first years postoperatively [9—11]. Early migration of the
cup might be a risk of applying IBG, as it takes time for the bone, cement and graft
to interlock and form a stable construction (Fig. 6.2). Schreurs et al. report that
partial post-operative weight-bearing postoperatively after large reconstructions
with IBG is important [9]. However, Ornstein et al. found no significant differences
in migration of the cup between immediate full weight-bearing and partial weight-
bearing [12], however in their group, only one patient had an extensive acetabular
defect and all the other acetabular defects were less extensive. Overall, it is not
known what the most optimal postoperative protocol should be, although histologi-
cal studies show that during the first weeks and months postoperatively, the bone-
graft-cement interface is remodeling and subject to many changes [13]. Especially
in the large reconstructions with meshes, one can imagine that immediate full
weight-bearing might increase the chances of early failure [1]. In contrast to
cemented THA without IBG, patients are not allowed immediate full weight-bearing
and are instructed to use some weight-bearing support [1]. During the first three
post-operative months, as it takes some time for the bone graft to become stable,
probably by fibrous armoring and later on incorporation [14].
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Fig. 6.2 (a) Postoperative radiograph after impacting allograft bone grafting with a cemented cup
used in revision surgery. (b) Postoperative radiographs at 10 years after operation. A cup tilt is
observed but the clinical outcome is very good

Waddell et al. report their American experience after an average 47-month fol-
low-up in 21 patients with Paprosky 3B acetabular defect who underwent revision
THA using IBG [15]. One patient has had radiographic loosening and no symptoms
at 120 months postoperatively and no patients have been revised for any reason
related to the arthroplasty. However, radiographic assessment revealed cephalad
cup migration of 2.29 mm and medial migration of 1.57 mm. The authors con-
cluded that impacting bone grafting is a reliable technique for the treatment of
Paprosky 3B acetabular defects. It restores bone stock like no other available for
addressing these defects.

Although it is difficult to interpret radiographic findings after the use of the
impacted bone allograft with cement in an acetabular revision, the cup and graft
remodeling are clearly stable [16]. Although bone graft resorption has been
described in areas of substantial weight bearing, most hips present uniform radioden-
sity of the graft and host bone. Histologic studies of cup loosening in humans report
bone substitution, but at a slower rate than in animal models [13, 17]. The open
structure of the cancellous bone graft, associated with cement, permits good vascu-
larization, with apposition preceding resorption in the new bone, and bone substitu-
tion takes place without mechanical loosening [18]. Although the importance of the
presence of radiolucent lines adjacent to acetabular components has already been
established in cemented prostheses. Radiolucent lines are quite infrequent in most
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series [7, 16, 19]. When a cup is in close contact with well-vascularized bone, the
stability of the cup is comparable to fixation in primary surgery [13].

Many factors may be responsible for acetabular cup loosening. A finite-element
analysis of a protruded acetabulum has shown that stress on a deficient medial wall
varies directly with medial placement of the cup [20]. Different authors suggest it is
important for good long-term results that deficient acetabulum be corrected to the
anatomic position [16, 18, 19]. Theoretically, the location of the center of rotation
of the hip affects the load with a higher and more medial position resulting in greater
loads than a lower placement. In these series, the anatomic rotation center of the hip
was improved in all assessed parameters in both Paprosky bone defect grades.
However, the change in the distance from the approximate rotation center of the hip
to the center of the prosthetic femoral head is greater in hips with Paprosky 3B bone
defects [21], which also had a greater preoperative distance [16] (Fig. 6.3). Waddell
et al. show that cup migration and bone graft resorption are some of the limitations
after acetabular impaction bone grafting in revision surgery when used for large
segmental defects [15]. Loosening and bone resorption are more frequent in cases
with a large segmental defect of the acetabular roof in which a large metal mesh
cannot avoid the cranial migration of the femoral head [22].

We have analysed 330 consecutive hips that had received acetabular IBG and a
cemented cup in revision surgery with large bone defects (Paprosky types 3A and
3B) in our institution. Fresh-frozen femoral head allograft was morselized manu-
ally. The mean follow-up after re-revision was 15 years (5-26). The radiological
analysis showed cup migration in 40 hips. The mean time of appearance was
4.3 years (range, 1-25). Migration was progressive and painful in 27 hips (67.5%)
requiring cup revision. Lateral mesh was more frequently used in migrated cups.
Cup tilt adn cranial migration were found in all migrated cups and survival with
further cup revision for aseptic loosening was78.3% (95%confidence interval:
68.7-87.9). In all surviving re-revisions trabecular incorporation was observed
without radiolucent lines. In this study bone graft resorption and cup migration were
not frequent and, in one-third part of the cases, they were not progressive. Cup
migration was more frequent in cases with segmental roof defect in which a lateral
mesh was used.

The magnitude of this migration probably depends on the grafting technique
used, including factors such as the quality of donor bone, size of the bone chips and
the surgical technique employed to achieve impaction. First, different types of
bone mills have been used. The importance of bone chip size is not addressed in
most published papers. The true size and location of the bony defect, the quality of
the graft, the amount of graft used and the final amount of living bone facing the
implant or the cement are probably all factors with a more or less pronounced
influence on cup fixation. Ornstein et al. [12], using RSA studies, confirmed simi-
lar good clinical results using this surgical technique at mid-term follow-up,
although the high migration rates as measured with RSA might be a cause for
concern regarding the longevity of this type of cup revision. Mohaddes et al., also
using RSA, studied that cemented fixation with bone grafting in acetabular revi-
sion surgery results in higher proximal migration [6]. Better results for cemented
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Fig. 6.3 (a) preoperative radiograph shows a resection-arthroplasty after an infected total hip
arthroplasty. (b) Impacting bone grafting was used in both components in revision surgery. (c)
Postoperative radiograph. (¢) Postoperative radiograph at 10 years shows symptomatic cup migra-
tion. (d) Impacting bone grafting associted with a tantalum augment was used in re-revision
surgery
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fixation could probably be obtained if bigger graft particles and a more consistent
impaction technique had been used. It could also be argued that the increased prox-
imal migration of the cemented acetabular components is due to a different pattern
of bone remodelling when cemented fixation is used in conjunction with bone
impaction grafting. These hypotheses should most certainly be addressed in future
studies [6]. Garcia-Rey et al. establish differences in long-term results according to
the type of defect and use of lateral mesh [22]. Survivorship analysis at 15 years
was 89.1+14% when no mesh was required, 84.9+12% when only medial mesh
was required, 79.6+12% whith lateral mesh, and 53.9+22% in cases when both
meshes were required (log Rank-Mantel Cox P = 0.008). But some aspects are still
not clearly defined, and future studies should focus on them. The influence of sex,
including sex-related differences in bone quality and/or activity, the relationship of
prior surgery (both type and number) on the results of the procedure, and the size
of allograft fragments must all be examined. Future studies should likewise be
large enough to stratify results according to the type and severity of the bone
defects being treated.

We need to pay particular attention to those situations in which IBG fails. In
these cases, porous trabecular metal augments could be used associated with IBG
[23-25]. The combination of biological fixation offered by tantalum and impaction
grafting could generate adequate cranial support for the cemented cup (Fig. 6.4).
Comparisons between impacting bone grafting and these implants may represent a
good topic for future investigations. We need to ascertain is whether metallic aug-
ments can improve long-term results in 3B/lateral/segmental defects, which are dif-
ficult to treat. We also might consider evaluating the combination of porous metal
augments with impacting bone grafting. Finally, we must perform more prospective
comparative, and ideally, randomized studies examining impacting bone grafting
versus metal augments, as well as the results of impacting bone grafting with and
without these augments. Longer follow-ups are also necessary to assess the poten-
tial deterioration of fixation.

Impacting Bone Grafting Facilitates Future Acetabular
Re-revisions

Long-term follow-up studies have shown that impaction bone grafting can be used
to perform actual biological repair of acetabular bone defects and hence facilitate
future revisions [8]. Schmitz et al. report no osteolysis after 30 years, showing that
the fact the use of this technique in revision reconstruction can make these recon-
structions last for over 30 years [8]. Another advantage of this technique is that in
case of reconstruction failure, a cemented cup and impaction bone grafting can
again be used to perform a re-revision (Fig. 6.3). Technically, this can be done since
the remaining bone stock can still be used to perform a new reconstruction. If the
cement fixation into the graft deteriorates with time, the new bone is likely to facili-
tate re-revision surgery (Fig. 6.5).
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Fig. 6.4 (a) Preoperative
radiograph shows bilateral
cementless loosened cups. (b)
The rigth cup was revised
using impacting bone grafting
with cemented cup, and the
left hip was revised using a
impacting bone grafting
associated with a tantalum
augment

Few studies analyse the clinical and radiographic outcome of acetabular
re-revisions using IBG and a cemented polyethylene cup after a follow-up of
5-15 years [26]. Consequently, we decided to study the outcome of the re-revisions
again using IBG and a cemented cupin 34 hips in our institution. Radiological fail-
ure was defined as migration of more than 5 mm in any direction or progressive
radiolucent lines in all three zones. We assessed progressive radiolucent lines around
the cup and changes in different radiographic parameters, such as abcetabular
abduction angle, anteversion angles, horizontal distance, vertical distance and dis-
tance from the prosthetic femoral head center to the anatomic rotation center of the
hip according Ranawat et al. [27]. In these 34 hips we found migration in 11 hips,
of these migration appeared before the first year postoperation in five, between the
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Fig. 6.5 (a) Preoperative radiograph of teh hip shows a failed impacting bone grafting used in cup
revision surgery. (b) The hip was re-revised using a new impacting bone grafting with metallic
mesh with a good clinical result

1st and 5th years in five and, only one case, at 6 years postoperation. Intraoperative
bone defect was improved after the first failed revision. At the first revision there
were 14 hips with Paprosky bone defect type 3 A and 20 with Paprosky type 3B. At
the re-revision there were five hips with Paproky 2B, 21 with Paprosky type 3A and
eight with type 3B. The mean time for the appearance of migration was 25 months
(range, 3-72). In three cups, migration was progressive and painful requiring re-
revision. Cup tilt was found in all migrated hips. There were one dislocation requir-
ing a cemented dual mobility cup associated with IBG and one infection solved with
resection-arthroplasty. Survival with further cup revision for aseptic loosening was
80.7% (95% CI 57.4-100). In all surviving re-revisions trabecular incorporation
was observed without radiolucent lines.

This outcome seems to confirm that IBG and cement can restore bone stock loss
and normal biomechanics thus allowing future revisions. In all patients the tech-
nique could be repeated again, so no special implants were needed and hence a
relatively inexpensive standard cup implant was used [26]. A main limitation of our
study is that the number of patients is small, but we believe our findings are
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significant and we concur with other studies that using IBG [26], facilitates future
re-revisions. A weakness of the outcome studies of acetabular bone impacting in
revision surgery is the large number of patients lost to follow-up [28]; the reason is
that the average ageis relatively high in these patients so by review many had died
of different causes.

According to Schreurs et al. the key in revision surgery is restoration of the bone
stock defects [26], using biological reconstructive techniques and we agree. Some
studies have reported a high rate of failure with the use of structural allografts [29,
30], and IBG would be the appropriate biological reconstrucive technique to recon-
struct bone defects. As in other reconstructive techniques the outcome of IBG is
less optimal in larger defects: Buttaro et al. [10] have shown that metal mesh, IBG
and a cemented acetabular component result in a favorable outcome in uncontained
acetabular defects of medium severity, but the outcome in more extensive com-
bined deficiencies is less successful. The postoperative treatment protocol is espe-
cially importantin these demanding cases. We used a very conservative postoperative
treatment protocol including a three weeks bedrest period when there had been
with extensive acetabular bone defects, in this group with very large reconstruc-
tions at 10 years after surgery, an excellent survival has been reported with IBG, but
these large reconstructions are technically very demanding [31]. Also it is very
important in acetabular reconstruction that large sized bone chips of 8—12 mm be
used [32]. Experience shows that even successive acetabular reconstructions using
IBG and a cemented polyethylene cup are possible with satisfying 6-years survi-
vorship. Impaction bone grafting seems to be especially effective in younger
patients, as they have a long life expectancy and will possibly will outlive even their
revision implants [26]. IBG is our standard approach for acetabular reconstructions
with bone stock loss.
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Chapter 7
Revision Surgery After Fractures
of Ceramic Components

Luigi Zagra and Enrico Gallazzi

Introduction

Ceramic on Ceramic (CoC) bearings for Total Hip Arthroplasty (THA) were intro-
duced with the aim of reducing wear associated with polyethylene (PE) components,
thus limiting osteolysis and increasing the longevity of the implant especially in
young and active patients. The first attempts of utilizing a ceramic cup with a ceramic
head were made in the 1970 by Pierre Boutin in France with cemented liners and in
1974 by Heinz Mittelmeier in Germany with cementless all ceramic threaded cups
and skirted heads. Both systems were burdened by high failure rates related to poor
mechanical properties of the first generation of alumina (low strength resistance due
to the grain size), and to materials and design faults (direct contact of the ceramic to
the bone, as alumina has no osseointegration capability, and skirted heads creating
impingement). Since then, several new compounds with new generations of alumina
(with smaller and more uniform grains) were introduced with good to excellent
results [1-3]. Nowadays the most commonly used ceramics is the alumina matrix
composite (AMC) (Biolox Delta™; CeramTech AG, Plochingen, Germany).

A brief explanation of the characteristics of the ceramics used in medical devices
could be helpful to better understand the issues related to its utilization. Ceramics is
defined, in material science, as a non-metallic, solid material comprising an inor-
ganic compound of metal, non-metal and metalloid atoms primarily held in ionic
and covalent bonds. Since the beginning, the ceramics used for medical purposes is
composed of Alumina (Al), an oxide of Aluminum, the same material that composes
the crystalline structure of Ruby and Sapphire. Al was chosen for its chemical inert-
ness and biocompatibility: given its high oxidative state, the material does not tend
to oxidize further in the body, and therefore its particles do not generate oxidative
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stress and inflammatory reaction. Moreover, thanks to its crystalline structure, Al
ceramics has a very “smooth” surface, that provides a very low friction coefficient
and an extremely low wear rate. Concerning its mechanical proprieties, as a cova-
lently linked, crystalline structure, Al has the characteristics of a “hard” material: a
high compressive strength (>4500 MPa) and a high Young’s (elastic) modulus
(400GPa); on the other hand, it has a low flexural strength (around 600 MPa) and
low deformation capacities [4]. Thus, in this material fractures tend to occur before
any plastic deformation can take place. The intrinsic porosity of the material has a
role in fracture generation: the pores act as a stress concentrator, thus reducing ten-
sile stress and facilitating the crack propagation. Since mechanical fragility was
clearly a weak point of this bearing, industry tried to overcome it with different
technical solutions. To further increase the hardness and strength of the material,
Zirconium oxide (ZrO), Strontium oxide (SrO) and Chromium oxide (CrO) were
added to the Al matrix during the sintering process (Alumina Composite Matrix,
AMC). In particular, ZrO particles play an important role in reducing the fracture
propagation. These particles are less dense and are evenly distributed in the Al
matrix; when a fracture appears, it propagates towards these less dense ZrO areas,
that react to the fracture by changing their spatial phase (from tetragonal to mono-
cyclic); this change is associated with an increase in density of the area, that in turn
creates compressive forces that ultimately limit the fracture propagation. As a result,
AMC ceramics almost doubles flexural strength (and hardness) compared to the Al
ceramics, while maintaining the same elastic modulus and compressive strength [5].

While these technological advancements improved the mechanical properties of
CoC bearings, dramatically reducing the fracture rates, nevertheless ceramic frac-
ture remains a cause of concern as revision for ceramic fracture can lead to cata-
strophic failures and severe complications due to third body wear, caused by ceramic
fragments [6, 7].

Epidemiology, Risk factors and Causes of Ceramic Fractures

According to the Australian Registry data, 99.8% of ceramics used in THA is
CeramTech Biolox products [8]. However, this data may not reflect all the markets
in different countries (such as in France or in Spain). Anyway, Manufacturer’s data
on recorded events can help to understand the frequency of occurrence of ceramic
fractures. Concerning Delta Ceramics, the reported fracture rate for the head is 1 in
100.000 (0.001%), while for the liner is 22 in 100.000 (0.022%). The fracture rate
is higher for the old Forte™ Ceramics, being 21 in 100.000 (0.021%) for the head
and 46 in 100.000 (0.046%) for the liner (CeramTech, Unpublished Data, 2017);
while Forte Ceramics is no longer used for new THAsS, it is important to know the
risk of fracture of this material since it was widely used until few years ago. In a
recent analysis of the National Joint Registry for England, Wales, Northern Ireland
and Isle of Man (NJR), the percentage of ceramic fractures were found to be slightly
higher than reported by the Company: 7 of 79,442 (0.009%) Biolox Delta heads, 38



7 Revision Surgery After Fractures of Ceramic Components 117

of 31,982 (0.119%) Biolox Forte heads, 101 of 80,170 (0.126%) Biolox Delta liners
and 35 of 31,258 (0.112%) Biolox Forte liners. Interestingly, regression analysis
revealed that the two most important risk factors for fracture were smaller heads (in
particular the 28 mm Forte head) and high BMI of the patient [9]. Most of the other
published data reports similar fracture rates [10], the only outliers being single cen-
ter studies [11, 12] that reported a prevalence of liner fracture of 0.9-1.1% with
Delta Ceramics; however, since in both studies the same cup was used, it is possible
that the higher fracture rates reported depends more on technical issues related to
component design of the metal back rather than on the ceramic material itself [6].

Head fractures are nowadays less frequent than liner ones. Direct impact is a very
rare cause of head fracture, while a more common mechanism is fatigue break due
to taper mismatch, scratches on the taper and third bodies between the head and the
taper. The only identified risk factor for head breakage in large clinical series is the
28 mm diameter head with short neck, as previously mentioned by NJR data and
confirmed by a systematic review [13].

Liner fractures are almost never related to trauma as well, but rather depend on
two main reasons: the former is the edge loading and the impingement due to the
cup positioning, while the latter is the misalignment of the liner during insertion in
the metal back or a metal back damage [14]. Edge loading occurs when the hip
contact force vector moves over the edge of the liner or when the stress concentrates
on a limited area; when this occurs, the increased stress both on the liner and on the
head surfaces increases the risk of damage. A steep cup could reduce the contact
area between components, therefore increasing the force transmitted at the edge.
Another mechanism that provokes edge loading is neck impingement that causes a
diametrically opposed sub-luxation of the head over the liner edge (Fig. 7.1). Poor
orientation or bad rim design can create such a neck impingement and sub-

Fig.7.1 Retrieval samples of fractured ceramic liners. Black arrows indicates the area of impinge-
ment against the neck of the stem, on the opposite side of the broken rim of the liner. In the last
panel to the right, the blue arrow point to the damaged neck that impinged on the liner
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dislocation on the opposite side of the liner with very small contact of the head on
the rim as a consequence, leading to grain detachment, third body wear and crack
propagation [14]. This model of fracture was confirmed by the clinical observation
of Traina et al. that found a higher risk of fracture in cups with anteversion over the
range [15], thus confirming previous studies [16] and finite element analysis [17].
Therefore clean positioning of the components is fundamental [18]. A particular
situation of edge loading occurs when the acetabular liner is not correctly seated in
the metal back. This could be due to a metal back rim damage or even a deformation
during the insertion: titanium shell can deform by 0.6 mm during impaction, conse-
quently generating a two-point support of the liner [19]. Another reason for that can
be simply an incorrect handling of the ceramic liner during insertion jammed in a
wrong position by the surgeon. Thus, a careful preparation of the acetabulum and
assessment with trial insert is required when using a ceramic liner. Again, each
implant must be checked intra-operatively for correct engaging of the liner into the
metal back and of the head on the stem taper prior to the final reduction of the pros-
thesis [20]. Finally, screws protruding in the metal back have been described as a
risk factor of the same phenomenon of incorrect seating of the ceramic liner, thus
leading to the risk of later liner breakage [21].

Finally, a fracture of the liner can lead to a secondary breakage of the head. In
any case the head is usually deeply damaged by the break of the liner.

Clinical Features and Diagnosis

The clinical picture of a fracture of ceramic head is straightforward. The breakage
is usually sudden, complete and noisy. The patient immediately realizes that some-
thing has happened. X-Rays is mandatory, and the fragmented head is usually
clearly visible and easy to be recognized.

The clinical picture of a ceramic liner fracture, differently, can be subtle and
underestimated, thus a high level of consideration in suspicious events by the clini-
cian is required to make the correct diagnosis. A careful history should be collected,
with particular attention to pain, discomfort and noises. In patients with risk factors
for ceramic fracture, such as cup malpositioning, a strict (i.e. yearly) follow up with
X-Rays is suggested, and in case of new increasing noises a ceramic fracture should
be suspected [22]. Onset of symptoms is not clear every time, so they could be
underestimated both by the patient and by the physician. X-Rays are the first level
of investigation, even if their diagnostic accuracy can be quite low. Fragments of the
fractured liner could be visible on X-Rays as radiopaque areas that can be confused
with heterotopic ossifications. Once the diagnosis of ceramic fracture is suspected,
confirmative exam should be performed. CT-scan is helpful in this context: the frag-
ments are usually visible in the soft tissues, and the liner can show cracks or chip-
ping at the rim. Some studies suggested that the microanalysis by SEM (Scanning
Electronic Microscope) of synovial fluid with the evaluation of ceramic particles
can be useful in diagnosing ceramic fractures [23, 24]. However this exam is not
readily available in most centers.
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Revision Surgery
Timing

Once the diagnosis of ceramic fracture is made, the surgeon should be aware that the
treatment cannot be postponed. Early revision is indicated for two main reasons:
first, with time the ceramic fragments spread around into the soft tissues, and thus
their complete removal becomes more and more difficult; retaining of fragments in
the tissues could compromise the outcome of the revised prosthesis, because of
third body wear. Secondly, the metal components, especially the titanium taper of
the stem in case of head breakage, could be rapidly damaged with metallosis, lead-
ing to the need to revise a well-fixed stem (or even the cup), making the revision
surgery much more complex and heavy for the patient (Fig. 7.2).

Planning

Despite the “relative urgent” condition of a ceramic fracture, the revision surgery
should be carefully planned. Information about the prosthesis manufacturer, type
and size, should be obtained. The timing of the fracture is also important, since
more distant is the time of the fracture, more fragments could be found in the soft
tissues. Preoperative X-Rays should be used to evaluate components orientation, in
particular of the cup: if cup malpositioning is shown that can be the cause of failure,
cup revision should be planned before surgery; if areas of osteolysis or cup/stem

Fig.7.2 Ceramic on ceramic fragments in soft tissues following a fracture of the liner. Left Panel:
Removal of soft tissues with small ceramics fragments and metallosis due to Ti damage caused by
Al Top Right Panel: retrieved fragments of the liner; Bottom Right Panel: Removed soft tissues
with metallosis
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instability are suspected before surgery, a revision of the unstable component should
be planned. The surgeon should be familiar with hip revision and with the approach
that is intended to be used [25].

Surgical Technique

Surgical technique is of course of major importance. The goal of revision surgery is
the positioning of a stable prosthesis that can have a long term survival without any
early or late bearing problem. Therefore, the first step of the surgery is an aggressive
soft tissue debridement and synoviectomy, with the ultimate goal of removing all
the ceramic fragments or at least as much as possible (Fig. 7.2). For this purposes
some Authors proposed in the past a double approach to the hip [26].

The second step is the removal of the broken head and/or liner, followed by the
evaluation of stability, orientation and damage of the metal back and of the stem. If
the metal back is in a satisfactory position and it is intra-operatively stable and not
damaged, a new PE liner can be inserted (or cemented) if available for the cup in
situ. Placement of a new ceramic liner in a previous metal back (even if well fixed,
correctly oriented and apparently not damaged) is not acceptable as ceramic is too
much sensitive to even small metal back damages, as outlined before. In case of
isolated liner fracture, the change of the head is suggested in any case because, as
mentioned before, a damage of the head surface is always relevant. If the taper is
not damaged, according to manufacturer’s recommendations, which is sometimes
not so easy to be evaluated, a new head should be used without revising the stem.
The decision between a major revision with removal of well-fixed components
slightly damaged and retaining of those, should be anyway balanced on the age,
general conditions, life expectancy and activity of the single patient. In case the
stem is retained, the surgeon should be aware that nowadays when using a ceramic
head it is mandatory to implant the one specifically developed for revision surgery
(Biolox Option™, CeramTech, Plochingen, Germany). This type of head (Delta
ceramic with a titanium sleeve) offers the possibility to select different head diam-
eter and neck length, and can fit on different taper angles as provided by different
prosthesis manufacturers. Anyway if the taper or the metal back damages have
major damages, revision of those components is necessary to ensure long term
survival of the implant.

Which Bearing Couple?

Few studies evaluated the outcomes of the various bearing surfaces in revision
surgery after ceramic fracture [7, 26-30]. Several case reports highlighted mas-
sive wear of the metal head used after ceramic fracture including severe Co and
Cr poisoning of the patients [7, 26, 29-33]. The hypothesis that metal is more
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susceptible to wear in presence of ceramic particles was confirmed in laboratory
wear as well. Ceramic particles up to 5 mm of diameter were placed between the
head and liner with three different couplings: Ceramic/Polyethilene, Ceramic/
Cross-Linked Polyethilene (C/XLPE) and Metal/Cross-Linked Polyethilene (M/
XLPE); while the two combination of ceramics showed a wear of 0.56 and
0.31 mg/million cycles, the wear of Met-XLPE coupling was 316 mg/million
cycles, several magnitudes higher [34]. The use of Cer/Cer coupling after
ceramic fracture was evaluated in a series of 30 cases by Traina et al., that
reported a survival of 93.3% at a 3.3 years follow up [28]. While the use of a Cer/
Cer bearing is a valid option after ceramic fracture, probably the most used for
the scratch resistance to third body wear, Cer/PE is the Author’s preferred option.
Retrieval analysis showed how ceramics fragments can impact in PE liners
(Fig. 7.3), rather than remaining free bodies between the two hard ceramic sur-
faces, thus probably causing less wear. Moreover, for the patient the proposal of
a bearing that already failed could be not the most favorable option. In a series
of 12 patients revised for ceramic fracture with Cer/XPE coupling, at a mean
follow up of 6 years only one patient was revised again for PE wear, with an
overall survival of 93.7% (Fig. 7.4). Interestingly, in this series the rate of early
dislocation was very high (33.3%), probably because of the aggressive soft tis-
sue release. Therefore we suggest to be very careful during surgery: to use a
bigger diameter head possibly with longer neck, and in case of major instability,
a dual mobility can be suggested with a ceramic liner instead of a metal one
(construct composed by modular ceramic liner-mobile PE-ceramic head) that
could reduce the risk of dislocation [27]. A judicious postoperative course is
strongly recommended.

Fig. 7.3 Fragments of broken ceramics impacted in a PE par of a sandwich liner
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Fig. 7.4 Panel A: male, 74 years, fracture of PE sandwich ceramic liner. Panel B: same patient,
with a Cer-PE bearing, at 10-year follow up. No signs of wear or osteolysis can be found

Conclusions

Ceramic on Ceramic bearing is a good option in young and active patients due to the
excellent wear resistance and the high biocompatibility of the material. Compared
to soft bearings, Cer/Cer coupling is more sensitive to handling of the components
and implant positioning. While rare, ceramic fracture is a catastrophic event, with
high rate of complications. In case of ceramic breakage, accurate fragments removal
and synoviectomy, replacement of damaged components and correction of malposi-
tioning and impingement are the key points. At the moment there is no clear evi-
dence on which is the bearing of choice in case of revision for ceramic breakage, but
metal must be absolutely avoided. Revision using ceramic heads, with Ti sleeves in
case of retained stem, on PE liners or on ceramic liners, can yield favorable results.
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Chapter 8
Antiprotrusio Cages for Acetabular
Revision

Antonio Coscujuela, Jose Luis Agullo, and Daniel Rodriguez-Perez

Introduction

The bone defect determines the surgical technique in acetabular revision surgery.
Different studies report the necessity of restoring acetabular anatomy and the ana-
tomical center of rotation of the hip to enable stable prosthetic component fixation,
especially in revision surgery for cases with deficient bone stock [1]. Loss of acetab-
ular bone also makes it difficult to place a new component in an optimal position on
bone of sufficient strength and quality as to provide secure fixation [2]. Uncemented
sockets have some limitations in acetabular revision, especially when the loss of
bone stock is more extensive, comprising more than 50% of the weight-bearing
surface; in this situation, primary stability cannot be achieved without the use of
structural allografts. Several techniques have been proposed to compensate for ace-
tabular deficiency, including bone grafting in conjuction with cemented [3, 4] or
uncemented cups [5], Miiller reinforcement metal rings [6] and tantalum augments
[7-11]. Antiprotrusio cages are considered when the extent and geometry of the
bone loss do not favour an uncemented porous socket. Various antiprotrusio cages
are available. The Burch-Schneider antiprotrusio cage (BSAC) has been the most
used and the one with the most published clinical data (Fig. 8.1). Other acetabular
reinforcement designs include the Ganz cup, the Link cage, the Contour cage and
the Gap cup.

An antiprotrusio cage that was larger than the Miiller acetabular reinforcement
ring was developed by Burch and Schneider [12]. The Swiss orthopedic surgeon Dr.
Hans-Beat Burch created the cage after becoming involved in the treatment of a
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Fig. 8.1 The Burch-
Schneider antiprotusio cage
(BSAC)

patient with an older, unhealed acetabular fracture. The prototype was developed
especially for the treatment of this patient and implanted by Dr. Burch in 1974 in the
Cantonal Hospital of Fribourg, Switzerland. Dr. Robert Schneider from Biel,
Switzerland, took up the idea of bridging acetabular defects and developed it further,
emphasizing the necessity of proximal screw fixation of the implant to the iliosacral
joint, and suggested impacting the distal plate in the ischial bone. Steel was initially
used as the implant material. Since 1987, titanium has become available for this type
of acetabular component. Primary stability of the implant is achieved by fixation of
the proximal flange to the ilium with screws while, distally, the flange is inserted
into the ischium. In order to restore the centre of rotation to an ideal level, the
implant should generally be placed in the acetabular floor (which is preserved in
most cases). If necessary, defects in the acetabular roof are compensated by bone
grafts (structural or morcellised), which should then be secured by screws that are
directed through the anchorage holes of the flange in a horizontal or slightly descend-
ing direction. Finally, the polyethylene inlay is cemented in place at an optimal
inclination of 40° with a 10-15° antetorsion, independently of the cage position.

Since the introduction of antiprotrusio cages for acetabular revision surgery of
different bone defects at the beginning of the eighties, their use has been more or
less widespread [13]. In North America the cages were considered a cemented
reconstruction and their use was restricted after the disappointing results of
cemented revisions at mid-term follow up become known [14].

Meanwhile, reasonable midterm results with antiprotrusio cages were reported
from Europe when used in the presence of marked bone loss [15, 16]. That concep-
tual facet made the reinforcement device an extraordinary tool. The advantages of
antoprotrusio cages are that the reinforcement device seems to protect grafts from
overstress, distribute load, help to restore the appropriate centre of rotation of the
hip and support the cemented polyethylene cup [17, 18]. With experience, more
has been learned about the limitations of antiprotrusio devices. They are more dif-
ficult to implant than hemispheric cups. A wide approach is needed and it is not
exempt from serious neurovascular complications [19]. Most designs have no
potential for biologic bone ingrowth and, with time, particularly in younger
patients, they may fail.
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Technical Data

Between 1996 and 2004, the BSAC was implanted in 96 patients (53 women and 38
men), undergoing acetabular revision in our institution. Cause of the revision was
aseptical loosening (62 patients), sepsis (14 patients), severe osteolysis (10 patients),
acetabular malposition (6 patients) and others (4 patients). The mean age at surgery
was 67.3 years (range, 35-85 years). Including criteria were to use a BSAC in revi-
sion acetabular surgery whenever there is deficient acetabular stock (Fig. 8.2).
Eleven patients passed away from causes unrelated to the operation and 17 patients
have been lost to follow-up. Of the remaining 68 hips, three cages had to be removed:
two due to deep infection and one due to aseptic loosening. Thus, the complete
cohort consists of 65 hips (61 patients) that were available for clinical and radiologi-
cal review at an average follow-up of 8.1 years (range 5-13 years). The right hip
was operated in 42 cases and the left hip in 54 cases. The revised acetabular compo-
nent was cemented in 36% of cases and uncemented in 54%. The femoral compo-
nent was revised in 48% of cases. Preoperative bone defects were assessed according
to Paprosky classification [20]: type 2A (nine hips); type 2B (31 hips); type 2C (20
hips); type3A (25 hips): and type 3B (11 hips).

A standard operative technique was employed in all cases. Most patients were
operated on by the senior author (A.C.-M.), and, in most cases (86%), the antero-
lateral approach was used. A posterolateral approach with extended femoral oste-
otomy was carried out (14%) when the femoral component had to be revised, as
well. The acetabular cavity was always meticulously prepared. Bone grafting was
performed in 38 cases (39.5%; 29 allograft, 7 autologous, and 2 combined auto-
allograft). The BSAC was adapted to the acetabular defect and surrounding bone
after the bone graft was placed to fill the defect. In all cases, the cage was placed by
driving its inferior flange into the inferior acetabulum so that it lodged in the
ischium. This trick is not easy. In our series inferior flange was finally, lodged out-
side the ischium in more than 35% of cases. The superior flange was fixed to the

Fig. 8.2 (a) Radiograph showing aseptic loosening both components in a 69 year-old woman with
rheumatoid arthritis. (b) Post-operative radiograph with a BSAC without graft and Wagner stem.
() X-ray control at 12 years. Good clinical situation
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Fig. 8.3 (a) The failed acetabular component is removed and the acetabular bed was thoroughly
debrided until achieving healthy and bleeding bone beds. (b) Bone grafting. The specific type of
graft used is determined by the shape and size of the defect. (¢) Cage placement. (d) Cementing
all-poly into the cage. The socket can be oriented slightly independant of the cage position

outside of the ilium with 3-6 cortical screws. A size 44 antiprotrusio cage was
implanted in 38 hips, a size 50 in 51 hips, a size 56 in 3, and the largest, a size 62,
in 4 hips. An all-polyethylene cup (28- and 32-mm diameter low profile UHMW
polyethylene cups; Sulzer Orthopaedics, Baar, Switzerland) was cemented into the
cage (Fig. 8.3). The patients were mobilised after 3—7 days depending on their bone
quality, and remained on crutches for not less than 3 months. Antibiotic prophylaxis
(1 g cefazolin every 6 h) was administered for 48 h. Routine preventive measures
for thromboembolism were employed under the strict protocol of our hospital
Haematology Department.

Clinical results were evaluated using the Merle d’Aubigné-Postel score [21].
Patients were asked to express their subjective opinion on the outcome of the opera-
tion as in Johnston et al. [22]. Clinical failure was defined as re-revision or removal
of the cup, pain (grade 4 or worse), or both. Thigh pain was not considered evidence
of clinical acetabular failure, whereas groin and buttock pain were recorded as signs
of clinical failure resulting from acetabular loosening [23]. Any radiolucent line
around the cup was assessed according to the three DeLee-Charnley zones [24].

Of 68 cages, three had to be removed: two for deep infection and the other for
aseptic loosening after 7 years and it was revised with another BSAC. The mean
preoperative Merle D’ Aubigné score of 8.8 points had increased to 15.1 points at
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final follow-up. Differences between the preoperative and postoperative scores as
evaluated with the Wilcoxon test for paired samples were highly significant
(P <0.001) for both for the overall Merle D’ Aubigné score as well as for pain, hip
motion, and walking ability. The results were excellent and good in 69% of the hips,
regular in 22% and fair in 9%. In addition, 46 patients stated that they were very
satisfied, 13 were satisfied, and 6 were dissatisfied. Overall, about 71% of patients
reported satisfactory results. Radiographic analysis showed that the mean inclina-
tion of the antiprotrusio cage was 47.3° (range, 27-72°) after implantation and that
the mean inclination at follow-up was 46.9°. The mean proximal and medial migra-
tions of the antiprotrusio cage were 0.8 mm and 0.9 mm respectively. Using the
Nunn technique [25] the hip rotation centre was descended an average of 4.3 mm
and lateralised an average of 1.3 mm in the post revision study. In the most severe
cases (Paprosky 2C, 3A and 3B) the respective corrections were 7.8 mm and
0.8 mm. Broken screws were seen in two cases and an inferior flange fracture in one
case. Although both are criteria of definite loosening, there was no cage migration
nor had pain been reported. Three cages were considered loose according to Gill
criteria [26], indicating a mechanical failure index of 6.1% for the whole series at
the end of follow-up. Although graft remodelling is difficult to evaluate with the
antiprotrusio cage, according to Gerbert criteria [27], 76.3% of the grafts appeared
to have incorporated, 21.6% seemed not to have changed and 2.1% showed resorp-
tion. The Kaplan-Meier survivorship analysis [28], using estimated radiological
loosening and revision for mechanical failure of the antiprotrusio cage as the survi-
vorship endpoint, showed a survival rate of 92.4% (95% confidence interval, 85.1—
99.8%) after 13 years for the antiprotrusio cage.

There have been six acute infections (6.2%), which were treated with debride-
ment and antibiotics without further problems in four cases while two cases required
two- stage revision. There were 11 dislocations (11.4%), 6 during the first 3 months
and 5 late dislocations. Nine were treated by closed reduction and two needed open
reduction. One patient developed recurrent dislocation, which was treated by replac-
ing the socket with a constrained cemented component. There was another revision
for aseptic loosening of the polyethylene socket after 1 year that was revised with
another cemented socket. There were six sciatic nerve palsies, three temporary and
three definitive.

Discussion

Bone defects determine the surgical technique in acetabular revision surgery.
Cementless cups have been widely used in revision surgery for these patients, and
several series have reported good results [29-32]. However, other series have
reported poor results for revisions associated with massive bone defects greater than
50% (Paprosky grade 3B) [33, 34-36]. Various techniques have been described for
managing large acetabular defects, including placement of an large uncemented
acetabular component [37], placement a cup at a high hip centre [38], oblong or
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bilobed cups [39-41] and impacted bone graft and cement [3, 4]. Antiprotusio
cages, one of the systems used for handling these situations, have been used for a
long time, especially in Europe, and the long-term experience to provide sufficient
data to explore the results and define their current indications even though compari-
son of cage results is difficult because patient populations are mixed, are treated
with different devices and present varying degrees of bone loss.

Berry and Miiller [2] report a 24% failure rate 5 years after implantation, but,
bone grafts were not used in the early series. Gill et al. [26, 42] published on the
use of acetabular reinforcement devices. Their most recent study included 37 hips
in 35 patients. Bulk structural allograft was used in association with 30 BSAC and
seven Miiller reinforcement rings. The mean follow-up period was 7.1 years.
Excellent or good patient satisfaction was reported by 91.9%. No survivorship data
were given. The BSAC can be used with morcellised or bulk graft, protecting the
graft from forces which may contribute to its failure. All series report the best
results using metal rings in association with grafting [2, 16, 42-44]. Healing and
probable graft incorporation, without significant resorption, have usually been
seen [17, 45]. A recent study by van der Linde [46] reported the outcome of using
ring or cage devices. The series included 42 hips in 40 patients. Using a criterion
similar to ours, the authors used some type of reinforcement device for all acetabu-
lar revisions whenever there was deficient acetabular stock, including type I and II
(AAOS) defects. They reported four failures: three due to infection, and one due to
aseptic loosening. Their survival was 90.5% at a mean follow-up of 10 years. After
an average follow-up period of 7.3 years, Winter et al. [47] observed no cage loos-
ening or migration and incorporation of the cancellous allograft into host bone in
38 cases. They concluded that a close fit between the graft and the acetabulum in
addition to mechanical stability was crucial to their successful results. Recently,
Regis et al. [48] have published excellent results in one of the series with greater
follow-up in patients with severe Paprosky 3A and 3B defects. The cumulative
survival rates at 18.9 years with removal for any reason or X-ray migration of the
cage and aseptic or radiographic loosening as the end points were 80.0% and
84.6% respectively.

Postoperative implant instability is more frequent after prosthesis revision,
reaching 23%. Dual mobility technology has proven its efficacy in preventing dislo-
cations. Schneider et al. [49] suggest an original technique for surgical acetabular
revision associating acetabular reconstruction antiprotrusio cages and cemented
dual mobility cups. In their series had a dislocation rate of 10.4%. A constrained
cemented cup was suggested in selected cases [29, 50].

Using the Nunn technique [25], the hip rotation centre was descended an average
of 4.3 mm and lateralised an average of 1.3 mm in our series. Overall, and only
considering the most severe cases (Paprosky 2C, 3A and 3B defects) the respective
corrections were 7.8 mm and 0.8 mm. Although no attempt was made to implant the
component at the level of the anatomical centre of rotation, there was an
improvement in the vertical hip centre. In their series, Schneider et al. [49] obtain
better corrections although using different reconstruction devices. A mean lowering
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Fig. 8.4 (a) Anteroposterior radiograph showing a failed THA with pelvic discontinuity in a
72 year—old man, 12 years after surgery. (b) 5 years after revision with BSAC and morcellised
bone allograft

of 15.6 mm and a 9.4 mm lateralization compared to the preoperative position. Our
findings have also been supported by other series and have lead some authors to use
BSAC in situations of pelvic discontinuity [2, 17]. Pelvic discontinuity is always
difficult to solve. In the current series four patients had pelvic discontinuity; acetab-
ular defect size was estimated to choose an appropriate anti-protrusion cage to span
the defect from ilium to ischium and the defect filled with morcellised allograft
(Fig. 8.4). Bulk allografts and the Burch-Schneider cage were effective in the man-
agement of 18 pelvic discontinuities and associated periprosthetic bone deficiency,
with a cumulative 72.2% survival rate at 16.6 years [51]. All patients show a good
result at the end of the study period.

There are few references to models other than the Burch-Schneider antiprotusio
cage. Recently, Vigdorchik et al. [52] reports a series of 42 Contour cages with a
follow-up of 42.5 months. The clinical outcomes are similar to those with the BSAC,
with comparable rates in regard to complications, loosening, and failure [53]. The
biomechanical analysis of retrieved antiprotrusio cages (APC) gives interesting
with radiographic and clinical data to determine which factors influence or predict
APC failure. Hosny et al. [54] reports 100% revision free surviving hip at mean
follow-up of a 49 months using a GAP II cage and impaction bone grafting.

The most important problem with cages is that they are not made of a
material that allows osseo-integration and, consequently, there is a high incidence of
hardware failure due to screw breakage or ischial flange migration [50, 55]. New
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materials, like tantalum, could provide greater long-term success than the tradi-
tional antiprotusio cages because they would permit bony ingrowth and so achieve
stability [8—11]. Early and mid-term results with this material are encouraging;
however, there are no long-term results as yet [56, 57].

Today, it is difficult to propose the current indications for these new implants but
we would suggest that antiprotrusio cages are a resourceful option for cases in
which there can be no confidence in initial or secondary stability of a reconstruction
with porous-coated uncemented devices, and there is pelvic discontinuity, a need to
protect allografts, an irradiated host bone or the patient is elderly subjects with little
functional strain.

Based on our long-term results, we can conclude that use of a BSAC in acetabu-
lar revision surgery provides a viable treatment option for the reconstruction of
different bone defects, including pelvic discontinuity, it has proven clinical effi-
cacy and good mid to long term survival. Antiprotrusio cages are a valuable tool
providing successful stability at mid and long-term reconstruction of severe ace-
tabular bone deficiencies in revision hip replacement, but always providing that
three basic principles are maintained in their use: initial mechanical stability, res-
toration of the hip centre of rotation and the use bone grafting in the acetabular
bone deficiencies.
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Chapter 9

Revision Arthroplasty of the
Acetabulum Using Structural Allograft
and a Cage: State-of-the-Art

E. Gibon, L. Kerboull, and M. Hamadouche

Introduction

The demand for total lower limb joint replacement is increasing at a staggering rate.
Data from past studies [1, 2] and projection studies [3, 4] shows that the number of
revision total hip arthroplasty (THA) will increase 137% over the next 25 years in
the US. Similar trends have been observed in the UK and Australia [5, 6]. Among
revision THA, Bozic et al. [7] have shown that acetabular component revision was
the third most common procedure (12.7%) after femoral component revision
(13.2%) and all-component revision (41.1%). Major breakthroughs have been made
in manufacturing new bearing surfaces. Among these, ceramics and first- and
second-generation highly crossed-linked polyethylene (HXLPE) are now available
for primary THAs dramatically decreasing wear and osteolysis [8—11]. However,
although markedly mitigated, osteolysis is still responsible for up to 11% of the
revision THAs [7, 12]. DeLee and Charnely created a way to locate osteolysis on
the acetabular side by dividing it in three different zones [13]. This classification is
still in use today. Two lines, one vertical and one horizontal, cross at the center of
the prosthetic femoral head. Zone I is superolateral, zone III is inferomedial and
zone II is in between. Chiang et al. [14] have shown that the pattern of osteolysis
differs between cemented and cementless acetabular component. For cemented
components, osteolysis predominantly occurs in DeLee zones III and I whereas it is
mostly observed in DeLee zones II and III for cementless components.

The severity of the osteolysis can be categorized through different classifica-
tions. The Engh classification focuses on the integrity of the rim and the bed [15].
The Gustilo and Pasternak classification is based on the integrity of the acetabular

E. Gibon (<) - L. Kerboull - M. Hamadouche

Clinical Orthopaedic Research Center, Centre Hospitalo-Universitaire Cochin-Port Royal,
Paris, France

e-mail: moussah @club-intrnet.fr

© Springer Nature Switzerland AG 2019 137
E. Garcia-Rey, E. Garcia-Cimbrelo (eds.), Acetabular Revision Surgery in Major
Bone Defects, https://doi.org/10.1007/978-3-319-98596-1_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98596-1_9&domain=pdf
mailto:moussah@club-intrnet.fr

138 E. Gibon et al.

walls [16]. D” Antonio et al. described a classification based on acetabular segmental
and cavitary deficiencies with special types for pelvic discontinuity and arthrodesis
as well [17]. This classification is now known as the AAOS classification [18].
Gross et al. [19] described a classification with contained/uncontained bone loss
including the percentage of bone defect of the acetabulum. The Saleh classification
[20] describes bone defects after removal of the acetabulum implant. Finally, the
Paprosky classification [21] relies on the presence or absence of key supporting
structures of the acetabulum. Those classifications are further detailed in Chap. 2.

Reconstruction techniques of the damaged acetabulum are guided by the exten-
sion of the bone loss. Studies have shown that when a contact between a viable
bleeding host bone greater than 50% of a porous-coated acetabular implant and
initial mechanical stability can be obtained, then a reliable osseointegration is
expected [22-26]. On the other hand, when 50% of contact cannot be achieved
between host bone and the acetabular implant, studies showed that an acetabular
reinforcement ring is indicated [27-29].

In this chapter, we will be reviewing different techniques of reconstruction of the
severely damaged acetabulum (Paprosky III) following primary THA. First, we will
discuss the use of a structural allograft only. Second, we will present techniques
using a structural allograft and an acetabular reinforcement ring with proximal fixa-
tion. And in the last section, we will review the use of a structural allograft and an
acetabular reinforcement ring with proximal and distal fixation.

Structural Allografts Only

The use of a structural allograft alone for acetabular reconstruction in revision
THAs has been studied since the 1990s. Different results have been reported
depending on the severity of the initial bone loss. The major concern is the fate of
the allograft with subsequent risk of failure due to resorption and collapse leading
to implant loosening. When used for minor acetabular bone defects (involving less
than 50% of the acetabulum), results are controversial. Morsi et al. [30] reported a
successful rate of 86% at mean of 7.1 years, Woodgate et al. [31] showed a cup
survival of 80.6% at almost 10 years and Lee et al. [32] had survival of 61% and
55% at 15- and 20 years, respectively.

For major acetabular deficiencies (more than 50% of the acetabulum) a structural
allograft needs to be use. This allograft is provided by a bone bank and can be either
a femoral head, as described by Harris [33, 34] or part of the distal femur [35]. Early
on, Harris and colleagues warned of catastrophic failures. Jasty and Harris [36]
reported a failure rate of 32% at 6 years with a mean time to failure of 5.4 years.
Failure was attributed to marked resorption of the graft in all but one of the failure
cases. Interestingly, they also showed that the extent of the acetabular cover pro-
vided by the allograft had a positive correlation with acetabular implant loosening.
Moreover, the more severe the resorption was, the more frequent the loosening was.
Similarly, in a minimum 2 year follow-up study, Pollock et al. [37] showed 28.6%
of migration and 30% of gross loosening. Further studies [38, 39] confirmed early
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catastrophic failures. Paprosky et al. [40] emphasized those outcomes showing as
high as 70% failures at a mean of 5.1 years in revision THAs with Paprosky IIIB
acetabular defects. Garbuz et al. [41] in a series of 38 hips showed successful results
at a mean of 7.5 years when an acetabular reinforcement device supported the struc-
tural allograft whereas most of the reconstructions without such a device failed.
Therefore they advocated the use of an acetabular reinforcement ring in association
with a structural allograft. Latest reports showed a survival of 74% and 72% at a
mean 10- and 21 years, respectively, for Paprosky type IIIA acetabular defects
revised with a structural allograft only [42, 43].

Cup Cage

This technique was first developed by Hanssen and Lewallen and reported in 2005
[44]. It consists in a trabecular metal (TM) acetabular shell and an ilioischial anti-
protusio cage placed over the cup (full cup-cage reconstruction) (Fig. 9.1). The
technique has been later modified and can be used in its half cup-cage version. It is
somehow the reverse technique of a cage placed first in the acetabulum and then a
cup is cemented into it. The rational of this construct was based on the fact that no
bone ingrowth could be achieved into the cage whereas a TM acetabular shell allows
and promotes bone ingrowth when placed first. Kosashvili et al. [45] reported on a
series of 26 cases of acetabular revision including 24 patients with pelvic disconti-
nuity (PD) and severe acetabular bone loss (a mean of 15.8% contact with bleeding
host bone). After filling the defects with morsellised bone graft, the cup-cage con-
truct was put in place and a polyethylene liner cemented into the cage. At a mean of
3.7-year follow-up, the authors reported three (11.5%) migrations. Later on, the
same group presented an extended follow-up study of the initial series and com-
pared it with a group of PD cases reconstructed with a conventional cage [46]. At a
mean follow-up of 6.8 years and 5.75 years for the cup-cage and conventional cage

Fig. 9.1 The cup-cage construct. (Courtesy of Zimmer-Biomet)
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groups respectively, the survivorship was significantly different. The cup-cage
group had a survivorship of 87.2% whereas the conventional cage group had a sur-
vivorship of 49.9%. Four migrations occurred in the cup-cage group and three of
them were revised. Similar results were reported by Amenabar et al. [47] who
treated Gross type IV (uncontained loss of bone stock involving >50% of the ace-
tabulum and affecting both columns) and Gross type V (PD) acetabular deficiencies.
The authors showed a 10-year survival rate of 85%. As stated earlier, the full cup-
cage construct can be modified to a half cup-cage construct by removing the inferior
flange of the cage. This evolution was reported by Sculco et al. [48]. The reasons for
such an evolution, as mentioned by the authors, are numerous: (1) slotting the
ischial flange of the cage into the ischium may lead to a PD, (2) the ischium might
be obliterated and (3) the risk of damaging the sciatic nerve while dissecting the
ischium. To investigate the outcomes of the half cup-cage construct, the authors
compared 27 revision THAs performed with this technique to 30 revision THAs
with the full cup-cage construct. Acetabular defects were graded as Paprosky IIB
through IIIB including 60% of PD. No significant differences were found between
the two groups. Two sciatic nerve injuries occurred in the full cup-cage group
whereas none were reported in the half cup-cage group. At a mean follow-up of
4.6 years the survivorship was 83% and 96% for full and half cup-cage groups,
respectively. Although a relatively new technique, the cup-cage construct appears to
be a viable and reliable method for revision THAs with major acetabular defects.

Proximal Fixation

The Miiller Ring

The Miiller ring became available in the 1980s and is still in use by some teams
across the world. The Miiller ring can be used either in primary or revision THA. The
design of the ring is cup-shaped with a flange around the posterior two-thirds of the
cup edge. The ring accepts screw fixation on its superior lip. Three to five 6.5 fully
threaded cancellous screws are generally necessary. To ensure a strong fixation, the
ring must have support from the posterior pillar, the medial wall and the superior
acetabular lip [49]. Therefore, bone grafting is most of the time mandatory to
achieve these requirements. The literature is very scarce regarding the use of the
Miiller ring in revision THA with severe bone loss. Early studies [49, 50] showed
good and promising results but the follow-up was limited to 3—4 years and accurate
description of the extension of bone loss in revision cases was absent. Therefore it
is uncertain to draw any conclusions from those studies. Later, Zehntner and Ganz
[51] investigated the outcomes of the Miiller ring in AAOS type III (combined cavi-
tary and segmental defects) acetabular defect associated with structural allograft
from a fresh frozen femoral head. Their results showed that at a mean of 7.2 years
of follow-up, 45% of the component failed and migrated. The authors concluded
that additional internal fixation should be used in case of AAOS type III defects.
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Thereafter, Korovesis et al. [52] showed no failure at a mean of 9-year of follow-up
after revision THA using the Miiller ring and bone allograft. However, their series
was very small with only eight hips having AAOS type III defects. Similar results
were found by van de Linde and Tonino [53] but again, their series was limited to
13 cases of AAOS type III acetabular defects and they randomly used either the
Miiller ring or the Burch Shneider cage. Schlegel et al. [54] followed a series of 164
revision THAs reconstructed with fresh frozen femoral head allograft and the
Miiller ring. Among them, 56% had AAOS type III acetabular defects and 5% had
AAOS type IV acetabular defects (pelvic discontinuity). The survival rate was 98%
at 5 years but no difference was made between regarding the severity of the acetabu-
lar defects. Massin et al. [55] used the Miiller ring in combination with structural
allograft to treat segmental or important cavitary roof defects. Using aseptic loosen-
ing as the end point, the authors showed a survival rate of 55% at 11 years. They
reported that mechanical failures were related to the resorption of structural bone
grafts.

The Miiller ring has not been extensively investigated to treat large acetabular
defects. From the small data available in the literature, the Miiller ring appears to be
insufficient for revision THAs with severe acetabular defects.

Proximal and Distal Fixation

The Ganz Ring

The design of the Ganz ring is similar to the Miiller ring. The additional feature of
the Ganz ring is an inferior hook meant to be placed under the inferior margin of the
acetabulum providing a reliable way to restore the anatomic center of the hip
(Fig. 9.2). The Ganz ring was initially used for primary THAs in developmental
dysplasia of the hip [56]. The first study of its use for revision THAs was performed
by Siebenrock et al. [57] in Germany, a group including Dr. Ganz, the designer of
the ring. The authors revised 57 hips, among them, 36 hips had enough data to be
incorporated in the study and most of them (n = 19) had a combined segmental and
cavitary defect and three cases had a pelvic discontinuity. At a mean follow-up of
11.4 years, 8% of the hips undergone re-revision, two for aseptic loosening and one
for septic loosening. Later on, Gerber et al. [58] used the Ganz ring for AAOS Type
IL, III and IV acetabular defects. Fifty hips were analyzed and defects were filled
with morselized allograft bone. Their results showed seven failures due to aseptic
loosening and the survivorship at 10 years was 81%. Further analysis showed that
inadequate fixation of the ring at the revision was the only significant predictor of
failure and the authors also concluded that the ring might not be appropriate for
AAOS Type IV defects or segmental defects affecting the medial wall. Likewise, a
Japanese team [59] evaluated the outcomes of the Ganz ring associated with bone
allograft in 30 revision THAs. They used their own acetabular defect classification,
which makes it difficult to compare to other studies. Moreover, they introduced a
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Fig. 9.2 The Ganz® ring.
(Courtesy of
Zimmer-Biomet)

special technique for massive bone defect, which consisted in screwing two or three
cancellous screws (“strut screws”) in the allograft prior to installation of the ring.
The authors reported five aspetic loosenings but none of them required re-revision
and the survival rate using loosening, as the end point was 80.2% at 10 years. As
previously shown by Gerber et al. the Japanese team also highlighted the critical
importance of a reliable primary stability of the ring as 75% of the hips with mal-
positioning of the ring (hook out of position) failed. Lately, Hourscht et al. [60]
investigated the outcomes of the Ganz ring with structural allograft in revision
THAs with AAOS Type III and IV acetabular defects. Additionally, the Types IV
were reinforced with a plate. The authors showed that the AAOS type of acetabular
defect was the only independent risk factor of failure according to a multivariate
Cox regression; the Type IV being at a significant higher risk for failure. The 5-year
survival rate using revision for any reason was 86% and 57% in Type III and 1V,
respectively. Therefore, the authors concluded the Ganz ring should not be used
when there is a pelvic discontinuity.

Taken together, these data show that the Ganz ring is reliable for minor acetabu-
lar defects but should not be used for AAOS Type IV acetabular defects or segmen-
tal defects affecting the medial wall.

The Kerboull Acetabular Reinforcement Device
and Its Evolution

In the early 1970s, at the authors’ institution, pelvic discontinuities associated with
acetabular bone loss were present in some cases of metal on metal total hip arthro-
plasty. To fix the fracture and implant a new socket in one stage, in 1974 Marcel
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Table 9.1 Comparative data regarding the Kerboull device used in major acetabular defects

AAOS defect Mean
Studies type (number of | follow-up | Device used in
(authors) Year | hip) (years) the study Survival/end point®
Kim et al. [62] | 2015 |n=40 12.8 KT + bulk 94.9%revision for loosening (type
111 (37); 11 (3) allograft + HA | IIT)
Hori et al. [63] |2011 |n=32 7.5 KT + bulk or 92.3%/revision for loosening or rx
IV (3); 111 (29) morselised loosening
allograft
Akiyamaetal. | 2011 | n=40 6.7 KT + bulk or 87%/revision for loosening or rx
[64] I (23); I (17) morselised loosening
allograft
Okano et al. 2010 |n=31 6.3 KT + bulk or NA
[65] 111 (29); 11 (2) morselised
allograft
Kawanabe 2007 |n=42 8.7 KT + bulk or 53%/failure of acetabular implant
et al. [66] morselised (morsellised allograft)
IV (1); TIT (28) allograft 82%/failure of acetabular implant
11(13) (bulk allograft)
Tanakaetal. |[2003 'n=21 53 KT + HA = NA
[61] 111 (16); 11 (5) morselised
allograft
Kerboull et al. {2000 | n=60 8 Kerboull cage | 92.1%/loosening of the acetabular
[67] IV (12); III (48) (original) + implant
bulk allograft

aSurvival at the mean follow-up of the series
NA non available, KT Kerboull-Type device, HA hydroxyapatite, rx radiographic

Kerboull conceived a special acetabular armature, hemispheric cross shaped, with
four arms, an inferior hook, and a superior plate. First intended for this indication,
this device was used later as a guide and reinforcement with bulky frozen femoral
head allografts in almost all acetabular reconstructions. This device can also be
employed in primary THAs when dealing with fragile bone or altered anatomy such
as is frequently the case following an acetabular fracture or a pelvic osteotomy.
Series of reconstruction using the original device have been mainly reported from
France, whereas a modification to its design has been made by Chiaki Tanaka [61]
to adapt to Japan with favorable results. It should be emphasized that most of the
early failures are related to inadequate surgical technique. Comparative data regard-
ing the Kerboull device used in major acetabular defects are seen in Table 9.1.

Mechanical Principles
The Kerboull acetabular reinforcement device (KARD) is a semi-rigid and open

component allowing prevention from graft overloading during the initial osseo-
integration process that starts with osteoclastic resorption. Also, because of its
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Fig. 9.3 The original
Kerboull device. (Courtesy
of Zimmer-Biomet)

specific design, when correctly positioned, one can expect to accurately reconstruct
the acetabular defect and orient the acetabular component. To achieve this goal, it is
of major importance to choose the adequate size of the KARD, and to not modify
its shape, that would alter its mechanical properties.

The KARD Evolution

The original KARD (Fig. 9.3) consists of a four-branched hemispheric cross, made
of 316 L stainless steel. Its shape results from the orthogonal crossing of two hemi-
spheric plates. The vertical plate ends distally with a hook which must be inserted
under the teardrop, and proximally with a rounded plate perforated by four holes for
iliac screw fixation above the acetabulum. The horizontal plate is asymmetric: its
anterior branch being shorter than the posterior determines a 10° anteversion of the
opening plane of the device. A left and a right series of the device are available in
six sizes in which sockets with an outer diameter of 37-54 mm can be cemented
(Fig. 9.4). Three holes, one at the crossing of the plates and one at each extremity of
the horizontal plate, allow direct fixation of the allograft fragments to the device
with 3.5-mm screws.
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Fig. 9.4 The original KARD displayed in a series of six sizes

Fig. 9.5 The modified
Kerboull device. (Courtesy
of Medacta)

In some Paprosky III acetabular defects involving the tear drop requiring its
reconstruction to place the socket in an anatomic situation, we have observed a high
risk of proximal and medial migration of the KARD. Indeed, primary stability of
the KARD including its the hook is of paramount importance for long-term sur-
vival. For this reason, we have recently modified the KARD (Kerboull Cage,
Medacta International SA, Castel San Pietro, Switzerland). The general design and
the number of sizes have not been modified, as can be seen in Fig. 9.5. However,
based upon the results from Tanaka et al. [61] this new device is made of Grade 4
Titanium (ASTM F67) in order to increase the resistance to fatigue, whilst keeping
the same rigidity by slightly increasing its thickness from 2 to 2.5 mm and remove
the holes that were present on the branches and at their crossing. The finite element
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Kerboull Cage size 2R - Ti Biomet Cage size 2R -
Grade 4 material, 2.5mm Stainless Steel material, 2 | Test Comments

thickness mm thickness

The presence of a
max - blind/open hole
displacement ' a ' B and the different

a0

with a thickness does
comparative not significantly
BOON load affect the whole

clasticity of the
cage as the
mechanical
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Larte really close in the

I e two

configurations.

Fig. 9.6 Comparative fatigue resistance test between the new KARD (left) and the original KARD
(right)

analysis indicated that taken together, these modifications did not modify the gen-
eral rigidity of the device. We have also demonstrated in vitro that the fatigue resis-
tance (Fig. 9.6) of the new design was greater than that of the original one. Indeed,
the original version showed breakage at a maximal load of 800 N over 0.57 million
cycles, whereas the new design did not exhibit failure at 1500 N up to eight million
cycles (Table 9.2).

Also, the outer convex surface of the device has a sand-blasted finish in order to
promote fixation to host bone where direct contact occurs.

Finally, the hook has been made larger in order to accommodate situations
where the inferior margin is partially destroyed in order to increase its primary
stability.

Surgical Technique

This section will not discuss the optimal approach to achieve the prerequisite goals
but a wide exposure of the acetabular cavity is necessary to completely remove the
loosened socket and the cement fragments when present. Of major importance is the
complete excision of the fibrous membrane adherent to the socket and the granula-
tion tissue filling in the defects. Also, remnant osteophytes and fibrous tissue pres-
ent around the inferior margin should be completely excised in order to clearly
visualize this region. The acetabular cavity is thereafter washed with pulsatile
lavage. No reaming of the cavity is performed because of the fragility of the acetab-
ular walls related to the bone stock loss.

The size of the device to choose should be anticipated on preoperative radio-
graph when the opposite hip is un-operated. Otherwise, intraoperatively it should
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Table 9.2 Outcomes of fatigue resistance tests for the original KARD (Biomet) and the new

KARD (Medacta)
Medacta Kerboull cage Biomet CMK reinforcement cage
TOT TOT
Sample Load(N) | cycles Result Sample | Load(N) |cycles Result
1.1 3400 5140 Fracture | 1.1 (step | 3400 574 Deformation
D
1.2 (step 1) 3400 3478 Fracture | 1.2 (step | 800 1.58 Fracture
3) milion
1.3 (step 2) 2300 21,406 Fracture | 1.3 (step | 800 0.52 Fracture
3) milion
1.4 (step 3) + 800 5 milion | No 1.4 (step | 800 0.57 Fracture
locati 900 5.5 failure 3) milion
milion
1000 6 milion
1100 6.5
milion
1200 7 milion
1300 7.5
milion
1400 8 milion
1500 8 milion | Fracture
1.5 (step 3) + 800 5 milion | No 1.5 (step | 800 0.63 Fracture
locati 900 55 failure 3) milion
milion
1000 6 milion
1100 6.5
milion
1200 7 milion
1300 7.5
milion
1400 8 milion
1500 8 milion | Fracture
1.6 (step 3) + 800 5 milion | No
locati 900 5.5 failure
milion
1000 6 milion
1100 6.5
milion
1200 7 milion
1300 7.3 Fracture
milion

Courtesy of Medacta
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Fig. 9.7 Assessing the
anatomic osseous size of the
acetabulum

be based upon the anatomic osseous size of the acetabulum in the inferior part
(Fig. 9.7).

The hook of the acetabular device must be placed under the teardrop in its
posterior portion, near the ischium (Fig. 9.8). The acetabular device is then tilted
40-45° of abduction (Fig. 9.9). Once placed in its correction position, the device
allows to assess the extent and location of bone defects and the required shape of
bone graft. The plate must never be opened or bent to adapt to the bone loss.
Bone loss reconstruction usually starts with acetabular roof restoration. This
superior bone defect is reconstructed whenever possible, by one allograft block
shaped from a fresh frozen femoral head allograft (Fig. 9.10). Then, the recon-
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Fig. 9.8 The hook of the
acetabular device must be
placed under the teardrop in
its posterior portion, near the
ischium

struction of the medial wall is performed with an adequate slice cut from a femo-
ral head. The plate then was fixed to the iliac host bone with 5-mm screws
(Fig. 9.11). At least two screws are used to obtain sufficient stability, always
starting with the inferior screw. The latter must be tightened again, once all
screws are placed. Reconstruction of the anterior and posterior walls is performed
using allograft fragments wedged in between the residual walls and the horizon-
tal branches of the acetabular device (Fig. 9.12). Finally, the reconstruction is
completed by morselized cancellous bone packed in the cavitary defects of the
pubis and the ischium and in the gaps between the different allograft fragments
to avoid any cement leak.
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Fig. 9.9 The acetabular
device is tilted 40-45° of
abduction

The Gap Ring

Published data on the outcomes of the GAP ring (Graft Augmentation Prosthesis)
are scarce. The design of this device is special as it combines an inferior hook to be
placed under the teardrop and two superior plates for screw fixation to the pelvis
(Fig. 9.13). The outside surface is made of grit blasted titanium with HA (hydroxy-
apatite) coating. Duffy et al. [68] investigated the GAP ring in revision THA. Within
their series of 17 patients, they had 11 cases of severe acetabular bone loss graded
AAOS type III. Six patients received bulk femoral heads. The average follow-up
was 6.5 years, and at the latest follow-up, 7 of the 12 still alive patients were revised.
Five cases were revised for fatigue failure of the GAP ring including four cases of
breakage at the bone-plate junction. The authors concluded that “this device should
not be used unless it is adequately supported by the host bone.” In a similar study,
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Fig. 9.10 This superior bone
defect is reconstructed
whenever possible, by one
allograft block shaped from a
fresh frozen femoral head
allograft

Buttaro et al. [69] also found catastrophic early failure. In their work, they reviewed
24 cases of AAOS type III and IV acetabular defects treated with the GAP ring and
bone allograft. At 34 months, the survival rate was 67%. Nine failures occurred at
the last follow-up and they reported five fractures of the ring at the plate-cup junc-
tion. Eventually, the authors abandoned its use for the treatment of severe acetabular
defects, especially AAOS type IV.

The Burch Schneider Cage and Its Evolution

The Burch Schneider cage is discussed in Chap. 9.
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Fig. 9.11 The plate is fixed
to the iliac host bone with
5-mm screws. At least two
screws are used to obtain
sufficient stability, always
starting with the inferior
screw

E. Gibon et al.
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Fig. 9.12 Reconstruction of
the anterior and posterior
walls is performed using
allograft fragments wedged
in between the residual walls
and the horizontal branches
of the acetabular device
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Fig. 9.13 The Gap II® ring.
(Courtesy of Stryker)

Conclusion

Reconstruction of major acetabular defects is a surgical challenge. Nowadays, there
are numerous acetabular reinforcement devices available on the market as well as
various reconstruction techniques, with or without bone graft. The top priorities are
to restore the anatomic center of rotation of the hip and ensure a long-term success of
the reconstruction. Several solutions based upon the literature review and depending
on the surgeon’s own experience can be proposed to deal with these complex cases.
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Chapter 10

Total Hip Replacement Revision
Using a Dual Mobility Cup Cemented
into a Metallic Ring

Pascal Bizot

Introduction

The number of patients undergoing THA is constantly increasing. This trend is
reported worldwide and results from multiple factors, including the progresses
made in the field of hip surgery, the quality of the functional results, the increasing
patient life span, the higher functional demand, and the enlargement of THA indica-
tions to younger patients and older patients as well. Consequently, the number of
patients undergoing THA revision also increased significantly with time [4, 18, 19,
32]. For Kurtz et al. [18, 19], the total number of procedures in the United States
from 2009 to 2010 increased by 6.0% for primary total hip arthroplasty, and 10.8%
for revision total hip arthroplasty. The number of THA will increase from 174% in
2030, and the number of THA revision will double in 2026. In the same way, Bozic
et al. [4], reported an increase of THA revision by 23% between 2005 and 2010 in
the US.

However, THA revision remains a challenging procedure for the orthopedic
surgeon. The survival rate after THA revision is lower than that after of primary
THA, and the complications (mainly loosening, instability, infection, and fracture)
are significantly more frequent. Instability is one of the main complications in THA
revisions, and also one of the most common cause for re revision [1, 4, 10, 16, 27].
Dislocation generally occurs early, within 2—3 years post operatively. After primary
THA, the rate of instability ranged from 0.2 to 7%, whereas after revision surgery,
it can increase up to 35% [1, 10, 16, 25, 27].
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In a retrospective analysis conducted on 539 hips undergoing revision THA done
for instability, Jo et al. [16] reported a cumulative risk of re-dislocation and re-
revision for all cause of 34.5% and 45.9% at 15 years, respectively.

The mechanism is often multifactorial, and due to impingement and/or soft tis-
sues insufficiencies, which depends on the patient characteristics (age, gender, ini-
tial diagnosis, associated diseases), the surgical technique (approach, implant
positioning), the implant design (head, neck, cup), and the rehabilitation.

Treatment of instability does remain a challenging procedure. Several surgical
options are available, including soft tissues procedures (abductor muscles recon-
struction), increase hip length and offset, use of constraint acetabular implants and
use of larger femoral heads (in order to increase the range of motion (ROM) before
impingement, the head-neck ratio, and the jump distance). Constrained implants
restrict the ROM and cause high stress transmission responsible of liner damage,
locking mechanism failure, dislocation and loosening. Larger heads increase volu-
metric wear and reduce PE thickness, and may cause fractures of thin PE liners,
tribo-corrosion generated by large torsional forces at the trunnion-head junction,
and groin pain secondary to impingement against the iliopsoas muscle. Finally,
none appears clearly superior over others, and the literature showed quite disap-
pointing results with these options, especially in patients with high risk of instability
[1, 10].

Dual Mobility Cup

Dual Mobility (DM) is a concept first introduced by Gilles Bousquet in France dur-
ing the 1970s. DM cup combines two bearings: a small joint between the prosthetic
head and the mobile PE component, and a large one between the mobile PE compo-
nent and the inner surface of the metal cup. It is a non-constraint device which
provides a greater effective head size and head-to-neck ratio, and is expected to
improve the ROM to impingement and joint stability. Mobility occurs at the two
bearings, but preferentially at the inner bearing, the outer bearing engages only at
the extremes of motion. The original cementless design has been significantly
improved: the original cylindro-spherical design has been modified in order to
improve the ROM free of impingement, and to avoid psoas tendon-to-cup impinge-
ment. The coating of the shell has been also modified by adding either a double
coating (hydroxyapatite and titanium plasma spray) or a porous metal coating, to
improve bone fixation (Fig. 10.1).

Contemporary DM THA outperforms large diameter heads and constrained lin-
ers in terms of wear, stability and survival. Clinical reports on the use of the first
generation of implants have shown encouraging results, with survival rates of 81%
at 15 years and 75% over 20 years [3, 12]. With improved designs, survivorship has
been reported superior to 95% at 6-8 years, but, nowadays, survivorship over
10 years with modern implants are not yet available [7, 8, 12].
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Fig. 10.1 Uncemented dual mobility cups. (Novae®, Serf-Dedienne, France). (a) Primary case.
(b) Revision case

Many series have shown the efficiency of DM in preventing postoperative dislo-
cation both for primary and revision procedures. In primary THA using DM cups,
the dislocation rate ranged from 0% to 4.6% even in patients at risk for dislocation,
without increase with time [12, 14, 26, 30, 31]. In unstable THA, reports have dem-
onstrated low rates of re-dislocation, ranging from 0% to 5.5% [15, 16, 20, 24]. DM
has been also reported with low dislocation rates in revision THA, ranging from 0%
to 5% [7, 8, 25, 26]. In a systematic review of the literature including a total of
17,908 DM THAs, De Martino et al. [8] reported a mean rate of dislocation and
intra-prosthetic dislocation (IPD) (the prosthetic head dislodges from the mobile PE
component) of 0.9% and 0.7% in primary THA, and 3.0% and 1.3% in revision
THA. On the same way, Darrith et al. [7] reported for a total of 10,783 primary DM
THAs, rates of aseptic loosening, IPD and dislocation of 1.3%, 1.1% and 0.46%
respectively, with an overall survivorship of 98.0% at of 8.5 years. For 3008 revi-
sions DM THA:s, the rates of aseptic acetabular loosening, IPD and dislocation were
1.4%, 0.3% and 2.2% respectively and the survival was 96.6% at 5.4 years. Both
concluded that the use of DM cups is effective in minimizing the risk of instability
after both primary and revision THA.

Concerns about increased wear compared to conventional bearings and IPD have
been nearly solved with modern designs. IPD is a specific failure which has been
noted with the first generation of implants with an incidence of 2—4% [3, 12, 23, 30].
The main mechanism resulted from PE wear at the retentive rim of the component.
With improvements of the head-neck geometry, PE damage in the retentive area
decreased, and consequently the incidence of IPD decreased ranging from 0% at
6 years to 0.28% at 10 years with the newer generation of implants [7, 8, 31]. The
linear penetration rate, used to estimate volumetric wear in conventional metal-on-
PE bearings, is ineffective for estimating wear on DM cups because of the presence
of two bearings. Wear measurements from retrieved first-generation DM implants
have confirmed low wear rates [3, 12]. For Boyer et al. [3], the two articulations of
the DM THA do not cause more wear. The median wear rate was 38 mm?/year, simi-
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lar to that of cemented PE liners and lower than equivalent cementless liners. On the
same way, Gaudin et al. [11] showed that in vitro wear for conventional PE was
comparable between a standard and a dual mobility cup, confirming the very good
long-term clinical results observed with DM bearing.

Specific DM cups have been designed to secure the cementless fixation in cases
of poor bone stock, poor bone quality and in revision cases, with additional pegs,
supra-acetabular screws, hook and flanges, and recently with a modular cup for
screw fixation and a metallic liner (Fig. 10.1). However, in cases of THA revisions
with severe bone loss, uncemented fixation might be compromised, especially if the
acetabular implant is placed close to its original position, as it has been recom-
mended for long term maintenance of the hip function. Although other uncemented
options have been proposed, sometimes with acceptance of a high hip center (bi
lobed cup, tri flanged and jumbo cups, reconstructive cup with trabecular metal), the
use of cement may become necessary.

In cemented revision THR, acetabular reconstruction using unsupported struc-
tural allografts has been associated with a high rate of failure. In contrast, when
supported by an acetabular reinforcement device, a low rate of failure has been
reported [2, 17, 33, 35]. Use of DM cemented directly into the bone without a rein-
forcement device has encountered controversies. Although Haen et al. [13] have
recently reported a rate of loosening of only 1.5% and a 5-year survival rate of 98%,
most of the series have reported a high rate of loosening [5, 15, 29]. Therefore, the
use of cemented DM implants into a reinforcement may be an interesting option.
Many metallic reinforcement devices are available (Miiller ring, Bursch ring, Link
reinforcement, Kerboull cross). The choice is mainly based on the surgeon habits
and the severity of the acetabular lesions. The Kerboull Cross (KC) is an open
device, flexible enough to conform with the elasticity of the acetabular bone, and
resistant enough to assume a strong fixation. It is composed of two branches. The
vertical branch ends distally with a hook that must be inserted under the inferior
margin of the acetabulum, and proximally with a rounded plate for ilium screw fixa-
tion. The horizontal branch is asymmetrical, shorter forward, which generates a ten
degrees ante version. It facilitates restoration of the hip’s center of rotation and gave
very satisfactory results at long term in THA revision with acetabular reconstruc-
tion [17].

Surgical Technique

The revision procedure offers the possibility to restore hip anatomy and mechanic,
which involves restoring the bone stock, implanting the components in a correct
position with durable bone fixation, and achieving joint stability.

The operation is performed using posterolateral approach or lateral approach
with trochanteric osteotomy. A large exposure is necessary in order to remove the
initial acetabular components, the cement if present, the granuloma and fibrous
membrane. Caution is necessary not to enlarge acetabular bone damage during this



10 Total Hip Replacement Revision Using a Dual Mobility Cup Cemented 163

step. The degree of acetabular bone defects, assessed preoperatively on radiographs
and/or CT scan, is reevaluated per operatively. The stem may be remove or retain,
according to its position and fixation. However, if the stem is retained, make sure
that the head is modular and can fit to the new DM PE insert.

The first step is to determine the good position and the appropriate size of the KC
(Figs. 10.4 and 10.5). Its outer diameter should be not too large (if not the antero-
posterior axis does not fit), and close to that of the undamaged acetabulum (possibly
measured on the opposite side). One must pay attention that the KC must allow
cementing of the DM shell, which means that its inner diameter should be 2 mm
superior to that of DM cup. It is paramount to fix the KC in a correct position. The
KC must be fixed inferiorly at the superior margin of the obturator foramen by the
hook, and superiorly through the round plate with three to four screws to the ilium,
at 45° of abduction angle and vertically, which means that the upper plate should not
be bent and not shifted anteriorly nor posteriorly. The screws of the plate should be
inserted at an angle >40° and posteriorly within 0—10°. In practice, templates are
useful to determine the correct size and position of the KC, and also to determine
the need for acetabular reconstruction. It is often necessary to reconstruct the roof
with a structural allograft. Remaining acetabular defects are treated, either with
impaction bone grafting using bone chips, or with structural allografts, possibly
supplemented by cement.

Once the acetabular reconstruction is achieved and the final KC is fixed, the cor-
rect position of the device (especially the hook) must be verified on an intra opera-
tive radiograph before cementing the dual mobility cup. The dual mobility cup is
cemented into the KC, with 10 to 15° of ante version and 45° of abduction. The
metal shell has circumferential and longitudinal grooves to improve cementing
(Figs. 10.2 and 10.3). Its size should be 2 mm inferior to the inner diameter of the
KC, in order to preserve a minimal cement mantel of 2 mm. The technique of
cementing is a determining factor for fixation quality and device stability with time.
The use of cement added with gentamycin and standard viscosity is recommended.

Finally, the modular head (preferentially 28 mm diameter) is inserted into the
mobile PE insert. The whole is impacted on the stem trunnion and the hip is finally
reduced.

Postoperative treatment involves routinely prophylactic anticoagulation, careful
mobilization of the hip and early full weight bearing with two crutches for 6 weeks
(Figs. 10.4 and 10.5).

Results

Between July 2007 and April 2011, we performed 40 THA revisions using a dual
mobility cup cemented in a KC, in 38 consecutive patients (21 females, 17 males)
(Figs. 10.6 and 10.7). The mean age of the patients at the procedure was 74 years
(18-90). The number of previous THA per patient ranged from 1 to 6 with a mean
of 1.8. The causes of THA revision were mainly aseptic loosening with or without
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Fig. 10.2 Cemented dual
mobility cup into a Kerboull
cross. (Quattro®, Lépine,
France)

Fig. 10.3 Cemented dual mobility cup with the corresponding Kerboull cross and mobile PE
insert. (Novae Stick®, Serf-Dedienne, France)
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Fig. 10.4 Sizing of the Kerboull Cross (KC) according to the diameter of the acetabulum. (a) The
KC is correctly positioned and the size is appropriate. (b) The vertical axis must be parallel to the
anterior plan of the pelvis

Fig. 10.5 Positioning of the Kerboull plate and reconstruction of the acetabulum using structural
allograft. The inferior hook must be positioned under the inferior margin of the obturator hole and
the superior plate must be fixed on the ilium, at 45°of inclination. (From Kerboull et al. [17])
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Fig. 10.6 Women, 86 years old, with Parkinson disease and bilateral uncemented THA. (a) Deep
infection on the left side with socket pelvic migration. (b) Two-stage THA revision. Acrylic spacer.
(c) THA revision using DM cup cemented into a KC after acetabular reconstruction. (d) Excellent
result at 1.5 years postoperative
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Fig. 10.7 Bilateral THA
bipolar revision in a 75 years
old man, using DM cup
cemented into a Kerboull
plate and a cemented stem.
Excellent results on both side
at 2-years postoperative

D DEBOUT

osteolysis (30 hips), infection (2d stage) (4 hips), persistent pain (2 hips), recurrent
dislocation (2 hips), and peri-prosthetic fracture (2 hips). All the patients had com-
bined acetabular deficiencies (type III or IV according to the AAOS and Paprosky
classifications). There were 6 unipolar and 34 bipolar revisions using 22 cemented
and 12 uncemented stems (Fig. 10.7). The acetabular reconstruction has been made
with structural femoral head allografts (32 hips) or cement (8 hips). The mean diam-
eter of the DM cup was 49 mm (range 45-55). There were 32 heads of 28 mm (25
metallic, 7 ceramic) and 8 metallic head of 22.2 mm diameter.

Two patients were lost to follow up and one patient deceased from unrelated
cause. All the surviving patients were reviewed with clinical and radiological exams.
Two patients had a postoperative partial neurological palsy and one patient had a
recurrence of deep infection with cup loosening. One patient had a stem exchange
to a cemented stem at 1 year, and one patient had an acetabular revision at 5 months
for migration of the KC due to an initial malposition. The average follow-up was
36 months. The mean Merle d’ Aubigné hip score was 16.6+1.1 at the last follow
up. There was one cup migration. No patient had postoperative hip instability.

Our conclusion was that acetabular reconstruction using a DM cup cemented
into a KC gave satisfactory results in terms of fixation and joint stability at short
term. It becomes, therefore, an interesting option in THA revisions with acetabular
reconstruction, especially in patients at risk for instability. However, results need to
be confirmed at longer term.

DM cups cemented in a metal reinforcement have been reported in several series
(Table 10.1) [6, 21, 22, 28, 30, 34, 36]. The series were very heterogeneous, in terms
of patient characteristics, implants designs and surgical technique. They included
37-104 patients, at a mean follow-up ranging from 1.3 to 6.4 years, resulting in a
total of 354 patients at a mean of 3.5 years follow-up. The rate of dislocation ranged
from O to 10.4%, the rate of aseptic loosening from 0 to 6.4%, and the 5-7-year
survival was close to 95%. Our series showed comparable, and even better, results
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Table 10.1 Series of dual mobility cups cemented in a metallic reinforcement

Hips | Follow up | Dislocation | Aseptic Aseptic Survival
(n) (years) (%) loosening (%) | revision (%) |rate (%)
Langlais et al. 82 |3 1.1 22 8 94.6% at
[21] 5 years
Schneider et al. | 96 34 10.4 1 4.2 95.6% at
[34] 8 years
Philippotetal. | 104 |5 3.6 1.2 6.7 96.1% at
[30] 7 years
Civinini et al. 33 |2 0 0 0 97% at
[6] 5 years
Pattyn et 37 1.3 5.4 0 0 -
Audenaert [28]
Lebeau et al. 62 64 1.6 6.4 8.1 91.9% at
[22] 8 years
Wegrzyn et al. 61 |75 0 0 0 -
[36]
Present series 40 3 0 2 2 -

in terms of functional scores, postoperative stability and rate of re-revision. Despite
different designs of cemented DM cups and metal reinforcements (guided by the
surgeon habitus and the severity of the acetabular lesions), a significant reduction of
the risk of postoperative dislocation was reported in all series (except in the series
of Schneider et al. [34], confirming the advantage of DM cups (cemented or not) as
a way to limit, without eliminating, the risk of postoperative dislocation in THA
revision [7, 12, 20, 24, 26, 30].

However, the use of DM cup cemented directly into the bone without a reinforce-
ment device has encountered controversies. Although Haen et al. [13] have recently
reported a rate of loosening of only 1.5% and a 5-year survival rate of 98%, most of
the series have reported a high rate of loosening, ranging from 20% to 40%, and
concluded that in case of severe acetabular bone loss, bone graft and reinforcement
are recommended [5, 29]. Rates for aseptic loosening of DM cups cemented in a
reinforcement have been reported between 0 and 2.2% within 3 years postopera-
tively [6, 21, 22, 28, 30, 34, 36]. However, Lebeau et al. [22] reported a rate of
loosening as high as 6.4% at longer follow-up, considering cementing quality to be
a determining factor of assembly stability. In vitro, Wegrzyn et al. [37] reported a
good mechanical resistance of DM cups cemented in a reinforcement, greater than
in vivo stress levels, and Ebramzadeh et al. [9] found that cement thickness of 2 mm
or less between reinforcement and cup incurred greater risk of loosening than thick-
nesses of 4 mm or more. This may explain the differences reported in the literature
in terms of loosening in series of cemented DM cups, illustrating the need for appro-
priate sizes and designs of cemented cup (transverse and longitudinal grooves on
the metal-back, increments of 2 mm) to improve sealing, and a minimum of 2 mm
thickness cement to improve the quality of fixation (Figs. 10.2 and 10.3).
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Conclusion

Dual-mobility cup cemented in a Kerboull Cross fulfills the charge-book of revision
THA, in terms of reduced instability and bone fixation, at least at midterm. The
procedure is indicated in case of poor bone quality and/or insufficient bone stock, in
patients at risk for instability (repeat revisions, advanced age, poor medical status,
weakness of abductors). The technique offers several potential advantages, by using
an unconstrained device which preserves the range of motion of the hip and increases
the jump distance while maintaining PE thickness, by automatically restoring the
anatomical hip center and allowing bone stock restoration while protecting the graft
from overstresses. An appropriate technique is essential, notably as regard the cross
positioning (hook) and the cup cementing (with a minimum cement mantel thick-
ness). The results are encouraging at midterm follow up, in terms of bone fixation
and stability, but questions remain about long term fixation.
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Chapter 11

Trabecular Metal in Acetabular
Revision Surgery for Severe Bone
Defects and Pelvic Discontinuity

José Sueiro-Fernandez

Introduction

Acetabular revision surgery in large bone defects is one of the greatest challenges
for the orthopaedic surgeon. It is accepted by all that one of the most important fac-
tors affecting the final result of achieving a stable acetabular revision component is
the existing bone defect [1]. As a first step in reconstruction, we must identify and
classify the bone defect presented to us, even knowing that during the surgical act
this will be greater than that initially foreseen. There are multiple classifications that
help us identify bone loss at both the acetabular and femoral levels. No one classifi-
cation can be said to be considered “ideal” and all are subject to controversies either
because of incompleteness or because of differences between observers. A large
part of the classifications described in the orthopaedic literature have been the result
of surgical observations by surgeons who are experts in the subject. In this case, we
must exclude the classification called D’ Antonio, which emerged as a consensus
effort of the American Academy of Orthopaedic Surgeons. Many of these proposed
classifications have often not been scrutinised for reliability or validity, and this may
be one reason why they have not obtained the support of a large number of surgeons
performing these arthroplasty revisions. In the 1990s, when part of these classifica-
tions was established, no test of reliability and reproducibility was established either
because of imaging test development or surgeon inertia. As Gozard et al. [2] says,
Saleh’s ranking was the first, and until a few years ago, the only one which was
rigorously tested by his own authors, and the only which has demonstrated high
inter-observer reliability (Kappa index above 0.8). The first validity and reliability
study of the Paprosky classification was published in 2013 [3], obtaining a kappa
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Table 11.1 Equivalence of acetabular defects according to different classifications taken from
Johanson et al. [4] box in red, the defects considered major

4 MAJOR ACETABULAR DEFECTSF

Saleh | ] 1] v Vv
Paprosky 1 2a 2b 2c 3a 3b
D’Antonio Il 2:m v | v
Gross Protrussio Shelf Acetabular
Engh Mild Moderate Severe
Gustilo | ] 11} v

index of 0.79 after three learning sessions with it. It also seems interesting that these
classifications have scoring guides for the assessment of radiographic characteris-
tics. However, and despite this, as high-degree defects are the least frequent ones,
we still need a higher “n” to be able to standardise these classifications.

It is not time in this chapter to list the most used classifications or to make a cri-
tique of their weaknesses or recount their strengths. But we need to properly define
what we consider a major acetabular bone defect. In this regard, we should highlight
the efforts of Johanson et al. [4] in the search for a universal and valid system of
classification of acetabular defects. On this basis, we will consider for this chapter
major or high-grade defects as follows (Table 11.1 — Red Box):

1. Type III defects of the Paprosky Classification:

Superior migration >2 cm and severe medial and ischial osteolysis

IIIA. Kohler’s line intact, 30-60% of the component in contact with graft (rim
defect: 10-2 o’clock position).

IIIB. Kohler’s line is not intact, more than 60% of the component in contact with
graft (rim defect — 9-5 o’clock position).

Both can be associated to pelvic discontinuity, with more frequent presentation
(2/3 of cases) in Type I1IB

2. Type Il (Combined) and Type IV (Pelvic Discontinuity) defects of the D’ Antonio
(AAOS) Classification
3. Type I, IV and V defects of the Saleh Classification:

— Type IlI: Uncontained loss of bone material where there is a less than 50%
segmental loss of the acetabulum involving the anterior or posterior column

— Type IV: Uncontained loss of bone material where there is a greater than 50%
segmental loss greater of the acetabulum affecting both anterior and poste-
rior columns.

— Type V: Acetabular defect with uncontained bone loss in association with pel-
vic discontinuity
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4. Acetabular defect of the Gross Classification:

Acetabular defect of one or both columns with a loss of more than 50% of
acetabulum

5. Severe defect of the Engh Classification:

The acetabular cavity shows very significant, sclerotic, perforated, and non-
hemispheric damage. The edge of the ring is weakened or broken.

6. Gustilo Type III and IV Defect:
Type 11I: Local wall defect

(a) Anterior
(b) Posterior
(c) Superior
(d) Central

Type 1IV: Collapse or massive global defect affecting one or both columns.

Technical Possibilities

When confronted with hip arthroplasty revision on the acetabular side, the ortho-
paedic surgeon has a wide variety of techniques and implants that should make it
easier to restore anatomy and recover hip function. When the acetabular defect is
severe, the treatment options are reduced to the use of cups of special designs such
as oblong, bilobed, or custom-made triflange cups, reinforcement cages, or the use
of trabecular metal augments. Although the use of jumbo-type components for large
defects has been proposed, we will not take this into consideration, it is a technical
option essentially for moderate defects. Very complete and updated systematic
review made by Volpin et al. [5] A total of 50 studies of level IV scientific evidence
were included. No randomised controlled trials (RCTs) were available, which was
expected given the nature of the study. This pooled analysis suggests that oblong
cup components had a lower failure rate compared with other different materials
considered in this review. Custom-made triflange cups had one of highest failure
rates. However, this may reflect the complexity of revisions and severity of bone
loss in the different groups.

In all these high-grade defects, the use of bone graft will always be necessary as
a common denominator, preferably an allograft, either structural or fragmented. We
will thus first describe the role played by these grafts in acetabular reconstruction
with large defects.

Short- and medium-term studies of structural allograft have demonstrated
“certain success”, reporting an overall percentage of good results of 67.1-76% at
5 years [6, 7] and until a few years ago it was the standard [8]. Nevertheless, follow-
up from 5 years onwards was affected by complications such as graft resorption,
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and above all the loss of fixation, leading to great discouragement with its use, while
very good short-term results were published with the use of flying buttresses and
trabecular metal augments [9]. However, with the improvement in the technique and
the indication of its use in revisions of young patients using this structural allograft,
a number of benefits have been added which are worth taking into account, and are
now achieving full recognition [10].

In order to make their integration as favourable as possible, when using these
structured allografts, a stable fixation must be made and a minimum percentage
of contact with the host bone, which has been accepted by the majority to be
about 50% [11]. However, it is true that other circumstances also need to be con-
sidered such as the type of implant metal and the quality of the receiver bone and
graft [12, 13].

Regis et al. presented their study of a total of 71 hip arthroplasty revisions, of
which 56 were assessed [14]. They had Paprosky IITA defects in 32% of cases and
IIIB in 68%. Large allografts and anti-protrusion cages were used. The reported
mean follow-up was 11.7 years, with a total survival of 87.5%. With this percentage,
the technique is more favourable compared to others in long-term reconstruction for
the treatment of extensive losses of the acetabular bone reserve.

It could be thought that these massive grafts would not be appropriate for revi-
sion treatment of infected arthroplasties. Lee et al. [15] conducted a retrospective
study of 27 patients reviewed at two times after hip infection. In five patients, mod-
erate or severe acetabular defect was detected. In the overall series, 10-year survival
was 93%. Based on this data, they argue that the use of structural allografts is a
reasonable option to treat massive bone loss in infected hip arthroplasties in selected
patients.

Finally, we should mention the good results reported by Brown et al. with the use
of structural distal femoral allograft for the treatment of Paprosky Type IIIA defects
[16]. They retrospectively reviewed 31 hips with a mean age of 61 years and a fol-
low-up of 21 years. The acetabular implant was a porous-coated hemispheric dome
inserted and secured with screws. They achieved a survival rate of 72%, which
means that these massive grafts must continue to be considered in the orthopaedic
arsenal for younger patients with type IIIA defects, achieving great improvement in
the restoration of the rotation centre and especially of the bone stock with a view to
possible future interventions. All this will be clarified after the analysis of trabecular
metal that will done further on.

It seems reasonable to use biological techniques, as the impaction bone graft-
ing (IBG), to help restore bone reserve to rebuild acetabular defects in revision
surgery. Although there is a history of using bone grafts in arthritic acetabular pro-
trusions, it was not until 1984 that Slooff et al. modified their technique for use in
revisions [17]. Since then, the Nimegen’ school has shown good clinical outcomes
in the medium to long term. In 2001 they published their results with this technique
over 20 years of experience [18]. Specifically, they reported 60 hip revisions using
their technique, 37 of them with cavitary defects and 23 with combined defects. The
reported survival rate for aseptic loosening was 94% at 12 years. They later notified
the results between 20 and 25 years, with a favourable survival rate, although it is
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difficult here to identify the percentage of cases with severe defects, the subject by
this chapter, which were registered among those who remained unrevised [19].

Regardless of the more limited diffusion this technique had among American
surgeons for minor or medium-sized defects, its efficacy for large defects is doubted.
Thus, Van Haaren et al. [20] analysed 71 revisions with an average follow-up of
7.2 years. Forty-one type III and IV cases according to the AAOS classification
were identified. Almost all of those in group IV failed (except one case), and a third
of all type III cases. This is why they claimed that this high proportion of failures
suggests that the IBG technique offers poor results in extensive acetabular defects.
These poor results are evident in the study of Gilbody et al. [21], where in a mini-
mum follow-up of 10 years they analysed 304 revisions for aseptic loosening. They
reported an overall survival of 85.9% at 13.5 years on average. Significantly, almost
half of their failures with this technique occurred in Paprosky type 3A and 3B
defects.

Analysing the corresponding data from the previous studies reveals a different
behaviour of this technique related to the location of the extensive acetabular defect.
This was confirmed by Garcia-Rey et al. who proposed in their study to compare
survival between Paprosky type 3A and 3B (large posterolateral versus medial
defect) [22]. In their series of 100 hips with type 3A and 104 with type 3B defects,
and an average follow-up of 10 years, they observed a significant and favourable
survival for medial defects, so they recommend to use an optional aid to rebuild
lateral defects. Recently, good results of the IBG technique have been reported in
Paprosky type 3B defects, but it should be noted that the average follow-up of
47 months was relatively short, and the authors themselves recommend a longer
follow-up so that the potential deterioration of the acetabular fixation can actually
be observed [23].

From all the above we can say that the IBG technique is the first choice technique
for young patients, as it allows us to recover the bone reserve and the rotation centre,
but requires a thorough knowledge of its technical details. It is the first choice in
these cases, but not a universal solution, as we must bear in mind that for large
acetabular defects affecting the posterolateral zone such as a Paprosky type 3A
defect, its survival is limited to the medium and long term, and therefore will require,
according to schools, a structural allograft protected by cages, trabecular metal aug-
ments or custom-made triflange cup.

Due to this recognised weakness, some better alternative to the IBG technique
were proposed, such as inside mesh usage [24]. In the 14 case series, all Paprosky
type 3B, no re-revision was recorded. It is an interesting option with still short fol-
low-up (maximum 36 months). Hernigou et al. propose to use irradiated sterilized
allograft and over-fed with mesenchymal stem cells is also attractive [25]. They
compared two groups of 30 hips each (all, Paprosky type 3A or 3B) with and with-
out mesenchymal cell overload, finding a lower proportion of failures in revitalized
grafts. To strengthen assembly in large defects requiring a large containment mesh,
a “hybrid” technique has been proposed using trabecular metal augments. This
method was first reported in 2012 by the Newcastle Group in Northeast England
[26] and also referred to by the Exeter Group in 2013 and in Germany by the
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EndoKlinic in 2014. The result in terms of the re-revision rate in these studies was
about 4% in the average follow-up of below 5 years [27]. The main virtue of this
hybrid technique is that it simplifies surgical technical gestures and adds greater
strength to the assembly, being particularly useful for type IITA defects.

Several acetabular revisions have been reported using uncemented cups after
IBG [28, 29], but we will not consider it as it is not considering to be a first line
option for severe Paprosky type III defects or AAOS type III and IV defects. The
same series reveal that the number of cases with high defects are the fewest.

Reconstruction Cages

Reconstruction cages combined with structural or fragmented allografts have shown
good results, especially in the medium-term follow-up. The literature contains a
wealth of work on this technical option, including those related to the Burch-
Schneider cage (BSC). The most numerous of these are the many reports in the
literature on the use of BSC and their advantages in the treatment of serious acetab-
ular defects, as detailed below [30-32].

BSC was based on the premise of creating a bridge that would at the same time
have a protective effect on allograft that helps improve bone reserve. Robert
Schneider adopted this concept a year later and among other changes oriented the
upper flange towards the sacroiliac joint [33]. The original BSC was made of pol-
ished steel, and later in 1986, the developments in titanium began that culminated in
rough-blasted titanium in 1999. It was originally intended to screw the bottom flange
in the ischium, so it had screw holes. In 2004 a modification of the BSC was intro-
duced, with more anatomical features, a change in the position of the screws, and an
unperforated lower flange so that it could be embedded in the ischium [34]. Most
authors agree that the most reliable indications for these reinforcement cages would
be for larger, usually segmental, acetabular defects that compromise both columns,
such as Paprosky types 3A and 3B defects, as well as pelvic discontinuity [34].

Long-term results on the effectiveness of this cage were published as early as
2009. Symeonides et al. conducted a follow-up of 57BSC implants between 5 and
21 years [35]. They reported that there were five Type III cases and 43 Type I'V cases
according to the AAOS classification. They found only 10.5% of failures between
aseptic loosening and mechanical failures. They concluded that the BSC is a durable
solution for major acetabular defects.

In this same line is the study of Coscujuela et al. on 96 acetabular revisions
treated with BSC, with an average follow-up between 5 and 13 years [31]. These
include 25 Type 3A and 11 Type 3B cases according to the Paprosky classification,
where the rotational centre is effectively lowered. They confirmed their objective
that the BSC has a favourable survival (92.4%) compared to other devices.
Combination with structural and/or impaction allograft, the BSC has been a gold
standard in acetabular revision of major defects until the arrival of the Trabecular
Metal implant.
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Another type of reinforcement ring, that we have used has been the Graft
Augmentation Prosthesis (GAP). This type of cage was used in the late nineties and
early years of the new millennium. The device launched in its early design was
made of sand blasted titanium alloy with a hydroxyapatite coating. Various holes
only in the upper pole for the dome and two iliac plates with a single row of three to
four holes for the corresponding screws. These highly moldable prolongations can
be cut or adapted to the ilium.

There is much less information in the literature about GAP device results com-
pared to the BSC. Duffy et al. studied 17 consecutive cases, of which 11 had a type
IIT acetabular defect according to the AAOS classification, with an average follow-
up of 6.5 years [36]. They reported a high percentage of mechanical failure for the
GAP-1, so they prefer to use more rigid devices. This GAP-1 was also studied by
Hernandez-Vaquero et al. with a slightly shorter follow-up (37 months on average)
[37]. Among their cases, seven patients were type 3 and 4 according to the Gross
classification. None required revision, and they defend this construct because it
allows lowering the rotation centre and recovery of the bone structure reserve early
without major complications.

This cage was later modified with multiple holes through the dome for an
optional placement of screws, a posterosuperior rim and flanges with five screw
holes, this device being known as the GAP II Cage. We collected our experience
with this device in 22 cases with an average follow-up of 42 months. Defects were
type IIC in 27% of cases and type III in 18%, we experienced three complications
with the need for new surgery in two cases, and the other case due to mechanical
failure with no clinical significance (Fig. 11.1) [38].

Years later, a high percentage of mechanical failures in severe defects were
reported in 2012. Buttaro et al. [39] reviewed 24 patients, 10 Type III patients and
14 Type IV patients according to the AAOS classification, with an average follow-
up of 34 months, and observed a 37% rate of catastrophic failures in reconstruction
with the GAP II, and particularly in Type IV patients, so they abandoned its use for
these advanced defects. More recently, medium-term results with this cage were
reported in 2018. Twenty-six cases with an average follow-up of 49 months, of
which 12 were type IIIA and 8 were type IIIB, showed a 100% survival rate,
although three of them had radiographic failure of the implant without clinical con-
sequences [40]. The mechanical failures related to this type of device have been
attributed to its greater malleability, but it can be observed in other series with more
rigid implants that the same fatigue was also reported [41].

In summary, in this section we can say that the GAP-type reinforcement cage has
been less studied than the BSC, but they meet their objectives of reorienting the
rotation centre and restoring bone reserve. Its medium and long-term failures are
significant due to the lack of graft integration and osteointegration of the implant,
and it is of vital importance for us to explain this, the lack of ischial anchorage,
particularly in severe defects such as Paprosky type III.

The ring, plate or cross de Kerboull (KT) was designed in 1974 to contain bone
allografts placed behind it. This is an implant made of steel, with a lower hook
applied to the tear-drop acetabular image and an upper plate fixed to the iliac by four
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Fig. 11.1 1.1: Bilateral acetabular defects. Paprosky type IIC in right side and type IIIB in left.
1.2: Reconstruction with structural and fragmented allograft bone, cage reinforcement GAP II. 1.3:
Right hip detail associated to femoral impaction bone grafting

or six screws. It allows large cavities to be filled with allografts and a conventional
cup to be cemented, with direct load transmitted to the grafts, as the ring is flexible.
The Kerboull plate, KT plate and KT plate for hip replacement are currently distin-
guished. Its use for acetabular reconstruction has been proposed even in large
defects, but failures for severe defects were already reported in 2008. Of 35 cases
(34 AAOS Type III and 1 Type IV), 11 failures were found, although three of these
did not have clinically significance [42]. Baba and Shitoto reported a survival of
87.5% with a 5-year follow-up in the KT plate group, but only recorded 11 type III
and 1 type IV cases according to the AAOS classification [43]. Technical details are
emphasised in their application and it is recommended to use a structural graft if the
impacted graft layer is greater than 20 mm [44], according to a study of 29 type III
defects with a median follow-up of 6.3 years [45], where use of the structural femo-
ral head graft in reconstruction with this device was of great value [46]. A recent
series supported by the Kerboull Institute itself performed very well in type 3A and
3B defects, showing a survival of 85.1% at 15.2 years [47]. Other authors has con-
firmed good results for moderate defects and, conversely, the high rate of revision
failures using the Kerboull acetabular reinforcement device with a large skeletal
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defect of the acetabulum, especially in the cross-plate junction, and its risk factors
have been analysed [48].

Sembrano and Cheng performed an analysis of the risk factors related to their
failure, using various types of devices [49]. They included in their series 51 Paprosky
type III cases, finding an overall survival of 81.3% without any reoperation.
Abolghasemian et al. analyse various rings and reinforcement cages for re-revisions
with a survival of 75% at 5 years and 56% at 10 years [10]. The use of these struc-
tural bone graft reinforcement rings has a very beneficial impact on major defects
and discontinuities as preparation for a new revision that is more likely in younger
people.

Special Design Cups

We will not consider jumbo, oblong, bilobed, or asymmetrical cups because, in our
opinion, for severe defects with or without pelvic discontinuity, they have their limi-
tations. It is true that the series on these designs also contain a limited number for
severe defects [S0-53]. Perhaps the greatest success of this type of cups compared
to others such as custom-made cups may be due to the fact that their most frequent
use is not for such highly severe defects.

Special attention should be given to Custom-made triflange (CMT) acetabular
components. Already in 2001 a series was presented with these special cups with a
follow-up of between 2 and 9 years, which acknowledged 39 pelvic discontinuities
and reported a 7.8% rate of dislocation requiring reoperation [54]. DeBoer et al.
report that skeletal cement bridges were found in 18 out of 20 hips studied [55] and
in the other two implant migration and screw breakage were not observed, but in 5
patients there was one or more postoperative dislocations. Taunton et al. published
a large series on pelvic discontinuity with 57 cases which, after a 2-year follow-up,
found stability of the component and cure of the discontinuity in 81% [56]. The cost
of these implants came to be equivalent to the construct with metal trabecular cup
cage, i.e. between 11,000 and 12,000 US dollars. Berasi et al. asked whether these
reconstructions were effective, and in their series of 28 hips, all with a 3B defects
and an average follow-up of 57 months, they required four subsequent reoperations,
and therefore responded that custom triflange components represent a reliable tool
in the arsenal of the reconstructive surgeon [57]. There are variations in the strategy
of shaping and manufacture, and the preoperative study and preoperative templating
are essential with novel three-dimensional reconstructions [58-61].

The CMT tends to lateralize the hip center by approximately 1 cm, and there is a
trend toward nearly 2 cm of lateralization in failed construct [62]. In the last year,
good results have been reported at 5 and 10 years [63]. Moore et al. reviewed the
results of 37 patients undergoing custom triflange revision surgery. Two patients
were lost to follow-up, leaving 35 patients with minimum 10-year clinical and
radiographic follow-up. Thirty-two (91%) of 35 components were unrevised and
functioning well at minimum 10-year follow-up [64].
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Although there are few studies describing clinical outcomes (most common
complications include dislocation and infection), the rates of revision of the implants
for other reasons are low [65]. Clinical results are promising given the challenging
problem. We think these devices can be helpful in catastrophic bone loss situations
such as type IIIB defects and chronic pelvic discontinuities with the disadvantage
that their preparation and manufacture may take a few months [56]. Ries report that
CMT would be indicated for massive bone loss with or without discontinuity and
when other reconstructive options are not feasible [66]. We believe that in the
coming years this technique will become more readily available for more wide-
spread use by the reconstructive surgeon.

Trabecular Metal (TM)

The first studies with hopeful results in acetabular revision surgery by combining
tantalum cups with the first “augments” and “restrictors” for moderate and severe
defects were published in 2005 [67, 68]. Compared with other commonly used
materials, tantalum has been shown to have a substantially higher friction coeffi-
cient on cancellous bone and higher bone interface shear strength compared to other
fixation surfaces. This metal, due to its reduced stiffness, may also provide a more
favourable environment for the remodelling of morsellised or structural bone graft
in comparison with other material [69].

We published our experience with trabecular metal augments and cup-cage con-
structs [70]. Of 35 patients undergoing acetabular reconstruction with a TM acetab-
ular revision system, 19 acetabular revisions associated with major bone loss in
which we reconstructed the acetabulum with buttress tantalum augments or cup-
cage construct combined with a TM shell, were available for evaluation. Mean fol-
low-up was 26 months (range 18—43 months). Mean patient age was 63 years, and
12 patients were women. All defects were classified according to Paprosky and
Saleh classifications; there were 13 type IIIA and 6 type IIIB acetabular defects.
Five chronic pelvic discontinuities were preoperatively or intraoperatively assessed
(Saleh type 5) and a cup-cage construction was employed. The centre of the femoral
head was relocated from a mean of 1.4 cm (range, —3-2.6 cm) lateral from the verti-
cal at the teardrop to 3 cm (range 0.2—4 cm). No mechanical failure has occurred in
any hip, and all patients have radiographically stable cups (Figs. 11.2 and 11.3).

Different studies in the early years of this decade defended the use of TM. When
the reconstruction ring fails, it performs better and delivers better TM and cup-cage
results compared to treatment with a second reinforcement ring [71]. Operative
reports, radiographs, and clinical data were evaluated. Minimum follow-up was
24 months (average 57 months; range 24-209 months). They get as a result that 33
failed first reinforcement rings were converted to one of three types of acetabular
reconstruction, TM cup in 14, cup-cage in seven and a second reinforcement rings
in 12. The TM cup group (TM cup and cup-cage) had a significantly longer survival
than the second reinforcement rings group.
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Fig. 11.2 2.1: Acetabular defects Paprosky type IIIA. 2.2: Intraoperative view. 2.3: Iliac butress.
2.4: Postoperative radiograph at 7 years
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Fig. 11.3 3.1: Acetabular defects Paprosky type IIIA without pelvic discontinuity. 3.2-3.4:
Intraoperative views. 3.5: Postoperative radiograph reconstruction: trabecular metal and iliacs aug-
ments with supplements blocks
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Banerjee et al. did a systematic review of 25 studies of four electronic databases
[72]. There was lack of high quality evidence (level I and level II studies) and only
two studies with level III evidence, while the remainder were all level IV studies. In
addition, a majority of the studies had small sample sizes and had short to mid-term
follow-up. The mean age of the patients was 65 years (range, 58—72 years) and the
mean follow-up was 3.6 years (range, two to six years). They allowed him to con-
clude that the short-term clinical and radiographic results of highly-porous metals
in revision hip arthroplasty are excellent with a low rate of loosening in the presence
of both major and minor bone loss. Jain et al. focuses their attention on the group of
patients with severe acetabular losses [73]. A literature search of multiple databases
applying specific criteria revealed a total of 50 articles of level IV scientific evi-
dence comprising 2415 patients (2480 hips) managed with reinforcement devices,
custom-made triflanged acetabular components, jumbo cups and tantalum metal
(TM) systems. Overall, patients had improved postoperative hip scores for each
technique. The use of reinforcement devices resulted in a mean revision rate of
8.2% and a mean complication rate of 29.21%. Custom-made were associated with
a revision rate of 15.9% and had a complication rate of 24.5%. Jumbo cups were
revised in 8.8% of patients and had a complication rate of 18.4%. TM systems had
an overall revision rate of 8.5% with complications seen in 18.5% of patients.
Custome made had considerably higher revision rates compared to the other
techniques.

Similarly, Beckman et al. in another study based on a systematic literature review
compared treatment for acetabular revision with trabecular metal and reinforcement
rings with an average follow-up between 3 and 5 years [74]. They review the litera-
ture on the treatment of revision acetabular arthroplasty using revision rings (1541
cases) and TM, implants (1959 cases) to determine if a difference with regard to
revision failure could be determined. In the study, TM shows statistically significant
decreased loosening rates relative to revision rings for all grades including severe
acetabular defects and pelvic discontinuity. The severe defects appear to benefit the
most from TM.

The clinical and radiological results at 5 years of follow-up were better than
those offered by reinforcement rings. All this is confirmed with the recent work de
Lépez-Torres et al. [75]. They compare in 94 hips the clinical and radiological out-
comes, complications, and survival of two systems commonly used in complex
acetabular revisions (AAOS types II, III, and IV), (TM) and BSC. The mean follow-
up was 4.77 years, and TM implants afforded better clinical outcomes and greater
patient satisfaction than antiprotrusion cages in the treatment of severe acetabular
defects. Numerous articles have been communicated in recent years highlighting
the good results of the use of trabecular metal with a 5-7 year follow-up for severe
defects. The percentage of survival reflected is very high in relation to the severity
of the defect (between 91.2% and 94.7%) [76-79].

In 2017 the Mayo Clinic Department reported on its series of 58 hips with a
minimum follow-up of 5 years [80]. The defects studied were Paprosky type IIIA in
48% and type IIIB in 38%, including 11 cases of discontinuity. The mean preopera-
tive Mayo hip score was 35.7, which improved to 61.9 at 3 months and was 61.7 at
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the minimum 5-year follow-up. They demonstrated a 97% survival rate and satisfac-
tory function maintenance, but six failures of 11 discontinuities make it advisable to
reinforce its fixation or use alternative techniques.

One of the main weaknesses offered by the MT system and its augments is that
they do not improve the bone stock. Interesting proposal that makes Prieto et al. of
the same previous Orthopedic Department to make compatible MT and structural
allograft [81]. They identify 58 hips where a trabecular metal revision cup was sup-
ported by structural allograft. Mean follow-up was 5.4 years. Preoperatively
acetabular bone defects were classified as Paprosky 3A in 11 hips (19%), and 3B in
17 hips (29%). All hips showed evidence of union between the allograft and host
bone at latest follow-up, 14 hips had partial resorption of the allograft that did not
affect cup stability. Three acetabular components demonstrated failure of ingrowth.
Survivorship-free from radiographic acetabular loosening as end point was 94% at
5 years. The 5-year survivorship with revision for any reason as end point was 90%.
Therefore, another positive aspect of trabecular metal is that these acetabular com-
ponents combined with structural bone allograft show excellent survival (94%) over
the medium term (5 years). Allograft restored bone reserve with minimal resorption
and when it occurred, it did not alter the survival of the acetabular component.

Pelvic Discontinuity

Pelvic discontinuity (PD) is a loss of integrity or continuity between the inferior
pelvis and the superior pelvis considering the acetabulum the centre thereof. PD is
a complex problem in orthopaedic surgery and can be defined as a complication of
hip arthroplasty in which there is a massive loss of structural bone through the ante-
rior and posterior columns of the acetabulum [82]. This discontinuity that separates
the ilium from the ischium results in internal rotation of the lower segment and
external rotation of the upper segment.

This situation can be reached as a result of a progressive resorption of the bone
secondary to periprosthetic osteolysis that results in a combined segmental and cav-
ity bone defect. However, discontinuity may also appear acutely due to trauma,
infection, fracture during the excessive impactation of a primary or revision cup or
over reaming of the acetabulum [83, 84]. This differentiation is important as the
treatment strategy will be very different.

The estimated incidence in hip revision calculated according to different publica-
tions is between 1% and 8% of all acetabular revisions preformed [85], although it
should be agreed that this figure could be higher if they did not go undetected in
certain cases. Risk factors for PD include female sex, rheumatoid arthritis, prior
pelvic radiation, and a massive loss of bone that predisposes it [86].

Pelvic discontinuities were not initially taken into account in the different clas-
sifications. It was Berry et al. who extended the AAOS type IV classification for PD
according to the associated type of bone defect and the ability to repair the remain-
ing bone after acetabular preparation in the surgical intervention [82]. Type IVa
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includes pelvic discontinuity with cavitary or moderate segmental bone defect; in
type IVb, pelvic discontinuity is associated with severe segmental loss or combined
segmental and massive cavitary bone defect; type IVc refers to pelvic discontinuity
in a pelvis previously subjected to radiation. Similarly, pelvic discontinuity was not
an independent group in the Paprosky classification. The author currently (pending
publication) creates a separate group with PD, which in turn subdivides it into four
subgroups according to their treatment option.

In order to try to reduce to the least the number of discontinuities that go unde-
tected in the preoperative study, we must perform a careful quality radiographic
study including AP, lateral, and oblique views [87]; paying special attention to some
in the false profile view for their detection [88]. Preoperative evaluation with a com-
bination of AP pelvic X-ray, plus true lateral hip X-ray, plus oblique Judet view,
allowed Martin et al. to identify PD in all patients [89]. Once diagnosed, 3D printer
usage is increasingly permeable to further understand anatomical alteration and to
more accurately establish possible solutions [90-92].

Regarding the treatment strategy, it will be necessary to distinguish between
acute and chronic (3 months). They have different biology, different biomechanical
concept and different healing potential. The technique that best exploits the biologi-
cal potential for bone repair will be to insert a compression, one or two pelvic
reconstruction plates on the posterior column [93]. Success of this technique
depends on both adequate bone stock and a favorable biologic environment neces-
sary for primary bone healing, although there are authors who biomechanically rec-
ommend bicolumnar osteosynthesis [94, 95]. These injuries were usually treated
years ago with reconstruction rings plus structural and/or fragmented allograft as
mentioned above and with ht. usual problems and complications [96]. Kosahsvili
et al. reported the relatively novel treatment of 26 PDs with trabecular metal cups,
allograft, and an anti-protrusion ilio-ischial cage called Cup-Cage (CC), for severe
acetabular bone loss associated with pelvis discontinuity [97]. Later, with an aver-
age follow-up of 44.6 months, 88.55% of implant stability was found, so this tech-
nique is reliable for the treatment of PD in the medium term [98]. However, it may
be inappropriate for use in patients who have previously undergone irradiation or a
tumor resection involving the acetabulum. It will be recommended to build a more
rigid construction, while at the same time acting as a bridge between the ilium and
ischium in the most effective way [99]. There are even authors who ensure a better
biomechanical response of the anterior plate than the posterior [100].

We published our unit’s experience with eleven reconstructed pelvic discontinui-
ties using the trabecular metal revision system. The mean follow-up was 30 months.
The mean age was 69, and 8 patients were women. In ten hips (91%), there was no
radiological evidence of loosening at the end of the follow-up, with discontinuity
cure according to Berry criteria. The Harris scale improved from an average of
39.8-75.6 points. The modified Merle d’ Aubigné-Postel scale improved from 4.3 to
8.6 points. Complications included acute infection and paralysis of the external
popliteal sciatic nerve. We had no dislocations. For us the early results indicate that
Trabecular Metal revision cup-cage construct may be a reliable alternative for the
pelvic discontinuity treatment [101] (Figs. 11.4, 11.5, and 11.6).
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Fig. 11.4 4.1: Pelvic discontinuity post-mieloma 4.2: Postoperative radiograph one year after. 4.3:
Postoperative radiograph three year after
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Fig. 11.5 Acetabular defects Paprosky type IIIB with pelvic discontinuity. Trabecular metal with
cup-cage. Remodeling and incorporation of the bone graft at 5 years
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Fig. 11.6 6.1 and 6.2: Intrapelvic spacer. Acetabular defects Paprosky type IIIB with pelvic dis-
continuity. 6.3: Intraoperative view 6.4: Postoeprative radiograph reconstruction with trabecular
metal and cup-cage
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Sporer et al. asked whether pelvic distraction could be an alternative for these
PDs [102]. They presented a series of 20 cases with an average follow-up of
4.7 years with a single infection failure. They claimed that acetabular distraction
with porous tantalum components provides predictable pain relief and durability of
two to seven years of follow-up when severe defects with associated PD are recon-
structed. These authors presumed this method would provide adequate initial
mechanical stability for bone ingrowth to occur into the prosthesis both superiorly
and inferiorly to bridge the discontinuity in a biologic fashion. Thus, they anticipate
a decreased incidence of mechanical failure with our method of acetabular distrac-
tion. This would also be confirmed later in various articles where the technical
details of acetabular distraction are explained as an alternative reliable to pelvic
discontinuity in failed total hip replacement [103—107].

The CC technique provides very promising results, protecting the titanium cage
that acts as a bridge for graft incorporation and integration of the revision tantalum
cup, delimiting the indications, surgical techniques and outcomes of various meth-
ods which use acetabular reconstruction cages for revision total hip arthroplasty
[108]. Amenabar et al. analyze sixty-seven CC procedures with an average follow
up of 74 months [109]. Acetabular bone loss and presence of pelvic discontinuity
were assessed according to the Gross classification, 39% type IV and 61% type V
(Pelvic discontinuity). The 5-year Kaplan-Meier survival rate of revision for any
cause was 93%. They believe that the CC construct is a suitable choice to treat
chronic pelvic discontinuity; it also remains a reliable option for the treatment of
severe acetabular bone defects if stable fixation cannot be obtained through the use
of a trabecular metal cup with or without augments.

Other possibilities have evolved for the treatment of the most difficult defects in
recent years, but longer-term follow-up will be required to determine the durability
of these atypical variants. It has been proposed to associate a reconstruction cage
and porous metal augment. The augments were used in place of structural allografts.
In this series all patients had segmental defects involving more than 50% of the
acetabulum and seven hips had an associated pelvic discontinuity Acceptable early
survivorship can be achieved using this novel technique, but it may be unsuitable for
use in patients who have previously undergone the resection of a tumour involving
the acetabulum [110].

Also, it has been proposed to implant the cage as such or to create a half cup-cage
(a metal-cutting carbide-tipped burr is used to remove the inferior portion of the
cage through the central hemispherical section). The half cup-cage technique avoids
wider exposure and may result in a lower risk of soft-tissue damage including sci-
atic nerve palsy or the creation of an iatrogenic dissociation from cage impaction
when the acetabulum is deficient but still intact [111]. Both techniques were used in
a series of 57 cases with major acetabular defects graded as Paprosky Type 2B
through 3B, with 34 (60%) having an associated pelvic discontinuity. Short-term
survivorship free from re-revision for any cause or reoperation was 89%. Both full
and half cup-cage constructs demonstrated successful clinical outcomes and survi-
vorship in the treatment of major acetabular defects and pelvic discontinuity. Each
method is utilized on the basis of individual intraoperative findings, including the



192 J. Sueiro-Fernandez

extent and pattern of bone loss, the quality and location of host bone remaining after
preparation, and the presence of pelvic discontinuity. Longer-term follow-up is
required to understand the durability of these constructs in treating major acetabular
defects and pelvic discontinuity [111]. The comparative study about DP of the men-
tioned Toronto group is very interesting. Patients treated with CC (mean follow-up
of 88 months) with other cases treated with conventional rings (mean follow-up of
69 months), where it is claimed that CC reconstruction performs better in the
medium term than conventional rings in pelvic discontinuities [112].

Based on the above, we can state that trabecular metal marks a new era in the
treatment in acetabular revisions, particularly with regard to major defects and dis-
continuities. This is supported by the good published results and systematic reviews
of the aforementioned literature. But can we say that reinforcement rings have been
relegated to history? In this regard, we must answer that we agree with the conclu-
sions of Abolghasemian et al. [10], who claimed that the use of the rings accompa-
nied by structural allograft for the treatment of defects not contained in the acetabular
revision surgery helps us restore bone reserve and facilitates subsequent re-revision,
which is of particular interest in younger people.
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Introduction

Periprosthetic joint infection (PJI) is the most severe complication in terms of mor-
tality, morbidity and functional disability. The cost of a septic revision surgery is
3—4 times greater than primary total hip arthroplasty, and double that of an aseptic
revision surgery [1, 2]. Frequency varies depending on different etiopathogenic fac-
tors such as local contamination, hematogenous contamination and well as patient-
associated factors. Local contamination is related with the type of surgical theater
(laminar air flow and space suits, less than 1%), the existance of previous surgery
[3], dislocations, surgical wound secretion [4], skin coverage defect [5], and antibi-
otic prophylactic non-use that can multiply the infection risk by seven [6].
Hematogenous contamination is related with the existance of distant septic foci
(urinary, dental), and multiplies the risk of infection by three [6]. In regard to
patient-associated risk factors, the existance of associated diseases, such as diabe-
tes, rheumatoid arthritis, tuberculosis etc.; the abuse of some drugs and toxic-
substances, such as corticotherapy, alcoholism, or drug addiction can also increase
the risk of infection [7]. Older ages can also produce immunodepresion associated
to progressive thymus gland atrophy (the site of T cell maduration), delayed hyper-
sensibility and weaker lymphocyte response [8]. Nutritional alterations including
obesity or deficiencies are also related with higher infection rates.

Diagnosis is challenging and it is a frequent cause of repeated surgeries that
affect not only soft-tissues around a joint but also bone. Prosthetic joint infection is
less frequent in the hip than in the knee, management is significantly different.
Systemic antibiotic therapy after positive intraoperative cultures subsequent to a
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revision procedure, single- or two-stage procedures depending on the general status
of the patient, the bone status (stock) receiving the new implant, and the microbiol-
ogy analysis, all affect outcome. Controversial issues like temporary spacer use,
have been reported. The low number of cases and the differences in patient’s char-
acteristics make the analysis of clinical studies the surgeon’s decision very
difficult.

Diagnosis of Infection

Risk Factors and Clinical Suspicion

During the last decades, many studies have reported some clinical and laboratory
issues to help to identify risk factors in individual patients and enable post-operative
evaluation of failed arthroplasty, determining the probability of infection in high
versus low risk patients or situations; this information should help the surgeon
decide on a more or less aggressive response to of possible infection [9].

Symptoms: Pain

When the surgeon evaluates a patient with a painful hip arthroplasty all important
questions should be replanted including whether the pain had presented recently
arises, if it is different than before surgery, or whether it could be related to other
sites of infection. Pain in infection is not always “inflammatory”, many times
“mechanical” pain occurs, when walking and standing, particularly if there is loos-
ening, or a continuous pain that is not alleviated by rest. At this point, it is important
to identify “over-demanding” patients (those expecting complete absence of pain
and unlimited walking/activity) through the quantity and quality of analgesics, life
style, their actual functional limitations, by the use of internationally-accepted
patient reported outcomes.

Signs

During physical examination most International Scientific Societies and Consensus
Systems include some signs as major criteria of infection like persistent drainage
and a chronics in us with or without the abscence of associated issues such as edge
necrosis or wound dehiscence [10, 11]. Most authors agree that these signs are criti-
cal even a case shows a negative culture. To date, some controversial studies have
reported that simply culturing fistula samples is inadequate while others supports
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the 80% agreement between cultures of fistula and deep tissue infection [12]. Other
inflammatory changes (redness, swelling, and/or increase of local temperature) are
less specific and require confirmation. When inflammatory changes appear the clini-
cian will have doubts; these signs need confirmation further study.

Blood Analysis

The most commonly-used laboratory markers are increases in of white cells blood
counts, erithrocyte sedimentation rate (ESR) and C-reactive protein (CRP).
Erithrocyte sedimentation rate is usually higher than 30 in theses patients, but ESR
sensitivity is between 66% and 82%, and the specificity between 85% and 90%. A
CRP above one has with a sensitivity between 77% and 96%, and specificity
between 84% and 92% for infection. However, sensitivity and specificity increase
when are combined showing a high positive (83%) and negative (92—-100%) predic-
tive value [13-15].

The normal elevation of CRP usually decreases after three weeks and ESR after
6 or even 12 weeks. Other comorbidity problems like another infection affecting the
urinary or teeth or rheumatological conditions may also elevate these parameters, so
the clinician needs to be aware. Other serum markers like procalcitonin or IL-6 have
been investigated but further evidence and cost-efectiveness studies are recom-
mended to confirm their usefulnes. Bottner et al. report a not high sensitivity for
these markers: 87% for IL6, 33% for Procalcitonin, and 43% for TNF [16]. Recently,
D-dimer seems to be another promising and easy to evaluate marker when com-
pared to combined ESR and PCR values [17].

Imaging assessment

Imaging assessment is also controversial, since simple radiographs can show signs
of prosthetic radiographic loosening, such as migration of the components, subsid-
ence of the stem, radiolucent lines wider 2 mm around all the contour of the socket
and the stem. Suspicion of infection arises when these signs appear early, present a
fast progression, and/or there is an absence of mechanical explanation. The appear-
ance of bone cysts and osteolysis unrelated to radiographic polyethylene wear
strongely suggest infection when they are focal, rapidly progressive and massive.
Early periosteal reaction (periostitis) is also frequent in these patients [18, 19]
(Fig. 12.1).

The use of Computed tomography(CT) associated with radiographs can be use-
ful in helping to confirm acetabular and femoral bone loss particularly when com-
bined with other signs like secuestrum and cortical defects. Periprosthetic fluid
collections can also be diagnosed using ultrasound, CT, or MRI [10, 19].
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Fig. 12.1 Anteroposterior
radiographs of hip. Early
signs of prosthetic
radiographic loosening,
such as component
migration, stem
subsidence, radiolucent
lines wider than 2 mm all
around the contour of the
socket and the stem

strongely suggest infection.

Bone cysts and osteolysis
are unrelated to significant
radiographic polyethylene
wear
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An even more controversial topic is the use of conventional scintigraphy [20,
21]. Tecnecium and Galium scintigraphy become positive when bone turnover is
increased and remain high during first year after any arthroplasty due to secondary
implant fixation. Labeled leukocytes [21, 22] have shown high specificity but low
sensitivity. Galium scintigraphy is positive when inflammation is present, so it is
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always positive during secondary fixation of THA. It has high sensitivity (95%) but
very poor specificity (20%). This makes it useful for negative diagnosis (to confirm
no infection is present). CT images of bone marrow with labeled leukocytes shows
increased in sensitivity and specificity (accuracy: 89-98%).

The accuracy of fluorodeoxyglucose positron emission tomography (PET) in
detecting differences between aseptic and septic failure has lead to an increased use
of this technique, although it is still difficult to access and expensive [10, 23]. There
also are doubts about its accuracy, which may be less than that of CT combined with
labeled leukocytes.

Articular aspiration

A preoperative analysis of articular liquid has been also recommended. Some tech-
nical issues make this management somewhat difficult, requiring an aseptic prepa-
ration (operation room), and these are some imaging techniques like radiographs,
ultrasonography or CT that can help determine the best sample [14]. A liquid sam-
ple in a blood-culture bottle is much better than a swab [24]. Another controversial
issue with articular aspiration is that a needle can only obtain planctonical bacteria,
and the biofilm is not analyzed.

The leukocyte level diagnostic ranges are quite controversial and many authors
have proposed very different thresholds: >1800 [10, 11], >2700, >3000 in chronic
cases [25], or >4350. The sensitivity of this parameter is 90% (>1800) and the speci-
ficity: 99% (>1800). The proportion of polymorphonuclear(PMN) cells is also very
controversial because many authors again have proposed quite different thresholds:
>73% [10, 11], >77%, >80%in chronic cases [25], and >85%. PMN level sensitivity
is 83% (>73%), and its specificity 93% (>73%). The use of leukocyte esterase
reagent strips, offers a good sensitivity (93%) with low specificity (77%), but 33%
of the samples are unuseful because of blood or debris [26]. Alpha-defensin deter-
mination has a sensitivity of 97-100% and specificity of 95-97% [27, 28]. These
new markers are not significantly better than the more traditional ESR, CRP, leuko-
cyte count and/or PMN [27).

Gram staining has a very low sensitivity (50-75%). Aspirate cultures only show
a sensitivity of 56-92%. The specificity is 95%, but very low with skin contami-
nants (S epidermidis, Propionibacterium sp) [14, 29-34].

Biopsy. Culture and Diagnosis of Infection

So, biopsy appears to be a better option than aspiration, offering a sensitivity and
specificity ranging between 82% and 98% [35], which increases with the use of
arthroscopic basketsup to 88—100% [36].
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Intraoperative Diagnosis of Infection
Macroscopical Observations. Are They Useful?

An intraoperative diagnosis will usually confirm the preoperative diagnoses.
Subjective, macroscopic observations based on the surgical teams experience and
sensorial perceptions (eyes and noses) are important. Photographs ought to be taken.
The Musculoskeletal Infection Diseases Society criteria includes gross purulence,
great amount of liquid, necrotic and devitalized tissues or smell characteristics as
signs of infection [10, 25]. To date, some types of bacteria can be suspected based
on the appearance of the purulence. For example, a creamy, yellowish-white, abun-
dant pus, suggests S. Aureus; scarce purulence, dirty interfaces, no smell, and undef-
inite color suggest S. Epidermidis; abundant exudation and “urine-like” smell
suggest E Coli, Proteus spp.; a fecal appearance and/or smell suggest Enterobacter,
Enterococcus, Klebsiella and Serratia; asewer smell, Pseudomonas spp.; and strong
acid/sour smell: Streptococcus spp.

Gram staining has a sensitivity below 17%, so, itis not useful at all [30]. The use
of frozen sections can supply the number of PMN cells per high-power microscopic
field [37-45]. A figure higher than 10 PMN suggest probable infection (implant
extraction). From 5 to less than 10 PMN: possible infection. A figure below than 5
PMN: very low probability of infection. However, Gram staining has very low sen-
sitivity in suspected aseptic loosening (50%) and reimplantation surgery (second
stage of two-stage exchange) (29%) [38].

Postoperative Diagnosis of Infection
Conventional Cultures

Conventional recommendations for culturing include samples obtained from syno-
vial fluid and tissues (synovial, devitalized soft-tissues, periprosthetic membranes,
intramedullary bone content) [31]. Liquids only have planctonic bacteria, while tis-
suescan provideintracellular as well as sessile (from biofilm) bacteria [46, 47]. At
least three periprosthetic tissue specimens, ideally five to six samples must be taken
before irrigation is started [11, 14, 30, 31, 48].

Sonication of Retired Implants

Sonication of retired implants has been reported to be of great value due to its sen-
sitivity, specificity and ability to supply material for quantitative cultures and
culture-media for slow-growing microorganisms. It is always recommended and the
resulting cultures show a sensitivity of 78%, and specificity of 99% [15]. Associated
with quantitative cultures and culture-media for slow-growing microorganisms,
sensitivity improves but specificity is worse [47]. There is no consensus if as yet on
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usually-non-pathogenic bacteria obtained by sonication are actually responsible for
clinical syndromes? [49, 50].

Pathology of Intraoperative Samples

Pathologists can be very helpful since frozen sections are still probably the most
accurate intraoperative test giving the number of PMN cells per high-power micro-
scopic field [51]. Also quantification of sinovial CRP hace been reported to be evalu-
able as study of frozen sections [52].There are some doubts as to when the neutrophils
are the immune response against plantonic bacteria, and macrophages are the immune
response against biofilm. But, how do we differentiate between macrophages against
wear particles and those against biofilm?. The pathological report on intraoperative
samples is affected by the macrophage response to wear particles and biofilm.

Infection Criteria

Different infection criteria have been postulated based on an International Consensus in
order to clearly define this complication [25]. Any of the following will indicate a deep
infection: (1) There is a sinus tract communicating with the prosthesis; (2) A pathogen
is isolated by culture from at least two separate tissue or fluid samples obtained from the
affected prosthetic joint; or (3) Four of the following six criteria exist:

1. Elevated serum erythrocyte sedimentation rate (ESR) and serum C-reactive pro-
tein (CRP) concentration,

. Elevated sinovial leukocyte count,

. Elevated sinovial neutrophil percentage (PMN%),

. Presence of purulence in the affected joint,

. Isolation of a microorganism in one culture of periprosthetic tissue or fluid, or

. More than five neutrophils per high-power field in five high-powe fields observed
from histologic analysis of periprosthetic tissue at x400 magnification.

AN AW

The presence of a sinus tract, visible pus surrounding the joint without other
explanation (e.g. no crystals), acute inflammation on histopathological examination
(>5 neutrophils/high-powerfield), >4200 leukocyte per pl and/or >80% polymor-
phonuclear leukocytes in synovial fluid, growth of the same microorganism in at
least two cultures of synovial fluid, peri-prosthetic issue and/or sonication fluid.
Patients were classified into acute postoperative (<1 month after implantation),
acute hematogenous (<3 weeks of infectious symptoms), and chronic PJI (all other
situations).

Major criteria are two positive periprosthetic cultures with identical microrogan-
isms, and sinus tract communication with the joint. Minor criteria are: elevated
serum ESR and CRP, elevated synovial fluid white blood cell count or leucocyte
esterase test strip, elevated PMN synovial fluid, positive histological analysis, a
single positive culture.
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This complex problem is critically important to making the right decision regard-
ing management.

Treatment of the Infected Total Hip Arthroplasty

Once the infection is diagnosed, the surgeon must keep several considerations in
mind. Particularly is important the time element (early or late), the severity of the
infection according to the microbiological analysis and the comorbidity and medi-
cal situation of the patient. Once surgery is decided, the question of a single- or
two-stage procedure, the local status of soft tissues, surgical and hospital environ-
ment must be taken into account in order to manage the most important aspect in hip
revision reconstruction: bone loss.

A multidisciplinary approach with the Microbiology and Infectious Disease
Department is recommended to properly manage the antibiotherapy. In a few cases
a suppressive therapy (unexpected intraoperative cultures in an aseptic revision pro-
cedure or very fragile patients with previous repeated surgeries) may be indicated,
but, in most cases surgery should be done.

According to the origin of infection and biofilm formation, the implant must be
removed whenever possible. A single surgical debridement is often considered con-
troversial due to its inefficacy because bacteria create biofilm in less than 24 h, and
thus a single- or two-stage procedure may be indicated. Even more controversial,
the surgeon must decide which components should be changed: First it was the
polyethylene, then the femoral head, more recently all the uncemented and loose
components (it is supposed that in the first 2—4 weeks they are not biologically
fixed, but this may be not true with hydroxyapatite-coated pieces). The question
arises immediately from a formal point of view: Is it a debridement, or is its a “one-
stage” exchange?

Despite deciding on whether to do a single- or a two-stage procedure the man-
agement of bone loss is critical for the success of the problem. The surgeon must be
aware that a bone defect is created after the implant’s removal so while preoperative
planning may be helpful it is not definitive. Currently, aggressive debridement is
recommended to remove all membranes from the bone as well as all necrotic and
devitalized tissue so the infection can be healed before re-implanting the new
prosthesis.

Acetabular Bone Defect in an Infected Total Hip Arthroplasty

As previously mentioned, it is critical to remove all necrotic soft-tissue and mem-
branes. The bone defect will be determined after explanting the acetabular and
femoral components, a point that will determine the re-implantation stage [53].
Another issue, when a two-stage procedure is performed is the use of spacer.
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Although widely used for their theoretical advantages in terms of soft tissue man-
agement and infection control [54—-60], the high number of intrinsic complications
can make considering the good results of not using attractive. The possibility of
acetabular erosion when the spacer is left over long times is also a matter for con-
cern [61, 62].

Girdlestone resection-arthoplasty (RA) can be a useful procedure to solve diffi-
cult cases such as severe infections with very severe bone defects, however, numer-
ous studies have reported some unsatisfactory outcomes, including painful hips, the
necessity of crutch use, severe limps, hip instability, leg length discrepancy (LLD)
and increased oxygen consumption.

Considering the published results, the indications for RA of the hip must be
strictly limited to non-ambulatory patients, intravenous drug abuse and impossible
reimplantation because of new medical comorbidities or technical difficulties in
medically compromised patients. Given these difficulties, some patients do not
accept their condition as definitive and request conversion of their RA to a THA,
hoping to alleviate symptoms and enhance their quality of life. The clinical outcome
after conversion to a THA is unpredictable, so patients must be well informed
regarding the expected results of this kind of complex procedure. It is uncommon,
technically demanding and frequently associated with difficulties that can lead to
complications resulting from some preoperative conditions like severe bone defects,
osteoporotic bone, or LLD, which may make a shortening femoral osteotomy nec-
essary, and abductor weakness.

Although the surgery may be technically demanding and the number of compli-
cations is not low, the clinical outcome for conversion from RA to THR is compa-
rable to conventional revision surgery. Since the surgery is adapted to the bone
defect in both groups, the defect may influence outcome more than the conversion
procedure itself.

In fact, conversion of an RA, even after several years, can be done with an accept-
able rate of complications (Fig. 12.2). Although dislocation is one of the concerns
[63], this complication may be the result of inadequate cup positioning or soft tissue
tension or both; at conversion, the soft tissues have invariably tightened, making
proper testing of hip instability difficult and thus reconstruction of the hip rotation
centre and proper management of the bone defect are more determinant of outcome
rather than the use of constraint or dual mobility cups [64]. The number of peri-
prosthetic fractures is usually low, and limited to intraoperative proximal cracks,
which can be solved during the surgery. The circumstance that there is no need to
remove a previous implant in an RA conversion may be one of the explanations for
the relatively low number of complications, particularly for intraoperative
fractures.

Functional outcome is commonly affected in many patients. Limp is frequent
due to destruction of the soft tissue and poor active joint movement that may result
in only fair improvement after re-implantation. When compared by bone defect and
age the clinical outcome can be similar to that of an aseptic revision surgery, but
nevertheless, pain, function, and motion are improved after conversion in most
series [63, 65].
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Fig. 12.2 (a) Anteroposterior radiograph of a hip in a 72 year-old woman shows an infected
cementless hip prosthesis. (b) Resection-arthroplasty. (¢) Three months later, the hip was recon-
structed using a cementless cup and impacting bone grafting with a cemented femoral long-stem
showing a good outcome at 10 years

Age and bone defect, and/or physical status determine acetabular and femoral
reconstruction [53, 66, 67]. RA in older low-demand patients may be adequate for
some years, but muscular weakness and excessive oxygen consumption can be very
disabling in this population [63]. Acetabular bone defect is the most important fac-
tor to affect postoperative clinical outcome, function, range of mobility and LLD so
adequate reconstruction is critical to improve results in this complex situation. The
low number of cases in most series makes it difficult to recommend the optimal
interval between RA and conversion [68-72].

Despite THA after RA showing a clinical outcome and radiographic results simi-
lar to those obtained in aseptic revision surgery when the hips have similar bone
defects, preoperative counseling must stress the influence of the intraoperative bone
defect that will determine the surgical procedure and the risk of complications.
Nevertheless, the fact that the functional level will be related to any resulting limp
and LLD, mean a patients’ high expectations of improved hip function should be
tempered to a realistic level.

Reconstruction of the Acetabular Bone Defect
in the Infected Hip

Although an infected THA has been considered as a contraindication for bone graft
due to the possibility of a potential sequestrum [73], many series have reported
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Fig. 12.3 (a) Anteroposterior radiograph of the hip of a 70-year-old woman shows an infected
cementless total hip arthroplasty. (b) Resection arthroplasty. (c). The hip was reconstructed using
impacting bone grafting with cemented components., with a good clinical outcome at 5 years

acceptable results and contributed to this option now being considered in some
cases.

Filling with antibiotic-loaded cement should be recommended only for small
cavitary defects and low-demand patients. Despite its efficacy in controlling infec-
tion, mechanically done filling can be less safe in a more active population.

Cementless implants are more widely used for small or moderate acetabular
bone defects of less than 30% [67] since they provide better mechanical fixation in
most cases. Infection healing has been reported to be similar to cemented fixation
with contemporary cups, including “Jumbo” cups, and hemispherical tantalum cups
(Fig. 12.3); tantalum supplements [19, 74-78]; and antiprotrusio cage plus tantalum
augments [79]. Currently, It is not yet established how much healthy bone is neces-
sary for integration using tantalum prosthesis [80].

The most serious cases with large bone acetabular defects will be managed with
similar techniques in infected cases and aseptic cases (Fig. 12.4). Reconstruction of
large bone defects with impacting bone grafting technique associated with a
cemented cup has obtained very good results and low recurrence figures (from 0%
to 8%) (Fig. 12.5) [47, 75, 81]. Antibiotic-loaded cements and vancomycin-loaded
graft chips are recommended by the original and other centres [82, 83]. As in aseptic
cases, the biological restoration of bone stock makes this technique very attractive,
particularly in the most active and young patients. Other options like the use of
reinforcement rings, trabecular metal augments or custom-made implants
along with the allograft have also provided acceptable early results in patients with
infection [84].
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Fig. 12.4 (a) Anteroposterior radiograph of the pelvis of a 83 year-old woman shows a resection-
arthroplasty done 28 years earlier due to infection of a total hip arthroplasty. (b) The hip was
reconstructed using a tantalum augment associated to bone impacting grafting technique with a
cemented cup and bone impacting technique in the femur

Fig. 12.5 (a) Radiograph shows an infected bipolar tumoral femoral stem. (b) The prosthesis was
removed and a spacer implanted. (¢) A new femoral stem was implanted associated with a cup
using impacting bone grafting technique
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