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ABSTRACT

This thesis describes work, the aim of which was to develop a computed tomography 

(CT) technique that provides accurate and reliable volumetric measurement of bone 

defects adjacent to uncemented metal-backed acetabular components of total hip 

replacement (THR).

Periprosthetic osteolysis (PO) around THR is a major clinical problem in the mid-to 

long term post-operative period. Some implants remain well fixed in the presence of 

significant bone loss, and the hips may also be asymptomatic. However, undetected,

the PO can lead to dramatic implant failure, or periprosthetic fracture, requiring 

complex and expensive revision surgery, with associated morbidity. Clinical 

assessment of THR for PO has relied on plain radiographs. However, numerous 

studies have shown that there are major limitations of this method in detecting the 

presence and extent of osteolysis and the volume of the defects cannot be 

quantified.  Therefore, clinical management decisions regarding the need to revise 

prostheses for PO have been based on this unreliable diagnostic tool. Until recently, 

the use of CT to detect and measure defects was not effective because of the 

resulting artifact from the metallic components of the THR prostheses. 

The studies described in this thesis represent the development, validation and the 

clinical application of a CT technique for quantification of acetabular periprosthetic 

osteolysis after THR.

In the first in-vitro validation study, a CT protocol was developed using a 

conventional CT scanner with limited CT scale (up to 4,000 Hounsfield units [HU]). 

The CT operating conditions were determined that enabled volumetric 

measurements that were accurate to within 96% for small and large defects and 

precise to greater than 98% for small and large defects. Since the ilium is the most 

commonly affected site by PO, and is an area almost free of metallic artifact, this 

technique is applicable for use with conventional CT scanners with limited CT scale.

In the second in-vitro validation study, a CT protocol was developed to use a 

multi-slice spiral CT scanner with an extended CT scale (up to 40,000 HU) for the 

measurement of acetabular periprosthetic bone defects. This technique enabled 

volumetric measurements of bone defects in all acetabular and periacetabular areas.
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In the third study, the clinical application of the developed CT technique was 

investigated in two sub-studies. 

The aim of the first clinical study

The aim of 

was to determine, using quantitative CT, the 

distribution, volume and rate of progression of PO lesions around 46 cementless 

THR prostheses in 33 patients. The findings showed that, in the long term, there 

were differences in the distribution of osteolytic lesions between different designs of 

cementless acetabular components. In particular, osteolysis commonly involved sites 

of access of the joint fluid- the peripheral region of the components, where prosthesis 

fixation is important, and fixation screw holes.

the second clinical study was to use quantitative CT to determine the 

progression of osteolysis and the factors that may associate with it, including 

component migration, liner polyethylene wear, and patient variables, in 30 patients 

with 38 cementless acetabular components. The data provided the first reliable 

information on the progression of osteolytic lesions around uncemented THR 

prostheses and suggested that, for THR, the rate of polyethylene wear is a strong 

predictor of PO progression.

The results from in-vitro studies and the findings from the clinical studies suggest that 

the use of this CT technique allows investigation of the natural history of osteolytic 

lesions, and will enhance preoperative planning, improve monitoring of THR patients, 

and enable measurement of the outcomes of new ways to manage PO. 
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Chapter 1

The Clinical Problem of Periprosthetic Osteolysis: A Literature Review

1.1  Introduction

Total hip replacement (THR) is a highly successful and widely utilised procedure for 

treatment of the symptomatic hip joint in individuals suffering from conditions such as 

osteoarthritis and rheumatoid arthritis. The aim of THR is to eliminate pain and to re-

establish normal hip mobility and function in individuals who would otherwise be 

substantially disabled. THR is an operation designed to replace the damaged hip 

joint with a cup inserted into the acetabulum to provide a bearing surface and a stem 

attached to a ball inserted into the femur to replace the head of the femur. There are 

many makes and models of these prostheses, made of a number of different 

materials and with the acetabular and femoral components designed to attach to 

bone with or without the use of cement. The most commonly used bearing 

combinations in THR today are metal or ceramic “heads” against cup liners 

manufactured from ultra high molecular weight polyethylene (PE).

THR greatly improves quality of life and is in the short to medium term a cost-

effective intervention in end-stage arthritis (Lapaucis et al., 1993). Joint replacement 

(JR) is one of the largest single items of recurrent health services expenditure, 

accounting for about 1.4% of all Australian health dollars. Approximately 65,000 JR 

were under taken in Australia in the 2006/2007 financial year, with acute care costs 

of nearly $1 billion annually (AOA NJRR, Annual Report. Adelaide: AOA; 2008). The 

number of primary JR is increasing, primarily because of increased life expectancy 

and expectation of continued activity within ageing Western populations.

Despite the success of JR, long-term failure of the THR, leading to the need for 

revision surgery is a concern. The published results suggest that for most THR 
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prosthesis designs, the incidence of revision is about 10% at ten years (Swedish Hip 

Arthroplasty Register, Annual Report, 2006) (Fig.1.1). Some designs of THR 

demonstrate good results at five years but may develop a high failure rate by ten 

years (Malchau et al., 2002). 

According to the Australian Orthopaedic Association National Joint Replacement 

Registry, 32.092 hip replacements were performed in Australia in the financial year 

ending June 2007, with the number increasing between 5%-10% each year for the 

past 10 years (Graves et al., 2008). The number of hip joint replacements in 2007 

was 19.8% higher than 2003 (AOA NJRR Annual Report 2008). Approximately 75% 

of hip replacements in Australia are THR (the remainder are partial, largely for 

fractures), the majority of which were ‘standard’ metal-on-polyethylene design (AOA 

NJRR Annual Report 2008). It is estimated that 20-24% of the patients with THR will 

require THR revision surgery during the life of their implants. The eventual failure of 

total hip and other arthroplasties is of significant concern. Younger, more active 

individuals are now receiving JR surgery to improve their quality of life. This, 

combined with the fact that life expectancy is increasing, means that the number of 

implants that need to be replaced will become an escalating health issue, with major 

financial impact upon our health budget. The current average acute cost of a revision 

THR is $15000-$25000, which does not include rehabilitation and other costs. It is 

now vital that we obtain better understanding of the causes of implant failure in order 

to extend the life of implants.

The known causes of implant failure include patient factors, such as infection and 

fracture, and additional factors, such as implant and fixation failure and poor surgical 

technique. Stress shielding can also result in significant loss of bone from around 

prostheses, largely in the early post-operative period. 
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Fig.1.1 Incidence of revision THR (Swedish Hip Arthroplasty Register, Annual Report 2006).

Incidence of Revision THR
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The National Joint Replacement Registry identified aseptic periprosthetic bone loss 

as the most common reason for revision surgery (Graves et al., 2004). Periprosthetic 

bone loss, or osteolysis, is an important mode of implant failure (Harris, 1995). It 

reduces bone stock around prostheses, which can make revision of joint implants a 

difficult clinical problem, with complicated and expensive surgery, frequently 

associated with considerable patient morbidity, and even mortality. There is 

convincing evidence that Periprosthetic Osteolysis (PO) is associated with wear 

particles liberated from the bearing surfaces of the prosthesis (Howie, 1990) that 

stimulate a chronic cellular response dominated by macrophages. Aggressive 

granulomatous lesions, consisting of large numbers of macrophages that have 

engulfed wear particles, are often associated with the ingrowth of a synovial-like 

membrane at the bone-cement or bone-prosthesis interface in loose implants 

(Santavirta et al., 1990). Macrophages are also thought to participate in osteolysis by 

producing pro-inflammatory mediators that enhance osteoclast formation. Moreover, 

osteoclasts arise from cells of the monocyte/macrophage lineage (Quinn et al., 1998) 

and cells isolated from revision tissue readily form osteoclast-like cells capable of 

resorbing bone in culture.

Osteolysis is a recognized consequence of uncemented THR (Nayak, 1996). This 

has been well documented on the femoral side (Xenos et al., 1999, Bono et al., 1994, 

Burt et al., 1998, Engh et al., 2000) and is increasingly being observed in peri-

acetabular sites. Various studies have cited the prevalence of pelvic osteolysis to be 

7% to 37% (7.4% at 9 years, Berger et al., 1997), (17% at 5 years, Schmalzried et 

al., 1994), (37% at 9 years, Zikat et al., 1996). These studies have identified the 

presence of OL of the pelvis based on a single anteroposterior (AP) X-ray view. The 

rise in cases of pelvic osteolysis may be attributable to several factors. The now 

common usage of non cemented metal-backed acetabular components, many of 
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which have unfilled screw holes, may provide a conduit, by which debris can gain 

access to the underlying pelvic bone. Micromotion of the liner shell acetabular 

construct may accentuate this problem in components with poorly designed locking 

mechanisms (Smith 1996 et al., Perez et al., 1998). The use of thin (6–8 mm) or 

inferior PE, often in combination with a large-diameter femoral head, may also 

provide a source of PE debris (Bartel et al., 1986). Routine follow-up radiographic 

examinations are recommended by most joint reconstructive surgeons to detect 

problems with the THR that may not be symptomatic. The goal of this type of 

evaluation is to identify THR-related bone loss, which may make secondary 

reconstruction difficult. Bone loss secondary to pelvic osteolysis is less commonly 

detected because, depending on the site, a significant amount of bone must be 

absent for a lesion to present on radiographs. The presence of radio-opaque 

components in THR can make identification of early lesions even more difficult. Usual 

follow-up radiographs consist of an AP pelvic and a lateral view of the involved hip. In 

contrast to femoral osteolysis, peri-acetabular pelvic osteolysis is not well defined on 

a single AP radiograph of the pelvis. Lateral radiographs of the hip frequently do not 

give specific information about the pelvis unless taken in a specific fashion.

The presence and treatment of OL of the pelvis has been reported by various authors 

(Schmalzried et al., 1994, Maloney et al., 1997, Fowble et al., 1997, Maloney et al., 

1993, Hozack et al., 1996). Before an effective treatment protocol can be 

established, the pelvic lesions first must be identified and graded as to their degree of 

involvement, based on extent and anatomic location. As mentioned, until recently, 

plain radiographs have been the most common method for the detection of 

acetabular osteolysis. However, based on human cadaver studies, plain radiography 

is not sufficiently sensitive for the reliable detection and measurement of peri-

acetabular osteolysis (Claus et al., 2003, Walde et al., 2005), particularly in hips with 
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large metal-backed cups. Even with the inclusion of multiple radiographic views, 

plain radiographs have been shown to underestimate significantly the extent and size 

of OL. This is particularly the case for small lesions and lesions in the ischium and 

acetabular rim (Claus et al., 2003, Puri et al., 2002). The identification of early pelvic 

osteolysis is essential to prevent the progression of these lesions into uncontained 

segmental deficiencies.

CT can reveal osteolysis that may not be detectable on plain radiographs and also 

CT gives much more information about the extent and anatomical localisation of the 

OL (Robertson et al., 1998). However, attempts to extend this application of CT to 

the measurement of OL adjacent to THR prostheses have been limited until recently 

because of the artifact produced by the metallic components and fixation screws.

This chapter will review the clinical and experimental studies that identify the current 

problems related to the radiographic detection and analysis of bone defects due to 

PO adjacent to THR components, and will review the methods of metal artifact 

reduction and radiation dose reduction in CT.

1.2 Periprosthetic Osteolysis: Natural History, Progression, Causes

PO is bone loss around prosthetic components and may be a significant complication 

of JR in the medium to long-term. It is implicated as a reason for revision in almost 

two-thirds of revision JR. If progressive and untreated, PO can lead to prosthetic 

loosening, migration of components into host bone and/or fracture of supporting 

bone. In contrast to osteoarthritic joints, in which the progression of the ostreoarthritis 

limits the use of the joint, a well-fixed and otherwise well functioning prosthetic joint 

may be asymptomatic. In most cases of osteolysis, even when it is progressive, 
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patients remain active and osteolysis may remain undiagnosed until catastrophic 

failure, such as fracture (Berry et al., 1999, Chatoo et al., 1998, Sanchez-Sotello et 

al., 2000, Berry et al., 2003). Failure of implants due to osteolysis usually requires 

revision of one or more of the prosthetic components. Revision THR is a complex 

surgical procedure, which is associated with significant morbidity and mortality. The 

loss of bone stock associated with, in particular, failed THR compromises the 

outcomes of revision THR and multiple revisions on the same joint are not 

uncommon, with a reduction in average survivorship of each revision procedure. 

Importantly, the risk of infection and joint instability is significantly increased with 

each revision. Often the bone loss is of a similar magnitude and complexity as that 

seen with osteolytic bone tumours, and requires bone grafting and expensive revision 

prostheses. If bone loss is too extensive, the joint may not be able to be 

reconstructed, leaving patients disabled and dependent on community support for the 

remainder of their lives.

Significant PO was thought to be associated with the use of cemented THR 

prostheses and more specifically the response of tissues to cement debris (Harris, 

1995, Vernon-Roberts et al., 1977, Willert et al., 1989, Howie, 1990, Neale et al., 

2000). However, since the introduction of cementless THR prostheses, subsequent 

findings confirm that similar problems can be associated with cementless prostheses 

as well, and some degree of osteolysis may be present in up to 30-40 percent of the 

cases within 10 years of the primary operation. Osteolysis may be present around 

either or both acetabular and femoral components. Components may remain well 

fixed in the presence of significant bone loss. The natural history of PO is not well 

understood but it has been commonly believed that once osteolysis appears, it tends 

to progress and may lead to implant failure (American National Institutes of Health 

Consensus Development Conference on Total Hip Replacement 1994).
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There is now convincing evidence that osteolysis is associated with wear particles, 

generated from the bearing surfaces of the prosthesis (Harris et al., 1995; Vernon-

Roberts et al., 1977; Willert et al., 1989; Howie et al., 1990; Neale et al., 2000). 

Goldring et al. (1983), Horowitz et al. (1991) and Howie et al. (1993) have described 

the concept that prosthesis-derived wear particles stimulate macrophages to produce 

inflammatory mediators, which stimulates bone resorption (Fig.1.2).

It is recognised that the predominant process is one of cytokine production in 

response to phagocytosis of implant wear particles, resulting in increased 

proliferation and differentiation of osteoclast precursors into mature osteoclasts. 

Several cell types observed in periprosthetic tissues, including macrophages, 

fibroblasts, and osteoblasts, are believed to play a role in the osteolytic process. 

Nevertheless, because osteolysis ultimately involves bone resorption, investigators 

have focused on understanding the role of the osteoclast. Recent breakthroughs in 

the understanding of osteoclast biology, namely the roles of the OPG/RANKL/RANK 

system in mediating osteoclast formation, are relevant to osteolysis. The 

OPG/RANKL/RANK cytokine system is the predominant, final mediator of osteoclast 

formation (Aubin et al., 2000). This system coordinates the interaction between 

osteoblasts and osteoclasts that is necessary for differentiation of preosteoclasts 

(monocytes and macrophages) into mature, bone resorbing osteoclasts (Fig.1.3). 

RANKL is a member of the TNF superfamily (Hofbauer et al., 2000) that is essential 

for osteoclast formation, function and survival. Osteoprotegerin (OPG), a secreted 

member of the TNF receptor family, is the natural antagonist of RANKL, inhibiting 

osteoclastogenesis by binding to RANKL and blocking its interaction with its receptor 

(RANK) (Hofbauer et al., 2000). Both the expression and activity of these mediators 

are regulated by a number of skeletally active cytokines. For example, PGE2 and IL-1

can stimulate RANKL expression (Yasuda et al., 1998) and there is evidence (Lam et 
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(Cartoon by Susan Neale, Discipline of Orthopaedics and Trauma, the University 
of Adelaide)

Fig.1.3 Involvement of RANKL and RANK in wear-particle associated osteolysis.
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���"�����"�4��$��9�������"�����6"������� %&�9�����-�������es RANKL activity.  It was 

shown that macrophages exposed to prosthetic particles secrete elevated levels of 

inflammatory mediators, including prostanoids, IL-�&"� :#-�"� � %&"� ��$� ;-CSF 

(Rogers et al., 1997).  These mediators are present at high levels in tissues adjacent 

to PO obtained at revision surgery, where an accumulation of polyethylene (PE) 

particles was associated with a marked increase in RANK and RANKL expression 

(Holding et al., 2006).

Animal models of PO show efficacy of anti-resorptive agents in inhibiting progression 

of osteolysis. For example, bisphosphonates and anti-RANKL molecules, such as 

OPG or RANK-Fc are effective, the latter treatments supporting a central role for 

RANKL/RANK in the development of particle-mediated osteolysis. In vivo RANK 

signalling blockade, using the RANK-Fc, effectively prevents and ameliorates wear 

debris-induced osteolysis via osteoclast depletion without inhibiting osteogenesis.      

(Childs et al., 2002).

Howie et al. (1990) reported various tissue responses to different types of wear 

particles around uncemented THR. The tissue around ceramic-ceramic prostheses 

contained few or no particles. Tissue adjacent to metal-metal prostheses contained a 

large number of metal wear particles, macrophages and multinucleate giant cells. 

The tissues from around metal-polyethylene prostheses usually contained a great 

number of small and large polyethylene wear particles. It was concluded that the type 

of prosthesis determines the type of the particulate debris and the type of

pathological responses. (Konttinen et al., 2005, Takagi et al., 2001, Kim et al., 2001).
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The type, size and the number of wear particles also determine the type and 

severity of tissue response. Metal particles are in the range from 0.3 microns to 2 

microns. PE wear particles released from hip articulations are from 2 to 14 microns 

(Lee et al., 1992). Wear of early design metal-on-metal implants was sometimes 

associated with PO, and it has been reported that metal particles stimulate pro-

inflammatory responses in cells in culture (Rogers et al., 1997). However, it is 

generally acknowledged that wear of PE components of metal on PE articulations 

and the associated osteolysis is a major problem (Vernon-Roberts et al., 1977; Willert 

et al., 1989) and analyses of retrieved metal-on-polyethylene implants and 

surrounding periprosthetic tissues have shown a strong correlation between PE wear 

and PO (Kadoya et al., 1998; Wan et al., 1996; Oparaugo et al., 2001). Moreover, 

correlations were found between PO and the number of PE particles, but not other 

particles, in the surrounding tissues (Kadoya et al., 1998), consistent with more mild 

tissue responses that have been observed with metal particles in tissues retrieved 

from around metal-on-metal prostheses (McGee et al., 2000).

The loss of prosthetic implants can be attributed to biological, microbiological or 

biomechanical factors, but the causes and mechanisms involved in early aseptic 

loosening are still unclear. Cases, in which a single individual loses several implants, 

support the hypothesis that individual characteristics have an important role in the 

process of early aseptic loosening. However, there is little knowledge about genetic 

susceptibility in relation to failure of implants to integrate with the bone. Genetic 

polymorphisms are genetic variations that are considered biologically normal and can 

be found in at least 1% of the population. Polymorphism of the genes that express 

Matrix metalloproteases (MMPs) is associated with many diseases: development of 

ovarian cancer (Rasquinha et al., 2003), endometrial carcinoma (Hegemann et al., 

2002), changes in tooth mineralization (De Souza et al., 2003), premature rupture of 
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the fetal membrane (Thompson et al., 1991) and severe periodontitis (Kanamori et 

al., 1999). In a clinical study of 58 patients older than 50 years, Godoy-Santos et al. 

(2009) found that polymorphism in the region that promotes the gene for (MMP-1) 

was fundamentally strong evidence for an association with failure of osseointegration 

of THA among nonsmokers. Homozygous 1G/1G patients are individuals who have 

received a genetic inheritance of 1G alleles both from their father and from their 

mother, and they consequently have lower expression of MMP-1. On the other hand, 

homozygous 2G/2G patients are individuals who only have the 2G allele in their 

genetic inheritance, with high synthesis of MMP-1. These two types are important for 

comparison with heterozygous individuals (1G/2G). The findings from this study show 

that 2G polymorphism in the region of the gene promoting MMP-1 is associated with 

early aseptic loosening of the prosthetic components. The 2G allele was observed in 

20.97% of the patients without aseptic loosening but in 83.33% of the patients with a 

diagnosis of aseptic loosening. This finding has also been reported among patients 

with failure of osseointegration relating to dental implants (Santos et al., 2004). 

Although there are many studies correlating diseases and pathological conditions 

with genetic polymorphism, this is the first study to associate genetic polymorphism 

and THA.

1.2.1 Acetabular periprosthetic osteolysis

The presence and treatment of OL of the pelvis has been reported by various authors 

(Schmalzried et al., 1994, Maloney et al., 1997, Fowble et al., 1997, Maloney et al., 

1993, Hozack et al., 1996). Acetabular OL may be present near the prosthesis-bone 

interface margin (peri-acetabular), or occur further away from the joint in the ilium and 

ischium (retro-acetabular). With cementless components, the incidence of pelvic 

osteolysis has been reported to range from 5% to 78%, (Xenos et al., 1999, Clohisy 
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et al., 1999, Bono et al., 1994). Xenos et al. (1995) reported 11% femoral osteolysis 

and 4% acetabular osteolysis during a minimum 7 year follow up after the primary 

operation of 100 uncemented PCA cobalt-chrome components.

Zicat et al. (1996) described patterns of osteolysis around all-polyethylene cemented 

acetabular components. Twelve of 63 patients required revision of the components 

within 7 years of implantation. Eight of these cases had circumferential linear 

osteolysis (parallel to the acetabular component) and three had local “ballooning” 

lesions. 

Soto et al. (2000) investigated the clinical and radiographic results of the Harris-

Galante acetabular cups, performed in 112 patients with 127 THR. A total of 82 

patients with 93 hips were available for follow-up. The mean follow-up period was 87 

months (range 48-113 months). Radiographic evaluation demonstrated peri-

acetabular osteolysis in 22 (24%) hips and 16 of these 22 (73%) were associated 

with the fixation screws. Twenty-two hips (23%) demonstrated femoral osteolysis 

around the stem. The prevalence of the peri-acetabular lesions has been further 

investigated in this thesis, using the more sensitive approach of quantitative CT.

A multicenter retrospective review by Maloney et al. (1999) was performed to analyse 

1081 primary THR in 944 patients with Harris-Galante-I cementless acetabular 

component with screw fixation. The follow-up period was a minimum of five years. 

Acetabular osteolysis was seen in 25 patients (2.3%). A subgroup of patients was 

reanalysed at a minimum period of 10 years. Twenty-two percent of patients younger 

than 50 years had development of pelvic osteolysis. Only 7.8% of patients older than 

50 years of age had pelvic osteolysis. Patients older than 70 years of age had no 

pelvic osteolysis identified. Although the numbers were small, this study clearly 
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suggested that younger patients had higher wear rates of the PE cup and a higher 

incidence of osteolysis.

Zicat et al. (1996) reviewed plain radiographs of 137 THR patients (137 hips) with 

porous-coated uncemented femoral components. Cemented, porous-coated 

acetabular components had been inserted in 63 patients and uncemented in 74 

patients. Acetabular osteolysis was observed in 37% of the cemented components. 

The rate of acetabular osteolysis for the uncemented components was 18%. The 

osteolysis associated with uncemented components was localised and expansile, but 

not associated with loosening of the stem.

1.2.2 Femoral periprosthetic osteolysis

Femoral PO following total hip arthroplasty can be a cause of component loosening 

and periprosthetic fracture (Harris et al., 1995, Berry et al., 1999, Dunkan et al., 1995, 

Heekin et al., 1996, Lewallen et al., 1997) (Fig.1.4). The incidence of femoral 

osteolysis has been reported to range from 11% to 71% (11% at 7 years, Engh et al., 

2000), (11% at 10 years, Burt et al., 1998), (39% at 10 years, Xenos et al., 1999), 

(71% at 5 years, Bono et al., 1994). 

Maloney et al. (1990) reported 25 cases of focal femoral osteolysis in radiographically 

stable, cemented femoral implants. The interval between the operation and 

appearance of focal osteolysis was 40 to 168 months. The most common site for 

osteolysis was “Gruen” zones 2 and 3 on the antero-posterior radiograph and zones 

5 and 6 on the lateral radiograph. In 15 cases (60%), the area of osteolysis 

corresponded to a defect in the cement mantle or an area of very thin cement. In 8 

cases, from which tissue was available, histology showed a histiolytic reaction with 

evidence of particulate polymethylmethacrylate (PMMA). The authors considered that 
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A B C 

Osteolysis-Related Femoral Periprosthetic Fracture

Fig.1.4 Plain radiography of right hip joint showing fracture associated with femoral periprosthetic 

osteolysis. 

A. Extensive “scalloping” osteolysis at the bone-cement interface at Gruen zones 3, 4 and 5     

    (arrows).

B. Periprosthetic fracture through osteolytic lesions (arrows).

C. Complex revision surgery required long stem, plate, cables and bone grafting (arrows).    
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this fragmentation of the cement was the stimulus for local osteolysis in a stable 

cemented femoral component.

Learmonth et al. (1996) reported on 24 hips that developed femoral OL following 

cementless THR with Porous-Coated Anatomic (PCA) prosthesis, after a mean of 8 

(6-10) years implantation. All of the hips were asymptomatic. Fifteen of the hips 

showed hardly any radiographic progression of the osteolysis, and in two hips the 

osteolysis worsened, with significant loss of bone stock. The remaining 7 hips 

showed mild-to-moderate enlargement of the lesions. The authors concluded that 

serial radiography remains the cornerstone of the monitoring of osteolysis following 

cementless THR, and also, that the extent of bone loss was usually far greater than 

indicated by radiographic examination.

Wan et al. (1996) reviewed 185 hips implanted with porous-coated titanium femoral 

stems. Seventy-two hips had osteolysis. Seventy-one percent of these lesions were 

evident on the AP radiographs. Proximal femoral osteolysis was reported to be most 

common and was seen in zones 2, 3, 5 and 6. Focal osteolysis was directly 

correlated with the amount of PE wear. The authors concluded that osteolysis is 

more likely when linear PE wear exceeds 150mm3/year or when the patient is under 

60 years of age.

1.3 Imaging of Osteolytic Lesions Adjacent to Metallic THR Prostheses

1.3.1 Use of plain radiography

The incidence, severity and progression of PO have been difficult to measure 

accurately because of the lack of adequate techniques for identifying and measuring 

the volume of OL. Much of the knowledge on the incidence of osteolysis and what 
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influences osteolysis development around THR has come from studies using plain 

radiographs. However, based on human cadaver studies, plain radiography is not 

sufficiently sensitive for the reliable detection and measurement of peri-acetabular 

osteolysis. The work of Jerosch et al. (1996) highlighted the fact that identification 

and quantification of PO using plain radiographs is often difficult, or inaccurate. 

These authors created experimentally different acetabular defects, according to 

Paprosky’s classification (Paprosky et al., 1994) in 18 human cadaveric pelvis 

specimens. Standardised X-rays of these specimens were taken and analysed by 

six orthopaedic surgeons with different levels of surgical experience. The OL of the 

acetabular rim were correctly interpreted in only 66% of the cases. The interpretation 

of radiographs showing bone loss was even less accurate. A medial wall defect was 

correctly assessed in only 49% of cases, giving a correlation (r) of 0.60 between the 

real defect and the radiological estimation. While large defects were recognised in 

most of the cases, moderate sized defects were correctly estimated in about 50% of 

cases. Moderate defects included migration of the cup, which was overlooked in 

between 46% and 69% of the cases. Similar results were achieved in the judgement 

of bone loss. Only in 25% of cases was correct classification successful, according 

to Paprosky et al. (1994). In general, in most of the cases, the defects were 

underestimated. This study raises the question of whether classification systems can 

provide the information needed for clinical management, as the real bone loss is 

underestimated. 

In other cadaveric studies by Claus et al. (2003), and Walde et al. (2005), plain 

radiography was also found not sufficiently sensitive for the reliable detection and 

measurement of periacetabular osteolysis, particularly in hips with large metal-

backed cups.
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Clinically, AP and lateral hip radiographs are the standard, by which orthopaedic 

surgeons preoperatively plan for THA. The use of optional radiographic views 

including obliques, or angled inlet and outlet views can vary between clinics. In 

revision THR, pain factors may preclude the use of these views. However, these 

additional views may add little to the evaluation of the medial acetabulum or the joint 

space. A high inter-observer variability for interpreting radiographic lucencies for 

periacetabular bone of total hip reconstructions has been reported when using plain 

radiographs (Carlsson et al., 1984, Brand et al., 1985).

Radiographic studies suggest that an AP view of the pelvis may grossly 

underestimate bone loss due to osteolysis, with a sensitivity of only 41.5% and 

specificity of 93% (Claus et al., 2003, Looney et al., 2002, Puri et al., 2002). Although 

multiple views may improve the sensitivity to approximately 74%, accurate 

characterisation still depends on the location of the lesion, with a very low sensitivity 

for lesions in the ischium and acetabular rim.  There are clearly important limitations 

in the use of plain films for planning revision THR.

`Maloney et al. (1997) reported on 35 patients who had had a primary THR with a 

porous-coated uncemented acetabular component and who presented with 

radiological evidence of osteolysis. The acetabular component was left in situ and the 

lesions were debrided and bone grafted. Although the study focused on surgical 

techniques, Maloney et al. (1997) described their method for analysis of the lesions 

size. They used plain radiographs to determine the two dimensions of the lesion and 

calculated a two-dimensional area. The size of the lesion was determined by 

measuring its longest diameter and then measuring a second diameter perpendicular 

to the first diameter (Fig.1.5) However, because of the recognised limitation of plain 

Measurement of acetabular periprosthetic osteolysis on plain radiographs
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radiographs for identification and localisation of OL (Jerosch et al., 1996, Robertson 

et al., 1998), this technique is, at best, semi-quantitative.

A similar two-dimensional method has been used to measure femoral osteolysis as 

well. In a clinical study by Wan et al. (1996) on femoral osteolysis in 185 hips 

implanted with a porous-coated titanium stem, the proximal femur on AP radiographs 

was divided into four zones and the lesions were analysed consecutively in each 

zone using planimetric measurement and mathematical formulas. The greatest width 

and length were measured and recorded (Fig.1.6). However, there was no ‘gold 

standard’ in this procedure to be used for validation.

Measurement of femoral periprosthetic osteolysis on plain radiographs

In another clinical study, Garsia-Cimbrelo et al. (1997) analysed 63 cases of femoral 

OL in a series of 680 THR’s performed in 598 patients. Follow-up time averaged 16 

years (range 2-22 years). Most of the cavities were seen in Gruen zones 3, 5 and 7, 

in decreasing order of frequency. The volume of the cavity was calculated by 

considering the endosteal cavity as an ellipsoid and measuring it on both the AP and 

true lateral views. The volume was calculated with the formula V=V1-V2 (Fig. 1.7).  

However, in both the acetabular and femoral regions, some parts of the periprosthetic 

osteolysis remains “hidden” behind the components. Furthermore, OL have a three-

dimensional characteristic and their volume cannot be quantified by two-dimensional 

measurements. Using two-dimensional plain film radiographs, however, the amount 

of bone loss is often underestimated (Carlsson et al., 1984, Southwell et al., 1999, 

Sutherland et al., 1988, Zimlich et al., 2000).
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Fig.1.5 Measurement of acetabular periprosthetic bone defect on plain 

radiograph. The size of the lesion is determined by measuring it’s longest 

diameter and then measuring a second diameter perpendicular to the first 

diameter (Maloney et al., 1997).

Measurement of acetabular periprosthetic osteolysis on 
plain radiographs

(Maloney et al., J Bone Joint Surg 79-A: 1628-1634, 1997) 
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Fig. 1.6 Measurement of femoral periprosthetic bone defect on plain 

radiographs. The proximal femur is divided into four zones. The greatest 

width and length are measured and recorded. (Wan et al., 1996).

Measurement of femoral periprosthetic osteolysis on 

plain radiography (Gruen zones)

(Wan et al., J Arthroplasty 11: 718-725, 1996) 
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Fig.1.7 Measurement of femoral periprosthetic bone defect on plain 

radiographs. The volume is calculated by considering the endosteal cavity 

as an ellipsoid and measuring it on both the anteroposterior and true lateral 

views. The volume is calculated with the formula V=V1-V2 (Garcia-

Cimberelo et al., 1997).

V1 = Volume of endosteal cavity

V2 = Volume of the part of the stem involved

Measurement of femoral periprosthetic osteolysis on plain 

radiographs (ellipsoid)

(Garcia-Cimberelo et al., J Arthroplasty 12: 624-634, 1997)
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Intra-operatively, bone loss is frequently found to exceed what was predicted by 

plain films, which limits the effectiveness of using radiographs in the evaluation of 

osteolysis for pre-operative planning. Therefore, these methods are semi-

quantitative.

1.3.2 Use of magnetic resonance imaging

The application of Magnetic Resonance Imaging (MRI) to the evaluation of 

osteolysis following THR has not generally been considered useful due to presence 

of metal artifact. However, using a cadaveric model, it was demonstrated that with a 

modified protocol and using commercially-available soft-ware, MRI can be more 

accurate in the detection of pelvic osteolysis than plain film radiographs. Walde et al. 

(2005) compared CT, MRI, and plain radiographs in a cadaveric model of PO. MRI 

was 95% sensitive, 98% specific and 96% accurate. Lesion detection was not 

statistically dependent on lesion location (p=0,27). There was a correlation between 

increasing lesion size and lesion detection (p=0.02). The largest lesion that was 

missed by MRI analysis measured 2.8cm3. Although MRI could detect OL, it was 

inferior to CT in estimating the lesion volume, which is critical in determining non-

surgical  type of treatment of PO. The advantage of MRI over other imaging 

modalities, such as CT with metal reduction protocols, is that there is no ionising 

radiation. However, compared to CT, it is almost twice as expensive, is available in 

fewer imaging facilities and the scan time required is twice as long.

1.3.3 Use of computed tomography

CT is a valuable tool for musculo-skeletal imaging. CT is a radiologic modality 

containing an X-ray source, detectors, and a computer-data processing system. The 
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essential components of a CT system include a circular scanning gantry, which 

houses the X-ray tube and image sensors, a table for the patient, an X-ray generator, 

and a computerized data-processing unit. The patient lies on the table and is placed 

inside the gantry. The X-ray tube is rotated 360° around the patient while the 

computer collects the data and formulates an axial image, or “slice”. Each cross-

sectional slice represents a thickness between 0.3 and 1.5 cm of body tissue. CT 

provides contrast resolution that is far superior to conventional radiography. Three-

dimensional reconstruction images and volumetric measurement algorithms support 

patient treatment management significantly.

CT is widely accepted as a sensitive imaging technique for pelvic bone. CT has been 

proven superior to plain radiographs for identification of acetabular anatomy (Dias et 

al., 1989, O’Sullivan et al., 1992), providing detail of fractures (Harley et al., 1987, 

Mack et al., 1982, Magid et al., 1986, Scott et al., 1987, Shirkhoda et al., 1980, 

Young et al., 1990), determining the extent of diastasis of the sacroiliac joints and 

pubic symphysis (Young et al., 1990), detecting small intra-articular bone fragments, 

measuring acetabular cup anteversion and retroversion (Young et al., 1990, Mian et 

al., 1992), and identifying musculoskeletal trauma (Hubbard et al., 1982). In cases 

with abnormal acetabular anatomy, it has been shown that CT can provide geometric 

information for preoperative evaluation for uncemented THR, which is not available 

from plain radiographs (Dias et al., 1989).

Orthopaedic hardware presents a challenge for sensitivity in the use of CT for 

detection of acetabular bone deficiencies. The CT study may be compromised to a 

certain degree by metal artifact.
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1.3.3.1 Metal artifact reduction in CT

Mechanism of artifact generation

An x-ray beam is composed of individual photons with a range of energies. As the 

beam passes through an object, its mean energy increases because lower-energy 

photons are absorbed more rapidly than are higher-energy photons. The result is a 

beam-hardening artifact, which appears as dark bands or streaks near a dense 

object (Barret et al., 2004). Metallic hardware causes severe beam hardening and 

dramatically attenuates the x-ray beam. Thus, metallic hardware significantly 

degrades image quality to the extent that the resultant image is either incomplete or 

is a faulty projection of the data with reconstruction artifacts (Barret et al., 2004).

Factors that affect artifacts

The factors that may increase to or decrease the production of artifacts at multi-

detector CT include:

� Metallic hardware composition and orientation,

� Image acquisition parameters (peak voltage, tube charge in milliampere-

seconds, collimation, and section thickness),

� Image reconstruction parameters (reconstructed section thickness, 

reconstruction algorithm [kernel], and extended CT scale).

The specific metallic content of an implant may affect the severity of artifacts on CT 

images (Haramati et al, 1994). Metals have higher atomic number and density than 

soft tissues and bones. They attenuate X-rays in the diagnostic range much more 

than surrounding tissues. Titanium alloy hardware causes the least obtrusive artifact 

at CT imaging, whereas stainless steel implants cause significant beam attenuation 

and artifact (Barret et al., 2004, Haramati et al., 1994). Knowledge of the composition 

Orthopedic hardware composition
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of the implanted material at the time of the CT examination may be helpful, as 

technical parameters can then be adjusted to minimize artifacts and to spare the 

patient excess radiation (Barret et al., 2004).

In theory, the thickness of the hardware has a direct effect on the degree of x-ray 

beam attenuation. In other words, a smaller angle between the long axis of the gantry 

and the metallic implant can help reduce artifacts (Barret et al, 2004). The axis of a 

metallic implant in the human body cannot always be adjusted at imaging; however, 

to the extent that adjustment is possible, the axis of the metallic implant should be 

aligned so that the x-ray beam traverses the smallest possible cross-sectional area of 

the implant. With the optimization of imaging and reconstruction parameters, metal-

related artifacts may be reduced.

Orientation and thickness of orthopedic hardware

Peak voltage.

Imaging parameters that affect artifacts

Technical scanning factors affect the ability of the x-ray beam to penetrate metal, and 

therefore they influence the production of image artifacts. Increasing the peak voltage 

increases the likelihood that x-rays will penetrate the metallic hardware (Barret et al., 

2004,); thus, artifacts are expected to be decreased with higher peak voltage.

Tube charge.

A potential source of severe streak artifacts is photon starvation, which may occur in 

areas that cause high beam attenuation, such as the shoulders, or the pelvis. When 

the x-ray beam is travelling through a dense object, the attenuation is greatest, and 

an insufficient number of photons reach the detector. The resultant projections are 

very noisy at these tube angulations, and the reconstruction process greatly 
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magnifies the noise, which results in horizontal streaks on the image. If the tube 

charge (in milliampere-seconds) is increased for the duration of scanning, the 

problem of photon starvation is overcome and artifacts are reduced. However, the 

patient inevitably receives a higher radiation dose if the beam passes through a 

region with lower attenuation (Barret et al., 2004).

The automatic dose control option available on the current generation of CT 

scanners provides an efficient approach to tube current modulation along the z-axis 

and at various projection angles following the patient’s anatomy. With the use of 

automatic exposure control, the image quality is at least as good as that with 

conventional scanning, and the dose is significantly reduced.

Collimation

The x-ray tube of most CT scanners may be adjusted to obtain narrow collimation (a 

small focal area) or wide collimation (a larger focal area). The size of the focal area, 

in conjunction with the image reconstruction algorithm, determines the image 

resolution (Barret et al., 2004). Artifacts may be reduced with the use of a narrow 

collimation setting. In general, thin-section acquisition is expected to help minimize 

artifacts by reducing the partial volume averaging effect (Wang et al., 2000). 

However, in some cases (e.g., a thick patient anatomy or significant bone and metal 

plus tissue), narrow collimation may have limited effectiveness in reducing artifacts.

Section thickness.

Image reconstruction parameters

Partial volume artifacts can best be avoided by acquiring thin sections (Barret et al., 

2004, Link et al., 2000). However, during image reconstruction, thicker sections may 

be generated by combining several thin sections to reduce image noise. The 
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increased thickness of the reformatted sections dramatically affects image quality, 

decreasing the severity of metal-related artifacts and thereby allowing increased 

accuracy at image review and interpretation (Barret et al., 2004).

Reconstruction algorithm (Kernel)

Selection of an appropriate reconstruction filter may play a critical role in the 

appearance of a metal related artifact. The use of a standard or smooth 

reconstruction filter is preferred, particularly in the presence of dense metallic 

hardware and in patients with a large body habitus; however, the usefulness of 

smooth reconstruction filters is limited by a consequent reduction of spatial resolution 

(Barret et al., 2004).

1.3.3.2 Extended CT scale technique

The current CT scanners use a rotating fan of x-ray beams, a fixed ring of detectors, 

and a predetector collimator. A highly collimated x-ray beam is transmitted through 

the area being imaged. The tissues absorb the x-ray beam to various degrees 

depending on the atomic number and density of the specific tissue. The remaining, 

unabsorbed (unattenuated) beam passes through the tissues and is detected and 

processed by the computer. The CT computer software converts the x-ray beam 

attenuations of the tissue into a CT number (Hounsfield units) by comparing it with 

the attenuation of water.

Hounsfield arbitrarily assigned water the number 0, 1000 to bone and -1000 to air 

(Fig.1.8). Objects with beam attenuation less than that of water have an associated 

negative number. Conversely, substances with attenuation greater than that of water 

have a proportionally positive Hounsfield unit.
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The extended CT scale, developed by Kalender et al. (1990), is an expansion of the 

Hounsfield scale from a standard maximum window of 4,000 HU to 40,000 HU 

(Fig.1.9). This technique makes use of the fact that metals have high linear 

attenuation coefficients that lie outside the normal range of reconstructed CT 

numbers. Most metallic implants are in the range of 8,000–20,000 HU, whereas the 

standard upper limit of CT scanners is 4,096 HU because of their 12-bit storage 

capacity. The cut off of very high CT values produces blurring and distortion of the 

contours of metallic implants on images (Link et al., 2000).

With a 5-mm acquired section thickness, differences in diagnostic performance with 

use of the standard window versus that of the extended CT scale are only moderately 

significant; however, differences are more significant with a 2-mm section thickness. 

Thus, use of the extended CT scale may be more effective with thin-section 

acquisitions (Link et al., 2000).

The extended CT scale is not available on every scanner, but its use when available 

helps reduce metal-related artifacts by allowing for a window width as large as 

40,000 HU (Barret et al., 2004, Link et al., 2000).

Currently available picture archiving and communication systems offer radiologists 

the potential to improve the accuracy of CT image interpretation beyond the level 

achievable with traditional film-based display, and the unlimited CT scale available on 

standard monitors with these systems has reduced the usefulness of the extended 

CT scale (Reiner et al., 2002).
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Fig.1.8 Diagram showing the attenuation of different materials in Hounsfield units (HU). 

Hounsfield arbitrarily assigned water the number 0. The number 1000 is assigned to 

bone and number -1000 to air. Objects with beam attenuation less than that of water 

have an associated negative number. Substances with attenuation greater than that of 

water have proportionally positive Hounsfield units.

The attenuation of different materials in Hounsfield units (HU)
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Extended CT Scale Technique

• Extended CT scale:                    up to 40,000 HU

• Metallic implants attenuate                          20,000 HU
     X-ray beams in the range:                              8,000 HU

• Conventional CT:       limited     up to   4,000 HU

Fig.1.9 Limitations of the conventional CT in term of metal artifact 

suppression (Link et al., 2000).
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In an experimental study Link et al., (2000) examined an extended CT scale 

technique as a new method to reduce artifacts due to metal implants to optimise CT

imaging parameters. One hundred cobalt screws and 24 steel plates were used for 

osteosynthesis in 20 porcine femur specimens. All specimens were examined using 8 

different CT protocols: 4 conventional and 4 spiral CT scans. Different milliamperes 

(mAs) and kilovolt (kV) potentials were examined. The images were analysed by 

three independent observers using standard window 4 000 HU and extended CT 

scale to 40 000 HU. Metal artifacts were significantly reduced using the extended CT 

scale. The highest diagnostic performance was obtained using extended CT scale 

and the thinnest CT slice thickness of 2mm. No significant effects of exposure dose 

and kilovolt potential were noted.

This technique is now available in the latest generation spiral CT scanners and was

used, where indicated, in the present study of the thesis with the VOLUME ZOOM 

multislice SIEMENS CT scanner.

The orthopaedic implant should be positioned so that the x-ray beam traverses the 

metallic cross section with the smallest diameter. During image acquisition, the use of 

a high peak voltage (kilovolts peak), high tube charge (milliampere-seconds), narrow 

collimation, and thin sections helps reduce metal-related artifacts. During image 

reconstruction, the use of thick sections, lower kernel values (similar to the standard 

reconstruction algorithm), and the extended CT scale helps reduce these 

artifacts. With these methods, depiction of the region of interest near the metallic 

implant may be significantly improved.
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1.3.3.3  Spiral (Helical) computed tomography

The introduction of spiral (helical) CT has revolutionized cross-sectional imaging. 

This technique, also called volume-acquisition CT, has made possible a data-

gathering system using a continuous rotation of the X-ray source and the detectors 

(Fig.1.10).  The advantages of this technology include shortened examination time, 

lower radiation dose and the ability to reconstruct overlapping cross-sectional images 

and greater lesion depiction. The data volume may be viewed either as conventional

transaxial images or as multiplanar and three-dimensional reconstruction. Early CT 

was associated with high radiation doses to the patient. However, technical 

improvements in CT, in particular use of the spiral technique, have offered new 

possibilities in both diagnostics and dose reduction. 

1.3.3.4 Radiation dose from computed tomography

The resulting amount of radiation from a CT procedure is very important issue for the 

patient’s safety. (Hidajat et al., 1999). The main selectable parameters that contribute 

to radiation dose are tube current (mA), peak kilovoltage (kVp), pitch (table distance 

travelled in one 3600 rotation) and gantry cycle time (in seconds) (Table 1.1).  Most 

efforts at reducing radiation dose through selectable parameters are focused on tube 

current (mAs) and peak kilovoltage (kVp). Additional strategies include reduction of 

the coverage (field of view) and bismuth shielding. Bismuth breast shields have 

shown to reduce breast dose by 26.9% to 52.4% in the adult population depending 

on the thickness of the shield (Hopper et al., 1997).
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Fig.1.10. The basics of CT. A motorized table moves the patient through the 

CT imaging system. At the same time, a source of x-ray rotates within the 

circular opening, and a set of x-ray detectors rotates in synchrony on the far 

side of the patient. The x-ray source provides a narrow, fan-shaped beam, 

with widths ranging from 1 to 20 mm. In conventional CT (A) the table is 

stationary during a rotation, after which it is moved along for the next slice. In 

spiral (helical) CT (B) the table moves continuously as the x-ray source and 

detectors rotate, producing a spiral or helical scan. The illustration shows a 

single row of detectors, but current machines typically have multiple rows of 

detectors operating side by side, so that many slices (currently up to 128) 

can be imaged simultaneously. The advantages of the spiral (helical) CT 

technology include shortened examination time, lower radiation dose and the 

ability to reconstruct overlapping cross-sectional images and greater lesion 

depiction.

The basics of CT

(Appl Radiol©Anderson Publishing, LTD, 2008)
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Tube current (mA) must be customised for each patient, according to patient size 

and body weight. A protocol mA is generally defined for “standard” size patient and 

has to be adjusted for larger and for smaller patients to ensure consistent image 

quality. 

Automatic Exposure Control (AEC) systems are now available from all major CT 

manufacturers. Each system operates on different basis, using a range of control 

methods (Table 1.2). Overall aim is to control the image quality and radiation dose in 

repeatable and predictable way, by changing the x-ray tube current (mA). AEC vary 

the intensity of the X-ray beam relative parameters. First, it is related to the 

attenuation due to the patient’s size, so that larger and thicker patient cross sections 

receive higher tube currents than smaller patients and thinner cross sections. This 

can avoid the tendency to have higher mA than needed for “average” sized patient 

and not to underexpose larger patients. Second, it is related to the Z-axis (along 

patient length) (Fig.1.11). Third

The tube current time product for spiral CT usually cannot be set as high as for 

conventional CT owing to the limited tube heat capacity; therefore, the radiation dose 

should be effectively lower for spiral than for conventional CT (Kalender et al., 1990). 

, it is related to the tube rotation, which is to ensure 

adequate exposure to the different attenuation of the body cross sections (Fig.1.12).

The results of older surveys that were based on investigations of dose for 

conventional CT therefore over represent the current situation.

Dose “savings” with AEC can be quite substantial. For the adult abdominal pelvis CT, 

z-axis AEC has been shown to reduce mean tube current-time product by 31.9% 

(range 18.8% to 87.5%) as compared with fixed tube current scanning (Kalra et al., 

2004). Combined AEC (x-, y-, and z-axis modulation) in the setting of adult abdomen 

pelvis CT has been shown to decrease dose by 43% (Rizzo et al., 2006). 
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           Table 1.1 CT parameters and effect on CT radiation dose

                   

                *Relationship to dose when other variables are held constant

Variable Relationship Variable to dose*

Tube current Direct, linear

Gantry cycle time Direct, linear

Kilovoltage Direct, nonlinear

Pitch Indirect, linear
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           Table 1.2. Automatic Exposure Control (AEC) 

             

                  

       Tube currents (mA) are modulated on three levels: 

� to the patient size, 

� to the Z axis (along patient length)

� to the tube rotation.         

        
    

CT scanner Patient size 
mA adjustment

Z-axis 
mA adjustment

Rotational 
mA adjustment

GE Auto mA Smart mA

Philips Dose Right ACS Dose Right DOM

Siemens Care Dose 4D Care Dose

Toshiba Sure Exposure
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Automatic exposure control:
Tube current (mA) adjustment in Z-axis 

Fig.1.11.Automatic exposure control delivered by tube current adjustment 

along the z-axis (patient’s length). Tube currents are relatively higher at the 

level of the shoulders and the pelvis, and lower at the level of midthorax 

and lower abdomen.

Appl Radiol©Anderson Publishing, LTD, 2008.
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Fig.1.12 Diagram showing rotational Automatic Exposure Control (AEC) in 

Computed Tomography (CT) of the pelvis on the level of the hip joints. Tube 

current (mA) is adjusted relative to the patient’s attenuation in different 

cross-sections of the body in axial plan. Lower tube current is produced in 

the direction of low attenuation (A); higher tube current is produced in the 

direction of high attenuation (B).



 
The AEC option available on the new generation of CT scanners provides an 

efficient approach to tube current modulation along the z-axis and at various 

projection angles following the patient’s anatomy. With the use of AEC, the image 

quality is at least as good as that with conventional scanning, and the dose is

significantly reduced.

1.5.3 Use of CT in experimental and clinical studies

With the advent of new CT techniques, using high-resolution multi-slice CT imaging 

and metal artifact reduction protocols, sensitive and accurate measures of complex 

three-dimensional OL can now be achieved. Recently, attention has turned to the 

detection of peri-acetabular osteolysis using CT. New generation high resolution 

multi-slice spiral or helical CT with metal artifact reduction techniques has recently 

been developed and found to provide a sensitive and accurate measure of the 

volume of osteolysis close to metal prostheses (Walde et al., 2005, Link et al., 2000, 

Puri et al., 2002, Looney et al., 2002, Kitamura et al., 2005, Schwarz et al., 2003).

Claus et al. (2004), using human cadavers, demonstrated the efficacy of using CT to 

localize OL surrounding noncemented acetabular components and to estimate their 

size. One hundred percent of lesions created in the pelvis were localized on CT; 

however, it was less accurate in the ischium (78%) and pubis (50%). Leung et al. 

(2005), in another cadaveric model, showed the increased sensitivity of CT scans 

over plain radiography. In addition, they found that the volume of the OL measured 

with CT was highly accurate.

Puri et al. (2002) reported on a similar study of forty patients (50 hips), assessed for 

acetabular bone loss by plain radiographs and spiral CT. Using a metal artifact 
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suppression protocol, CT scanning was performed from 6cm proximal to the 

acetabular component to a point distal to the end of the implant. Evidence of OL on 

these scans was compared with that on the radiographs. Two-dimensional wear 

analysis was performed with use of digitized radiographs, and the results were 

compared with loss of bone volume, as calculated from the CT scans. Acetabular 

osteolysis was identified on the radiographs of 16 hips and on the CT scans of 26 

hips.  The results showed that the minimum diameter of lesions seen on radiographs 

was 1.7 cm (standard deviation, 1.1). Furthermore, of hips with radiographic evidence 

of osteolysis, the amount of osteolysis was underestimated, as confirmed by CT 

scans. However, the volumetric measurement in this study was not validated and the 

use of a reference point 6cm superior to the acetabular component was not 

appropriate, as the implant could migrate.  All CT scans were reviewed by surgeons 

and radiologists, but no inter-observer and intra-observer errors were reported.

1.4 Summary

PO around THR is a major clinical problem in the mid-to long term post-operative 

period. Some implants remain well fixed in the presence of significant bone loss, and 

the hips may also be asymptomatic. If underestimated, the PO could lead to dramatic 

implant failure, or periprosthetic fracture (Berry et al., 2003, Chatoo et al., 1998, 

Sanchez-Sotello et al., 2000), requiring expensive revision surgery with associated 

morbidity.  Early identification, localization and measurement of these lesions using 

plain radiographs are not sensitive enough. The two-dimensional methods are not 

able to give adequate information. Without a three-dimensional understanding of the 

lesion, an appropriate treatment protocol for these lesions cannot be developed.

Osteolysis incidence, severity and progression have been difficult to measure 

accurately because of the lack, until recently, of adequate techniques for identifying 
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and measuring the volume of PO. Based on limited intraoperative data, it is generally 

accepted that plain radiography is not sufficiently sensitive for the reliable detection 

of and measurement of PO.  Therefore, much of the knowledge on the incidence of 

PO and what influences PO development, gathered in studies using plain 

radiography, could be put into question   Furthermore, clinical management decisions 

regarding the need to revise prostheses for PO have been based on this unreliable 

diagnostic tool.

Accurate diagnosis of the severity of peri-acetabular osteolysis is essential for 

evaluating the load-carrying capacity of the deficient acetabulum. Accurate 

description of the extent and location of acetabular bone stock loss is becoming 

increasingly important in judging the dimensions and character of bone graft, or 

producing custom acetabular prostheses needed to provide stability for the revised 

acetabulum. Segmental deficiencies may affect the prosthetic shape, size, and 

placement for restoration of normal joint mechanics. Severity of the cavitary 

deficiencies can determine adjunctive fixation technique and screw or pin placement. 

Inadequate or non-precise description of the acetabular deficiency can have an 

impact on the efficacy of surgical planning and the accuracy of retrospective studies, 

in which classifications of defects are made based on plain radiography. If total hip 

reconstructive surgery is to be performed, plain radiographs may prove inadequate 

for optimal pre-surgical planning.

Accurate data on the natural history of osteolysis, in terms of its location, incidence 

and progression over time, in concert with an understanding of the cellular 

mechanisms of PO, are crucial to advances in the effective clinical management of 

this complication and potentially its prevention. The latest achievements in the 

understanding of the biological mechanisms of particle-induced osteolysis could lead 
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to drug treatments that prevent periprosthetic bone loss. The long-term goal is to 

identify novel targets for therapeutic intervention and inhibition of particle-induced 

osteolysis. The ability to reverse or to slow the process of PO by pharmacological 

therapy would represent a major milestone in THR.

The CT volumetric measurement methods reported to date (Claus et al., 2003, 

Looney et al., 2002, Puri et al., 2002) were not validated and the accuracy of the use 

of CT for detection of acetabular deficiencies had not been quantified at the 

beginning of this thesis. There were no reports on the CT radiation dose, when new 

CT scanning protocols were presented in practice. The radiation dose (Faulkiner et 

al., 1987) is a very sensitive issue and every CT scanning protocol should follow the 

recommended reference levels by the International Commission on Radiological 

Protection (ICRP 1991) and meet the references of the Australian National Standards 

(ARPANSA, 2008).

At the time of performing the work described in this thesis, no reliable and validated 

methods for volumetric measurement of PO were available.

Therefore, the aim of this thesis was to develop a valid, accurate and reliable CT 

technique for the measurement and monitoring of bone defects adjacent to 

uncemented acetabular components of THR prosthesis that meets the references of 

the Australian National standards for radiological protection.

44



 
Chapter 2 

Hypotheses and Study Design

2.1 Introduction

Osteolysis is a recognised consequence of uncemented THR (Nayak, 1996). The 

traditional clinical assessment of the THR patients for PO relies on plain radiographs. 

Various studies have identified the presence of osteolytic lesions to be 7% to 37%

(7.4% at 9 years, Berger et al., 1997), (17% at 5 years, Schmalzried et al., 1994),

(37% at 9 years, Zikat et al., 1996), based on a single anteroposterior (AP) X-ray 

view.

However, radiographic studies suggest that an AP view of the pelvis may grossly 

underestimate bone loss due to osteolysis, with a sensitivity of only 40% and 

specificity of around 90% (Claus et al., 2003, Looney et al., 2002, Puri et al., 2002). 

Although multiple views may improve the sensitivity to approximately 70%, accurate 

characterisation still depends on the location of the lesion, with a very low sensitivity 

for lesions in the ischium and acetabular rim.

Until recently, the use of CT in this area was not effective because of the resulting 

artifact from the metallic components of THR prostheses. Recently developed new 

generation high resolution multi-slice spiral CT with metal artifact reduction 

techniques is reported to provide more sensitive and accurate quantification of PO

(Link et al., 2000, Looney et al., 2002, Puri et al., 2002, Schwarz et al., 2003, Claus 

et al., 2003, Walde et al., 2005, Kitamura et al., 2005).
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However, at the outset of the work described herein, no experimental or clinical study

had provided detailed validation of the CT volume measurement of PO in all 

acetabular areas. Attempts to obtain better image quality of the bone surrounding the 

THR prosthesis by increasing the scanning parameters may result in a high radiation 

dose. None of the above studies reported on the resulting radiation dose, which is a

very important issue for patient safety.

2.2 Hypotheses

This thesis examined the reliability of CT scanners of two different generations for the 

detection and measurement of the acetabular PO following THR in two experimental 

in-vitro studies. 

In the first in-vitro study

� The accuracy, precision, intra-observer and inter-observer errors of the CT 

measurements is not different when a CT slice thickness of 3mm or 4mm, and 

a beam angle of -250, 00 or 250 were examined.`

, when a conventional CT scanner (CT scale limited to 4,000 

HU) was used to measure the volume of simulated bone defects of known volume in 

the ilium alone in both bovine and human cadaver specimens, the hypotheses tested 

were:

In the second in-vitro study

� The sensitivity and specificity of the detection, and the accuracy and 

reproducibility of the CT measurement of simulated single bone defects in all 

areas of the acetabulum in-vitro is not different.

, when a multi-slice spiral CT scanner (extended CT scale 

up to 40,000 HU) was used to measure the volume of simulated bone defects in all 

acetabular areas in bovine specimens, the hypotheses tested were:
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� The accuracy and reproducibility of the CT measurement in-vitro of simulated 

bone defects in all areas of the acetabulum will be not affected by the 

presence of a contralateral THR prosthesis. 

� The intra-observer and inter-observer errors of the CT measurement in-vitro of 

simulated bone defects in all areas of the acetabulum will not be dependent on 

the CT slice thickness, the size and the location of the defect.

The in-vitro validated CT technique was applied in two clinical studies.

In the first clinical study

� The volume, location and number of acetabular PO lesions in patients with 

long-term uncemented THR of two different acetabular component designs will 

depend on the component design. 

the hypothesis tested was:

In the second clinical study

� There is a linear relationship between the size and the progression in size of 

the osteolytic lesions adjacent to uncemented acetabular components of THR 

prostheses.

the hypothesis tested was:

2.3 Aims

To test the above hypotheses, the study was designed with the following main aims:

� To develop bovine and human cadaver pelvis models of acetabular PO

following THR, that could be used to examine the sensitivity and specificity of 

detection, and the accuracy and precision of measuring PO using CT 

scanners of two different generations.

� To optimize CT scanning conditions in the presence of metallic THR 

components. 

� To develop a CT scanning protocol in accordance with the recommended 

reference levels by the Australian National Standards for radiation. 
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The specific aims were: 

In the first in-vitro study

� To examine the effect of different CT slice thickness (3mm and 4mm) and 

different CT beam angle (-250, 00 or 250) on the accuracy, precision, intra-

observer and inter-observer errors of the CT volume measurement.

, when a conventional CT scanner (CT scale limited to 4000 

HU) was used to measure the volume of simulated bone defects of known volume in 

the ilium alone in both bovine and human cadaver THR models:

� To examine the effect of the presence of a contralateral THR prosthesis on 

the accuracy, precision, intra-observer and inter-observer errors of the CT 

volume measurement.

In the second in-vitro study

� To determine the volume of 

, when a multi-slice spiral CT scanner (extended CT scale 

up to 40,000 HU) was used to measure the volume of simulated bone defects in all 

acetabular areas in bovine THR models:

the smallest created and detected simulated bone 

defect

� To examine the sensitivity and specificity of the detection, and the accuracy 

and reproducibility of the CT measurement of simulated 

in different pelvic areas that was detectable when titanium or cobalt-

chrome THR prostheses are present, using different CT slice thicknesses.

single bone defects of 

similar size

� To examine the sensitivity and specificity of the detection, and the accuracy 

and reproducibility of the CT measurement of simulated 

in different pelvic areas when titanium or cobalt-chrome, or both 

THR prostheses are present, using different CT slice thicknesses.

single bone defects of 

different size in different pelvic areas when titanium or cobalt-chrome, or both 

THR prostheses are present, using different CT slice thicknesses. 
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� To examine the sensitivity and specificity of the detection, and the accuracy 

and reproducibility of the CT measurement of simulated combined bone 

defects that involve different neighboring areas of the acetabulum, when 

titanium or cobalt-chrome, or both THR prostheses are present, using different 

CT slice thicknesses.

2.4 Study Design 

The development and the validation of the CT technique were performed in two 

separate studies. At the time the thesis was commenced, the extended CT scale as a 

method for metal artifact reduction was not available in conventional CT scanners. 

2.4.1 In-vitro validation using a conventional CT scanner (CT scale limited to 4,000 

HU)

Therefore, the first study was to examine the accuracy and reproducibility of 

quantitative CT on simulated bone defects of known volume in the ilium superior 

(cranial) to the acetabular roof in a bovine and human cadaver models of THR. The 

image of the rest of the acetabular areas was still severely affected by metal artifact.

This study is described in Chapter 3 of the thesis.  

2.4.2 In-vitro validation using multi-slice spiral CT scanner (extended CT scale up to 

40,000 HU).

The second study was to examine the accuracy and reproducibility of quantitative CT 

with extended CT scale technique on simulated bone defects in all acetabular and 

periacetabular areas in a bovine model of THR. This study is described in Chapter 4 

of the thesis.
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In the first study, simulated acetabular bone defects were created only in the ilium.  

These were measured using CT with and without the presence of THR components 

and the fixation screws. In the second study simulated bone defects were examined 

in the ilium, anterior wall, medial wall, posterior wall, pubis and ischium. Different 

parameters of the CT such as slice thickness, kV and mAs were examined and 3 

independent observers reported on the accuracy, reliability, specificity and sensitivity 

of the measured volumes. 

2.4.3 Clinical application. 

This new, validated and quantified CT technique was used in two different clinical 

studies. The specific aims were as follows:

First clinical study: To examine the volume, location and number of periacetabular 

osteolytic lesions in patients with long-term uncemented THR of two acetabular 

components design: multi-hole shell with additional screw fixation and solid shell with 

single central hole.

Second clinical study: To determine the size and progression in size of osteolytic 

lesions adjacent to uncemented acetabular components of THR prostheses, to 

investigate their relationship with wear of the polyethylene liner, and then to examine 

the association between these findings and component migration and several clinical 

and implant-related variables.

2.5 Statistical analysis

CT scans were analysed three times in each instance by three different observers. 

Intra- and inter-observer errors were determined by calculating the correlation 

between observations. Intra-observer errors were calculated by a test-retest measure 

In-vitro validation studies
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(Cronbach’s correlation coefficient alpha). Inter-observer errors were calculated using 

an intra-class correlation coefficient. SAS statistical software package (SAS System 

for Windows TM Release 6.12. 1989-1996, SAS Institute Inc., Cary, NC, USA). 

First clinical study. Differences between the two patient cohorts, with respect to 

patient and implant-related variables and the distribution and size of the osteolytic 

lesions, were examined using Fisher Exact, Chi-square and Mann-Whitney U tests. 

Statistical analysis was performed using Graph Pad Prism software (V4.00 for 

Windows, Graph Pad Software, San Diego, California USA). Probability values less 

than 0.05 indicated a significant difference. 

Second clinical study. Statistical analysis was performed with use of Graph Pad 

Prism software (version 4.00 for Windows; Graph Pad Software, San Diego, 

California), with the level of alpha set at 0.05. Correlation analysis was undertaken 

with use of the Spearman rank correlation coefficient. Associations between the size 

of the osteolytic lesions at the time of the initial CT scan and the rate of osteolysis 

progression as well as patient-related, clinical, and implant-related variables were 

examined with use of the Mann-Whitney U, Kruskal-Wallis, Fisher exact, or chi-

square tests.

2.6 Ethical considerations

In-vitro validation studies.

Ethical approval was given by the Royal Adelaide Hospital Human Ethics Committee 

for the use of human cadavers, donated for medical research. 

Clinical studies. All patients gave informed consent and the clinical studies were 

approved by the Royal Adelaide Hospital Human Ethics Review Committee.                             
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Chapter 3 

Use of Conventional CT scanner with Limited CT Scale

3.1 Introduction

CT scanning is used for preoperative planning for primary THR (Barmeir et al., 1982, 

Berman et al., 1987, Clark et al., 1992) and is used as a diagnostic tool to measure 

volumetric changes of musculoskeletal and other tumours (Wellings et al., 1994). 

However, attempts to extend this application of CT scanning to the measurement of 

osteolytic lesions around THR prostheses had, at the commencement of the work 

described in this thesis, been limited because of the artifact produced by the metallic 

components of THR or the screws used to fix the acetabular components (Link et al., 

2000, Robertson et al., 1997).

As mentioned in Chapter 1, metal implants are in the range 8,000 up to 20,000 

Hounsfield units (HU). To overcome the resulting metal artifact, the scanning 

machine needs the capability for CT scale extension to more than 20,000 HU. 

However, at the time when the present in-vitro validation study began (1999), the 

extended CT scale as a method for metal artifact reduction was not available on most 

of the CT scanning machines. Conventional CT scanners have had a limit of up to 

4,000 HU. 

It has been reported that osteolytic lesions adjacent to metal-backed acetabular 

components of THR most commonly occur in the ilium in association with fixation 

screws (Soto et al., 2000).

Therefore, the aim of the study described in this chapter was to examine the 

accuracy and the precision of a conventional CT scanner (Picker PQ 6000) for the 
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measurement of simulated bone defects of known volume in the ilium adjacent to the 

superior (cranial) aspect the acetabular component in the presence of fixation 

screws. 

3.2 Methods and Materials

The availability of human pelves from cadavers was very limited and the initial 

experience demonstrated that the cancellous bone of the formalin-treated bones was 

soft and demineralised by formalin, making it impossible to create simulated bone 

defects with a volume smaller than 1 cm3. Also, formalin-treated bones had far 

inferior radiodensity to fresh-frozen bones.  Therefore, the initial development and 

validation of the CT scanning technique was performed using a fresh-frozen bovine 

hemi-pelvis containing unilateral THR prosthesis. Additional validation of the 

technique was done in a pelvis from a human cadaver, into which unilateral and 

bilateral acetabular components were inserted consecutively. 

3.2.1 Bovine hemi-pelvis specimen

A fresh-frozen bovine hemi-pelvis, comparable in size to an acetabulum in a human, 

was defrosted from -20� C to room temperature. The bovine acetabulum was 

orientated in the same anatomic orientation as in the human, and the specimen was 

mounted in a table vice and the acetabulum was prepared. The acetabulum was 

reamed initially using a 44-mm outer diameter reamer, followed by 54-, 55-, 56- and 

57-mm outer diameter reamers (Zimmer Inc., Warsaw, IN) to accept a 58-mm outer 

diameter TiAlV Trilogy fibre metal coated shell with three screw holes (Zimmer Inc.). 

The acetabular component was inserted into the acetabulum of the specimen in 40o

of operative Inclination and 25o of operative anteversion (Murray et al., 1993) and 
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rotated so that one screw hole was superior, one screw hole was postero-superior, 

and one screw hole was antero-superior. A Kirshner (K) wire was placed through the 

superior screw hole into the ilium and orientated with its axis parallel to the 

longitudinal axis of the specimen. After marking the position of the cup on the reamed 

surface of the acetabulum, the cup was removed. A large, 40-mm deep cylindrical 

defect was created by drilling over the K wire with a 12-mm canulated drill. The axis 

of the large simulated defect was parallel to the longitudinal axis. The procedure was 

repeated in the postero-superior screw hole to create a small 25-mm deep cylindrical 

defect, orientated postero-superiorly, using a 9-mm canulated drill (Fig. 3.1). The 

volumes of the simulated defects were determined by filling with water and 

measuring three times using a 0.01-mm graduated 1-mL syringe. The acetabular 

component was reinserted using an impactor-positioner (Zimmer Inc.). A 30-mm 

long, 6.5-mm diameter TiAlVself-tapping bone screw (Zimmer Inc.) was inserted into 

the supero-lateral screw hole so that it engaged in 5 mm of bone distal to the created 

defect. A 25-mm long similar screw was inserted through a supero-medial screw hole 

with no created defect. A Trilogy PE liner (Zimmer Inc.) was inserted into the 

component. The specimen was placed into a plastic container and orientated so that 

its longitudinal axis was parallel to the midline of the container and its sagittal plane 

was perpendicular to the base of the container. The proximal aspect of the specimen 

was fixed to the vertical wall of the container with three screws. The ischium was 

rested on the base of the container and was fixed with one screw. A cementless PCA 

CoCr alloy femoral stem (Howmedica International, Ltd, Rutherford, NJ) and a 28-

mm diameter CoCr alloy head (Howmedica International) were positioned into the 

liner.
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Bovine hemi-pelvis THR model of periprosthetic osteolysis

 

Fig. 3.1 A bovine hemipelvis total hip replacement model is shown. The diagram shows 

the large bone defect adjacent to the acetabular component and the small defect around 

a lateral fixation screw. Computed tomography scans at several levels show the following 

defects: (A) 1, large bone defect; 2, lateral screw; (B) 1, large bone defect; 2, bone defect 

around lateral screw; 3, tip of medial screw that penetrated medial cortex; and (C) 1, large 

bone defect; 2, lateral screw with artifact interference from top of acetabular component; 

and 3, medial screw.
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3.2.2 Human cadaver pelvis specimen

An intact pelvis with L4, L5 vertebra and femoral bones was retrieved from the 

cadaver of a 70-year-old man. The specimen was defrosted from –20o C to room 

temperature and the muscles and the hip capsules were removed. The right 

acetabulum was prepared in the same manner as that for the bovine acetabulum, 

except that 46-mm, 48-mm, 50-mm, and 51-mm outer diameter reamers were used 

consecutively.  

For the human pelvis, one acetabular defect in the ilium was created (Fig. 3.2). A 52-

mm outer diameter Harris-Galante-II (Zimmer Inc.) uncemented, metal–backed 

acetabular component was inserted in 40o of operative Inclination and 25o of 

operative anteversion (Murray et al., 1993). The component was fixed with two self-

tapping TiAlV screws 6.5-mm diameter and 30-mm long (Zimmer Inc.). A 

polyethylene liner (Zimmer Inc.) was inserted into the component. An uncemented 

Versys fiber metal mid-coat femoral stem (Zimmer Inc.) was inserted into the right 

femur, using a standard uncemented technique. A 28-mm CoCr femoral head 

(Zimmer Inc.) was inserted. The pelvis was placed in a supine position so that the 

spinous tubercules of the sacrum and posterior superior spines of the ilium rested on

the base of a container. The line joining the midpoints of the symphysis pubis and the 

L5 vertebra was represented as a longitudinal axis of the specimen and was 

orientated parallel to the midline of the container in coronal plane. The pelvis was 

fixed to the container using plastic ties. Both specimens were covered with tap water, 

which was used to simulate soft tissues during scanning. 
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Human cadaver pelvis THR model of periprosthetic osteolysis
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                            Fig.3.2 A human cadaver pelvis total hip replacement model is shown. 

                            Computed tomography scans at two levels show: 

                           (A)  1, large bone defect in the iliac bone; 

                                 2, medial fixation screw; 

                                 3, posterior fixation screws; 

                           (B) 4, empty screw-hole of the acetabular component; 

                                 2, fixation screw with artefact interference from top of the acetabular component; 

                                 3, fixation screw. 
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To investigate the effects on CT scanning caused by a contralateral THR prosthesis, 

an uncemented metal-backed Trilogy acetabular component (Zimmer Inc.) and an 

uncemented PCA CoCr alloy femoral stem (Howmedica International, Inc., London, 

United Kingdom) and 28-mm CoCr head (Howmedica, International, Inc.) were 

inserted into the contralateral hip and the CT scans of the original study hip were 

repeated.  

3.2.3 PICKER PQ 6000 CT scanner

CT scanning was performed using a Picker PQ6000 spiral CT (Picker International 

Inc., Cleveland, OH) scanner with Voxel Q FALCON metal artifact reduction software 

(Picker International Inc.).  CT scans were taken at 120 kV and 200 mAs to maximize 

the resolution and contrast of the trabecular and cortical bone. To allow 

standardization of measurements, the top end of the sacroiliac joint was used as the 

anatomic reference point and scans were taken to the end of the ischium. A metal pin 

was inserted into the ilium of the bovine hemi-pelvis to mark the reference point. 

The simulated bone defects were measured in consecutive CT slices displayed on 

the computer screen by tracing the inner border of the defect using a computer 

mouse. Volume measurement was done using algorithms coded into the commercial 

image-analysis software (PQ6000 Voxel Q FALCON, Picker International Inc.). 

To determine the optimal CT scanning operating conditions for measuring the volume 

of bone defects adjacent to metal-backed acetabular components, two parameters 

were investigated in the bovine hemi-pelvis model. These were the angle of the CT 

beam, +25° (cephalad) (cranial), 0° and –25° (caudad), and the two thicknesses of 

CT slice routinely used in clinical practice, 3 mm and 4 mm. 
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Once the protocol and operating conditions were determined, the impact of metal 

artifact using this protocol was then examined by comparing volumetric 

measurements of the large defect from CT scans taken with and without the 

prosthesis in situ. The radiodensity of the bovine bone was markedly higher than that 

of the bone from an elderly man. The operating conditions and protocol tested in the 

bovine hemi-pelvis model were, therefore, investigated again using the human pelvis 

model implanted with unilateral THR prosthesis and containing a large superior 

defect adjacent to the acetabular component. To examine the interference effect of 

the contralateral THR prosthesis on the volumetric measurements, scans were 

repeated on the human pelvis after insertion of THR prosthesis on the contralateral 

side.  

3.2.4 Statistical analysis

The accuracy of the volumetric measurements from the CT scans was determined by 

calculation of the percent error between the physical measurement of the simulated 

defects, undertaken using water and syringe and the measurements from the CT 

scans. Volumetric measurements from the CT scans were repeated five times in 

each instance by two different observers, an orthopaedic research registrar and a 

research officer. The reliability of the quantitative measurements was determined by 

calculation of the intra-observer and inter-observer errors. The intra-observer error 

was reported as the percent coefficient of variation and the inter-observer error was 

measured by the percent variance.  Interferential analysis was done using analysis of 

variance (ANOVA) and the Fisher's least-significant-difference test.  Data summary 

statistics were calculated using Microsoft Excel and interferential analyses were done 

using the SAS statistical software package (SAS® System for Windows™ Release 
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6.12 1989-1996, SAS Institute Inc., Cary, NC).   A probability value of less than 0.05 

was considered to indicate statistical significance.

3.3 Results

Bovine acetabulum study

The actual volume of the large simulated acetabular defect adjacent to the 

component, measured using a syringe and water, was 5.03 mL (standard deviation, 

0.04 mL). The actual volume of the small defect adjacent to the lateral screw was 

1.24 mL (standard deviation, 0.02 mL). 

The estimated volumes of the large simulated defect measured from each of the CT 

scans taken using the different operating conditions are shown in Fig. 3.3. There was 

a significant effect of beam angle and slice thickness on the volumetric measurement 

of the large defect (p < 0.0001).  The most accurate measurement of defect volume 

was obtained using a beam angle of 0° and a slice thickness of 3 mm (error,  -1.7%). 

The volume was significantly greater than the volumes measured from scans taken 

with a beam angle of +25° and -25° (p < 0.0001) and significantly greater, and closer 

to the true volume, than that determined from scans taken using a slice thickness of 

4 mm and a beam angle of 0° (p < 0.0001).  The intra-observer error and inter-

observer error of the volume measurements of the large defect were 2.27% and -

2.73%, respectively, using the operating parameters of 3-mm slice thickness and a 

beam angle of 0°.  Using a scan thickness of 3mm and a beam angle of 0 degrees, 

there was no significant difference between the volumes measured from the scans 

taken with and without the prosthesis in situ (p = 0.944).
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Fig. 3.3 The effect of the CT beam angle and CT slice thickness on the volume

of a large acetabular bone defect measured from CT scans in a bovine hemi pelvis

model. The dashed line indicates the volume of the bone defect measured using

water and syringe. SD=standard deviation.
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For the small simulated defect adjacent to the lateral screw, measurement of the CT 

scans taken using a beam angle of +25° gave significantly more accurate measures 

of volume than when using scans taken at 0°  (p < 0.0001) (Fig. 3.4). The CT scan 

taken using a beam angle of -25° resulted in the least accurate measurement of 

volume. There was also a significant difference in the volumes measured from the CT 

scans taken at 3-mm and 4-mm slice thickness (p = 0.0072). The mean intra-

observer and inter-observer error of the volume measurements of the small defect 

were 0.62% and 0.9%, respectively, using the operating parameters of 3-mm slice 

thickness and a beam angle of 0°. 

Human Cadaver study

The actual volume of the simulated acetabular defect adjacent to the component, 

measured using a syringe and water, was 3.42 mL (standard deviation, 0.03 mL). 

There was a significant effect of beam angle (p < 0.0001) but no effect of slice 

thickness (p = 0.647) on the volume of the defect measured when a unilateral THR 

prosthesis was inserted (Fig. 3.5). With a 3-mm slice thickness, the most accurate 

measurements of the defect volume were obtained with scans taken using a beam 

angle of 0° (error, -1.9%) and +25° (error, -2.5%), which were both significantly more 

accurate than measurements taken using a beam angle of -25° (p = 0.0005). The 

intra-observer and inter-observer errors for the scans taken at 0° were 2.8% and 

2.15%, respectively.

With bilateral THR prostheses inserted, the volumetric measurements taken using a 

slice thickness of 3-mm and a beam angle of 0° were less accurate (error, -4.2%)

than when a unilateral THR prosthesis alone was implanted (error, -1.9%) (Fig.3.6). 
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Fig. 3.4 The effect of CT beam angle and CT slice thickness on the volume of a small

bone defect around a fixation screw measured from CT scans in a bovine hemi pelvis

model. The dashed line indicates the defect volume measured using water and 

syringe.

SD= standard deviation.
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Fig.3.5 The effect of CT slice thickness on the volume of bone defect adjacent to the 

acetabular component measured from CT scans in a pelvis from a cadaver. The CT 

beam angle was 00. The dashed line indicates the bone defect volume measured 

using water and a syringe. SD=standard deviation.
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Fig. 3.6 The effect of bilateral total hip replacement on the volume of the bone 

defects adjacent to the acetabular component measured from CT scans of a pelvis 

from a cadaver. The CT beam angle was 00. The dashed line indicates the bone 

defect volume measured using water and a syringe, SD=standard deviation.        
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The difference in the measured volume of the defect in the acetabulum when bilateral 

THR prostheses were inserted was not statistically significant (p = 0.164) to that 

measured when only a unilateral THR prosthesis was implanted.  The intra-observer 

(4.2%) and inter-observer (-2.3%) errors were similar to those obtained for the 

unilateral THR model. 

3.4  Discussion

In this study, a conventional spiral CT scanner with limited CT scale (up to 4,000 HU) 

was able to accurately and reliably measure small and large bone defects in the ilium 

adjacent to titanium metal-backed acetabular components inserted in a bovine hemi-

pelvis and a pelvis from a cadaver.  Volumetric measurements of simulated defects 

were accurate to within 96% for small and large defects and precise to 99% and 98% 

for small and large defects, respectively. There was a small loss of accuracy in the 

estimate of the volume of the acetabular defect when a contralateral  THR prosthesis 

was present, but this was unlikely to be clinically significant.  

The findings described here show that, in experimental models of THR-associated 

bone loss, it is feasible to use CT scanning to measure the volume of defects in the 

cancellous bone superior (cranial) to metal-backed acetabular implants.  Using the 

scanning parameters that were determined, including CT slice thickness and beam 

angle, together with metal artifact reduction software, accurate and reliable 

volumetric measurements can be obtained.

There were differences in the accuracy of volumetric estimation between CT scans 

taken with different angles of the gantry. The likely explanation of this is the angle of 

the gantry. The CT volume measurement of the large defect using 0° angle of beam  
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had better accuracy than that using +25° or -25°. This was probably because the 

longitudinal axis of the large defect was parallel to the longitudinal axis of the 

specimen resulting in more of the large defect being visualised by axial view at 0°.

The CT volume measurement of the small defect using +25° angle of beam had 

better accuracy than that using 0° or -25°. That was probably because the 

longitudinal axis of the small defect was orientated posteriorly from the tip of the 

acetabular component. In this position, most of the small defect could be detected 

only by a posteriorly tilted CT beam, which was at +25° cephalad. 

This CT technique is likely to be superior to AP radiographs of the pelvis in 

measuring osteolysis around THR acetabular components.  Studies using plain 

radiographs have been restricted to using two-dimensional measurements of 

osteolysis (Maloney et al., 1997, Wan et al., 1996) or volumetric measurements using 

planimetric measurements and mathematical formulas assuming ellipsoidal cavities 

(Garcia-Cimberelo et al., 1997). Because of the recognized limitations of plain 

radiographs for identification and localization of osteolytic lesions (Berry et al., 1999, 

Learmonth et al., 1997, Robertson et al., 1998, Zimlich et al., 2000), these techniques 

are, at best, semi-quantitative. CT scanning, using the techniques described, offers 

significant advantages and will allow definitive studies of the cause and outcomes of 

treatment of osteolysis. 

A limitation of this study is that simulated defects were used to investigate the 

usefulness of CT scanning in this application. Osteolytic defects may be filled with 

granulomatous tissue and fluid, and therefore the fluid-filled defects, may not truly 

represent the clinical situation. Subsequent studies in patients, however, resulted in 

similar CT images as seen in the current model (Fig.3.7). In addition, osteolysis may 
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Fig.3.7 A plain film radiograph (A) of right hip (clinical case) showing 

uncemented THR acetabular component with fixation screws. Computed 

tomography scans (B, C and D) at several levels show: (B) 1, isolated 

osteolysis; 2, medial fixation screw; 3, osteolysis adjacent to the lateral 

fixation screw; (C) 1, osteolysis adjacent to empty screw-hole; 2, medial 

fixation screw; 3, osteolysis adjacent to lateral fixation screw; (D) 1, empty 

screw-hole; 2, osteolysis adjacent to medial fixation screw; 3, osteolysis 

adjacent to lateral fixation screw.
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produce changes in the density of the surrounding bone, making the perimeter of the 

osteolytic defect difficult to discern compared with the easily visible margins of the 

created defects.

The CT assessment of THR patients for PO has a big potential for the clinical 

practice and when necessary, could be combined with some other diagnostic tools. 

For example, it would be of interest to apply dual energy x-ray absorptiometry 

(DEXA) in parallel with CT scanning to investigate associations between CT 

measurements and overall bone density measurements. This would be of particular 

interest in exploring the potential benefit of pharmacological treatment of osteolysis, 

including the use of bisphosphonates, in which treatment would be expected to 

influence bone generally, as well as inhibiting bone resorption at the specific site of 

bone loss.

3.5  Conclusions

An accurate and reliable CT quantitative technique for the measuring the volume of 

PO lesions by conventional CT scanners in the ilium area alone has been described. 

This study has been published, as listed on page vii, and was performed in 

collaboration with the authors listed under the study. 

When a new generation multi-slice CT scanner with extended CT scale (up to 40,000 

HU) became available, this technique was further developed to allow assessment of 

osteolysis in all other areas of the acetabulum. This further development and 

research uses of this technique are described in the following chapters.
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Chapter 4 

Use of Multi-slice Spiral CT scanner with Extended CT scale

4.1 Introduction

As discussed in Chapter 1, recent generations of multi-slice CT scanners with 

extended CT scale have increasingly greater ability to reduce metal artifact. This has 

been demonstrated in several in-vitro (Claus et al., 2004, Leung et al., 2005) and in-

vivo studies (Link et al., 2000, Looney et al., 2002, Puri et al., 2002, Schwarz et al.,

2003, Kitamura et al., 2005, Walde et al., 2005) and discussed in section 1.5.3. 

When such a CT scanner became available in our institution, further development of 

the CT technique around metal hip prostheses was undertaken. 

The main aim of the study described in this chapter was to develop a validated CT 

protocol that provides (a) good sensitivity and specificity of the detection, and 

accurate and reproducible quantification of periprosthetic bone defects in all 

acetabular and periacetabular areas and (b) meets the International (ICRP, 1996) 

and Australian (ARPANSA, 2008) safety guidelines for radiation protection in 

diagnostic and interventional radiology.

1. To examine the effect of different CT tube currents (100 mAs, 200 mAs and 

300 mAs) in 3 separate protocols with constant CT slice thickness (1.25mm), 

peak voltage (140kV) and field of view (FOV) (region of interest) on the 

resulting radiation dose

The specific aims of this study were:

2. For the CT images reconstructed with 1.25mm and 3mm CT slice thickness:   

� To examine the sensitivity and specificity of the CT detection of simulated 

bone defects of different sizes adjacent to either HG or PCA acetabular 

components of THR. 
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� To determine the volume of the smallest measurable CT-detectable bone 

defect in different acetabular and periacetabular areas. 

� To determine the volume of the largest bone defect not detected by CT in 

different acetabular and periacetabular areas. 

� To examine the accuracy and the precision of the CT measurement of 

simulated bone defects of similar volume in different acetabular and 

periacetabular areas, in the presence of acetabular components made of 

different alloys (Titanium or Cobalt-Chrome).

� To examine the interference effect of a contralateral prosthesis on the 

accuracy and the precision of the CT measurements of simulated bone 

defects of similar volume in different acetabular and periacetabular areas. 

� To compare bias (difference between the true and observed values) according 

to prosthesis type, site of lesions, CT slice thickness and bone lesion size, 

using a linear mixed effects model for single bone defects

� To compare bias according to prosthesis type, site of bone lesions, CT slice 

thickness and bone lesion size, using a linear mixed effects model for 

.

combined bone defects that involve any two neighbouring areas. 

4.2 Methods and Materials

The limitations mentioned in the previous chapter that related to the availability, poor 

quality and low radiodensity of the formalin-treated pelvis from human cadavers were 

taken into account. There was a need for a bone specimen (or a phantom) with good 

radiodensity to represent the surrounding bone stock cranial (ilium), on the level 

(anterior wall, medial wall and posterior wall) and caudal (pubis and ischium) to the 

acetabular component. Fresh-frozen bovine hemi-pelvis was chosen for the following 

reasons. First, the bovine acetabulum was a similar in size to the human acetabulum. 

Second, the spatial orientation of the ilium, pubis and ischium to each other was 
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close to the human anatomy. Third, the fresh frozen bovine cancellous bone had 

better radiodensity compared to the formalin-treated cadaver bone. This would allow 

creation of simulated bone defects as small as 3-5mm in diameter, to examine the 

sensitivity end specificity of the CT in the 3-5mm wide area surrounding (parallel to) 

the acetabular component. 

4.2.1 Bovine acetabulum specimens

Three fresh-frozen bovine left hemi-pelves, comparable in size to a human 

acetabulum, were prepared following the same routine technique used in section 

3.2.1 of the previous chapter to accept a 58-mm outer diameter TiAlV Harris-Galante 

fibre metal coated shell with three screw holes (Zimmer Inc., Warsaw, IN), or 58-mm

outer diameter PCA (Howmedica International, Ltd, Rutherford, NJ) shell. The

acetabular component was inserted into the acetabulum of the specimen in 40o of 

operative inclination and 25o of operative anteversion (Murray et al., 1993). A Trilogy 

(Zimmer Inc., Warsaw, IN) or PCA (Howmedica International, Ltd, Rutherford, NJ) PE 

liner was inserted into the component. The specimen was placed into a plastic 

container and orientated so that its longitudinal axis was parallel to the midline of the 

container and the ischial tubercule was rested on the base of the container. The 

proximal aspect of the specimen was fixed with two Steinman pins to a wooden plate, 

which was then clamped to the plastic container. A cementless Harris-Galante 

(Zimmer inc.) or PCA (Howmedica International, Ltd, Rutherford, NJ) femoral stem 

with a 28-mm diameter CoCr alloy head (Howmedica International) was inserted into 

a plastic femur, which was then distally fixed with two Steinman pins to a wooden 

plate and clamped to the plastic container (Fig 4.1). During CT scanning, every 

specimen was covered with tap water, which was to simulate the additional beam 

attenuation from the surrounding soft tissues.
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Fig.4.1 Photograph showing bovine acetabulum specimen model of total hip 

replacement positioned in a plastic container. The femoral component is 

inserted in to a plastic tube for additional stability. The specimen is fixed 

proximally and distally by Steinman pins to wooden plates and then clamped 

to the container.   

Bovine acetabulum specimen model of 
total hip replacement
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Three different CT scan protocols were undertaken to examine the effect of different 

CT tube currents (100 mAs, 200 mAs and 300 mAs) with constant CT slice thickness 

(1.25mm), peak voltage (140kV) and field of view (FOV) on the resulting radiation 

dose. The protocol with tube currents of 200mAs provided the best metal artifact 

reduction with effective radiation dose in agreement with the International and 

Australian safety guidelines for Radiation Protection in Diagnostic and Interventional 

Radiology. These CT settings were added to the preliminary CT protocol to be tested 

in the following steps.

After a baseline set of CT images was obtained, the acetabular component was 

removed and simulated bone defects of different sizes representing areas of 

osteolysis were created in six possible anatomic locations: ilium, anterior wall, medial 

wall, posterior wall, pubis and ischium. The bone defects were created using Ø3mm, 

Ø5mm and Ø10mm burrs (Linvatec Corp., Largo, FL 33773, USA) as non-linear, not 

parallel to the surface of the acetabular component, in communication with the joint 

space and more than 3mm in diameter (Maloney et al., 1999). After each defect was 

created, it was moulded with Blu-Tack plasticine (Blu-Tack®, Bostik Findley Pty. Ltd., 

Thomastown, Victoria, Australia) and the volume was calculated from the weight of 

the mould and the density of the material. Each of these steps was followed by a 

routine CT scan. This procedure was performed a total of seven times with all of the 

three specimens, creating 126 possible locations (6 possible locations in 3 

specimens examined on 7 consecutive experimental steps). A total of 65 simulated 

bone defects were created (59 single and 6 combined). The simulated bone defects 

were presented randomly (new bone defects were created in any one of the six 

anatomic locations, and existing bone defects were either enlarged, or left the same, 

or combined). 
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In the first three steps, all of the simulated bone defects were isolated, but in the last 

three steps some of them were connected, to represent a “combined” bone defect 

that involves two neighbouring areas: ilum + medial wall (Fig. 4.2), anterior wall + 

pubis (Fig. 4.3) and posterior wall + ischium (Fig. 4.4).

The simulated bone defects were moulded with plasticine Blu-Tack (Blu-Tack®,

Bostik Findley Pty. Ltd., Thomastown, Victoria, Australia). The weight of the mould in 

grams (g) was measured by 0.01g sensitive scale (Electronic Balance ER-182A, A&D 

Company Ltd, Tokyo, Japan) and the density/specific gravity data of 1.8g/ml was 

given from the material specification (Technology Supplies Ltd, Shropshire, UK). The 

volume of the simulated bone defects was calculated using the formula: 

Physical measurement of the simulated bone defects volume 

Volume = Mass / Density 

4.2.2  Siemens Volume Zoom CT Scanner

A high resolution spiral multi-slice CT scanner (Siemens Volume Zoom; Siemens, 

Munich, Germany) was used. This scanner has ultra-fast gantry design (500 

milliseconds for a full rotation, and flexible selection of slice thickness (0.5-10mm), 

prospectively and retrospectively. For this instrument, an extended Hounsfield scale 

is available in the range from –10 240 to + 30 710 HU.

Different tube currents (100 mAs, 200 mAs and 300 mAs) were tested in 3 protocols 

with constant CT slice thickness (1.25mm), peak voltage (140kV) and field of view 

(FOV) to calculate the resulting CT radiation dose. 

Special software filter program B50s (Kernel) with extended CT scale was used to 

reduce metallic artifacts.
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Fig.4.2 Photographs showing first bovine acetabulum specimen. (A) Simulated single 
bone defects of different size in: 1, anterior wall; 2, ilium; 4, ischium; combined bone 
defect 3, involving ilium and medial wall. (B) The same bone defects moulded with 
plasticine (Blutack). 
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Fig.4.3 Photographs showing second bovine acetabulum specimen. (A) Simulated single 
bone defects in: 1, medial wall; 2, posterior wall; combined bone defect 3, involving 
anterior wall and pubis. (B) The same bone defects moulded with plasticine (Blutack). 
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Fig.4.4 Photographs showing third bovine acetabulum specimen. (A) Simulated single 
bone defects of different size in: 1 and 2, ilium; 3, pubis; combined bone defect 4, 
involving posterior wall and ischium. (B) The same bone defects moulded with 
plasticine (Blutack). 
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Initial CT scans of the three intact specimens (without bone defects) were taken as 

“base line” images for comparison. The acetabular component was then removed 

and simulated bone defects of different size were created and physically measured 

on every following step. Each of these steps was followed by a routine CT scan. 

From the raw CT data multi-planar images were reconstructed with 1.25mm and 

3mm slice thickness for analysis. The CT data was formatted in DICOM (Digital 

Imaging and Communications in Medicine) and saved to compact disk via a picture 

archiving and communication system and then downloaded into a Picker PQ6000 

workstation (Picker International, Cleveland, Ohio) for analysis. The quality of the CT 

images was significantly improved in post-processing manipulation by additional 

adjustment of the Window and Level settings. The simulated bone defects were 

measured in consecutive CT slices displayed on the computer screen by tracing the 

inner border of the defect using a computer mouse. Volume measurement was done 

using algorithms coded into the commercial image-analysis software (PQ6000 Voxel 

Q FALCON, Picker International Inc.). 

4.2.3   Statistical Analysis

The accuracy of the volumetric measurements from the CT scans was determined by 

calculation of the percent error between the physical measurement of the simulated 

defects, undertaken by moulding with plasticine (Blu-Tack®, Bostik Findley Pty. Ltd., 

Thomastown, Victoria, Australia) and the measurements from the CT scans. 

Volumetric measurements from the CT scans were repeated three times in each 

instance by three independent observers, an orthopaedic research registrar, a 

research officer and a research assistant. The reliability of the quantitative 

measurements was determined by calculating the intra-observer and inter-observer 

errors. The intra-observer error was assessed by calculating the standard deviation 

(SD) because the standard deviation between observations is independent of the 
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true size of the volume, whereas the coefficient of variation (CV) is not. The inter-

observer error was assessed by calculating intra-class correlation coefficient (ICC), 

with values above 0.90 were considered excellent, between 0.75 and 0.90 good, and 

bellow 0.75 poor (Portney et al., 2000). Interferential analysis was performed using 

analysis of variance (ANOVA) and the Fisher's least-significant-difference test.  Data 

summary statistics were calculated using Microsoft Excel and interferential analyses 

were performed using the SAS statistical software package (SAS® System for 

Windows™ Version 9.1 (SAS Institute Inc., Cary, NC, USA). A probability value of 

less than 0.05 was considered to indicate statistical significance.

Bias (difference between the true and observed values) was examined for single and 

combined bone defects in the presence of unilateral or bilateral THR prostheses. 

1.

A linear mixed effects model was used to compare bias  according to the following 

factors:

Single bone defects (HG or PCA)

� Prosthesis type (HG or PCA)

� Site of bone defects (ilium [I], anterior wall [aw], medial wall [mw], 

posterior wall [pw], pubis [p] and ischium [isch])

� CT slice thickness (1.25mm or 3mm)

� Size of bone defects (>0.05 &8��/<�=��/08�<�=�08
<�=
��26

2.

A linear mixed effects model was used to compare bias according to the following 

factors:

Combined bone defects (HG or PCA)

� Prosthesis type (HG or PCA)

� Sites involved (i+mw, aw+p, pw+isch)

� CT slice thickness (1.25mm or 3mm)

� Size of bone defects (>2&8
"�=
��26
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3.

A linear mixed effects model was used to compare bias according to the following 

factors:

Single bone defects (Bilateral THR prosthesis)

� Site of bone defects (ilium [I], anterior wall [aw], medial wall [mw], posterior 

wall [pw], pubis [p] and ischium [isch])

� CT slice thickness (1.25mm or 3mm)

� Size of bone defects (>0.4&8�<�=�08
<�=
��26

4.

A linear mixed effects model was used to compare bias according to the following 

factors:

Combined bone defects (Bilateral THR prosthesis)

� Sites involved (i+mw, aw+p, pw+isch)

� CT slice thickness (1.25mm or 3mm)

� Size of bone defects (>2&8
"�=
��26

All calculations were performed using SAS Version 9.1 (SAS Institute Inc., Cary, NC, 

USA).

4.3 Results

The effect of different CT scanning parameters on the resulting radiation dose is 

presented in Table 4.1. The protocol with CT settings of 1.25mm slice thickness, 140 

kV and 200mAs provided the best image quality with the least radiation dose. The 

radiation doses resulting from this protocol are in agreement with the guidelines from 

the ICRP (International Commission on Radiological Protection, 1996), the European 

guidelines on quality criteria for computed tomography (Report EUR 16262, 

Luxembourg, 1999) and ARPANSA (Australian Radiation Protection and Nuclear 

Safety Agency, RPS 14.1, 2008).

This study examined 65 simulated bone defects of different sizes (0.013cm³-

10.81cm³) and characteristics (59 single and 6 combined). 
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For the group of 59 single bone defects, the volumes ranged from 0.013cm3-10.81 

cm3, with a mean of 1.14 ± 2.6cm3.

Single bone defects

Thirty-eight of the defects were in the range 0.013cm³-0.087cm³. The size of these 

defects was not clinically relevant, but they were created to examine the sensitivity 

and the specificity of the CT in the 3-5mm wide area parallel to the acetabular 

component. 

The remaining 21 single bone defects, with volumes ranging from 0.4cm³-10.81cm³ 

had a mean of 3.12±3.7cm³ and were of more clinically-relevant size. 

This study included three additional size ranges: 

� >0.4 & 8���2�3�>��6���/-0.8cm³, mean volume 0.54 cm³ 

� >2 & 8
��2�3�>?6�����/-4.16cm³, mean volume 2.73 cm³  

� >9cm³ (n=4) 9.65-10.81cm³, mean volume 10.23cm³ 

There were 6 combined bone defects (that involve two neighbouring areas) with a

mean volume of 4.56cm3 ± 3.7cm3 (range 1.27-9.21cm3). They were as follow: 

ilium+medial wall (Fig.4.5), anterior wall+pubis (Fig.4.6), posterior wall+ischium 

(Fig.4.7). 

Combined bone defects

The three reviewers assessed 126 possible locations (6 possible locations in 3 

specimens examined on 7 consecutive experimental steps) for the presence or 

absence of simulated bone defects. The same 126 locations were assessed under 

different conditions:

1. HG THR prostheses inserted, CT slice thickness of 1.25mm.

2. HG THR prostheses inserted, CT slice thickness of 3mm.

3. PCA THR prostheses inserted, CT slice thickness of 1.25mm.

PCA THR prostheses inserted, CT slice thickness of 3mm.
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Fig.4.5 First bovine acetabulum specimen. A – Photograph showing simulated 

bone defects moulded with plasticine (Blutack). 1-Single bone defect in anterior 

wall; 2-Single bone defects in ilium; 3-Combined bone defect involving ilium 

and medial wall; 4- Single bone defect in ischium. B, C, D – CT scans from 

axial and sagittal planes showing the same simulated bone defects (arrows).
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Fig.4.6 Second bovine acetabulum specimen. 

A – Photograph showing simulated bone defects moulded with plasticine 

(Blutack). 1-Single bone defect in medial wall; 2-Single bone defects in posterior 

wall; 3-Combined bone defect involving anterior wall and pubis. B, C, D – CT 

scans from axial plane showing the same simulated bone defects (arrows).  
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Fig.4.7 Third bovine acetabulum specimen. 

A – Photograph showing simulated bone defects moulded with plasticine 

(Blutack). 1-Single bone defect in ilium; 2-Single bone defect in ilium adjacent to 

the fixation screw; 3-Single bone defect in pubis; 4-Combined bone defect 

involving posterior wall and ishium. B, C, D – CT scans from axial plane showing 

the same simulated bone defects (arrows).  
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CT detection and quantification of bone defects adjacent to HG acetabular 

component:

� The overall sensitivity of CT detection of periprosthetic bone defects 

was 97% (57 out of 59 possible) using 1.25mm CT slice thickness and 93% 

(55 out of 59 possible) for 3mm CT slice thickness (Table 4.2).

Single bone defects:

� For 1.25mm CT slice thickness, sensitivity ranged from 100% for bone 

defects in ilium, anterior wall, pubis and ischium, to 86% for bone defects in 

medial wall and posterior wall (Table 4.3).

� For 3mm CT slice thickness, sensitivity ranged from 100% for bone 

defects in ilium, pubis and ischium, to 71% for bone defects in posterior wall 

(Table 4.3). That was probably because the area on the level of the 

acetabular component was affected by an additional amount of metallic 

artifact from the femoral head and neck (Fig.4.8).

� The overall specificity was 100% for both 1.25mm and 3mm CT slices 

(67 out of 67 anatomic locations with no lesions correctly identified as having 

no lesions).

� Despite the low sensitivity in medial wall and posterior wall, specificity 

remained high, indicating that once the bone defect is evident on the CT, the 

likelihood that a bone defect truly exists is high.

� The volume of the smallest measurable CT-detectable bone defect

0.014 cm3 (Ø3mm diameter) in the medial and posterior wall of the acetabu-

lum for both 1.25mm and 3mm CT slice thickness. 

was 

� The volume of the largest bone defect that was miss-detected by CT

measured 0.017cm3 (Ø 3mm diameter) in posterior wall (1.25mm CT slice 

thickness) and 0.019 cm3 in anterior wall (3mm CT slice thickness). 
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Fig.4.8 CT coronal reconstruction image of left hip joint in a patient with an 

uncemented total hip replacement prosthesis. Shown are 3 zones with 

different amount of metal artefact: Zone 1-involves the area cranial to the 

acetabular roof (ilium); Zone 2-involves the area on the level of the acetabular 

component (anterior wall, medial wall and posterior wall); Zone 3- involves 

the area caudal to the acetabular component (pubis and ischium).
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� All 21 single bone defects with a mean volume 3.12 cm³ (range 0.4-

10.81cm³) were correctly identified and measured with an accuracy error of -

0.23cm³±0.47cm³ (1.25mm CT slice thickness) and -0.4±0.81 cm³ (3mm CT 

slice thickness). 

� Bone defects >0.4 & 8���2�3��*���/�/6�(��������� n volume 0.54±0.11

cm³ were measured with a mean accuracy error of 0.11±0.08cm³ (1.25mm 

CT slice thickness) and 0.15±0.07cm³ (3mm CT slice thickness).

� Bone defects >2 & 8
��2� 3��*��� /��6� (���� �� ����� +��,���

2.73±0.75cm³ were measured with a mean accuracy error of 0.30±0.33cm³ 

(1.25mm CT slice thickness) and 0.39±0.46cm³ (3mm CT slice thickness).

� Bone defects >9cm³ (Table 4.6) with a mean volume 10.23±0.67cm³ 

were measured with a mean accuracy error of -0.6±0.36cm³ (1.25mm CT 

slice thickness) and -0.9±0.39cm³ (3mm CT slice thickness).

� Overall, bone defects with most clinically relevant volumes in the range 

2.01cm³-10.81cm³, (mean 5.46±3.8cm³), were measured with a mean 

accuracy error of -0.55±0.45 (1.25mm CT slice thickness) and 0.9±0.86cm³ 

(3mm CT slice thickness). 

� All 6 combined bone defects with mean volume 4.56±3.7cm³ were 

correctly identified and measured with a mean accuracy error of -

0.18±0.6cm³ (1.25mm CT slice thickness) and -0.68±1.09cm³ (3mm CT slice 

thickness). 

Combined bone defects
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CT detection and quantification of bone defects adjacent to PCA acetabular 

component

� The overall sensitivity of CT for the detection of periprosthetic bone 

defects was 81% (48 out of 59 possible) for 1.25mm CT slice thickness and 

80% (47out of 59 possible) for 3mm CT slice thickness (Table 4.2).

Single bone defects:

� For both 1.25mm and 3mm CT slice thickness, sensitivity ranged from 

100% for bone defects in ilium, to 43% for bone defects in posterior wall 

(Table 4.3).

That was probably because the area on the level of the acetabular 

component was affected by an additional amount of metallic artifact from the 

femoral head and neck, while the area of the ilium was almost artifact-free 

(Fig.4.8).

� The overall specificity was 100% for both 1.25mm and 3mm slice 

thickness (67 out of 67 anatomic locations with no lesions correctly identified 

as having no lesions). Despite the low sensitivity in anterior wall, medial wall 

and posterior wall, specificity remained high, indicating that once the bone 

defect is evident on the CT, the likelihood that a bone defect truly exists is 

high.

� The volume of the smallest measurable CT-detectable bone defect

� The volume of

was 

0.014cm3 (Ø 3mm diameter) in the medial wall of the acetabulum for both 

1.25mm and 3mm CT slice thickness. 

the largest bone defect that was not detected by CT

� In the presence of PCA acetabular component, all 21 single bone 

defects with mean volume 3.12cm³ (range 0.4-10.81cm³) were correctly 

,

measured 0.074cm3 (Ø 5mm diameter) in anterior and medial walls for both 

1.25mm and 3mm CT slice thickness.
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identified and measured with an accuracy error of -0.69cm³±0.78cm³ 

(1.25mm CT slice thickness) and -0.57±1.22cm³ (3mm CT slice thickness).

� Bone defects >0.4 & 8���2� 3��*��� /�?6� (���� �� ����� +��,��� ���

0.54±0.11cm³ were measured with an overall accuracy error of 

0.06±0.11cm³ (1.25mm CT slice thickness) and -0.003 ± 0.14 cm³ (3mm CT 

slice thickness).

� Bone defects >2 & 8� 
��2� 3��*��� /�@6� (���� �� �� an volume of 

2.73±0.75cm³ were measured with an overall accuracy error of -1.1±0.78cm³ 

(1.25mm CT slice thickness) and -0.95 ± 0.85cm³ (3mm CT slice thickness).

� Bone defects >9cm³ (Table 4.6) with a mean volume of 10.23±0.67cm³ 

were measured with an overall accuracy error of -1.16±0.5cm³ (1.25mm CT 

slice thickness) and -1.7±0.5 cm³ (3mm CT slice thickness).

� Overall, bone defects with most clinically relevant volumes in the range 

2.01cm³-10.81cm³, (mean 5.46±3.8cm³), were measured with a mean 

accuracy error of -0.72±0.64 (1.25mm CT slice thickness) and -0.74±0.9cm³ 

(3mm CT slice thickness). 

� All 6 combined bone defects with mean volume 4.56±3.7cm³ were 

correctly identified and measured with a mean accuracy of -0.92±0.4cm³ 

(1.25mm CT slice thickness) and -1.28±1.18cm³ (3mm CT slice thickness). 

Combined bone defects:
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Bilateral THR prostheses

� In the presence of a contralateral prosthesis, single bone defects with mean 

volume 4.7±3.49cm³ (range 2.01-10.81cm³) were measured with a mean 

accuracy error of -0.53±0.78 cm³ (1.25mm CT slice thickness) and -0.62 ± 

0.84cm³ (3mm CT slice thickness).

Single bone defects

� In the presence of a contralateral prosthesis, combined bone defects with 

mean volume 3.63±3.3cm³ were measured with a mean accuracy error of 0.03   

± 0.37 cm³ (1.25mm CT slice thickness) and -0.28±0.54cm³ (3mm CT slice 

thickness).

Combined bone defects:

 

Bias (difference between the true and observed values) according to prosthesis type, site, 

thickness and size using a linear mixed effects model. 

Bias was assessed according to the following factors:

Single bone defects (HG or PCA prosthesis) 

1. Prosthesis type (HG or PCA)

2. Site of bone defects (ilium, ant.wall, med.wall, post.wall.pubis, ischium)

3. CT slice thickness (1.25mm or 3mm)

4. Size of bone defects (>0.05&8��/��2<�=��/08���2<�=�08
��2<�=
��26

Table 4.9 Type 3 Tests of Fixed Effects for single bone defects 

Effect P Value

Prosthesis Type <0.0001

CT slice thickness 0.1917

Site of bone defects <0.0001

Size of bone defects <0.0001
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Table 4.9 shows the significance of predictor variables in the model. The table shows 

that:

1. Independently of CT slice thickness (1.25mm or 3mm), site of bone defects 

(Ilium, ant.wall, med.wall, post.wall, pubis, ischium) and defects size 

(>0.05&8��/��2<� =��/08���2< >2&8
��2<� =
��26"� ������ (��� �� ��9���������

difference in bias between Hg and PCA prostheses (p < 0.0001). 

2. Independently of prosthesis, site and size, there was no evidence for a 

difference in bias between 1.25 and 3mm CT slice thicknesses (p = 0.1917).

3. Independently of prosthesis, CT slice thickness and size, there was a 

significant difference in bias between the six sites (p < 0.0001).

4. Independently of prosthesis, CT slice thickness and site, there was a 

significant difference in bias between the four sizes (p < 0.0001).

Table 4.10 Adjusted Means (Single bone defects, HG or PCA prosthesis)

Effect
Prosthesis

type
CT slice 
thickness

Site of 
bone

defects
Size of

bone defects estimate
Standard 

error

Prosthesis Hg -0.09418 0.08312

Prosthesis PCA -0.2174 0.08364

Thickness 1.25mm -0.1375 0.08331

Thickness 3mm -0.1741 0.08340

Site ant.wall -0.2055 0.09305

Site ilium -0.3225 0.08500

Site ischium -0.1285 0.08829

Site med.wall -0.1658 0.09237

Site post.wall -0.08735 0.09476

Site pubis 0.09698 0.08744

Size >0.4&8���2 -0.02459 0.08503

Size >0.05&8��/��2 -0.04988 0.08569

Size >9cm³ -0.8313 0.08853

Size >2cm³&8
��2 -0.00495 0.08607
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Table 4.10 shows the mean bias according to each predictor variable in the model, 

adjusted for dependence in the data. Bias was larger (in terms of the absolute 

distance from 0) in the PCA compared to the HG prosthesis (mean bias -0.2174 vs. -

0.0942, p<0.0001). There was little difference in bias between the two CT slice 

thicknesses (mean bias -0.1375 vs. -0.1741, p=0.1917).

Overall conclusions: There was no difference in bias between 1.25mm and 3mm CT 

slice thicknesses (p = 0.1917). Bias was larger in the PCA prosthesis compared to 

the Hg prosthesis (p < 0.0001) and varied across the six sites of measurement (p < 

0.0001) and four sizes (p <0.0001). 

Combined Defects (HG or PCA prosthesis)

Bias was assessed according to the following factors:

1. Prosthesis type (HG or PCA)

2. Sites involved (i+mw, aw+p, pw+isch)

3. CT slice thickness (1.25mm or 3mm)

4. Size of bone defects (>2cm³&8
��2"�=
��26

Again a linear mixed effects model was used to compare bias according to prosthesis 

type, site of bone defects, CT slice thickness and size of bone defects (Table 4.11).

Table 4.11 Type 3 Tests of Fixed Effects for combined bone defects

Effect P Value

Prosthesis Type 0.0005

CT slice Thickness 0.0019

Site of bone defects 0.0004

Size of bone defects <.0001

102



 
Table 4.12 Adjusted Means (Combined bone defects, HG or PCA prosthesis)

Table 4.12 shows the mean bias according to each predictor variable in the model, 

adjusted for dependence in the data.

Overall conclusions: Bias was larger in the PCA prosthesis compared to the Hg 

prosthesis (-0.8544 vs. -0.3798, p = 0.0005), larger for the 3mm thickness compared 

to the 1.25mm thickness (-0.8253 vs. -0.4089, p = 0.0019) and larger in the >9cm³ 

size compared to the >2cm³ & 8
��2 size (-1.1409 vs. -0.0933, p <0.0001). Bias was 

also found to vary across the three sites of measurement (p = 0.0004). 

Single Defects (Bilateral THR prosthesis)

Bias was assessed according to the following factors:

1. Site of bone defect (ilium, ant wall, med wall, post wall, pubis, ischium)

2. CT slice thickness (1.25mm or 3mm)

3. Size of bone defects (>0.4&8���2"�=�08
��2"�=
��2)

Effect
Prosthesis

type
CT slice 
thickness

Site of 
bone

defects
Size of

bone defects Estimate
Standard 

Error

Prosthesis Hg -0.3798 0.4964

Prosthesis PCA -0.8544 0.4959

CT slice 
thickness

1.25mm -0.4089 0.4959

CT slice 
thickness

3mm -0.8253 0.4964

Site I+mw -0.5910 0.7822

Site aw+p -1.4531 0.6084

Site pw+isch -0.2383 0.5692

Size >9cm³ -1.1409 0.4999

Size >2cm³&8
��2 -0.09333 0.4980
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A linear mixed effects model was used to compare bias according to site, thickness 
and size (Table 4.13).

Table 4.13 Type 3 Tests of Fixed Effects for single bone defects (Bilateral THR 
prostesis). 

Table 4.14 Adjusted Means (Single bone defects, Bilateral prosthesis)

Effect
CT slice
thickness

Site of
bone defects

Size of
bone defects Estimate

Standard 
Error

Thickness 1.25mm -0.2176 0.1562

Thickness 3mm -0.2747 0.1565

Site ant.wall -0.5899 0.2936

Site ilium -0.5269 0.1664

Site ischium -0.02320 0.1879

Site med.wall -0.5638 0.3268

Site post.wall -0.5502 0.2959

Site pubis 0.2491 0.1768

Size >0.4&8���2 0.04313 0.2116

Size >9cm³ -0.7814 0.1668

Size >2&8
��2 0.2717 0.1943

Table 4.14 shows the mean bias according to each predictor variable in the model, 

adjusted for dependence in the data.

Overall conclusions: There was no difference in bias between the 1.25mm and 3mm 

CT slice thicknesses (p = 0.5677). Bias varied across the six sites of measurement (p 

<0.0001) and across the three sizes (p <0.0001). 

Effect P Value

CT slice Thickness 0.5677

Site of bone defects <0.0001

Size of bone defects <0.0001
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Bias was assessed according to the following factors:

Combined Defects (Bilateral THR prosthesis)

1. Sites involved (i + mw, aw + p, pw + isch)

2. CT slice thickness (1.25mm or 3mm)

3. Size of bone defects (>2&8
��2, >9cm³)

A linear mixed effects model was used to compare bias according to site, thickness 
and size (Table 4.15).

Table 4.15 Type 3 Tests of Fixed Effects for combined bone defects 
(Bilateral THR prostesis). 

Effect P Value

CT slice Thickness 0.1368

Site of bone defects 0.0015

Size of bone defects 0.0005

Table 4.16 Adjusted Means (Combined bone defects, Bilateral prosthesis)

Effect
CT slice 
Thickness

Site of bone
defects

Size of bone 
defects Estimate

Standard 
Error

CT slice Thickness 1.25mm -0.1046 0.1109

CT slice Thickness 3mm -0.3009 0.1109

Site I+mw 0.05361 0.1205

Site aw+p -0.7308 0.1664

Site pw+isch -0.1951 0.1205

Size >9cm³ -0.5514 0.1246

Size >2&8
��2 0.02967 0.1072

Overall conclusions: 

The findings of this study resulted in the development of the following CT scan 

protocol for assessment of THR patients for PO.

Bias appeared unrelated to thickness (p = 0.1361). Bias was 

larger in the size >9cm³ than the size >2&8
��2 (-0.5514 vs. 0.02967, p = 0.0005) 

and varied across the three sites of measurement. 
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4.4 Discussion

In this in-vitro validation study, a spiral multi-slice CT scanner with extended CT scale 

(up to 30,700 HU) was able to accurately and reliably measure single and combined 

bone defects in all acetabular and periacetabular areas adjacent to both titanium 

(HG) and cobalt-chrome (PCA) acetabular components inserted in a bovine hemi-

pelvis. The CT technique described in this chapter was able to detect simulated bone 

defects in the range 0.013-10.81cm³ in all acetabular and periacetabular areas with 

overall sensitivity of 97% and 93% (1.25mm and 3mm CT slice thickness) for HG 

prosthesis and 81% and 80% (1.25mm and 3mm CT slice thickness) for PCA 

prosthesis and 100 % specificity for both of them. The accurate identification of bone 

defects as small as 0.013-0.087cm³ means that the 3-5mm wide area directly 

adjacent to the acetabular component could be adequately monitored to identify early 

pelvic osteolysis. This is essential to prevent the progression of these bone defects 

into uncontained segmental deficiencies. The correct detection of simulated bone 

defects adjacent to the fixation screws as demonstrated here and in section 3.3, 

would improve the monitoring of potential access channels for the join fluid to the 

surrounding bone.

Single bone defects of more clinically relevant volumes (range 2.01cm³-10.81cm³) 

adjacent to both HG and PCA prosthesis were correctly identified (100% sensitivity 

and 100% specificity). However, bias varied across the different sites (p<0.0001) and 

related to the prosthesis type (p<0.0001) and bone defects size (p<0.0001), but not 

to the CT slice thickness (p=0.1917). 

Combined bone defects (involving two neighbouring areas) with mean volume of 

4.56cm³ (range 1.27cm³-9.21cm³) were correctly detected. The accuracy and 
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precision of the CT volume measurement depended on the prosthesis type, the CT 

slice thickness and the bone defect size.

In the presence of bilateral THR prostheses (HG+PCA) all bone defects in the range 

2.01cm³-10.81cm³ were correctly detected. There were no differences in the 

accuracy of volume measurements of bone defects adjacent to bilateral THR 

(HG+PCA) or unilateral prostheses. The mean accuracy error was -0.02±0.4cm³, 

compared with 0.03±0.4cm³ for HG and -0.3±0.2cm³ for PCA unilateral THR 

prosthesis. 

A limitation of this study is that the in-vitro validation was performed on bovine 

acetabular bone. An in-vivo validation study would be of greater value, however, 

intra-operative validation of the CT-derived measurement would be very difficult and 

impossible in some cases for the following reasons. First, lesions hidden behind 

stable acetabular components could not be accessed and measured properly. 

Second, in revision surgery there is unavoidable bone stock loss during the removal 

of the acetabular component that could compromise measurements. Third, another 

potential bone loss from the surrounding bone is during the surgical debridement of 

fibrous tissues from the osteolytic cavity, which could change the original volume. An 

in-vitro validation of the CT-derived measurement on fresh-frozen cadaver bones 

was not possible for some legal and ethical issues. Preliminary work showed that use

of a human cadaver acetabulum specimen was made impossible by the very poor 

cancellous bone quality of the formalin-treated cadaver bones, as was the creation of 

simulated bone defects of volume smaller than 1cm3. In addition, the air that tracked 

into the porotic cadaver bone and the freezing/defrosting procedures (from -20°C to 

room temperature) provided additional challenges for the lesion detection. For the 

fresh-frozen bovine acetabulum specimens single and combined simulated bone 
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defects of different volume were reproduced in all 6 possible locations, which is 

unlikely to be observed in a single patient, but represented different clinical 

scenarios.  

The use of a THR model in this in-vitro validation study created some challenges that 

probably have reflected on the detection and the accuracy of the volume 

measurements. First, the typical characteristic of an osteolytic lesion – the sclerotic 

border, was not simulated, which made the detection more difficult, especially in the 

presence of cobalt-chrome acetabular components (PCA) with higher attenuation 

coefficient. Second, the acetabular component was not in-grown by the surrounding 

bone, which created a “gap” (radiolucent line) and the mapping of the simulated bone 

defects by free-hand followed an imaginary line parallel to the surface of the 

component. 

Another limitation is the absence of soft tissues in the specimens, which could have 

influenced the image quality of the canselous bone. Water was used to simulate soft 

tissues, following the experience of other authors (Claus et al., 2003). 

The radiation dose from CT examinations is a very sensitive and important issue for 

the safety of the patient. The resulting radiation dose from the CT protocol developed 

in this study is in agreement with the guidelines proposed by the National and 

International standards. When adapted for use with different CT scanners, further 

reduction could be achieved with automatic exposure control technique.

4.5 Conclusions

The findings described in this chapter show that, in experimental models of THR-

associated bone loss, it is feasible to use CT scanning to measure the volume of 
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defects in the cancellous bone in all acetabular and periacetabular areas adjacent to 

noncemented acetabular components of THR.  Using the scanning parameters that 

were determined and presented in the CT protocol, together with metal artifact 

reduction software and extended CT scale technique, accurate and reliable 

volumetric measurements can be obtained. 

Despite some limitations, this study is the first to date to provide detailed validation of 

the CT quantification of bone defects adjacent to THR acetabular components.
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Chapter 5   

Clinical Application 
5.1 Introduction

This chapter describes two clinical applications of the CT technique developed for 

use around metal THR prostheses. These clinical studies were designed to 

investigate, first, the distribution of osteolysis around acetabular cups of two designs 

and, second

5.2 Study 1 

, the factors that may influence the progression of osteolysis. The 

studies have been published as listed on page vii, and were performed in 

collaboration with the authors listed under each study. 

DISTRIBUTION OF PERIACETABULAR OSTEOLYTIC LESIONS VARIES 
ACCORDING TO COMPONENT DESIGN

Aims: To examine the volume, location and number of PO lesions in patients with 

long-term uncemented THR of two acetabular components design: multi-hole shell 

with additional screw fixation and solid shell with single central hole.

5.2.1 MATERIALS AND METHODS 

At the Royal Adelaide Hospital (RAH) patients presenting to clinic for review of their 

long-term cementless THR are routinely sent for a CT scan if there is osteopenia 

suggesting osteolysis or an osteolytic lesion on plain radiographs. Patients are 

referred to this institution from multiple sources for either review of their THR or for 

symptoms suggesting that revision surgery is required. For this study, the CT scans 

of these patients were retrospectively analysed. The following inclusion criteria were

applied: patients who had undergone a CT scan for suspected steolysis; a minimum 

of 10 years after primary THR; and the use of either a cementless commercially pure 

titanium fiber mesh-coated hemispheric HG-1 (Zimmer Ltd, Warsaw, Ind) acetabular 

component or a cementless cobalt-chrome PCA acetabular component (Howmedica, 

Rutherford, NJ). Only HG-1 acetabular components fixed with 2 screws and PCA 
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acetabular components with a single central dome hole, lateral peg, and no screw 

fixation were included. Forty-nine patients (57 hips) met the inclusion criteria. All 

patients gave informed consent, and this study was approved by the RAH Human 

Ethics Review Committee. Of the 57 hips, 38 hips in 31 patients had a primary 

cementless HG-1 acetabular component. All were implanted after line-to-line reaming 

and fixation with 2 screws. The HG-1 metal shell had 11 holes and a modular 

polyethylene liner inserted. The femoral component was an HG-1 stem in all hips. In 

18 patients, 19 hips had a primary cementless PCA acetabular component. All were 

press-fitted into the acetabulum. A snaplock modular polyethylene liner was then 

inserted in all 19 hips. The femoral component was a PCA stem in 18 hips and an 

Exeter stem in 1 hip. Two patients with an HG-1 acetabular component and 6 

patients with a PCA acetabular component had CT scans before revision surgery 

rather than as part of their routine clinical management. The median time since THR

was 16 years (range, 10-19 years) for the HG-1 cohort and 15 years (range, 11-18

years) for the PCA cohort. The patient and prosthesis-related parameters of the 2 

cohorts are summarized in Table 5.1. There was no difference between the 2 cohorts 

for any of the parameters listed apart from femoral head size (P < .0001).

Eleven of the thirty-eight hips (29%) with HG-1 acetabular components and 7 of the 

19 hips (37%) with PCA acetabular components underwent reoperation during the 

study period. Three of the eleven hips with HG-1 acetabular components and 6 of the

7 hips with PCA acetabular components were from patients referred from other 

hospitals for reoperation at the RAH. In all cases, the revision surgery was performed 

by the same surgeon (DWH). Loosening of the acetabular component was graded 

intraoperatively using an established grading system (Howie et al., 1990). For

cementless implants, the prosthesis-cement interface grading is not applicable, and 

the cement-bone interface becomes the prosthesis-bone interface. 

Revision of hips during study period
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     TABLE 5.1 Patient and prosthesis-related parameters

HG-1 PCA
p value from 

tests of 
association

Number of hips 45 22 -

Number of patients 35 20 -

Primary THR: revision 
resurfacing THR: revision THR

38:5:2 19:1:2 0.535#

Gender (male: female) 27:18 8:14 0.117#

Age at THR* - median (range) 59 (38 - 70) 55 (31 - 70) 0.114†

Years of implantation - median 
(range)

16 (10 - 19) 15 (11 - 20) 0.195†

Femoral head diameter ** 
(22:26:28:32mm)

19:23:3:0 0:11:1:10 <0.0001#

Harris Hip Score at latest follow-
up - median (range) 

78 (34 – 100) 83 (51 – 98) 0.399†

        * Total hip replacement when HG-1 or PCA acetabular component implanted

** Difference between the two cohorts p<0.0001
              #Chi square or Fisher exact test 

         †Mann Whitney U test
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High-resolution spiral multislice CT scans (Somatom Volume Zoom, Siemens, 

Munich, Germany), using an extended CT scale technique (window level up to 30710

Computed Tomography

Hounsfield units) to suppress the resulting metal artefact (Link et al., 2000), were 

used to identify and measure the volume of acetabular OL. Scans of the hip were 

made according to specific parameters (140 kV, 200 mA, 0.75-second rotation 

speed, 1.25-mm slices, 1-mm feed) from the top of the sacroiliac joint to 2 cm distal 

to the end of the femoral prosthesis. The reconstruction interval was 0.8 mm, with a 

slice thickness of 1.25 mm. The CT data were formatted in DICOM, saved to CD, and 

then downloaded onto a Picker PQ6000 workstation (Picker International Inc, 

Cleveland, Ohio) for analysis. The quality of the CT images was improved by 

adjustment of the Window and Level settings.  Osteolysis was defined as a 

demarcated nonlinear lesion more than 3 mm in diameter (Maloney et al., 1999). 

Cross sections of the defects were identified on consecutive axial slices, and the 

inner border of each defect was traced using a computer mouse (Fig.5.1). Osteolytic 

volume was calculated using algorithms coded into the commercial image analysis 

CT software (PQ 6000 Voxel Q FALCON, Picker International Inc). Lesion volumes 

were combined to give total OL volume for each hip. All measurements were made 

by a single observer (RS) trained in quantitative CT analysis. The in-vitro

measurement error (mean ± SD) of this CT technique is 0.55 ± 0.45 cm³ and 0.72 ±

0.64 cm³ for a mean lesion size of 5.5 cm³ adjacent to HG-1 and PCA components, 

respectively. Rim-related lesions were defined as those with at least part of the lesion 

being in contact with the rim of the acetabulum in one or more coronal or sagittal 

views and therefore communicating with the joint space. Screw or empty hole–

related lesions were defined as those lesions adjacent to prosthesis fixation screws 

or empty shell holes. Combined lesions were defined as lesions that were both rim 

related and also adjacent to shell holes or fixation screws. The location of screw 
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holes were described as those in the central dome of the acetabular component or in 

the mid-dome of the acetabular component. The lesion classification was undertaken 

using coronal and sagittal images. The proportions of each lesion type were 

described according to the total number of OL lesions in each group. The bone sites 

used to describe the location of OL lesions were the ilium, medial wall, anterior wall, 

posterior wall, ischium, and pubis. The presence of OL lesions in these bone sites 

was identified on axial slices. Differences between the 2 patient cohorts, with respect 

to patient and implant-related variables and the distribution and size of the OL

lesions, were examined using Fisher exact, AB"� ��$� ;���-Whitney U tests (Table 

5.1). Statistical analysis was performed using GraphPad Prism software (V4.00 for 

Windows, GraphPad Software, San Diego, Calif). Probability values less than .05 

indicated a significant difference.

5.2.2 RESULTS

Using CT, periacetabular OL was detected in 35 (92%) of the 38 hips with HG-1

components and in all hips with PCA acetabular components (100%). 

One hundred eighteen OL lesions were detected adjacent to the 35 HG-1

components with detectable OL, giving a mean number of lesions per hip of 3.4. 

Thirty-five OL lesions were detected adjacent to the 19 PCA components with 

detectable OL, giving a mean number of lesions per hip of 1.8. However, despite the 

difference in the number of OL lesions per hip, the total volume of OL lesions was not 

significantly different between the 2 acetabular component designs (P = .32). The 

mean volume of OL lesions was 11.1 cm3 (range, 0.7-49 cm3; median, 6.6cm3) in 

hips implanted with HG-1 components and 9.8 cm3 (0.4-52 cm3; median, 4.4 cm3) in 

hips implanted with PCA components. Dividing the total lesion volume by the total 

number of lesions, the average lesion volume was 3.3 cm³ in hips with HG-1

components and 5.0 cm³ in hips with PCA components.

Number and Volume of Osteolytic Lesions 
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Mapping of osteolytic lesion on consecutive CT slices

Z

Y

X

Fig.5.1 Diagram showing mapping (yellow line) of a rim-related osteolytic lesion 

(arrows) in the ilium on consecutive CT slices. Presented are the classical 

characteristics of the acetabular periprosthetic osteolysis: a “ballooning” cavity 

with missing trabeculi, surrounded by a sclerotic border and communicates with 

the joint. 
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The proportion of rim-related, screw or empty hole–related, and combined osteolytic 

lesions associated with HG-1 and PCA acetabular components is shown in Table 

5.2. Eighteen percent of osteolytic lesions detected adjacent to HG-1 components 

were rim-related, 53% were screw or empty hole-related, and 29% were combined 

(Fig. 5.2). Of the 63 screw or empty hole–related lesions, 24 lesions were associated 

with holes containing screws, 30 lesions were associated with empty screw holes, 

and 9 lesions were larger and associated with 2 holes, one containing a screw and 

one empty. Of the 34 combined lesions, 79% were rim-related lesions combined with 

hole-related lesions located in the central dome, and 21% were rim-related lesions 

combined with hole-related lesions in the mid-dome of the component. In hips with 

PCA components, 51% of the osteolytic lesions detected were rim related, 9% were 

hole- related, and 40% were combined (Fig. 5.3). Because only a central hole is 

present in the PCA component, the latter group combined rim-related lesions with the 

central hole–associated lesions. A significant difference in the proportion of rim-

related, hole-related, and combined lesions was found between the 2 acetabular 

component designs (P < .0001). This was primarily because of the large numbers of

hole-related lesions detected adjacent to HG-1 components. These hole-related 

lesions made up 53% of the total number of lesions detected around HG-1

components and largely also explain the increase in the average number of lesions 

detected adjacent to the HG-1 components compared to PCA components. In 

contrast, only 3 (9%) of 35 osteolytic lesions detected adjacent to PCA components 

were only hole-related lesions.

Location of Osteolytic Lesions According to Acetabular Component Design 

The location of the periacetabular osteolytic lesions according to bone sites is 

presented in Fig. 5.4. All 35 hips with HG-1 acetabular components and detectable 

osteolysis had lesions in the ilium. The next most common site of osteolytic lesions 

Location of Osteolytic Lesions According to Bone Sites 
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was the medial wall (63% of hips). In 71% of hips that had osteolysis around HG-1

components, osteolytic lesions were present in more than one bone site. Similarly, in 

hips with PCA acetabular components, osteolysis was most commonly detected in 

the ilium (89% of hips). The next most common site of osteolytic lesions was the 

medial wall (68% of hips). In 63% of hips THRt had osteolysis around PCA 

components, osteolytic lesions were present in more than one bone site. No 

osteolytic lesions were detected in the pubis in either group.

At reoperation, 7 of the 11 HG-1 acetabular components were found to be well fixed 

at the prosthesis-bone interface, and only liner exchange was undertaken. In the 

other 4 hips, 2 HG-1 acetabular components were loose at the prosthesis-to-bone 

interface and were replaced, and 2 acetabular components were replaced due to 

severe liner wear and fracture of the metal shell. At reoperation of the hips with PCA 

acetabular components, 3 of the 7 PCA components were well fixed at the 

prosthesis-to-bone interface. Liner exchange was performed for one of these 

components. The other 2 acetabular components were replaced due to extensive

osteolysis. Of the 7 PCA acetabular components, 4 were loose at the prosthesis-to-

bone interface and were replaced. For the 2 HG-1 and 4 PCA acetabular 

components revised due to loosening, the mean volume of osteolysis was 23.2 cm³ 

(range, 3.7-42.7 cm³) and 3.8 cm³ (range, 0.5-8.3 cm³), respectively. This is in 

comparison to mean volumes of osteolysis of 12.7 cm³ (range, 3.0-47.1 cm³) and 

14.7 cm³ (range, 4.0-28.3 cm³) for HG-1 and PCA acetabular components that 

remained well-fixed at revision. Although the number of acetabular components 

revised were small, there were no indications of an increase in volume of osteolysis 

around loose acetabular components.

Revision of Hips during Study Period 
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TABLE 5.2 Proportion of rim-related, hole-related, combined and isolated 
osteolytic lesions associated with long-term implanted HG-1 and PCA
acetabular components

Type of lesion HG-1
n=42 hips

PCA
n=21 hips

Rim-related 27 (19) 20 (51)

Hole-related 79 (54) 3 (8)

Combined 40 (27) 16 (41)

Isolated 0 0

Total 146 39

Results are expressed as the number of osteolytic lesions detected (% total number 

of lesions).
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Fig.5.2 Coronal and sagittal CT images showing (A) rim-related, 

(B) hole-related and (C) combined osteolytic lesions (indicated by 

arrows) adjacent to H-G acetabular components.

CT images of osteolytic lesions adjacent to H-G
acetabular components

A

C

B
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Fig.5.3 Sagittal and coronal CT images showing (A) rim-related, (B) 

hole-related and (C) combined osteolytic lesions (indicated by arrows) 

adjacent to PCA acetabular components.

CT images of osteolytic lesions adjacent to PCA 
acetabular components

C

B

A
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5.2.3 DISCUSSION
The important finding in this study was that in the presence of a similar total volume 

of osteolytic lesions, there were significant differences in the distribution of osteolytic 

lesions around cementless acetabular components of different designs and methods 

of fixation. Acetabular components with multiple holes and screw fixation had more 

osteolytic lesions around screws or empty screw holes. In contrast, components with 

only one hole and press fit fixation had more rim-related lesions. A large number of 

the osteolytic lesions were detected in the ilium and medial, anterior, and posterior 

walls around both the HG-1 and PCA acetabular components. Most of these lesions 

would not easily be detectable on plain anteroposterior or oblique lateral radiographs. 

These findings emphasize the importance of CT as a radiographic tool for osteolysis 

detection and monitoring. Computed tomography has also been reported to aid in the 

planning of acetabular component revision surgery (Garcia-Cimbrelo et al., 2007). 

The most frequent locations of osteolytic lesions adjacent to a range of failed 

cemented and uncemented cups of different designs were reported to be the 

posterior wall, ischium, and medial wall (Garcia-Cimbrelo et al., 2007).

These results are consistent with the concept that the distribution of osteolytic lesions 

is dependent on the access of wear particles and joint fluid to the prosthesis-bone 

interface and reinforces the importance of potential channels of communication 

between the prosthesis-bone interface and the joint space in the development of the 

lesions (Schmalzried et al., 1997, Manley et al., 2002, Kitamura et al., 2005). 

Longitudinal studies using CT are required to investigate the origin of combined rim

and central hole lesions and the role of screws and screw holes in the progression of 

periprosthetic OL. However, these results support the findings of others that the 

pattern of osteolysis is affected by acetabular component design (Schmalzried et al., 

1999, Claus et al., 2001, Kitamura et al., 2005). Previous studies have found larger 

OL lesions around acetabular components with multiple holes compared with 
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Fig.5.4 The location of periacetabular osteolysis according to the 

bone sites. The results are expressed as the percent of hips with 

osteolytic lesions detected in each of the bone sites adjacent to the 42 

H-G and 21 PCA acetabular components with detectable osteolytic 

lesions.

The location of periacetabular osteolysis according to the 
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acetabular components without holes (Claus et al., 2001, Kitamura et al., 2005), and 

these results do not support the use of screws. This needs to be balanced by the 

current findings, that demonstrate the greater propensity for peripheral OL of press-fit 

components, which likely makes these components more susceptible to loosening in 

the long term. Limitations of this study are that the PCA acetabular component is 

known to have worse long-term outcomes in terms of component loosening, and 

therefore, the results may not be able to be transposed to all press-fit designs. 

Further limitations include the differences in the metal combinations of the HG-1 and 

PCA shell and femoral head, being titanium/cobalt-chrome for the HG-1 and cobalt-

chrome/cobalt-chrome for the PCA, which may have influenced the detection of OL 

lesions, particularly small lesions in bone immediately adjacent to the metallic implant 

(Rinkel et al., 2008). There are other limitations. The patients included in this study 

were those presenting either for long-term follow-up or for revision surgery and who 

had radiographic suggestion of osteolysis. The 2 patient groups were therefore not 

matched for the many patient and prosthesis-related factors that may affect wear of 

the prosthesis and, ultimately, development of osteolysis. These include patient 

activity and other clinically relevant variables and prosthesis design factors, including 

liner fixation, material differences, relative stiffness of the metal shell, and articulation 

differences, as well as differences in fixation technique. It was impossible to compare

the volume of polyethylene wear between the 2 acetabular components in this study 

because the femoral head could not be visualized on the most recent radiographs for 

most PCA acetabular components due to the cobalt-chrome acetabular shell. 

However, it has been shown previously that PE wear is moderately associated with 

OL around HG-1 acetabular components but that the presence of outliers, in which 

hips with large volumes of PE wear were not associated with large OL lesions, 

suggests that factors other than wear may determine the extent of OL (Howie et al., 

2007). The results of the current study suggest that access of wear particles and joint 

124



 
fluid to periprosthetic bone is required, and this access is partially determined by 

acetabular component design. It has been suggested that both screw-in and bone

ingrowth press-fit acetabular component designs lack long-term stability, whereas 

bone ingrowth with screw fixation results in a low rate of radiographic loosening 

(Illgen 2nd et al., 2002). The findings of the current study add to these observations. 

In a randomized study of 177 THR with a mean follow-up of 9 years (Xenos et al., 

1999), the PCA acetabular component was found to have a lower survival to the end 

point revision for any reason compared to the HG screw-fixed acetabular component, 

and this has been attributed to poor fixation. The results of this study suggest, 

however, that the propensity to peripheral OL may be a further contributing factor to 

loosening in the long term and may have some influence on mid-term results. This 

supports the contention that poor initial fixation contributes to osteolysis-induced 

loosening.

5.2.4 Conclusion

This cross-sectional study demonstrates that despite a similar total volume of 

osteolytic lesions adjacent to cementless acetabular components of long-term 

duration, there were differences in the distribution of lesions between 2 different 

component designs.

Components with multiple holes had more hole-related osteolytic lesions, and 

components with only one hole had predominately peripheral rim-related lesions. 

Although there are concerns regarding screw or screw hole–associated osteolysis, 

these findings suggest that peripheral fixation may be well maintained in the long 

term with the use of a multiple-hole acetabular component with screw fixation.

This study has been accepted for publication as listed on page vii, and was 

performed in collaboration with the authors listed under the study.
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5.3 Study 2

PROGRESSION OF ACETABULAR PERI-PROSTHETIC OSTEOLYTIC LESIONS 

MEASURED BY COMPUTED TOMOGRAPHY

Aims: To determine the size and progression in size of osteolytic lesions adjacent to 

uncemented acetabular components of THR prostheses, to quantify their relationship 

with the polyethylene wear, and then to examine the association between these 

findings and component migration and some clinical and implant-related variables.

5.3.1 Methods and Materials

The present study was approved by the institutional human ethics review committee, 

and all patients gave informed consent. At our institution, patients with THR, who are 

suspected of having PO around a cementless acetabular component on plain 

radiographs, are referred for a CT scan as part of their clinical management. In order 

to examine as homogenous a group of patients as possible, we established specific 

inclusion criteria for this retrospective study, including (1) a minimum duration of 

follow-up of 10 years after primary THR, (2) the use of a cementless Harris-Galante-1

acetabular and femoral component (Zimmer, Warsaw, Indiana), and (3) performance 

of the surgical procedure by the same surgeon. Twenty-eight patients (35 hips) met 

the inclusion criteria.

All acetabular components were implanted after line-to line reaming. Fixation of the 

metal shell was augmented with at least two screws. The median size of the metal 

shell was 52 mm (range, 48 to 62 mm), and all of the ultra-high molecular weight PE 

liners were sterilized by means of gamma irradiation in air. The femoral heads were 

constructed of modular cobalt-chromium and had a diameter of 22 mm (13 hips), 26 
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mm (18 hips), or 28 mm (4 hips). The median age of the patients at the time of the 

primary THR was 60 years (range, 35 to 70 years), and the mean time since the THR 

was 15 years (range, 10 to 19 years). Two patients (two hips) underwent revision 

surgery during the study period, and one patient (one hip) died 15 months after the 

initial CT scan. Of the remaining 25 patients (32 hips ), 30 of the hips had a repeat 

CT scan at a median of 15 months (range, 12 to 27 months) after the initial CT scan.

High-resolution spiral multi-slice CT scans (SOMATOM Volume Zoom; Siemens, 

Munich, Germany), as described in Chapter 4, were used to identify and measure the 

volume of acetabular osteolytic lesions with use of a technique, whose validation is 

described in Chapters 3 and 4 (Stamenkov et al., 2003, Stamenkov et al., 2004). An 

extended CT scale technique with the window level up to 30710 Hounsfield units was 

used to suppress the resulting metallic artifact (Link et al., 2000). Scans of the hip 

were made according to specific parameters (140 kV, 200 mA, 0.75-second rotation 

speed, 3-mm slices, 1-mm feed) from the top of the sacroiliac joint to 2 cm distal to 

the end of the femoral prosthesis. The reconstruction interval on coronal and sagittal 

images was 0.8 mm, with a slice thickness of 1.25 mm. Osteolysis was defined as a 

demarcated nonlinear lytic lesion measuring >3 mm in diameter (Maloney et al., 

1999). Cross sections of the defects were identified on consecutive slices, and the 

perimeter of each defect was determined by tracing the inner border of the defect 

with use of the computer mouse on a Picker PQ 6000 workstation (Picker 

International, Cleveland, Ohio). The volumes of isolated osteolytic lesions were 

calculated using algorithms coded into the commercial image-analysis software 

(Picker International) and were combined to give the total volume of osteolytic lesions 

(Fig.5.5). All measurements were made by a single blinded observer. To check 

reproducibility, a second blinded observer also measured the volume of the osteolytic 

lesions in five hips. The intra-observer and inter-observer measurement errors of 

127



 
osteolysis volume were 2% and 3%, respectively. The change in the volume of 

osteolytic lesions between scans was expressed as the progression of osteolysis per 

year, with the assumption that osteolysis progression was linear over that time. 

Progressive osteolysis was defined as an increase in volume of >1 cm3/yr. In all hips 

with progressive osteolytic lesions, and in particular those with large osteolytic 

lesions on the initial CT scan, the increase in the size of the osteolytic lesions was 

substantially greater than the error associated with the CT measurements (Walde,  

2005).

For 31 of the 35 hips that underwent subsequent CT scans, immediate postoperative 

AP pelvic radiographs (made 8 to 10 days after surgery) and serial follow-up AP and 

lateral radiographs of the affected hip were available for review. As migration of the 

acetabular component into the osteolytic lesion might cause underestimation of the 

true size of the osteolytic lesion, the position of the acetabular component from the 

time of component implantation was measured on these serial digitized plain 

radiographs with use of Ein Bild Roentgen Analyse software (Krismer et al., 1995, 

Wilkinson et al., 2002, Phillips et al., 2002). The error of this technique has been 

reported to be ±1 mm (Krismer et al., 1995). A migrating component was defined as 

one with >3 mm of total migration since implantation (Shyterz et al., 1996).

The PolyWare software program (Draftware Developers, Vevay, Indiana), (Devane et 

al., 1999) was used to determine linear and volumetric polyethylene wear by 

comparing the immediate postoperative plain radiograph with radiographs made at 

the time of the CT scan. The mean of triplicate wear measurements made on each 

hip was used. The Poly Ware program has a reported accuracy of 0.38 mm for linear 

wear and 123 mm3 for volumetric wear (Collier et al., 2003). To improve the accuracy 
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Fig.5.5 A. Three dimensional reconstructed images of CT scans of total hip 

replacements generated using True Life Anatomy© software (Adelaide, 

Australia). In this example, the total volume of acetabular osteolytic lesions 

measured was 26 cm3 (yellow), increasing to 43 cm3 (red) two years later. B. 
Selected image from the CT scan, showing areas of osteolysis around the 

acetabular component (arrows).

B

Three-dimensional images of acetabular periprosthetic 

osteolysis

A
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of the analysis in instances in which the edge of the head shadow was difficult to 

discern, automatic edge detection was disabled. Intra-observer error was 5% for 

linear wear measurements and 6% for volumetric wear measurements. Two of the 31 

hips that were analyzed had extreme wear values (3173 and 4318 mm3) and were 

confirmed as having wear-through of the acetabular liner at the time of subsequent 

revision surgery. These two hips were excluded from the wear analyses only.

To determine whether patient-related variables were associated with the volume of 

osteolytic lesions and/or progression in the size of osteolytic lesions, relevant values 

(patient age at the time of primary THR, gender, body mass index 28, the patient-

reported Harris hip pain score 29, and the Harris hip score 29) were retrospectively 

obtained from data that had been prospectively entered into a joint replacement 

outcomes database. The patient’s self-assessment of walking limitations was used to 

generate a Charnley classification (Charnley et al., 1972), and patient activity was 

assessed with use of a patient-reported 5-point activity scale (Johnston et al., 1991). 

To avoid skewing of average data due to important outliers, the data in the present 

study was expressed as medians. Statistical analysis was performed with use of 

GraphPad Prism software (version 4.00 for Windows; Graph Pad Software, San 

Diego, California), with the level of alpha set at 0.05. Correlation analysis was 

undertaken with use of the Spearman rank correlation coefficient. It was determined 

that a minimum sample size of ten was required for correlation analyses with a power 

of 90% (PowerCalc). Associations between the size of the osteolytic lesions at the 

time of the initial CT scan and the rate of osteolysis progression as well as patient-

related, clinical, and implant-related variables were examined with use of the Mann-

Whitney U, Kruskal-Wallis, Fisher exact, or chi-square tests.
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5.3.2 Results

PO was detectable with CT in 32 of the 35 hips, although all patients were selected 

for CT scans because of presumed detection of osteolysis on plain radiographs. The 

median volume of the lesions in hips with CT-demonstrated osteolysis was 8.1 cm3

(mean, 12.6 cm3; range, 0.7 to 49 cm3). For the 31 hips, for which initial postoperative 

plain radiographs were available for comparison with the plain radiographs made just 

before the initial CT scan, the magnitude of migration was divided into two groups: 

acetabular components that had migrated >3 mm and those that had migrated 8C�

mm, according to the system described by Schyterz et al. (1996). Five acetabular 

components had migrated >3 mm (median, 5.0 mm; range, 3.6 to 7.2 mm). The 

median volume of osteolytic lesions as determined with CT in that group was 11.2 

cm3 (range, 0.7 to 16 cm3). In contrast, 26 hips had migrated 8C����3��$���"�����

mm; range, 0.3 to 3.0 mm); the median volume of the osteolytic lesions in that group 

was 5.9 cm3 (range, 0 to 49 cm3). The difference in size of the osteolytic lesions in 

the two groups was not significant (p = 0.436). 

The results of tests of association between the size of the osteolytic lesions and 

patient-related, implant-related, and clinical variables are shown in Table 5.3. Good 

correlation was found between the size of the osteolytic lesion and the total volume of

PE wear as well as the PE wear rate since implantation (r = 0.780 and r = 0.760, 

respectively). Hips with higher volumes of PE wear and higher PE wear rates tended 

to have larger osteolytic lesions (p < 0.0001). The presence or absence of acetabular 

component migration did not significantly influence this correlation (p = 0.89). Of 

interest, outliers were also identified with high wear rates (>80 mm3/yr) but relatively 

small osteolytic lesions (Fig. 5.6).

131



 
Patients with higher activity scores, no walking limitations (Charnley grade A), or a 

larger femoral head size were also found to have significantly larger osteolytic lesions 

on the most recent CT scan (Table 5.3). The median volume of osteolytic lesions 

around acetabular components in patients with the activity categories sedentary, 

semi-sedentary, light labor or sports, and moderate manual labor and sports were 

1.9, 7.4, 7.6, and 27 cm3, respectively (p = 0.009). The median volume of osteolytic 

lesions in patients with no walking limitations (Charnley grade A) was 16 cm3,

compared with 5.4 cm3 in patients with walking limitations due to other joint or health 

problems (Charnley grade B or C) (p = 0.006). The median volume of osteolytic 

lesions around acetabular components with a 26 or 28-mm femoral head was 9.4 

cm3, as compared with a median volume of 5.1 cm3 for lesions around acetabular 

components with a 22-mm femoral head (p = 0.028). In this cohort, the inclusion of 

hips with >3 mm of migration did not affect the median volumes of osteolytic lesions 

in any of the categories (Table 5.3).

Of the 30 hips that underwent repeat CT at a median interval of 15 months (range, 12 

to 27 months), 16 (53%) had lesions that progressed in size during the study period 

(Fig. 5.7). The median size of the lesions in these 16 hips was 10.3 cm3 on the initial 

CT scan, compared with 13.3 cm3 on the repeat CT scan; this increase was 

significant (p = 0.001). The hips with osteolytic lesions that increased in size during 

the study period had significantly larger osteolytic lesions on the initial CT scan 

(median, 10.3 cm3; mean, 17.2 cm3; range, 1.9 to 45.3 cm3) as compared with those 

with lesions that did not increase in size (median, 4.0 cm3; mean, 5.3 cm3; range, 0 to 

28.2 cm3) (p = 0.002). Importantly, 8 of the 9 hips with osteolytic lesions measuring 

>10 cm3 on the initial CT scan had an increase in lesion size.
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TABLE 5.3   Results of Tests of Association between the Volume of

Osteolytic Lesions and Patient, Implant, and Clinical Variables

All components (n=35)

Variable Descriptive 

statistics*

Correlation coefficient  

and p value

Test of

Association

Osteolysis (cm3)

Total volumetric PE wear 
(mm3)

Annual PE wear rate 
(mm3/yr)

Age (yrs)

Gender M:F ratio (no. of hips)

Body Mass Index (<25, ����

Implant duration (months)

Activity† (1:2:3:4:5:6) 

Charnley grade‡ (A:B:C)

Harris Pain score§ (<40, ./�6

Harris Hip score# (points)

Femoral head size (22:26:28)   

7.5 (0-49)

816 (170-2213)

56 (11-140)

60 (35-70)

21:14

15:20

189 (120-225)

0:7:13:10:5:0

9:4:22

15:20

82 (34-100)

13:18:4

-

r=0.780,p<0.0001ˆ

r=0.760, p<0.0001ˆ

r=0.309, p=0.07ˆ

p=0.09#

p=0.960#

r=0.123, p=0.482ˆ

p=0.009s

p=0.006 A vs B,C)

p=0.582#

r=0.130, p=0.517ˆ

p=0.028#             
(22 vs 26,28)

-

Linear regression 
analysis

Linear regression 
analysis

Linear regression 
analysis

Mann-Whitney U test

Mann-Whitney U test

Linear regression 
analysis

Kruskal-Wallis test

Mann-Whitney U test

Mann-Whitney U test

Linear regression 
analysis

Mann-Whitney U test

*The values are given as the median (with the range in parentheses) or as the distribution 
at the time of the latest computed tomography scan. 1 = bedridden or confined to 
wheelchair, 2 = sedentary, 3 = semi-sedentary, 4 = light labor or sports, 5 = moderate 
manual labor or sports, and 6 = heavy manual labor or vigorous sports (Johnston et al.,
1991). A = only one hip involved and with no other condition that interferes with walking, 
B = both hips involved but the rest of the body normal, and C = some other factor that 
interferes with walking ability (Charnley et al., 1972). 44 = no pain, or pain ignored; 40 = 
slight occasional pain, no compromise in activities; 30 = mild pain, no effect on average 
activities, rarely moderate pain with unusual activity; 20 = moderate pain, tolerable but 
with some limitations of ordinary work or activity; 10 = marked pain, severe at times, with 
serious limitations of activity; 0 = totally disabled, crippled, pain in bed, or bedridden 
(Harris et al., 1969). #90 to 100 = excellent, 80 to 89 = good, 70 to 79 = fair, and <70 = 
poor (Harris et al., 1969).

133



 
   
 
 
 

Fig.5.6 Relationship between the total volume of osteolytic lesions 

and the polyethylene wear rate. The polyethylene wear rate was 

calculated as the total wear volume divided by the time since 

prosthesis implantation. Components that had migrated >3 mm 

over the life of the implant were excluded from the regression 

analysis. 

Relationship between the total volume of osteolytic 

lesions and the polyethylene wear rate
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Osteolytic lesions measuring >10 cm3 in volume on the initial CT scan were 2.5 times 

(95% confidence interval, 1.3 to 4.8 times) more likely to progress in size over one 

year than osteolytic lesions measuring 8�����3 in volume.

In the 16 hips with an increase in the size of osteolytic lesions between the time of 

the initial CT scan and the time of the repeat CT scan, the median volume of PE wear 

and the median PE wear rate were significantly higher than those in the 14 hips in 

which the osteolytic lesions did not progress in size (p = 0.013 and 0.009, 

respectively) (Table 5.4). Good correlation (r = 0.690) was found between the PE 

wear rate at the time of the initial CT scan and progression in the size of the 

osteolytic lesions (Fig. 5.8). In hips with a volumetric polyethylene wear rate of <40 

mm3/year, the progression in the size of acetabular osteolytic lesions was small. The 

presence or absence of acetabular component migration did not significantly 

influence this correlation (p = 0.854). A significant association was also found 

between progression in the size of the osteolytic lesions and femoral head size 

(Table 5.4). There were significantly more hips with osteolytic lesions that progressed 

in size around acetabular components with a 26 or 28-mm femoral head than around 

acetabular components with a smaller (22-mm) femoral head (p = 0.019). No other 

variables examined were significantly associated with the progression in the size of 

acetabular lesions (Table 5.4).

5.3.3 Discussion

Considerable variation was found in the size and progression of osteolytic lesions 

around cementless acetabular components of the same design. Most hips had 

relatively small osteolytic lesions adjacent to the acetabular component, even after

long implantation times, and the osteolytic lesions in many of these hips were 

relatively quiescent. Hips with larger osteolytic lesions on the initial CT scan were 
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Fig.5.7 Progression in the volume of osteolytic lesions adjacent to 

cementless acetabular components, expressed as the increase in the 

volume of osteolytic lesions per year to correct for different time 

intervals between scans. The graph shows the progression of 

osteolysis measured in thirty hips. The diagonal line indicates no 

change in volume. Data points above the line indicate progression in 

the size of the osteolytic lesions. 

Progression in the volume of osteolytic lesions 
adjacent to cementless acetabular components
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TABLE 5.4   Results of Tests of Association between the Progression in Size of

Osteolytic Lesions and Patient, Implant, and Clinical Variables

Descriptive statistics*

Variable Nonprogressive 
Osteolytic 

Lesions(N=14)

Progressive 
Osteolytic 

Lesions(N=16)

P
value

Tests of  
Association         

Osteolysis (cm3)

Total volumetric PE wear 
(mm3)

Annual PE wear rate(mm3/yr)

Age (yrs)

Gender M:F ratio (no.of hips)

Body Mass Index (<25, ����

Implant duration (months)

Activity† (1:2:3:4:5:6) 

Charnley grade‡ (A:B:C)

Harris Pain score§ (<40, ./�6

                          
Harris Hip score# (points)

Femoral head size (22:26:28)   

4.0 (0 - 28.2)

662 (175 -1326)

               
42 (12 - 91)

60 (49 - 69)

8:6

4:10

177 (134 - 212)

0:3:7:3:1:0

2:1:11

6:8

               
80 (47 - 97)

8:6:0

10.3 (1.9 - 45.3)

1339 (395 - 2128)

                 
93 (28 - 151)

58 (43 - 67)

11:5

8:8

166 (149 - 186)

0:1:7:5:3:0

7:2:7

7:9

                 
88 (34 - 97)

2:11:3

0.002

0.013

0.009

0.279

0.707

0.284

0.088

0.498

0.103

1.00;
0.933

0.506

0.019 

Mann-Whitney U 
test

Mann-Whitney U 
test

Mann-Whitney U 
test

Mann-Whitney U 
test

Fisher exact test

Fisher exact test

Mann-Whitney U 
test

Chi-square test

Fisher exact test

Fisher exact test
Mann-Whitney U 

test
Mann-Whitney U 

test
Fisher exact test

 

*The values are given as the median (with the range in parentheses) or as the 

distribution at the time of the initial computed tomography scan. † 1= bedridden or 

confined to wheelchair, 2= sedentary, 3=semi-sedentary, 4=labor or sports, 5= 

moderate manual labor or sports, and 6=heavy manual labor or vigorous sports 

(Johnston et al., 1991). ‡ A= only one hip involved and with no other condition that 

interferes with walking, B=both hips involved but rest of the body normal, and C= 

some other factor that interferes with walking ability (Charnley et al., 1972). §44= no 

pain, or pain ignored; 40=slight occasional pain, no compromise in activities; 30= 

mild pain, no effect on average activities, rarely moderate pain with unusual activity; 

20= moderate pain, tolerable but with some limitations of ordinary work or activity, 

10= marked pain, severe at times, with serious limitations of activity; and 0= totally 

disabled, crippled, pain in bed, or bedridden (Harris et al., 1969). # 90 to 100= 

exellent, 80 to 89= good, 70 to 79=fair, and <70=poor (Harris et al., 1969).
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Fig.5.8 Relationship between progression in the size of osteolytic 

lesions and the polyethylene wear rate. The polyethylene wear rate 

was calculated as the total wear volume divided by the time since 

prosthesis implantation. Components that had migrated >3 mm over 

the life of the implant were excluded from the regression analysis.

Relationship between progression in the size of osteolytic 

lesions and the polyethylene wear rate
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most likely to show progression. Lesions with a total size of >10 cm3 were 2.5 times 

more likely to progress over one year when compared with smaller lesions. These 

results agree with those of Schwarz et al., (2003) who reported progression of 

osteolysis over one year in a mixed population of 20 patients with established 

periacetabular osteolysis, also with use of CT imaging but with no measure of 

migration. A direct correlation was found between the volume of PE wear and the 

size of the osteolytic lesion: the greater the volume of PE wear, the larger the size of 

the osteolytic lesion. The wear rates that we found were slightly higher than, but 

consistent with, previously reported rates (Dumbleton et al., 2002) and reflected the 

duration of implantation and the fact that we chose to selectively make CT scans for 

hips with signs of osteolysis on plain radiographs. Importantly, there were some hips 

with large amounts of PE wear but only small osteolytic lesions (Fig. 5.6). In those 

instances, the acetabular component was stable and so the osteolytic lesions were in 

fact small and not just apparently so because of migration of the acetabular 

component into the osteolytic region. No evidence was obtained that migration of the 

acetabular component increased the size of osteolytic lesions or that migration of the 

acetabular component into the osteolytic lesion caused us to underestimate 

osteolysis.

The presence of outliers (i.e., hips with large volumes of PE wear but without large 

osteolytic lesions) suggests that, despite controlling for many variables such as 

implant type and surgeon, factors other than wear and migration may determine the 

extent and progression of PO. It is generally accepted that, in order for wear particle-

induced PO to occur, access of wear particles to periprosthetic bone is required. As 

already described above, lesions were commonly found in close association with 

screws and screw holes, and further studies to determine the importance of screw 

holes may point to the need to provide better sealing of these holes. Progression of 
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>1 cm3 per year was the amount chosen as being clearly greater than the error of 

measurement and an amount considered to be a clinically important increase in 

osteolysis. In the present study, patient activity, walking limitations, and femoral head 

size were all found to be positively associated with the size of the osteolytic lesions 

around a stable acetabular component. This is not surprising, given that positive 

associations between PE wear and patient activity and femoral head size have been 

reported previously (Livermore et al., 1990, Devane et al., 1997, Eggli et al., 2002). 

Interestingly, other than PE wear, femoral head size was the only patient or implant-

related variable that was found to be positively associated with the progression of 

osteolysis. However, any associations that may exist between these variables and 

the progression of osteolysis in a one-year period may be difficult to establish 

because of the relatively short monitoring period. With longer periods of monitoring of 

osteolysis progression in more patients, the ability to detect associations will 

strengthen.

Importantly, the PE wear rate was highly correlated with the progression of 

osteolysis, suggesting that, in the majority of hips, the PE wear rate is a good 

indicator of osteolysis progression. At this time, it is not possible to make 

recommendations about when or how frequently to undertake quantitative CT 

analyses of osteolysis as the wear rate may not be linear over time. One approach 

may be that, because patients with an overall wear rate of < 40 mm3 per year tended 

to have little or no increase in the size of the lesion, patients with small osteolytic 

lesions and a low PE wear rate on plain radiographs could be followed with 

radiographic analyses of wear alone. An increase in the wear rate may then be an 

indication for additional CT analysis. In contrast, patients with large osteolytic lesions 

and a PE wear rate of 40 mm3 per year may warrant closer monitoring with CT. 

Further studies over longer time-periods at a number of orthopaedic centers will be 
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required to better define the place for screening plain radiographs and CT in the 

evaluation of osteolysis.

The present study focused on the evaluation and management of patients who had 

periacetabular osteolysis without clinically important pain or other symptoms. While 

findings may be different for symptomatic patients, it is more likely that symptomatic 

patients warrant imminent revision surgery and are less likely to be candidates for 

prospective monitoring. Importantly, newer CT technology, such as that used in the 

present study, may provide a means of evaluating the outcomes of medical 

treatments such as the use of antiresorptive agents to treat peri-prosthetic osteolysis, 

particularly bisphosphonates, which have emerged as potential pharmacological 

treatments (Singer et al., 1995, Fleisch et al., 2003).

In summary, this study demonstrates that sensitive, validated CT measurement of 

osteolysis combined with accurate measurement of component migration and wear 

demonstrates considerable variation in the progression of PO around stable 

acetabular components. While the PE wear rate was a relatively good indicator of 

osteolysis progression, there was substantial variation among individuals, implying 

multiple factors that influence this parameter. Importantly, while small lesions may 

demonstrate some progression, osteolytic lesions measuring >10 cm3 in size were 

associated with a high risk of progression.

5.3.4 Conclusions: There is considerable variation in the rates of progression of the 

size of osteolytic lesions around stable acetabular components. Lesion size and the 

progression of lesion size are generally related to PE wear rate, higher patient activity 

levels, and a larger diameter femoral heads. Osteolytic lesions measuring >10 cm3 in 

volume are associated with a high rate of progression.
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This study has been published, as listed on page vii, and was performed in 

collaboration with the authors listed under the study. 
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Chapter 6

General Discussion, Conclusions and Future Directions

6.1 Introduction

As was evident from the literature review, PO following THR is a serious long-term 

clinical complication and its detection, measurement and monitoring is a significant 

challenge in radiology.  Well known is the limited efficiency of plain radiography to 

provide reliable and accurate information. The main aim of this thesis was to develop 

a valid and reliable CT technique for detection and quantification of acetabular PO 

following THR surgery.

6.2 General Discussion

The work of this thesis resulted in the development of an in-vitro validated CT 

technique using customised CT scanning protocols that demonstrated excellent 

sensitivity and specificity of the detection and very good to excellent accuracy and 

precision of the measuring of simulated PO. The results demonstrate the capability of 

the last two generations of spiral multi-slice CT scanners (with limited and with 

extended CT scale). 

In the first in-vitro validation study, a CT protocol was developed using a conventional 

CT scanner with limited CT scale (up to 4000 Hounsfield units [HU]). The CT 

operating conditions were determined that enabled volumetric measurements that 

were accurate to within 96% for small and large defects and precise to greater than 

98% for small and large defects. Since the ilium is the most commonly affected site 

by PO, and is an area almost free of metal artifact, this technique is applicable for 

use with conventional CT scanners. The findings showed that, in experimental 

models of THR-associated bone loss, it is feasible to use CT scanning with limited 
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CT scale to measure the volume of defects in the cancellous bone superior (cranial)

to metal-backed acetabular implants.  Using the scanning parameters that were 

determined and described in the CT protocol, accurate and reliable volumetric 

measurements can be obtained. However, these earlier instruments were limited by 

metal artifact, such that scans on the level and below the metal acetabular cup were 

not very informative. 

In the second in-vitro validation study a CT protocol was developed to use a multi-

slice spiral CT scanner with an extended CT scale (up to 40,000 HU) for the 

measurement of periprosthetic bone defects in all acetabular and periacetabular

areas.

A limitation of the in-vitro validation was that bovine acetabulum specimen models of 

THR-associated bone loss were used to validate this new CT technique. In the first 

in-vitro study it was used parallel with human cadaver pelvis model. This choice was 

made for a number of reasons. First, the use of fresh-frozen human cadaver bodies 

for medical research was not permitted for legal and ethical issues. Second, formalin-

treated cadaver bones demonstrated poor cancellous bone radiodensity, which made 

small simulated bone defects of less than 1 cm3 undetectable. Third, and more 

importantly, there was good anatomical similarity between human and bovine 

acetabular and periacetabular bone areas, including the similar size of the 

acetabulum. CT images of THR prosthesis in-situ from both the in-vitro and in-vivo

studies illustrated this similarity (Fig.6.1). Another limitation of the in-vitro studies was 

the absence of a sclerotic border surrounding the bone lesion, which is a typical 

characteristic of PO osteolysis. This made the mapping of the simulated bone defects 

more difficult and may have reduced the accuracy and precision of CT volume 

measurements.
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A. In-vitro validation study (Bovine acetabulum specimen)

B. Clinical study (Human acetabulum-patient)

CT images 
In-vitro and In-vivo

Fig.6.1 CT images of THR prosthesis in-situ from in-vitro (A) and in-vivo

(B) studies. The corresponding CT images in axial (A1D�)�6<���������

(A2D)�6� ��$� ��9������ 3�CD)C6� ������� $����������� �����������

similarity of the acetabular and peri-acetabular bone areas between 

bovine and human bone. 

A1 A2 A3

B1 B2 B3
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Developments in CT instruments proceeded rapidly during the course of this work so 

that metal artifact is now minimal (Fig.6.2).

The CT protocols developed and described in the work of this thesis should be 

followed as a guideline only, and adapted for use with different CT scanners. The 

metal artifact suppression should not be made at the expense of unnecessarily high 

radiation doses to the patient.

The effective radiation dose from the CT scan protocol developed in the work of this 

thesis was in agreement with the International (ICRP, 1996) and Australian 

(ARPANSA, 2008) safety guidelines. Furthermore, when this protocol was recently 

adapted for use with 128-slice CT scan (Siemens SOMATOM DEFINITION AS+, 

Germany) with extended CT scale and automatic exposure control (AEC), the 

radiation dose was cut down by approximately 40% (CTDIw 10,17 mGy) without 

compromising the image quality (Fig.6.3 ).

The ultimate goal for the development of a CT measurement technique was to 

actually use it in clinical studies. In this thesis, two studies were described.

In the first clinical study, CT was used to determine the volume, location and 

number of PO lesions adjacent to 45 cementless Harris-Galante 1 (HG-1) acetabular 

components fixed with screws and 22 cementless porous coated anatomic (PCA) 

acetabular components without screws with respect to the acetabular component and 

to the anatomical bone sites. The findings of this study showed that, in the long term, 

there were differences in the distribution of osteolytic lesions between different 

designs of cementless acetabular components, and particularly the osteolytic 
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Fig.6.2. CT coronal reconstruction images showing (A) bovine acetabulum 

specimen model of periprosthetic osteolysis (arrow) and (B) periprosthetic 

osteolysis (arrow) in a clinical case. In both examples the new CT protocol

provided excellent metal artefact reduction in all areas of interest: cranial, 

on the level of the acetabulum and caudal. Even the neck of the femoral 

stem is visible through the cobalt-chrome-made femoral head.

Metal artifact reduction in-vitro and in-vivo

A B
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Fig.6.3 CT images derived from adapted CT protocol for use with 128-

slice CT scan (Siemens SOMATOM DEFINITION AS+, Germany) with 

extended CT scale and automatic exposure control (AEC). The effective 

radiation dose was cut from 20.56 mGy down to 10.17 mGy without 

compromising the image quality. Shown are periprosthetic osteolytic 

lesions adjacent to both acetabular and femoral components (arrows).

Use of 128 slice CT scanner with automatic exposure 
control (AEC)
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involvement in the peripheral region of the  components, where fixation is likely to be

important. While many differences in design and fixation technique may have 

contributed, importantly, in the presence of a similar total volume of osteolysis, multi-

hole acetabular components with screw fixation had less osteolysis affecting the 

periphery of the components. 

In the second clinical study CT was used to determine the volume and progression 

of PO lesions around stable uncemented THR acetabular components. Considerable 

variation in the rates of progression of the size of osteolytic lesions around stable 

acetabular components was found. Lesion size and the progression of lesion size 

were generally related to PE wear rate, higher patient activity levels, and a larger 

diameter femoral heads. Osteolytic lesions measuring >10 cm3 in volume were 

associated with a high rate of progression. These data provided the first reliable 

information on the progression of osteolytic lesions around uncemented THR and 

confirmed, that for THR it is possible to use the annual PE wear rate as an indicator 

of the potential for osteolysis and as a guide to management.

6.3 General Conclusions

Despite some limitations, the CT technique described in this thesis is the first so far 

that quantified the sensitivity, specificity, accuracy, intra-observer and inter-observer 

reproducibility of the CT as a tool for detection, measurement and monitoring of THR-

associated acetabular PO.

The findings of the clinical studies reported in this thesis are of important value to the 

orthopaedic community.  

The findings showed that, in the long term, there were differences in the distribution 

of osteolytic lesions between different designs of cementless acetabular components, 
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and particularly the osteolytic involvement in the peripheral region of the 

components, where fixation is important.

The data provided the first reliable information on the natural history and progression 

of osteolytic lesions around uncemented THR and suggested that for THR it is

possible to use the annual polyethylene wear rate as an indicator of the potential for 

osteolysis and as a guide to management.

And finally, these findings contribute to the understanding of biology and natural 

history of PO.

6.4 Future Directions

High-technology science and industry have made a great progress on improving the 

spiral multi-slice CT scanners. These instruments are increasingly flexible and 

provide faster scanning, better z-axis resolution and greater coverage. 

A CT scanner (PICKER 6000) from the first generation with limited CT scale (up to 4 

000 HU) was used in the first in-vitro validation study (1999-2001) of this thesis. 

Despite its restricted use only in the ilium (cranial to the acetabulum), excellent 

accuracy and precision were demonstrated in this minimally artifact-affected area. 

CT scanner (SIEMENS VOLUME ZOOM) from the next generation of scanners with 

extended CT scale (up to 40 000 HU) was used in the second in-vitro validation 

study. The CT quantification of PO was validated in all acetabular and periacetabular

areas (ilium, anterior wall, medial wall, posterior wall, pubis and ischium) and then 

was applied in few clinical studies. Thirty-two and 64-slice systems are now widely 

available, and 128-slice scanner has been introduced into the market (June 2008).

CT scanners with 256-slice system are planned for the very near future. 
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Applications of the CT technique described in the work of this thesis are numerous. It

could be used for pre-operative planning of revision hip surgery to determine: 

1) The location of the osteolysis, 

2) The communication between the osteolysis and the joint space, 

3) Whether there are single or multiple osteolytic lesions, 

4) Whether the lesion is contained or associated with a defect in the medial wall, 

5) The best surgical access to approach and debride the lesion and 

6) The volume of the lesion.

It could also be used to monitor PO; to monitor the effect of non-surgical treatment 

with the use of bisphosphonates; and to examine the completeness of the bone 

grafting of osteolytic cavities (Fig.6.4). 

This method is applicable for assessment of PO in joint replacement in any joint-

already shown in hip- now data for knee. Despite the shape and the geometry of the 

knee implants being more complex, test images of very good quality have been 

obtained from total knee replacement (TKR) clinical cases, using modified THR CT 

scan protocol with significantly reduced parameters and radiation dose (Fig.6.5).

Indeed, CT imaging technology has made amazing progress, providing cutting-edge 

image quality of the bone surrounding metal prosthetic implants. While just 15-20

years ago the presence of metal implants was a strong contraindication for CT 

scanning due to resulting artifacts, the way is clear for CT to become a routine tool 

for the assessment and monitoring of joint replacement prostheses, thanks to a 

number of quality technical and clinical research studies. 
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Fig.6.4 Axial and sagittal CT reconstruction images demonstrate 

osteolytic lesions partially filled with bone graft in: A, ilium, 

adjacent to an empty fixation screw-hole; B, medial and posterior 

walls of the acetabulum and C, in the ischium. Yellow arrows 

indicate bonegraft in place. Black arrows indicate non-grafted part 

of the osteolytic cavities.

CT Assessment of Bone Grafting  

A

B

C
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CT assessment of TKR for periprosthetic osteolysis

Fig.6.5 Assessment of TKR for periprosthetic osteolysis by A, 

plain radiography and B, computed tomography. Shown is B1, 

femoral and B2, tibial periprosthetic osteolysis (arrows).

A B

1

2
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Better software, more efficient metal artifact suppression, and patient’s radiation dose 

reduction by AEC are expected to increase the clinical application and effectiveness 

of the quantitative CT for assessment of osteolysis, pre-operative planning of revision 

surgery, monitoring of the natural history of PO and the potential benefits of surgical 

treatment, including bone grafting without prosthesis removal (Schmalzried et al., 

1998), or pharmacological treatment.

The results from in-vitro studies and the findings from the clinical studies suggest that 

the use of this CT technique allows investigation of the natural history of osteolytic 

lesions, and will enhance preoperative planning, improve monitoring of THR patients, 

and enable measurement of the outcomes of new ways to manage PO. 
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