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Abstract 

 

Metal-on-metal (MOM) total hip replacement (THR) and resurfacing implants were 

designed to form a low friction bearing that would improve implant longevity, in 

response to the ever-aging population. However, the unanticipated release of cobalt 

chromium wear debris had a detrimental impact on periprosthetic tissue, resulting in 

many being revised and some designs being recalled. The aim of this thesis was to 

identify the surgeon, implant and patient factors that contributed to the increased wear 

of MOM hip arthroplasties and ultimately their failure. 

 

A developed software solution was found to provide improved accuracy during the 

quantification of volumetric wear from the bearing surface of retrieved hip implants, 

overcoming the limitations of current methods. Through its application, neither 

diametrical clearance nor manufacture dates were found to influence the wear 

performance of MOM Pinnacle hips, contrary to previous speculation. A high proportion 

of Pinnacle and ASR hips had a diametrical clearance below their specifications. Its 

detrimental impact on ASR bearing wear, further implicated its acetabular design in the 

increased prevalence of edge loading.  

 

The comparably high wear rates and whole blood metal ion levels of the ASR could 

explain their high revision rates. Nevertheless, the greater toxicity of taper junction 

debris was identified as the primary contributor to the disproportionately greater 

revision rates of the ASR XL, compared to its resurfacing form.  

 

Bearing wear was successfully located in vivo for the first time and predominantly 

isolated to the anterosuperior portion of the acetabular component, analogous to 

cartilage damage mapped in native hips. A potential relationship was also identified 

between component positioning and the location of this wear.  

 

These findings will help inform the management of a million patients worldwide that 

remain with implanted MOM hips, while influencing future design, quality control and 

the regulation of all orthopaedic implants.  
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Impact Statement 

 
Over 2 million hip replacement surgeries are conducted annually [1], worldwide. Current 

projections suggest that this figure will continue to rise, due to the aging population. 

The need for improved hip implant longevity has inspired innovation since their 

conception, prompting aspirations of achieving a forever lasting device. The proposed 

benefits of metal-on-metal bearings conformed with this ambition; however, the 

detrimental impact of their wear debris on periprosthetic tissue, resulted in high 

revision rates. This was predominantly attributed to unexpected, excessive implant 

wear.  

 

The findings of this research emphasise the importance of retrieval analysis in 

monitoring implant performance following their clinical adoption. The validation of a 

more accurate method of quantifying bearing wear, will aid the future identification of 

failing implants, while its widespread adoption would improve the reliability of inter-

centre comparisons. As metal bearings are utilised to provide low friction movement in 

many other industries, its impact is not necessarily limited to this field. 

 

Through its application in this study, thousands of patients can now be reassured that 

their MOM Pinnacle hip, implanted from 2007 onwards, is not at greater risk of failure 

than those implanted before 2007. However, the large proportion of Pinnacle and ASR 

implants identified to have had a diametrical clearance outside their manufacturing 

tolerance emphasises the need for more rigorous pre-clinical testing and accurate 

quality control during the production of these medical devices.  

 

A number of implant factors have been implicated in the comparably high wear rates of 

the ASR, which were predominantly related to its acetabular design. This significant 

metal dose could explain their high revision rates and the need for their recall. This 

understanding will inform future design, particularly in limiting the prevalence of edge 

loading. Furthermore, the greater toxicity of taper debris was also supported, with 

toggling being considered the dominant mechanism. This will again inform future 

implant design, as modular total hip replacements of all material combinations rely on 
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this junction. These results further emphasise the risk associated with adopting cobalt 

chromium alloys in medical implants, which are thought to remain in over 5 million 

patients, globally.  

 

This improved understanding of their failure will inform the management and 

monitoring of a million patients, worldwide, that have an implanted MOM hip. Their 

blood cobalt and chromium ion levels should be closely followed, as early detection can 

inhibit the progression of these adverse effects, consequently avoiding life changing 

complications and potential long-term implications. These findings also support the 

recent recommendation made in the Independent Medicines and Medical Devices 

Safety Review, regarding the need for MHRA revision, as these implants were approved 

based on their equivalence to existing designs.  

 

The methodology established to map the in vivo location of acetabular wear could 

facilitate an improved understanding of optimal acetabular positioning. As clinical 

outcomes have been correlated with this surgeon factor, this would impact the 

implantation of all hip replacements and inform the adoption of surgical robotics and 

assistive technologies. 
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1.1. Motivation 

 

Hip arthroplasty involves the replacement of diseased hip joints, in order to relieve pain 

and restore function. This is achieved through the use of an implant that takes the place 

of all (total hip replacement) or part (hip resurfacing) of its bony elements, replicating 

joint biomechanics. This procedure is considered one of the most successful orthopaedic 

interventions, with 58% expected to last 25-years. Currently, nearly 100,000 are 

implanted annually in the UK, alone, while this figure approaches half a million in the 

United States, according to national registries.  

 

The ambition of achieving a forever lasting implant has culminated in the adoption of a 

broad range of designs, which have experienced a variable amount of success. A 

spectrum of products remains in circulation, accommodating for the variability of clinical 

scenarios. Different material combinations have been used to form their fundamental 

elements, particularly the bearing components, which allow articulation within the 

implant.  

 

Reduced friction and wear are the primary catalysts for the variation in bearing design. 

Cobalt-chromium-Molybdenum (CoCrMo) was one of the materials adopted for this 

application, due to is promising mechanical properties, forming a metal-on-metal 

(MOM) bearing surface. Nevertheless, the adverse effects of released metal wear debris 

on periprosthetic tissue, ultimately led to their failure in certain patients. The need to 

revise a significant number of these implants was considered one of the largest disasters 

in modern medical device history.  

 

Worldwide, in excess of a million metal-on-metal bearings were implanted during hip 

replacement surgery. Although many of these designs had higher than acceptable 

revision rates, through appropriate patient selection and optimal surgical technique a 

large proportion of these hips remain implanted. Furthermore, some of these hips 

continue to be utilised under suitable conditions. The most severe cases were often 

appropriately managed through revision surgery; however, many failed MOM implants 

have remained symptomless and undetected within patients, inflicting further damage 
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during their extended time in vivo.  Despite the local and systemic toxicity of their wear 

debris being widely reported, its long-term influence on patient health remains 

unknown.  

 

Understanding the mechanisms related to unsuccessful medical devices can inform their 

management, while enhancing the specificity of patient care and monitoring. In this 

instance, identifying the surgeon, implant and patient factors that increased the risk of 

excessive MOM implant wear allows the recognition of vulnerable cases, limiting the 

extent of tissue damage. Ongoing litigation of implant manufacturers, highlights the 

importance of determining the primary contributors to these failures. 

 

As the basis for their design is rooted in all modern hip replacements, these factors are 

influential in the performance of all bearing material combinations. Their relevance is 

not only limited to contemporary designs, but is likely to influence future tribological 

considerations in the pursuit of forever lasting hip implants. Although the orthopaedic 

field has understandably lost confidence in the MOM bearing concept, metal remain a 

common material in the production of hip implants, while attempts are being made to 

develop new resurfacing hip designs. 
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1.2. Aim 

 

The aim of this research was to identify some of the surgeon, implant and patient factors 

that led to excessive levels of MOM implant wear and their increased risk of failure.  

 

1.3. Objectives 

 

In order to achieve this aim, the objectives were: 

 

• To validate an accurate method of quantifying material loss from the bearing 

surface of retrieved hip implants. 

 

• To investigate the influence of diametrical clearance on the wear 

performance of MOM Pinnacle hips. 

 

• To determine the factors that led to the ASR displaying the largest revision 

rates of all MOM devices. 

 

• Determine the surgeon, implant and patient factors that influenced the 

greater revision rates reported for the ASR XL, compared to the ASR 

resurfacing. 

 

• Determine the in vivo location of acetabular edge wear and the influence of 

positioning on bearing surface wear. 
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1.5. Thesis Outline 

 

Firstly, the reader is introduced to the field of orthopaedic engineering through the 

evolution of hip replacement devices. The unfolding metal-on-metal story is chronicled, 

providing invaluable background and motivation for this research. Secondly, a literature 

review of MOM implant failure is presented, focusing predominantly on the Articular 

Surface Replacement (ASR) and the MOM Pinnacle hips. This is followed by a review of 

current methods applied to quantify volumetric material loss from hip implants.  

 

Chapter 3 introduces an automated software solution, developed in-house to overcome 

identified limitations in the current approach to measuring volumetric wear from the 

bearing surface of retrieved hip implants. Its refinement is initially discussed through a 

pilot study, followed by an evaluation of its accuracy, repeatability and reproducibility.  

 

In Chapter 4, the newly validated method is applied to identify the influence of 

diametrical clearance on the wear performance of MOM Pinnacle hips.  

 

Chapter 5 investigates the larger discrepancy in revision rates found between the ASR 

XL and the ASR resurfacing, compared to other MOM hip designs that have both total 

and resurfacing forms of the implant. It also attempts to determine some of the risk 

factors that increased the probability of ASR failure.  

 

Chapter 6 describes a study that aimed to determine the in vivo location of MOM hip 

implant wear. Comparing these devices to the native hip joint and investigating the 

influence of their position and biomechanics.  

 

Finally, Chapter 7 outlines the conclusions made during this body of research and 

discusses its impact on the field, as well as future work.  

 

Appendices are included, which contain a list of publications and conference 

presentations that have been an outcome of this research.  
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1.6. Ethical Approval 

 

The studies described in this thesis were designed to conform with the ethical principles 

of research. Informed written consent was acquired for the collection and analysis of 

the retrieved implants included in these investigations. Copies of the consent form and 

patient information sheet can be seen in Appendix 1. All studies were granted ethical 

approval by London-Riverside REC, under Implant Study 07/Q0401/.
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2.1. The Hip Joint 

 

2.1.1. Structure and Function  

 

A joint is medically defined as an area where two or more bones unite, commonly 

allowing motion and flexibility of the human body. The hip joints are no exception, 

connecting the axial skeleton to the lower limbs. Classified as a synovial joint, the 

adjoining femoral and pelvic bones are separated by synovial fluid (generated by 

synovial membranes) that acts as a natural lubricant. The rounded femoral head 

articulates within the cup-like acetabulum of the pelvis, justifying its ball and socket joint 

definition. [2] 

 

 

Figure 2.1. Diagrams of the hip joint; A coronal transection of the joint (top), as well as view of the 

acetabulum without the attached femur (bottom). 
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As depicted in Figure 2.1, the articulating surfaces are covered by cartilage, reducing 

friction and cushioning the bones during function. In addition to connecting the femoral 

head to the acetabulum from within the synovial capsule, the foveal ligament (and 

artery) provides a small supply of blood to this area, often valuable to avoiding necrosis. 

The primary blood supply to the hip, however, derives from branches of the medial and 

lateral femoral circumflex arteries [3], while the obturator, femoral, sciatic and superior 

gluteal nerves innervate the joint [4]. Both the synovial capsule and capsular ligaments 

contribute to joint stability (Figure 2.2) [5]; additionally, the deep acetabulum and its 

horseshoe fibrocartilaginous labrum reduce the risk of dislocation. [6] 

 

 

Figure 2.2. Anterior and posterior diagrams of the hip joint ligaments. 

 

The hip joint effectively transfers load between the pelvis and the femur, enabling it to 

weight-bear during static and dynamic postures [7]. Movement is another of its primary 

functions, which is coordinated by several groups of associated muscles and tendons. 

As a result, motion can be achieved along three perpendicular axes [8], as seen in Figure 

2.3. In combination, these facilitate day-to-day activities, form sitting to walking. 
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Figure 2.3. The movements permitted by the hip joint, along three perpendicular axes. 

 

2.1.2. Pathologies 

 

Well-functioning hip joints are directly correlated with a better quality of life and is 

essential for independent living, which is often taken for granted. Disease and trauma 

can, therefore, severely affect an otherwise healthy population by impairing the 

performance of this joint. 

 

Osteonecrosis is the death of bone cells, which ultimately has a detrimental effect on 

the structural integrity of bony formations, due to a reduced blood supply. The collapse 

of these integral components can debilitate joints such as the hip, often culminating in 

the development of arthritis. [9] 

 

Osteoarthritis (OA) is one of the most common joint disorders worldwide, known to 

result in hip pain and loss of function [10]. The articular cartilage wear caused by OA can 

leave the underlying bone vulnerable to damage.  As weight bearing junctions, hips are 

naturally more susceptible to this process. Attempts by the bone to remodel itself can 

cause further issues, with the formation of abnormal contours. Prior joint injury, age, 

obesity and family history can increase the risk of OA; however, its exact cause is 

unknown. Osteoarthritis is evident in the majority of people over the age of 65 [10]; 

considering the ever-aging population, this chronic disease impacts a large portion of 

society.  
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Another disease related to progressive disability is Rheumatoid Arthritis (RA). This 

autoimmune disorder affects the synovium (lining) of the hip joint, leading to swelling, 

stiffness and pain. Erosion of the articular structures can also occur, following the 

release of autoantibodies and degradative enzymes, as the immune system attacks its 

own tissue. [11,12] 

 

The onset of hip disease is often related to aging; however, congenital hip dysplasia can 

affect the joints from birth. During early development, abnormal hip formation results 

in unstable joints, which are prone to dislocation. [13] 

 

Hip fractures are not uncommon and predominantly occur at the proximal end of the 

femur [14]. Trauma and falls are the most common causes, while weakened bones 

increase its likelihood. Such fragility can be a result of osteoporosis, which causes 

decreased bone density and a sparse microstructure [15]. Tumours can also impede the 

natural bone structure, increasing its vulnerability to damage  [16]. The severity of these 

fractures is highly dependent on their location, as it complicates treatment. 

Nevertheless, as with all hip disorders, medical interventions are available and are 

becoming increasingly successful at easing symptoms and improving function. 

 

2.1.3. Treatments 

 

 

Once a diagnosis has been made, following physical and medical imaging examinations 

of the hip, clinicians have a range of treatments at their disposal. These can vary in 

invasiveness, depending on the stage and severity of the disease. Medicines are often 

prescribed to alleviate symptoms, such as pain and discomfort, while walking aids can 

provide stability and ease joint function in the short term. Improvements to general 

health are also routinely advised; including exercise, weight loss, dietary amendments 

and a reduction in smoking and the intake of alcohol, which can help to avoid 

exacerbating conditions.   
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Physiotherapy, which involves stretching and low impact exercise is commonly utilised 

to relieve pain and stiffness in osteoarthritic hips [17]. Transcutaneous electrical nerve 

stimulation (TENS) and hot/cold exposure can also be affective. Other pain management 

therapies are administered directly into the joint, via an injection, in more severe cases. 

These can either lubricate, reduce inflammation or accelerate the healing process [18]. 

As an autoimmune disease, the progression of RA is slowed with additional medicines, 

such as anti-rheumatic drugs. Anti-inflammatories and steroids are also useful in 

addressing its symptoms [12]. 

 

If not treated early, typically with harnesses or casts, developmental dysplasia can lead 

to early onset OA. In cases where correction is unsuccessful through these methods, 

surgery is required. As with all hip disorders, surgical intervention is a final resort. 

Arthroscopy is a minimally invasive example, where specialized instruments are inserted 

through small incisions in the skin. Inflamed tissue and loose debris, a result of 

conditions such as RA, can be removed in order to restore function.   

 

Following hip fracture, invasive treatments are frequently the only option. This can 

involve deploying a combination of screws and plates, fixing the bone in place while the 

fracture heals [14]. However, as with the most severe and progressive cases of all 

previously mentioned diseases, a hip replacement is ultimately necessary. This form of 

arthroplasty involves the removal of varying amounts of the natural joint and replacing 

it with a prosthesis. Such implants are designed to mimic the mechanisms of the hip, not 

only to relieve symptoms, but also to restore function.
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2.2. The Hip Arthroplasty 

 

Hip replacement surgery is one of the most successful procedures in the orthopaedic 

field [19,20]. Since 2003, the National Joint Registry (NJR) for England, Wales, Northern 

Ireland and the Isle of Man have recorded over a million primary hip replacements [21]. 

Despite the relative success of contemporary designs, hip implants have advanced 

considerably since their conception at the beginning of the 20
th

 century.  This evolution 

is considered a feat of engineering, biomaterials and medicine, which changed the 

prospects of many immobile individuals.  

 

2.2.1. Early Evolution 

 

Early attempts at reconstructing damaged hip joints involved using shaped-ivory to 

replace femoral heads, while human and animal tissues were used to mimic the cartilage 

of healthy joints. This was the dawn of a trial and error period, during which a range of 

materials were adopted. Gold foil and rubber were initially used, with limited success, 

to cover the articulating parts of the bones. Glass was later moulded to fit around the 

femoral head; despite being biocompatible and forming a smooth surface for 

articulation, this structure could not withstand the forces transferred through the joint. 

The alloy CoCrMo (65% cobalt, 30% chromium, 5% molybdenum) could also be moulded 

and was later adopted to address this fragility, following attempts using Bakelite and 

acrylics (Figure 2.4.). Although these designs were more successful, osteonecrosis of the 

underlying bone due to a reduced blood supply and stress shielding often led to their 

failure. [22,23] 

 

Figure 2.4. A) Smith-Peterson type metal arthroplasty and A) the Judet acrylic hip replacement. 
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Stainless steel was later trialled to form the Wiles total hip replacement (THR). As the 

name would suggest, this primitive device replaced both the acetabulum and the 

femoral head, which were screwed crudely in place (Figure 2.5.). The surfaces of these 

parts were polished to form a bearing, which would articulate together and allow 

somewhat of the hips natural range of motion. [23] 

 

 

Figure 2.5. The Wiles total hip replacement (from musculoskeletalkey.com). 

 

Metals had become the basis of total hip replacements (THRs) by the 1950s, with 

implants conforming to a ball and socket design, such as the Ring and McKee-Farrar hip 

replacements (Figure 2.6). These were predominantly made from CoCrMo, due to its 

low frictional resistance and biocompatibility. Bone cement became more commonly 

used for fixation, which was assisted by protrusions added to the backside of acetabular 

cups (Figure 2.6). Longer stems were added to the femoral components, which extended 

downwards from the head and would be inserted into the femur. This amendment to 

their design would allow a more even distribution of load and improve the implants 

stability. Additionally, in response to impingement issues, the neck between the head 

and stem of femoral components reduced in diameter with each iteration of their 

designs (Figure 2.7)  [24]. [25–28] 
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Figure 2.6. A) Ring and B) McKee-Farrar total hip replacements. 

 

 

Figure 2.7. The evolution of the CoCrMo Thompson Prosthesis, from right to left. A progressively 

narrower femoral neck was adopted with each iteration of its design [24]. 
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Figure 2.8. The Charnley total hip replacement. 

 

These metal-on-metal (MOM) bearings fell out of favour, following poor initial survival 

rates and fears over the impact of their wear debris. This deposition and build-up of 

metal particles was linked with periprosthetic tissue staining and metallosis, which 

involved an inflammatory response and the formation of masses referred to as 

metallomas. There were also concerns regarding the potential carcinogenetic effects of 

cobalt and chromium foreign bodies [26]. These MOM implants were largely succeeded 

by the use of ultra-high-molecular-weight polyethylene (UHMWPE) acetabular cups, by 

the 1960s and 70s. Sir John Charnley was the first to utilise polyethylene and is 

considered the surgeon responsible for the birth of modern total hip replacements 

(Figure 2.8).  

 

Lessons were learnt from his early, unsuccessful trials using polytetrafluorethylene 

(PTFE), as wear particles caused tissue lysis and the formation of granulomas, resulting 

in implant loosening [29]. His intention to design a low friction arthroplasty finally 

culminated in the combination of a CoCrMo femoral component with a UHMWPE cup, 

fixed using acrylic cement [30]. Its smaller femoral head and thicker cup were intended 

to reduce wear and the risk of component loosening. In addition to restoring a good 

level of function in previously arthritic hips, these implants demonstrated impressive 

longevity, with over 75% survivorship after 25 years [31]. [32]   
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2.2.2. The Modern Hip Replacement 

 

The success of the Charnley hip replacement laid the foundation for modern designs. 

Metal-on-polyethylene bearing systems remain the most commonly implanted in the 

UK [21]; however, other material combinations play a prominent role in the treatment 

of hip disease.  These arthroplasties have continuously developed since their 

conception, with the intention of further improving clinical outcomes and achieving a 

forever lasting implant.  

 

 

Figure 2.9. Modern Total Hip Replacement (THR). 

 

Modern total hip replacements consist of three fundamental elements; the acetabular 

cup, femoral head and femoral stem (Figure 2.9). This increase in modularity allowed 

surgeons to provide a more tailored orthopaedic solution, which would better replicate 

the native anatomy of the patient. Each element of the hip arthroplasty could also be 

individually optimised, while a combination of different materials could be adopted to 

best fulfil the specific function of each component.  
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Femoral Stem Design  

 

The introduction of hip replacements with a separate stem component provided 

surgeons with greater ranges of design and size options, which could be used to better 

match the biomechanics of natural hip joints. The head-stem connection was achieved 

through the adoption of a taper junction (Figure 2.10). This is comprised of a tapered 

cylinder, termed a trunnion, that protrudes from the neck of the stem and engages 

within a corresponding tapered cavity in the head. In order to increase its range of 

motion and reduce the risk of impingement, the stem neck and tapers have shortened 

and decreased in diameter with each generation [33]. 

 

Figure 2.10. Schematic diagram of the taper junction. 

 

Further modularity followed, in some designs, with the addition of a neck-stem junction 

(Figure 2.11). Its intention was to permit the independent adjustment of vertical and 

horizontal offsets, leg length and neck version. This was thought to be particularly useful 

in complex anatomical cases. [34]  

 

Figure 2.11. Zimmer M/L Taper Hip Prosthesis with modular neck design (reproduced from 

www.medicalexpo.com).  
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Bearing Design 

 

Articulation within the implant is permitted by the head and cup components, which 

collaborate to form a ball and socket bearing. A range of materials have been adopted 

to form these bearing surfaces since the 1970s; however, four primary combinations 

have been most widely used. These include Metal-on-Metal (MOM), Metal-on-

Polyethylene (MOP), Ceramic-on-Ceramic (COC) and Ceramic-on-Polyethylene (COP); 

classed as either hard-on-hard (MOM and COC) or hard-on-soft (MOP and COP) bearings 

(Figure 2.12.). 

 

Figure 2.12. The four primary material combinations that form the bearing surfaces of hip 

replacements; Metal-on-Polyethylene, Ceramic-on-Polyethylene, Ceramic-on-Ceramic and Metal-on-

Metal (from left to right) [35]. 

 

An advantage of modularity is that it allows the replacement of individual components, 

were they to be damaged during function. This was particularly useful with early 

polyethylene components, as they were prone to wear; this was understandable 

considering their frequent combination with considerably harder materials, such as 

CoCrMo. Particles released from these implants were found to have a detrimental effect 

on the surrounding tissue, including osteolysis. This led to aseptic loosening and the 

ultimate failure of implants. Through irradiation, an increased degree of crosslinking 

could be achieved within the UHMWPE structure. This enhanced material was found to 

improve the wear resilience of the acetabular cups; however, the debris released from 

these PE structures remains a concern [36].  
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Bearings are expected to wear during their lifetime, as a result for their function. By the 

1970s, the wear debris from both MOM and MOP bearings had been identified as a 

leading cause of failure. In an attempt to address these issues, ceramics were adopted 

to generate both head and cup components. These materials form low friction bearings, 

as they are hard and synoviaphilic, which means that they are well wetted by the 

synovial fluid [37]. In addition to reduced wear, the debris released from these 

components are biologically inert, avoiding tissue lysis. Alumina (Al2O3) was initially the 

ceramic of choice, however, in COC bearings they were prone to fracture. Following 

improvements in its manufacture, alumina could be produced with increased density, 

purity and a smaller grain size, which vastly improved its fracture toughness. In a further 

attempt to reduce this risk, zirconia ceramic was later adopted despite concerns 

regarding its instability, particularly following improper sterilisation. Alumina-zirconia 

composites have also been developed, which again improves the toughness of alumina 

and avoids the hydrothermal instability of zirconia [38]. Ceramic heads are commonly 

combined with polyethylene cups, in response to these reported weaknesses of the COC 

bearing designs, which includes audible squeaking heard from some implants during 

movement [39]. High cost was also an initial disadvantage of ceramic materials; 

however, they are ever becoming a more economically viable option. [40]  

 

At the end of the twenty-first century, with the modern hip arthroplasty establishing 

itself as a reliable treatment, there was a resurgence in MOM bearing designs. This 

second generation of implants were developed on the bases that their original failures 

were due to poor design, manufacturing and surgical techniques, which could be 

overcome following advancements made in the field. These bearings consisted of a 

femoral head and acetabular cup made from CoCrMo. Fundamentally, cobalt chromium 

is suitable to form bearing surfaces, due to its hardness and corrosion resistance. Its 

resilience to degradation within the body is primarily attributed to the passivation layer 

of oxides (Cr2O3) that forms around the implant. Femoral heads can also be made larger, 

as this material is less brittle than other materials, such as ceramics. As a result, 

increased stability could be achieved with a reduced risk of dislocation [22]. Through 

improved design, materials and manufacturing techniques, these devices were expected 

to result in less abrasive wear than MOP bearings, while their smaller wear particles 
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would reduce the likelihood of a periprosthetic tissue reaction [41]. With increased 

numbers of young and active individuals requiring hip replacements, these 

arthroplasties were considered a promising solution, predominantly due to the ductile 

nature of this material [42]. 

 

Metal-on-metal resurfacing hip designs also simultaneously emerged onto the 

orthopaedic scene, following their unsuccessful MOP conceptualisation in the 1970s. 

These devices intended to preserve bone in young patients that would likely require a 

total hip replacement in the future. This could be achieved using a CoCrMo femoral head 

that would fit around the natural head of the femur (Figure 2.13), with a short stem 

establishing fixation. Articulation would be achieved through its combination with a thin 

cup, which would effectively line the acetabulum. [43] 

 

Figure 2.13. Birmingham Hip Resurfacing (BHR) System, Smith and Nephew (reproduced from 

www.smith-nephew.com).  



 57 

Component Fixation 

 

The acetabular cups of total hip replacements have also evolved since the original 

Charnley design of the 1960s. The purely polyethylene component was later combined 

with a metal backing [44], forming a modular, shell-liner system (Figure 2.14). This was 

an attempt to limit the deformation of the polyethylene, addressing aseptic loosening 

and migration through the reduction of stresses transferred to the cement-bone 

junction [45]. This system was later adopted by many of the other bearing combinations. 

The development of a locking mechanism that secured the shell and liner together was 

key to its legacy. This additional feature reduced micromotion between the 

components, which was found to be a cause of further wear and osteolysis [46]. 

Titanium alloys (Ti6Al4V) became the primary candidate to form these shells, due to its 

excellent biocompatibility with bone, corrosion resistance and mechanical strength. The 

uncemented fixation of these metal shells was also introduced, following the addition 

of a porous back-side surface. This encourages bony interaction, once press fit into the 

acetabulum. Stabilizing fins and screw holes were also introduced in some designs, in 

order to provide enhanced fixation needed in some exceptional cases. These shells were 

also made in a range of sizes, which would improve their fit to the patients anatomy 

[47]. A place remains, however, for both cemented and uncemented approaches in 

contemporary hip replacement [48].  

 

 

Figure 2.14. Modular acetabular cup system, with metal shell and polyethylene liner (reproduced from 

www.akromion.hr). 
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The fixation of the femoral stem components followed a similar evolutionary path, as 

they too were originally cemented into the femur and composed of CoCrMo. Polished 

stems emerged in the 1970s, such as the first Exeter stem, which was designed to 

convert shear forces into compression while maintaining cement fixation [49]. As they 

were composed of stainless steel, they were prone to fracture; however, this fragility 

was overcome by increasing their nitrogen content (HNSS). Adaptations of these stems 

remain in use today, due to their successful track record and the economic benefit over 

CoCrMo. Contrasting surface designs have since been developed to enable an 

uncemented approach. The introduction of porous coatings successfully encourage 

bony ingrowth, achieving cementless fixation [50]. Their combination with titanium alloy 

stems has been particularly successful. The modulus of elasticity and density of titanium 

(Ti6Al4V) is lower than CoCr alloys and is more comparable to bone; this was found to 

reduce the effect of stress shielding of the proximal femur, avoiding bone resorption 

[51].  

 

2.2.3. Contemporary Designs 

 

A range of implant designs have been developed to fulfil the role of a natural hip joint. 

Many different hip arthroplasties remain on the market, which combine contrasting 

components, materials and surgical techniques. Multiple patient factors can influence 

implant selection, including their medical history, anatomy, age, gender, expectations 

and activity level. Nevertheless, surgeons can also develop specific design and material 

preferences, as a result of further factors.  These can include their training, nationality 

and traditions, prior experience, personal financial benefits and the wealth of their 

health care system. The diversity of designs utilized in hip replacement surgery, 

worldwide, is a consequence of these factors and achieving a complete consensus is 

unlikely. 

 

The lifespan of contemporary hip arthroplasties remains finite, as a recent study 

suggests that 58% of hip replacements are lasting 25-years, based on NJR data [19]. 

Currently, the optimal outcome for patients is that the implant lasts for the remainder 
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of their life, without a considerable degradation in performance. This is becoming 

increasingly difficult as people are living longer and are able to remaining active in later 

years. Consequently, the eventual revision of a primary hip replacement is a possible 

outcome. Revision surgery involves the replacement of the original arthroplasty with a 

new implant. Some instances of early revision are also inevitable, as implant 

performance is dependent on a range of factors. In current standards, a maximum of 1% 

of “safe” implants are expected to fail each year; however, recommendations have been 

made to halve this figure [52]. Hip arthroplasties are now often designed to facilitate 

their removal, while a whole category of implants has formed to specifically cater for 

the most complicated of revision cases.  

 

As with all other medical devices, hip implants are evolving in response to new 

technological developments. Recent improvements in the sophistication of 3D printing 

has resulted in their ability to produce metal products. This additive manufacturing 

technique has been adopted to produce custom designed hip implants for patients with 

complicated pelvic anatomies. The economic benefits associated with this method has 

also resulted in its utilisation in the production of conventional implants, more 

specifically, their acetabular shell components. Its ability to generate porous titanium 

structures is also considered advantageous to uncemented fixation, as a result of bone 

ingrowth. [53] 

 

In the UK, uncemented primary hip replacements have been the most commonly 

implanted since 2008, with an increasing amount of designs adopting hybrid fixation 

(cemented cup and uncemented stem) (Figure 2.15). In 2018, over 55% of the primary 

hip implants recorded by the NJR had MOP bearings; accounting for >90% of the 

cemented primaries, >40% of the uncemented primaries and >50% of the hybrid 

primaries. However, the percentage of COP bearings being used has increased annually, 

since 2008. [21] 
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Figure 2.15. Methods of fixation used for primary hip replacements, by year of implantation 

(reproduced from the NJR). 

 

The trends observed in uncemented implants, since the beginning of the twenty first 

century, effectively depicts the fluctuation seen in the use of different bearing 

combinations over the past 20 years (Figure 2.16). For example, a peak in the use of COC 

bearings was reached in 2011, while in recent years its figures have dropped 

significantly. However, the most apparent trend observed in this Figure is the sharp 

decline in the usage of metal-on-metal bearings, with their numbers falling to nearly 

zero in 2012. This marks one of the largest medical device failures of modern time.   

 

Figure 2.16. The bearing surface material combinations used for uncemented primary hip replacements, 

by year of implantation (reproduced from the NJR). 
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2.3. The Metal-on-metal Story 

 

2.3.1. Design Rationale 

 

The development of a second generation of MOM hips was primarily motivated by 

numerous reports detailing the osteolytic effects of MOP bearing debris, following high 

levels of wear. The poor performance of the original MOM bearing implants (1960s) was 

perceived a consequence of technological restrictions. This was primarily in reference 

to their inability to accurately manufacture and quality check bearing couples, in order 

to guarantee a precision fit. Without precisely coupled components, increased torsional 

forces resulted in high levels of wear. The subsequent metal debris was found to cause 

tissue necrosis, which would often lead to aseptic loosening and ultimately the early 

failure of the implant. In fortuitous instances of well coupled components, there was 

encouraging evidence of a vastly improved survivorship and lower levels of wear. As a 

result, work began on refining the MOM bearing design, confident that engineering 

advancements would provide the solutions to these restrictions. The goal was to 

produce a low wearing solution that would prolong the life of hip arthroplasties. [54,55]  

 

Second generation MOM implants were primarily manufactured through either casting 

or forging [56]. As-cast components were produced by pouring the molten alloy into a 

mould, while wrought components would be forged from a single solid piece [56–60]. 

These metal implants could also undergo further processing, which could include heat 

treatments, such as hot isotropic pressurisation (HIP) and surface annealing (SA). 

Through these techniques, the microstructure and carbon content of the alloy could be 

manipulated. An increased carbon content was found particularly desirable for these 

second generation MOM implants, as it was thought to provide a more homogenous 

microstructure and improve their wear resilience [58,61].   

 

Vast improvements were also made to the quality control of these implants, as more 

sophisticated coordinate measuring machines (CMMs) ensured that a precise sphericity, 

diameter and finish was achieved [62]. Data provided by coordinate measuring 

machines (CMMs) also informed the design of these implants, through more detailed 
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analysis of first-generation MOM hips. This provided useful insights into the 

performance of different design features, such as implant geometry and diametrical 

clearance (difference between cup and head diameters). A smaller clearance (below 

400μm) was determined necessary to ensure reduced wear, while being large enough 

to allow polar contact without excessively increasing the contact area and frictional 

torque. The second-generation MOM hip designs also benefited from state-of-the-art 

hip simulators. The ability to test the performance of an implant in the laboratory, 

allowed their design to be further optimised. For example, an optimal clearance value 

could be determined for each hip replacement design, which provided the lowest 

volume of wear. [26,55,63,64]  

 

Figure 2.17. Weber-Metasul total hip replacement (arthroplastyjournal.org). 

 

These amendments, resulted in the first of the second-generation MOM implants to be 

released in the late 1980s. Designs such as the Weber-Metasul (Zimmer, previously 

Sulzer, Switzerland) and Bicon-Plus (Plus Orthopedics, Switzerland) hips had a CoCrMo 

articulation; however, the acetabular component had a polyethylene liner, which 

separated a titanium or stainless steel meshed outer shell (uncemented) from the cobalt 

chromium bearing (Figure 2.17). Early results, demonstrated promising signs of success, 

with better clinical outcomes than the original MOM designs. These results were also 

comparable to the ‘gold standard’ metal-on-polyethylene replacements. Hip simulator 

testing found that they displayed significantly less wear than MOP bearings [65,66]; 

therefore, this low wearing option seemed an ideal solution for younger, more active 

patients. [62,67–71] 
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The metal-on-metal resurfacing designs also emerged, in parallel with MOM total hip 

replacements (THRs), as the preservation of bone stock is an important consideration 

when treating young patients. The surface replacement approach fulfils this aim, 

facilitating another hip replacement in future [72]. Without the shell-liner combination 

seen in conventional THRs, the head size of these resurfacing designs had to match the 

size of the acetabulum. This meant that their head sizes were frequently larger than 

traditional designs, which was considered beneficial in reducing the risk of dislocation 

and impingement, while improving joint stability and its range of motion. The Corin-

McMinn hip prosthesis was one of the first of these designs to be released, attempting 

to provide a thin, precisely manufactured and low wearing implant that would be ideal 

for active individuals. This design later developed into the more refined Birmingham Hip 

Resurfacing (BHR) in the 1990s, produced by Smith and Nephew. Again, during short-

term follow-up, clinical outcomes of these designs were excellent. [73–79]  

 

Nevertheless, despite promising results, it was understood that the wear particles 

released from MOM bearings were smaller, compared to the MOP equivalent. This 

would allow the transportation of metal debris away from the joint tissue, reducing the 

occurrence of periprosthetic osteolysis. For this reason, however, a cautious and gradual 

introduction of these designs was recommended, as the long-term local and systemic 

effects of this debris were unknown. Moreover, it was advised that metal ion levels in 

blood, urine and joint fluid should be used to monitor implant function.  [80,81] 

 

2.3.2. Equivalence in Design 

 

The new millennium saw a flurry of MOM bearing designs entering the market, 

predominantly due to the early success of the second-generation implants. The 

Medicines and Healthcare products Regulatory Agency (MHRA) and the Food and Drug 

Administration (FDA) are the regulatory authorities of the UK and USA, respectively. 

New medical devices require clearance from these regulators before they can be 

adopted clinically. This involves providing evidence, through clinical trials and laboratory 

testing, which demonstrates that the device is safe for implantation and that it will fulfil 

its intended function. However, a 510k (FDA) can be issued to certain devices that claim 
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equivalence with existing, proven devices. This premarket notification was intended to 

shorten the long process of getting FDA approval, encouraging, rather than stifling 

innovation.   

 

The Pinnacle total hip replacement was an example of these new designs, offering 

several different bearing combinations, in addition to metal-on-metal. Manufactured by 

DePuy Synthes (Warsaw, USA), which is part of the Johnson & Johnson Medical Device 

group, its MOM design was approved by the FDA in 2000. This was achieved through a 

510(k) submission, claiming its equivalence to another MOM DePuy product, the Ultima 

Metal-on-metal Acetabular Cup. It had a modular cup design, with a titanium shell and 

CoCrMo liner. This articulated against a 36mm or 40mm femoral head composed of the 

same material (Figure 2.18). Published studies reporting the satisfactory early clinical 

outcomes of the Ultima, supported the acceptance of this Pinnacle design into 

orthopaedic application [82].  

 

 

Figure 2.18. Metal-on-metal Pinnacle Total Hip Replacement System (fixbones.com). 

 

Similarly, the Articular Surface Replacement (ASR) was released by DePuy in 2003 

(Figure 2.19). This was a hip resurfacing design, which was produced to compete with 

the BHR hip resurfacing (Smith and Nephew). Despite being accepted into the European 

market, due to their more relaxed
*

 CE marking process [83], it was never approved for 

use in the US by the FDA.  Resurfacing designs were relatively new and did not qualify 

                                                        

 

*

 as a class IIb device, it did not require a clinical trial 
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for 510(k) approval. On the contrary, it underwent strict premarket assessment, which 

it ultimately failed due to poor surgeon feedback. Despite these concerns, early 

experiences with the ASR device in Europe were reportedly positive [84], providing 

accurate surgical implantation. 

 

Figure 2.19. Articular Surface Replacement (ASR), DePuy Synthes (newsomelaw.com). 

 

A total hip replacement form of the ASR, marketed as the ASR XL, was later approved by 

the FDA, through the 510(k) process (2005). It was described as significantly equivalent 

to a number of MOM devices that were already on the market. This list of implants, 

again, included the Ultima Metal-on-metal Acetabular Cup (DePuy Synthes) and also the 

MOM Pinnacle [85]. Composed entirely of CoCrMo, this THR used a thin acetabular cup 

combined with a range of large head sizes, identical to its resurfacing form (Figure 2.20). 

Despite the limited premarket testing of both the ASR and ASR XL in human patients, 

DePuy reportedly performed substantial hip simulator trials, which evaluated their wear 

performance, strength and material properties. [86] 

 

 

Figure 2.20. ASR total hip replacement, DePuy Synthes (medicaldeviceacademy.com).  
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2.3.1. Initial Indications of MOM Hip Implant Failure 

 

Following the longer-term follow-up of these second-generation MOM hip 

arthroplasties, evidence emerged of delayed hypersensitivity reactions to metal wear 

debris, which was a harmful immunological response [41]. Concerns regarding the effect 

of metal particles had loomed over these devices since their return to the market in the 

1990s. Patients with metal-on-metal hip implant were routinely found with elevated 

metal ion concentrations in their blood, serum and urine, compared to those with MOP 

bearings; however, its effect could not be determined until further long-term clinical 

surveillance was performed. [87] 

 

Initial instances of hypersensitivity were rare, with pain and joint/groin swelling being 

common symptoms in the absence of infection. Many of these hips showed signs of joint 

effusion, which involves an abnormal accumulation of fluid. At surgery, this fluid was 

found to be a dark colour, while the joint capsule was noticeably thicker [88]. 

Histological examinations of the surrounding tissue found evidence of a lymphocyte 

dominated response.  Bleeding, necrosis and osteolysis was also observed, along with 

an accumulation of macrophages. These were thought to be aseptic lymphocyte-

dominant vasculitis-associated lesions (ALVAL). Although necrosis, due to metal debris, 

had been documented during the analysis first-generation MOM implants, these reports 

of lymphocyte infiltration had not been previously published [89]. The sensitisation of 

some patients to metals was also observed, as symptoms remained unresolved 

following the replacement of an original implant with another MOM bearing. [90] 

 

The term ‘pseudotumor’ was also coined to describe the formation of a soft-tissue mass 

found around the joints of some patients with a metal-on-metal hip replacement [91]. 

The majority of these were uncovered following complaints of painful, unstable hips; 

however, some were asymptomatic, raising concern over the number of undetected 

pseudotumors. Nevertheless, the cause of these formations was unknown. Metal wear 

particles were found during histological assessments, but there was no clear evidence 

of gross metallosis. It was speculated that some cases may have been caused by the 

toxic effect of a large amount of cobalt and chromium released from highly wearing 
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implants; others may have been the result of an allergic reaction to expected amounts 

of wear debris. In these early reports, a high percentage of cases were women, which 

was linked with the possible pre-operative sensitisation to metal. This was associated 

with nickel-chromium or cobalt-chromium allergies that had been previously related to 

wearing ear jewellery. [92,93] 

 

Partly due to a poor understanding of their causes, such pathologies as pseudotumors, 

ALVAL and metallosis were later collectively described as an adverse reaction to metal 

debris (ARMD) [94]. Following an increase in these cases, clinicians began to take more 

serious note of metal ion levels in the blood, as originally recommended, particularly 

cobalt and chromium. As a result, correlations began to emerge between these MOM 

implant failures and high blood metal ion levels. [95] 

 

2.3.2. High Clinical Failure Rates of MOM Hips 

 

The release of metal particles from MOM hip arthroplasties became a generally 

accepted by-product of these bearing types. However, without the results of long-term 

follow-up, their local and systemic effects could not be proven. The potential toxicity of 

this debris was primarily speculation, based on prior research into the use of these alloys 

in other fields. This included a detrimental effect on the kidneys, nervous system, 

immunity, reproduction and carcinogenesis [96]. Their role in causing implant failure 

also remained difficult to diagnose. It was recommended that this should be considered 

the cause of a patients symptoms, if all other reasons had been discounted [88]. 

Nevertheless, the number of MOM hip replacements implanted worldwide continued 

to rise. 

 

In 2007, the National Joint Registry reported a higher revision rate for hip resurfacing 

implants, which were virtually all MOM bearings at the time [97]. Studies suggested that 

this could be overcome by the selection of more appropriate patients and improved 

surgical technique [95], as 37% of these failures were due to periprosthetic fracture. 

However, Table 2.1 demonstrates that a higher percentage of hip resurfacings had failed 

because of unexplained pain or unclassified causes. Metal debris was speculated to be 
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the primary instigator, as a study analysing a series of MOM Birmingham hip resurfacing 

(BHR) implants reported a 3.1% metallosis related revision rate at 5 years [89]. This was 

particularly pertinent as the BHR was the most widely implanted resurfacing design. 

They also noted that an alarming number of cases were found to have a considerable 

amount of tissue necrosis and osteolysis during revision surgery, without any pre-

operative radiological changes being identified. As a result, they recommended MRI 

investigations of these hips, while also advising surgeons to reduce their perceived 

threshold for revision surgery of painful MOM hips. This would avoid extensive tissue 

destruction, which would eventually complicate revision surgery. 

 

Table 2.1. Percentage of hips revised for pain and other reasons, between 2003 and 2006. Data was 

collected from the 4th Annual NJR, 2007 [97].  

Reasons for Revision THR Cemented THR Non-cemented Hip Resurfacing 

Pain 7% 10% 23% 

Other 5% 6% 18% 

 

These findings were consistent with follow-up studies of MOM THAs. An increasing 

number of patients were reportedly suffering from unexplained pain, while radiographs 

provided no evidence of any abnormalities. A heightened awareness of the underlying 

issues and the use of improved investigatory tools, such as metal artefact reduction 

sequence (MARS) MRI, allowed clinicians to achieve a better insight into the cause of 

these painful hips. Adverse reactions to metal debris (ARMD) could be more easily 

identified, even in asymptomatic patients that were returning for routine check-ups. 

These diagnoses also began to unveil the scale of this serious problem.  

 

The implantation of increasing numbers of MOM bearings allowed clear trends to 

emerge in single centre follow-ups. For example, Norwich University Hospital reported 

on 652 MOM Ultima (DePuy Synthes, section 2.3.2) hips that were implanted at their 

centre, prior to being discontinued in 2005 [98]. Ninety of these prostheses had to be 

revised, equating to a 13.8% revision rate at 5 years. Nearly half of these could be 

attributed to pain, of which, the majority had radiographs that were perceived normal. 

Through MARS MRI, fluid accumulation, muscle atrophy and oedema were identified 



 69 

pre-operatively and considered a result of released metal debris. Histological 

investigations later supported these claims, demonstrating extensive tissue necrosis and 

lymphocyte infiltration.  

 

In 2007, the MHRA released a ‘Medical Device Alert’ in order to raise awareness of the 

issues experienced with the MOM Ultima bearing and stem, which were composed of 

CoCrMo [99]. This was in response to a clinical study that reported a 9.2% revision rate, 

in a series of over 600 of these Ultima hips [99]. In response to abnormal MARS MRI 

results, early revision of this MOM design was recommended by the manufacturer 

(DePuy), in order to avoid rapidly progressing necrosis. In a letter to UK hospitals, DePuy 

identified the cause of these failures as a reaction to high levels of metal ions, referring 

to research they had performed in-house. However, the root cause of  these pathologies 

continued to be debated, Were they a result of an idiosyncratic immune reaction 

(hypersensitivity) or just the toxic effect of high concentrations of metal ions? [99] 

 

The Articular Surface Replacement (ASR) was also identified by the Australian Joint 

Replacement Registry as having a higher than anticipated rate of revision in 2007 [100]. 

This was over twice that of the BHR resurfacing hip. The contrasting survivorship of these 

two designs were attributed to a learning curve, which would be overcome once 

accurate surgical techniques had been established [84]. Nevertheless, the number of 

ASRs being implanted had decreased from the previous year, which suggested a loss of 

faith in the implant due to poor first-hand surgeon experiences. The ASR XL (THR) 

combined with its most frequently paired stem, the Corail (DePuy Synthes), had a 

cumulative percent revision of 4.5% at three years [100]. This was also noticeably higher 

than other primary total hip replacements of all bearing surface material combinations, 

which were all below 3% [100]. Despite this discouraging evidence, both the ASR and 

ASR XL remained on the market, for use across the world.  

 

 

In 2009, DePuy voluntarily recalled the ASR from the Australian market [86]. That year, 

the Australian Registry would report a 5-year cumulative percent revision of 8.7% for 

the resurfacing form of the ASR [101].  Nevertheless, ASRs were still being implanted in 
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the UK, despite a 3-year revision rate of 7.5% being reported in the National Joint 

Registry for England and Wales [102]. Follow-up studies also found greater whole blood 

cobalt and chromium ion levels in patients with ASRs, compared to other MOM designs 

[94,103,104]. Although the ASR was demonstrating the highest revision rate of all hip 

implants, NJR data was also beginning to show concerning evidence regarding the 

survivorship of all MOM implants. [102] 

 

Following increased pressure, in April and May of 2010 the MHRA released two Medical 

Device Alerts. The first, warned surgeons of the potential risk associated with the use of 

all metal-on-metal hip replacements, due to reported instances of soft tissue reactions 

to wear debris [105]. The second, specifically identified the higher than expected failure 

rates of the ASR [106]. Common to both alerts, annual postoperative follow-ups were 

recommended for 5 years, using whole blood metal ion levels and MRI imaging as modes 

of identifying failure. A 7 parts per billion (ppb) threshold for whole blood cobalt and 

chromium ion levels had been previously recognised as an indicator of suboptimal 

performance [95,107]. Revision was advised in cases where these investigations 

revealed evidence of an adverse tissue reaction; however, further implantation of the 

ASR was not necessarily discouraged. Surgeons were advised to follow the most recent 

surgical guidelines, issued by the manufacturer, during future implantation of this 

device. The implication was that more precise surgical technique could reduce the 

number of these cases.  

 

In August 2010 the ASR was voluntarily recalled by the manufacturer on a global scale. 

This was pre-emptive action taken in anticipation of the coming NJR report stating a 5-

year revision rate of 12% and 13% for the ASR resurfacing and ASR XL, respectively [108]. 

At this point, approximately 93,000 of these MOM hips had been implanted worldwide 

[109]. The company stated that it would cover the cost of monitoring and the potential 

revision of these hips. Heightened exposure, through media outlets, raised public 

awareness of these failing implants. As a consequence, instances of litigation against 

DePuy emerged, with patients claiming damages for the devastating outcomes they had 

experienced. To date, the settlement of lawsuits has already cost the company billions 

of dollars, with many pending a decision. These cases were bolstered by research, 
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performed at many independent centres, that attempted to explain the poor 

performance of the ASR, which will be further discussed in section 2.4.  

 

In response to this recall, DePuy also established a system to deal with complaints and 

advisory services, while also funding research to explain these failures. Guidance was 

issued to surgeons regarding the revision of ASR implants, as well as a list of 

recommended products as possible replacements. These included the MOM Pinnacle, 

in spite of the 2010 MHRA alert and long term follow-up studies that continued to 

publish evidence linking metal wear debris to periprosthetic tissue necrosis [90].  

 

In 2011, the NJR reported a 11.81% and 13.61% revision rate at 7-years for MOM 

resurfacing and THR bearing designs, respectively; while MOP, COP and COC bearings 

had a 7-year revision rate below 4.5% (Table 2.2). Larger femoral head sizes were also 

being linked with increased failure rates, when combined with resurfacing cups (as with 

the ASR and ASR XL) rather than conventional modular cups [110]. Large-head and ASR 

cup combinations were found to result in a 6-year revision rate of 28.96% [111]. 

Consequently, the MHRA updated their MOM bearing alert in 2012, advising stricter 

observation protocols for MOM total hip replacements with a femoral head greater than 

36mm in diameter [112].  

 

Table 2.2. Seven-year revision rates, according to bearing surface material combination. This data was 

reported in the 8th Annual NJR, 2011 [111]. 

 Resurfacing MOM MOP COP COC 

7 years 11.81% 13.61% 3.44% 3.31% 4.33% 

 

As increasing numbers of MOM implants were being revised, surgeons became 

increasingly reluctant to implant such devices. This was primarily due to the potential 

risks they posed to patient safety, which significantly outweighed the benefits that 

MOM implants could provide under optimal conditions. Furthermore, a range of other 

bearing material combinations could be adopted in their place, which were achieving a 

considerably better survival rates.  
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Ultimately, the number of MOM implants on the market declined substantially. In 2013 

DePuy discontinued sales of the metal-on-metal Pinnacle system, which had become 

one of the most commonly implanted MOM bearings worldwide. In the very same year, 

the NJR reported that it had a significantly higher failure rate than all other Pinnacle 

bearing combinations, including MOP, COP, COC and COM, reaching 8.45% at 7-years 

[113].  High levels of implant failure were accompanied by medical legal cases. These 

again amounted to over a billion dollars being paid in compensation and punitive 

damages. These involved accusations, made by patients, that DePuy knowingly hid flaws 

in the MOM Pinnacle design, which again will be further discussed in section 2.4. 

 

Nevertheless, some of the most successful MOM resurfacing designs, such as the BHR, 

remain on the market; however, they are now only used in specific cases, when deemed 

the most appropriate option. The two-time Wimbledon champion, Sir Andy Murray, was 

a recent recipient of one of these implants, which was used to treat a recurring hip injury 

that was jeopardising his career. As originally designed, the Birmingham Hip Resurfacing 

was selected to preserve bone, reduce the risk dislocation and provide improved 

function compared to THAs, in this young and extremely active individual.  

 

Currently the ASR cup and MOM Pinnacle system have a cumulative percentage 

probability of revision at 13-years of 48.35% and 16.5%, respectively. These failures 

highlight the importance of adequate international medical device regulation, in order 

to maintain patient safety. Furthermore, simulator testing should be considered a useful 

tool in determining implant performance, which should complement the outcomes of 

clinical trials, rather than replace them. However, the high number of implants being 

removed does facilitate larger cohort studies, which can enhance the understanding of 

their failure mechanisms.
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2.4. Why Do Metal-on-metal Hip Implants Fail? 

 

2.4.1. Retrieval Analysis 

 

Retrieval analysis involves the assessment of failed orthopaedic devices, which have 

been removed during revision surgery. Although current methods of preclinical testing, 

joint simulation and computational modelling have reached a considerable level of 

sophistication, predicting the performance of hip implants remains challenging. Without 

sufficient input to inform these methods, issues with metal-on-metal implants were not 

foreseen during their development and introduction to the market. Retrieval analysis of 

these hips can provide an improved insight into how an implant performs in vivo. This is 

analogous to the analysis of a flight recorder following a plane crash. The information 

obtained can inform future design and preclinical testing, in order to avoid similar 

failures. [114] 

Table 2.3.  Description of common reasons for hip implant revision. 

Reasons for Revision Description 

Aseptic Loosening Implant loosening in the absence of infection. 

Pain Pain experienced at the hip joint, limiting function. 

Lysis 
Breakdown of tissue around the implant, such as bone, resulting in 

further complications. 

Implant Wear 
Loss of material from the implant surface, resulting in loss of function 

and/or periprosthetic tissue harm. 

Dislocation 
Loss of articulation contact between the femoral head and the 

acetabular cup. 

Infection Foreign body contamination of the implant. 

Implant Fracture Broken component, resulting in a loss of function. 

Size Mismatch Pairing of incorrectly sized components. 

ARMD Adverse reaction to metal debris released from a component. 
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There are a number of reasons why surgeons consider the need to revise a hip 

replacement. The most common reasons for revision, since 2003, have been aseptic 

loosening, followed by pain; however, they can also include dislocation, infection and 

many more (Table 2.3). Nevertheless, only through retrieval analysis can researchers 

identify the mechanisms that lead to these failures. It is important, however, to 

differentiate between mechanisms and risk factors associated with failure, which can 

also be isolated during retrieval analysis.  These are factors that increase the likelihood 

of implant failure and are commonly divided into categories, based on their three 

primary sources. These surgeon, implant and patient (SIP) factors can range from 

surgical technique and implant design, to patient history, anatomy, activity levels and 

socioeconomic factors.  
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Once a hip implant is revised, consent must be given by the patient for its involvement 

in ethically approved research.  Prior to any analysis, each device must be 

decontaminated, following standardised protocol, ensuring the safety of researchers. 

Thereafter, personal protective equipment is used when handling the implants (Figure 

2.21). In order to maintain the confidentiality of individuals, a unique code is given to 

each hip, which also enables the acquirement of clinical information when appropriate. 

In Europe, these implants remain the property of the patient and must be stored 

securely under lock and key.  

 

 

Figure 2.21. Personal protective equipment essential when handling retrieved components. 

 

The first stage of retrieval analysis primarily involves qualitative techniques. Both 

microscopic and macroscopic imaging tools are initially used to visually assess the 

implant. Published scoring systems are utilized to grade the extent of damage found on 

their surfaces. For example, the Goldberg system is a validated method of assessing 

corrosion and fretting at the taper junction of hip implants [115,116]. These are rapid 

methods of acquiring data, which can be performed on a large scale prior to more 

detailed analyses.  

 

Quantitative methods can further investigate damage, through the measurement of 

material loss. Volumetric wear can be quantified from their bearing and taper surfaces, 
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using Coordinate Measuring Machines (CMM) and Roundness Measuring Machines 

(RMM), respectively (Figure 2.22). Retrieval centres worldwide use a range of protocols 

to obtain these values, which will be further discussed in section 2.5. Roughness is 

another characteristic that can be obtained from these surfaces, using such tools as 

optical profilometers. The composition of hip implants and the material deposited on 

their surface can also be determined with Fourier-transform infrared spectroscopy 

(FTIR) and a scanning electron microscope (SEM). Data acquired from such metrological 

techniques can be combined to determine how an implant performed in vivo and the 

mechanisms that led to its failure.  

 

 

Figure 2.22. A) Coordinate measuring machine, B) retrieved MOM implants, C) optical profilometer and 

D) roundness measuring machine. 

 

In a further attempt to link symptoms to a failure mechanism, or vice versa, 

periprosthetic tissue samples can often be collected during revision surgery. This is 

particularly useful when an implant or its wear debris is suspected of causing an adverse 

biological reaction. Histological research can uncover the sequence of events that led to 
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the symptoms experienced by the patient, which is extremely influential in determining 

the need for revision. 

 

It is widely understood that the cause of hip implant failure is generally multifactorial, 

due to the complexity of the systems involved. Implant factors, which contribute to 

failure, can be identified from two different sources; either they are published by the 

manufacturer (e.g. head size) or they must be measured during retrieval analysis. 

Contrastingly, clinical data is crucial in the identification of contributing patient and 

surgeon factors. 

 

In order to identify the failure mechanisms and associated SIP factors of a specific 

implant design, a sufficient number of retrieved examples must be collected to ensure 

the statistical significance of retrieval findings. This has been facilitated through the 

establishment of retrieval centres, which are closely linked with hospitals and 

orthopaedic surgeons that revise these implants. Here, the expertise of engineers and 

clinicians can provide useful information for the medical device industry, orthopaedic 

surgeon and patients alike. 
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2.4.2. Mechanisms of Failure 

 

Metal-on-metal total hip replacements were revised for a number of reasons; however, 

aseptic loosening, pain and infection were the most commonly reported [117]. Femoral 

neck fracture was an additional reason for revision, common in MOM resurfacing 

implants [43].  

 

Infection is a serious complication of many invasive procedures, including hip 

replacement surgery [118]. The majority of cases are caused by the bacterial 

contamination of a wound during surgery [119]; nevertheless, an infection can also 

develop at any time postoperatively. The ability of the immune system to eliminate this 

bacteria is often impeded by the capsule of fibrous tissue that forms around the implant 

[120]. In addition to inflammation and the loss of function, infection can cause osteolysis 

and component loosening. It is often necessary to remove the device in order to 

facilitate treatment [121].   

 

The high revision rates of metal-on-metal hip implants have been primarily associated 

with the adverse effects following metal particles release, which have predominantly 

been adverse local tissue reactions (ALTRs) [122]. Furthermore, with improved 

diagnostic and investigative techniques, cases of unexplained pain became more 

commonly attributed to underlying ARMD, often resulting in the need for implant 

removal. These revisions ultimately stemmed from the initial mechanisms of metal 

particle production. Retrieval analyses of MOM implants have shown that both 

mechanical and chemical processes can lead to the loss of material from different parts 

of a hip replacement.  

 

Wear involves the loss of material, following mechanical or chemical interactions 

between articulating surfaces. As depicted in Figure 2.23, there are five fundamental 

wear mechanisms; abrasion, adhesion, fatigue, erosion and corrosion. Abrasive wear 

occurs when two materials of differing harness rub against each other in the presence 

of friction, increasing shear stresses. This can result in ploughing of the softer material, 

forming grooves and scratches on the surface; conversely, portions of the softer 
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material can be cut away. This process can also be induced when particles are 

introduced between the interacting surfaces. As the name suggests, adhesion occurs 

when parts of the interacting surfaces adhere to one another under high load. 

Subsequent motion causes these joints to rupture, with one surface gaining material at 

the loss the other. Fatigue wear is the result of cyclic loading of articulating surfaces in 

the presence of friction, which can cause surface cracking. Similar fluctuations in the 

relative sliding of two component can lead to a further form of this wear, called fretting; 

delamination can occur at these surfaces due to the alternating compression-tension 

stresses. Erosive wear is the result of impinging particles on a surface; their momentum 

can remove fragments from the surface and lead to cavitation.  [123–125] 

 

 

Figure 2.23. Schematic diagrams describing the following wear mechanisms; abrasion, adhesion, fatigue 

and erosion. 
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These wear mechanisms are predominantly mechanical in nature; nevertheless, wear 

can also be a consequence of chemical reactions. Corrosion is a process during which a 

metal reverts to its more stable form, following a chemical or electrochemical reaction 

with its environment. This can lead to structural degradation, pitting and cracking of 

metal surfaces. Its most common form would be oxidative corrosion, during which the 

metal becomes its oxide. Galvanic corrosion occurs when two metals in contact, or areas 

of the same metal, have differing electrochemical potentials in the presence of an 

electrolyte [126]. The least noble metal becomes the anode and experiences 

accelerated corrosion, following an oxidisation reaction at its surface [127]. Its ions are 

subsequently released as electrons flow to the more noble metal. A reduction reaction 

occurs at the surface of this other metal (cathode), due to its uptake of these electrons 

(Figure 2.24). [98,128,129] 

 

 

 

Figure 2.24. A diagram depicting the exchange of electrons that occurs during galvanic corrosion, when 

copper and iron are connected in the presence of an electrolyte. 
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Tribology is the science of interacting surfaces in relative motion, which involves the 

study of friction, lubrication, wear and the design of bearings [130]. Under ideal 

conditions, small amounts of wear are expected from all bearings, due to function, with 

metal-on-metal hip implants bearings being no exception. As patients undertakes day-

to-day activities, the articulating surface of hip implants slide against one another, under 

load (body weight). Previously described mechanical wear mechanisms result in a loss 

of material from these surfaces. The greatest rate of wear is expected to occur 

immediately following implantation due to a bedding-in period. Subtle differences in 

component sphericity and surface finish is overcome during this time, as the articulating 

surfaces of the femoral head and acetabular cup wear until optimal conformity is 

achieved. A protective protein boundary layer can also form over these surfaces, 

ultimately resulting in a lower level of steady-state wear. Hip simulator studies have 

defined a low wearing MOM implant as having a wear rate of less than 1 mm
3 

per million 

cycles, which approximately equates to a year in vivo [131,132]. It has been 

demonstrated, however, that this estimated average of yearly activity can vary 

considerably between patients, and can reach several million cycles per year in some 

cases [133]. 

 

The low levels of wear expected from well-functioning MOM hips has been linked with 

implant failure in some instances. Cases of hypersensitivity reactions to these small 

amounts of metal debris have been reported to cause inflammation, swelling and 

restricted function. Metal-protein complexes can form following the release of implant 

debris, which acts as an antigen, triggering this immune response. As previously 

mentioned, histological diagnosis of ALVAL have been common in these instances. It is 

proposed that this metal allergy may be a predisposition of certain patients that have 

been previously sensitised to metals. Allergies to cobalt, chromium and nickel, which 

are common components of implant alloys, have been previously linked to wearing 

jewellery. However, the true prevalence of these occurrences remains a subject for 

debate, as the relationship between contact and deep tissue allergies are poorly 

understood. Retrieval analysis suggests that the majority of low wearing implants 

perform well and that metal hypersensitivity must be a relatively rare occurrence [134]. 

[41,94,135]  
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Retrieval analysis studies have demonstrated that a higher than expected proportion of 

MOM hips wear excessively during their time in vivo. This larger amount of metal debris 

has been considered the primary cause of ARMD in periprosthetic tissue. Nevertheless, 

it remains unclear whether the extent of these effects is dose dependant. Despite no 

causal relationship being established, greater amounts of wear debris is thought to 

increase the risk of implant failure [136].  

 

The largest volumes of wear have been reported from the bearing surfaces of MOM hip 

implants; with the associated mechanisms being primarily mechanical. Visual evidence 

of abrasion has been identified on retrieved bearing surfaces, such as scratches and 

ploughing grooves [137,138]. Excessive wear can result in an ill-fitting bearing couple, 

which can induce progressively more wear. Resulting debris that remains between the 

bearing surfaces can also exacerbate mechanisms of abrasion, which is often referred 

to as third body abrasion [26]. 

 

Retrieval analyses of MOM total hip replacements have identified further material loss 

from the modular junctions of these implants [139]. This is most commonly found at the 

taper junction, which connects the femoral head to the stem of all MOM THRs, and has 

been linked to implant failure [140,141]. Unlike the bearing, these junctions are not 

designed to allow movement, with a sole function of connecting two components. As a 

result, taper wear has been found to accelerate over time [142]. This additional source 

of metal ions was primarily recognised as being a result of corrosion, which can affect 

large portions of the implant or can be more localised crevice and pitting corrosion 

[143]. The infiltration of synovial fluid into the junction is thought to provide the ideal 

chemical environment for this wear process.  

 

When a metal component is implanted into the body, an oxide layer forms over its 

surface. This is also commonly induced, through surface treatments, and is referred to 

as a passivation layer as it protects the implant from corrosion. Mechanical and chemical 

wear mechanisms can work in combination during a process termed tribocorrosion, 

causing further degradation of the implant [144]. Mechanical wear destroys the 
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passivation layer and leaves the underlying metal surface exposed to the surrounding 

electrolyte, allowing corrosion processes to commence [145]. This can particularly occur 

at the taper junction, as micromotion is caused by a translation of forces from the 

articulating bearing surfaces. This is also often referred to as mechanically assisted 

corrosion or fretting crevice corrosion. [146] 

 

As previously described, wear debris from MOM total hip replacements predominantly 

come from the bearing and taper surfaces, which are composed of a CoCrMo in MOM 

hip implants. The passivation layer that forms over these surfaces can be up to 85 nm 

thick and is primarily composed of chromium oxides, phosphates and hydroxides [147], 

despite the bulk alloy containing approximately 60% cobalt, 30% chromium and 7% 

Molybdenum [148]. This is due to the more active chemical nature of chromium, 

compared to cobalt in their bulk metal form. During bearing surface wear, cobalt and 

chromium particles are release from the bulk alloy, while additional chromium ions are 

also released from this passivation layer and during taper corrosion. Once in the 

periprosthetic tissue, these particles are ionised. It has been observed that chromium 

ions are more commonly retained in the surrounding tissue, while a larger amount of 

cobalt ions enter the blood stream [149,150]. In addition to its increased solubility 

compared to chromium, this results in a greater quantity of cobalt being excreted in 

urine [151]. As the majority of cobalt is excreted within 48 hours of its production 

[152][153], blood cobalt ion levels provide a snapshot of the debris released within this 

time. Chromium ion levels, however, have a slower rate of decay and their complete 

excretion can take months; this is thought to be due to its encapsulation in soft tissue 

[154].
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Correlations have been made between the volume of wear measured from these 

implants and the levels of cobalt and chromium ions measured in whole blood, serum 

and joint fluid [94,155]. These high ion levels are often several times the expected 

concentrations and have been evident within days of implantation [95,156–159]. As a 

result of the additional amount of cobalt being released from the tapers, higher Co/Cr 

ratios in whole blood has also been correlated with higher levels of corrosion (Figure 

2.25); additionally, black deposits of chromium ions have also been identified at the 

taper surface during retrieval analysis [160,161]. 

 

Figure 2.25. A schematic diagram explaining the whole blood Co/Cr ratio observed with a modular hip 

that has a CoCrMo bearing system (MOM), and is paired with a titanium alloy stem. The primary 

mechanisms of material loss at the taper and bearing surfaces are corrosion and mechanical wear, 

respectively. At the bearing, Co and Cr debris are released from the bulk alloy, while Cr ions emanate 

from the passivation layer. 

  

In comparison with MOP bearings, MOM bearings have been found to generate a 

reduced volume of wear debris; however, they generate a greater number of particles, 

which are of a smaller size. These particles are found to be < 50 nm and are round, oval 

or needle-like in shape [162], which allows it to be transported further from its cite of 

release. It has also been suggested that the debris released from the bearing and taper 

can differ in morphology, which may influence their effect on the periprosthetic tissue 

[163].  

 

As with all foreign bodies, the cobalt and chromium particles that reach the 

periprosthetic tissue are reportedly engulfed by macrophages, in a process called 
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phagocytosis. The resulting metal ions can induce an inflammatory response and 

activate a number of other biochemical signals [164]. One of which is known to cause 

mutation in osteoclasts and inhibit osteoblasts, which are the cells responsible for bone 

resorption and synthesis, respectively [165,166]. As a result, the osteolysis can occur in 

bony structures adjacent to the implant. Furthermore, cobalt ions themselves have been 

found to have a cytotoxic effect and directly trigger necrosis, when in a significant 

concentration [167,168]. These processes partly explain the tissue destruction 

witnessed by surgeons, during the revision of MOM hip implants, while being consistent 

with the groin and hip pain described by many patients. The growth of these necrotic 

cites have also been linked to the formation of pseudotumors [169]. These pathologies 

are often generalised in literature, using terms such as metallosis and ARMD; however, 

their unique pathways are extremely complex and are not fully understood. Many 

factors can dictate the speed of these process, which may develop over several years. 

The toxic effects of cobalt may only become apparent when a sufficient dose of ions has 

accumulated within the tissue; however, this again remains a subject of debate.      

 

The osteolysis caused by these metal particles can also lead to other reasons for revision, 

such as aseptic loosening and femoral fracture [170]. Nevertheless, osteolysis can also 

occur as a result of aging and the progression of hip diseases, such as osteoarthritis and 

osteoporosis. The death of acetabular bone can lead to the loss of cup component 

fixation, following reduced osteointegration. Additionally, this can be caused by 

excessive mechanical stress being transferred to this interface from the rest of the 

implant. Femoral neck fracture is more common in MOM hip resurfacing implants and 

can be the result of increased applied force and bone thinning, due to osteolysis. Stress 

shielding of the underlying bone can be a further contributing factor [171]. Bone is 

metabolically active and undergoes a continuous cycle of remodelling, with new bone 

being produced following the resorption of old bone. This process is influenced by 

stresses and other biomechanical forces, which dictates the structure of the bone being 

formed [172]. In this instance, the femoral neck can be shielded from sufficient stress 

by the metal component, resulting in narrowing and weakening of the bone structure, 

which makes it more susceptible to fracture [173,174]. [43] 
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Although the local effects of metal debris from MOM hip replacements are more 

commonly reported, further systemic effects can also transpire in the long-term. 

Deposits of these particles have been found in some of the vital organs, following its 

transportation in the blood [175]. Although severe cases have been relatively rare, the 

toxic effect of cobalt and chromium have been observed on the heart, nervous system, 

immune system and thyroid gland. Outcomes such as heart failure, permanent vision 

and hearing loss and death have been reported in the worst affected patients [176–180]. 

Cobalt has been found to be genotoxic in the laboratory, which has risen concerns over 

its potential to cause cancer following MOM hip replacement. Changes in periprosthetic 

lymphocyte DNA have been revealed in some patients [181]; however, it was thought 

to be a result of an inflammatory pathway, rather than raised cobalt and chromium 

levels [182]. Although a number of studies have reported a greater number of instances 

of cancer in patient with MOM hip replacements [183,184], compared to the general 

population, epidemiological research is yet to uncover a mechanism that explains their 

increased risk [185].     
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2.4.3. Surgeon, Implant and Patient Factors  

 

A number of factors have been linked with the increased failure rates of metal-on-metal 

hip implants. As previously described, these can be categorised as either a surgeon, 

implant or patient factor. As the quantity of material loss has been identified as a 

significant contributor to their risk of failure, many of these factors are associated with 

causing increased wear.  

 

Surgeon Factors 

 

Surgeon factors have the predominant influence on the incidence of infection, as a 

substantial amount of cases are caused by bacteria entering the wound during surgery. 

Strict protocols are implemented to reduce these risks, which includes the sterilisation 

of implants and surgical tools. Personal protective equipment, worn by the surgical 

team, is also crucial in minimising the probability of infection, as well as theatre 

cleanliness and the management of air flow [186,187].  Deviation from such protocols 

can lead to an increased prevalence of infection and the ultimate failure of implants.  

 

Many factors associated with the implantation of these devices can directly influence 

their performance. These are often related to the amount of implant-specific training a 

surgeon receives, and how closely they adhere to guidance provided by the 

manufacturer. In addition to defining an advised surgical technique, the manufacturer 

can also provide specific instrumentation to perform the procedure. The use of generic 

tools, has been found to detrimentally impact clinical outcomes. Nevertheless, the 

success of hip replacement surgery can also be influenced by the skill and experience of 

the surgeon, which can vary considerably within a single centre [188–190].  

 

Surgical factors were also found to influence wear performance. In order to achieve low 

wearing conditions, the implant must be optimally positioned by the surgeon. This 

involves aligning the centre of both the femoral head and acetabular cup, in order to 

achieve concentricity during function. Ideally, the area in which the head contacts the 

cup (contact patch) should correspond to the biomechanical axis of loading [191]. The 
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greater the deviation from this position, the greater the risk of poor wear performance. 

Studies have shown that achieving these conditions is extremely difficult and can 

depend on surgical skill, the direction of approach and the tools at their disposal 

[136,192]. Variables such as pelvic tilt during pre-operative positioning, intro-operative 

pelvic rotation and the patients size are also considered beyond the surgeons control 

[193,194]. This has prompted the development of robotic surgical equipment that aim 

to provide improved surgical accuracy and outcomes, but is yet to be widely adopted 

[195].  

 

With respect to positioning the acetabular component, a safe zone was proposed by 

Lewinnek et al. [196], which advised 40° ± 10° of inclination and 15° ± 10° of anteversion, 

in order to achieve adequate outcomes. However, more recent studies have advised the 

consideration of pelvic tilt and functional positioning for improved implant performance 

[197,198]. A steeper cup inclination has been found to correlate with increased serum 

cobalt and chromium ion levels, suggesting an increase in wear [199]. Numerous studies 

have attributed this trend to increased instances of edge loading [110,200]. They have 

also shown that the resulting edge wear is correlated with increased total bearing wear 

and failure [201]. Similarly, these studies suggest that inadequate anteversion of the 

acetabular component can also lead to higher levels of wear, while excessive 

anteversion can disrupt the bearings lubrication regime due to reduced femoral cover. 

Impingement can also occur in these instances, particularly in resurfacing implants and 

during deep flexion [104,202]. Nevertheless, these remain speculative conclusions, as 

there is little retrieval evidence to support the influence of anteversion on implant 

performance [110,203].  

 

In order to investigate the influence of acetabular component positioning on bearing 

wear, Govind et al. [204] developed a method of locating this wear in-vivo. Although the 

study was not able to identify any conclusive trends, due to a small sample size, future 

research could utilise this approach to better understand the relationship between 

angles of inclination and anteversion, and hip replacement wear.  
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The suboptimal positioning of these component can also lead to an increased risk of 

dislocation and femoral fracture. Hip resurfacing components implanted with an 

increased varus position have been found to be at greater risk of femoral neck fracture, 

due to increased tensile and compressive forces [43,205]; however, this correlation has 

yet to be confirmed as there have been a limited number of retrieval investigations into 

the influence of this surgeon factor. 

 

Impaction forces applied to these hips during implantation, in order to achieve 

uncemented fixation, has also been linked to failure. This refers to the press-fit of cup 

components into the acetabulum, as well as the femoral heads being struck onto the 

stem with a surgical mallet. There has been speculation that the use of excessive force 

during these procedures have the potential to cause bearing deformation. Their 

conformity is subsequently disrupted, which can result in increased wear of the bearing 

surface. Studies have also demonstrated that insufficient force, in addition to 

insufficient bone preparation [206], can also lead to increased micromotion and taper 

wear, while aseptic loosening is also a possibility. [207,208] 

 

A further surgical factor that could influence the success of a MOM hip replacement is 

appropriate design selection [209]. For example, resurfacing implants were designed to 

retain bone and allow a greater range of motion in younger patients; however, their use 

in older individuals has proved less successful, due to diminished bone quality in these 

patients that would frequently lead to fracture [210–212].  
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Implant Factors 

 

According to registry data [21], different MOM bearing designs have varying failure 

rates, suggesting that implant factors had a significant influence on the risk of their 

failure.  

 

A fundamental contributor to the wear performance of MOM bearings is their clearance 

(Figure 2.26). Its size can determine the lubrication regime that forms between their 

head and cup components. Despite having a minimal impact on their steady-state wear 

[213], hip simulator studies have shown that bearings with smaller clearances have an 

improved conformity that results in reduced bedding-in wear [214–216]. This is 

attributed to the subsequent formation of a larger contact patch between the head and 

cup components, which reduces contact pressure. However, due to the sub-

hemispherical design of the MOM acetabular cups, a larger contact patch could also 

increase the likelihood of edge loading and  lead to increased bearing wear [217].  

 

Figure 2.26. An illustration of the diametrical clearance of a hip implant. 
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The presence of a lubricant between bearing components can greatly influence its 

performance. In order to achieve low wearing conditions, a state of fluid film lubrication 

must be achieved, during which both components are separated by a thin layer of 

synovial fluid (Figure 2.27.) [123]. This lubrication regime can also reduce the risk of 

dislocation, due to an induced ‘suction fit’ [218].  The lubrication state within hip 

implants can fluctuate considerably during cyclic movement, while variability in the 

nature and viscosity of its biological lubricant can have a further influence. Implant 

factors can jeopardise the formation, consistency and thickness of this fluid film, 

increasing the risk of implant failure. Components unintentionally manufactured with 

reduced sphericity were found to reduce film thickness and increase wear [219]. A 

rougher bearing surface finish has also been acknowledged to disrupt the formation of 

fluid film lubrication and increase the probability of excessive wear [220]. These 

conditions are reportedly more common in cast CoCrMo alloy components, compared 

to their wrought forged counterparts, due to larger carbide particles that can protrude 

further from the surface [214].  

 

Metal-on-metal hips with smaller head and cup components have been found to display 

increased blood ion levels [94,103,136,221] and increased instances of dislocation. This 

is thought to be associated with their reduced arc of coverage, also known as cup 

articular arc angle (Figure 2.28) [222–224]. Simulator testing has shown that increasing 

head size (diameter) from 28 mm to 36 mm, results in reduced steady-state wear; while 

decreased bedding-in wear was observed as head sizes increased up to 55 mm and 

beyond [213,225,226]. This was attributed to the improved conformity of larger bearing 

systems and the formation of a thicker fluid film between their components, resulting 

in reduced frictional forces [103,104].  
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Figure 2.27. A schematic diagram of the Stribeck curve. The friction coefficient is plotted against the 

Hersey number, which can be calculated from the fluid’s viscosity (!), velocity (v) and average pressure 

(P). The frictional conditions are demonstrated at different lubrication regimes. The lowest amount of 

friction is reached when a consistent fluid film is initially achieved [227]. 

 

Figure 2.28. An illustration of the articular arc angle (q) of an acetabular cup, otherwise referred to as 

the arc of coverage angle. 
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The presence of a taper junction in MOM total hip replacements can also increase the 

risk of implant failure, as it has been found to be a further source of mechanical wear 

and corrosion debris. Their impact has been observed through the higher revision rates 

and metal ion levels of total hip replacements, compared to their resurfacing form that 

has an identical bearing design [228–230]. This was substantiated by a retrieval study, 

which found that both forms of the same hip implant design had comparable bearing 

wear rates [110]. This would suggested that taper material loss must have contributed 

to their contrasting revision rates. 

 

Data collected by the National Joint Registry was found to suggests that MOM total hip 

replacements with larger femoral heads had higher revision rates, particularly when 

they were greater than 36mm in diameter. As this was contradictory to the 

understanding that increased component size improved bearing performance, this 

trend was attributed to the impact of taper surface material loss. Not only did second-

generation MOM implants have larger head sizes, their taper junctions were also 

narrower. Their most commonly implanted stems had 12mm/14mm diameter 

trunnions, which was a reduction from the 14mm/16mm trunnions of previous designs 

[231]. This combination of larger heads and narrower tapers has been attributed to 

increased levels of corrosion at the taper junction, due to increased frictional torque  

[232]. Nevertheless, a contradictory theory has been proposed, which suggest that the 

increased lever arm formed by larger heads, results in toggling at the taper [141]. This 

form of micromotion is thought to trigger fretting corrosion, particularly at opposing 

limits of the engaged trunnion surface within the taper [233].  

 

The dimensions and topography of femoral stems are considered further implant factors 

that could have contributed to the failure of MOM hip replacements. Trunnion length 

varied considerably between the stem designs commonly paired with MOM bearings, 

while their surface roughness was found to fluctuate by a factor of ten [234]. Retrieval 

findings suggest that the adoption of longer and smoother trunnions can lead to reduced 

taper wear [142,235–238]. As the shorter trunnions would engage fully within the taper 

(Figure 2.29), they would be at an increased risk of toggling. A common visual indicator 

of this process was a ring of corrosion found on the taper wall of these implants, which 
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corresponded to the inferior edge of the trunnion (Figure 2.30). Furthermore, their 

reduced contact area with the femoral head taper was thought to result in increased 

contact stress and fretting corrosion.  

 

 

Figure 2.29. Schematic diagrams of A) shorter stem-trunnion designs such as the S-ROM stem (DePuy 

Synthes) and B) longer stem-trunnion designs such as the Corail and Summit stems (DePuy Synthes). 

 

 

Figure 2.30. A ring of corrosion found on the taper surface of retrieved MOM hip implants. 

 

As the taper of MOM hips was often a junction between two different metals, galvanic 

corrosion is also thought to have increased volumetric material loss from this location. 

Mixed alloy couples, such as the combination of a CoCrMo head paired with either a 

titanium or stainless-steel stem, were found to be more susceptible to corrosion 

[239,240]. In these instances, an electrochemical potential was thought to develop, 

which would accelerate the corrosion process [241,242]. These couples were also 
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vulnerable to increased mechanical wear, due to preferential material loss from the 

softer metal. 

 

It has been long debated whether manufacturing methods significantly influenced the 

performance of these MOM devices. The metallurgy of their CoCrMo alloys was thought 

to influence the wear resilience of their bearing surfaces, with an increased carbon 

content being associated with reduced volumes of material loss [61,243–245]. 

Nevertheless, ‘as-cast’, ‘wrought forged’ and heat treated components have 

demonstrated comparable wear performances, despite the contrasting carbide 

microstructures that formed at their surfaces [56,246]. 

 

Manufacturing tolerances are also considered influential in the wear performance of 

metal-on-metal implants [247]. As previously mentioned, the level of conformity 

achieved in these bearings can dictate their wear rate, due to the lubrication regime 

achieved between their cup and head components [248,249]. This is also true for the 

taper junction [231], as small variations in taper angles can significantly increase 

micromotion, which can further allow the ingress of joint fluid and facilitate corrosion 

[238]. The stringency of quality control is another factor that stems from the implants 

manufacturing process, which can influence clinical outcomes. A sample of implants are 

assessed, post-production, to ensure that they meet specifications. The reliability of this 

process is dependent on the sample size and measurement accuracy utilised by the 

manufacturer.  

 

Patient Factors 

 

Patient factors that influence the failure of hip replacements, can include their age, 

gender, weight, anatomy and activity level. Studies have found that MOM implants were 

more prone to failure in female patients, while having higher pre-revision whole blood 

cobalt and chromium ion levels compared to males, within the same cohort. This has 

been partly attributed to their relatively smaller stature, which makes them more likely 

to receive smaller components [117,199,250,251]. Another contributor is their greater 

risk of developing osteoporosis, post-menopause, which can detrimentally effect bone 
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quality and increase the probability of aseptic loosening and fracture [252]. Additionally, 

females naturally have a greater degree of femoral anteversion, which has also been 

found to increase bearing wear [253][94]. As previously discussed, the likelihood of 

hypersensitivity reactions to metal debris is thought to be greater in females, due to 

prior sensitisation through contact with metal jewellery.   

 

Patient age has also been identified as an influential factor in metal-on-metal implant 

failure. Older patients have been considered at greater risk of aseptic loosening and 

bone fracture. This is thought to be a result of bone stock degradation and the increased 

likelihood of suffering from degenerative conditions, such as osteoporosis and muscle 

atrophy [254]. Nevertheless, as implant failure is often associated with revision, hips 

implanted in younger patients are more likely to require replacement [117]. Although it 

is theorised that obesity could increase the amount of load applied through an implant 

during function, the condition has yet to be correlated with increased wear. This may be 

due to the use of the patient’s BMI as an indicator of obesity, which does not account 

for their body fat percentage. The same is often true for patient activity levels. Although 

more active patients are expected to have increased hip implant wear, methods of 

measuring this parameter are often subjective [251]. Nevertheless, hip simulator studies 

have demonstrated a positive correlation between bearing surface wear and number of 

motion and loading cycles performed. It has also been reported that the wear rate can 

be dependent on the nature of movement, due to changes in the lubrication regime that 

develops within the bearing [255]. 

 

2.4.4. Factors Associated with MOM ASR Hip Implant Failure 

 

The Articulating Surface Replacement (ASR) is reported to have the highest revision rate 

of all hip replacement designs, which is currently approaching 50% [21,109]. A high 

proportion of ASR revisions have been associated with unexplained pain and ARMD 

[256–261]. Many clinical studies have found that their whole blood, serum and joint 

fluid metal ion levels, prior to revision, were considerably greater than other common 

MOM bearing designs [94,136,262,263]. Retrieval analyses have supported these 
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findings, measuring increased levels of wear at their bearing surface and increased 

instances of edge loading [205,264–266].  

 

 Figure 2.31. An outline of the acetabular cup and femoral head design of the ASR (reproduced from 

www.rpa.spot.pt). 

 

The poor wear performance of the ASR bearing has been associated with a number of 

factors. These are predominantly related to its resurfacing acetabular cup design (Figure 

2.31), which is shared by both THR and resurfacing forms of the implant. Although other 

MOM designs adopted sub-hemispherical acetabular components, the ASR cup had a 

comparably reduced arc of coverage. This refers to the extent to which the femoral head 

is covered during bearing engagement (Figure 2.28). It is reported that its arc of 

coverage angle was approximately 148° to 160°, while the BHR implants had a coverage 

angle of 158° to 166° [104,260]. Additionally, unlike other designs, the articulating 

surface of the ASR cup did not extend to the rim due to a 2.5 mm groove. This design 

feature allowed the attachment of a handle to facilitate implantation and achieve a 

press-fit (Figure 2.32) [217]. Research has shown that this reduced the rim to contact 

patch distance (RCPD), increasing the likelihood of edge loading. In such a scenario, the 



 98 

femoral head would be articulating against the rim of the cup. As the geometry of the 

rim was not design to participate in articulation, edge wear has been correlated with 

increased wear rates [110]. [267,268] 

 

 

Figure 2.32. The acetabular component of the ASR was designed to allow the impactor to be attached 

inside the rim, which would facilitate the achievement of a press-fit (reproduced from 

www.rpa.spot.pt). 

 

The smaller coverage of the ASR cups made them more susceptible to micro-separation, 

otherwise known as subluxation, where the head subtly separates from the cup before 

returning to its engaged position. This has been associated with increased levels of 

bearing wear, as it can impair the formation and consistency of fluid film lubrication 

[136,269]. The sub-hemispherical geometry of the ASR cup has also been proposed to 

reduce the porous area at its backside, increasing the risk of component loosening [268].  

 

Further design features of this acetabular component are thought to have contributed 

to the increased bearing wear rates of the ASR. These include its comparably thinner 

profile, which reduces further at the rim, and its reduced chamfer radius compared to 

other designs (Figure 2.33) [217,268,270]. This has been shown to increase the contact 

pressure on the femoral head surface, during edge loading. Studies have also 

demonstrated that thinner components are at increased risk of deformation, when 

press-fitted by the surgeon during implantation [271,272].  
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Figure 2.33. The reduced chamfer of the ASR acetabular cup. The profile of this component can also be 

seen to reduce further towards the rim. 

 

The ASR bearing had a smaller clearance (100 ±20μm) than the majority of other MOM 

designs, as hip simulator studies showed that it could provide improved bearing 

conformity. The larger contact patch size achieved under these conditions is known to 

reduce contact pressure and bearing wear. However, as the ASR cup had a reduced arc 

of coverage angle, the formation of this larger contact patch increased the probability 

of edge loading and high wear rates, which have been reported during retrieval analyses 

[205,217,222,264,273]. These studies have also shown that the contact patch to rim 

distance (CPRD) is correlated with increased wear and poor implant performance 

[137,274]. Additionally, low clearance bearings are more vulnerable to the effects of 

acetabular component deformation, as it magnifies the influence of a loss in conformity 

and can lead to accelerated wear [104]. 

 

It is further hypothesised that the bearing design of ASR hip implants made them less 

tolerant to suboptimal acetabular cup positioning, compared to other MOM designs 

[104]. Many clinical studies have found that ASRs with increased inclination angles had 

higher whole blood cobalt and chromium ion levels, as well as increased instances of 

ARMD at follow-up [258,275–279]. Suboptimal angles of anteversion have also been 

linked with poor clinical outcomes, despite not being as commonly investigated 

[94,260,280,281]. Although high ASR inclination angles have been correlated with high 

wear rates and instances of edge loading in some retrieval studies [217,273], the 

majority have contradicted the trends observed in clinical investigations [203,282–284]. 



 100 

However, the definition of a well-positioned component varied within these studies, 

while some used the previously discussed and somewhat flawed Lewinnek safe zone 

[197,198]. One of these articles was further limited by its use of pseudotumors as an 

indicator of failure, which was neither correlated with increased wear nor whole blood 

metal ion levels. As many of these large retrieval studies lack enough clinical data to 

determine the impact of ASR positioning on their wear performance, it remains unclear 

whether it increased their risk for failure [137].  

 

The femoral head size of ASR and ASR XL implants is also thought to influence their 

clinical performance. Follow-up studies have found evidence to suggest that smaller ASR 

components were at greater risk of revision and had higher whole blood metal ion levels 

in some instances [94,109,136,250,259,260,270,275,279,282]. A hip simulator analysis 

of the ASR resurfacing found that 39mm heads displayed greater bearing surface 

bedding-in wear than 55mm heads, while also establishing steady-state wear more 

rapidly. This trend was also observed in other MOM hip replacements, as previously 

described in section 2.4.3; however, it may have been further exacerbated by the ASR’s 

design, as their smaller components were relatively thinner and had a further reduced 

arc of coverage angle. This made them particularly vulnerable to deformation and 

disrupted bearing lubrication, which is known to result in increased wear [103,222]. 

Nevertheless, these comparisons were often limited by clinical data collected at short-

term follow-ups, as well as varying definitions of a small head size. Furthermore, many 

other clinical investigations have not identified a link between head size and ASR failure 

[109,149,258,260,276,285], while the only two retrieval studies to investigated this 

relationship found no correlation between the linear wear rates of retrieved ASR hips 

and their head size [205,273]. As a result of these conflicting findings, further research 

is required to determine whether head size did in fact increase the risk of ASR implant 

failure [285].  

 

In addition to this uncertainty, the whole blood and serum metal ion measurements of 

both ASR and ASR XL patients were frequently combined in the previously mentioned 

investigations. This may explain why conflicting trends were observed, as larger head 

sizes have been found to increase taper damage in the ASR XL, due to the formation of 
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a larger lever-arm and a greater degree of subsequent toggling [231,270]. This 

mechanism of mechanical taper wear could have made these surfaces more prone to 

corrosion and the release of harmful debris. One study supported this theory, observing 

that larger head sizes were at increased risk of ALTR when comparing the clinical 

outcomes of large (≥ 50 mm) and small ASR XLs [258].  

 

As with all other second-generation MOM hip designs, the greater revision rates of the 

ASR XL, compared to the ASR resurfacing, has been linked with additional material loss 

from their taper junction. This has been supported by the greater cobalt and chromium 

ion levels measured in the blood of patients with an ASR XL implant, prior to revision 

[270,286–288]. A higher whole blood cobalt/chromium ion ratio has also been reported 

in ASR XL patients, which is a known indicator of taper damage [270,286]; however, the 

source of these metal ions can only be definitively determined through retrieval 

analysis. Despite their contrasting revision rates, retrieval studies have shown that both 

forms of the ASR have had comparable bearing surface wear rates, while the ASR 

resurfacing has even displayed increased instances of edge wear, attributed to 

impingement [110][137]. Nevertheless, as only a limited number of retrieval studies 

have been conducted to investigate ASR taper wear, it is difficult to definitively explain 

the contrasting revision rates of its total replacement and resurfacing forms. Many 

research centres lack a sufficient sample of these implants and the specialised 

metrological tools necessary to perform a detailed analysis of taper surfaces.  

 

According to the 2019 Australian Registry, there is a greater discrepancy between the 

revision rates of the ASR XL and the ASR resurfacing, compared to the total and 

resurfacing forms of other MOM hip replacement designs [228]. This could be explained 

by a greater volume of material loss from the taper surfaces of ASR XLs  [231]. The Corail 

and Summit stem designs were most commonly used in conjunction with the ASR XL and 

have been found to influence the taper wear rates of MOM implants [286]. As the 

majority of other MOM THRs were paired with different stems, the use of these two 

stem designs could have contributed to the higher revision rate of the ASR XL [286]. 

Although a clear explanation cannot be offered for these differences without reliable 

retrieval data, it is speculated that the design of the ASR XL’s acetabular component was 
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a further contributing factor. The increased levels of wear and edge loading measured 

from their bearing surfaces, compared to other MOM implants, may have resulted in an 

increased level of stress at their taper junction. Despite being proposed as a potential 

hypothesis for increased ASR XL taper wear, this theory is yet to be substantiated. 

 

The ASR drew a considerable amount of media attention following the release of MHRA 

alerts and its recall by the manufacturer. This heightened awareness of its poor clinical 

outcomes is also considered a possible contributor to its extremely high revision rate. 

Nevertheless, Tibrewal et al. [289] suggest that this is mere speculation, as they found 

that the threshold for ASR revision remained consistent prior to and following its recall. 

This investigation compared functional and radiological markers that were used to guide 

patient management; however, it may have been significantly limited by its exclusion of 

blood metal ion levels as a dominant indicator of failure. The manner in which the ASR 

was introduced onto the orthopaedic market has also been considered a contributing 

factor to its large-scale failure. It was identified that the ASR implants did not follow a 

stepwise process during its introduction, which involves both preclinical and clinical 

testing [290]. Both the 510(k) and CE marking process of the FDA and MHRA, 

respectively, have also been scrutinised for allowing its clinical adoption, without its 

safety being proven in a clinical setting.   

 

As previously acknowledged, there remains a significant amount of uncertainty 

regarding the mechanisms that led to the large-scale failure of ASR implants, as well as 

the SIP factors that increased the probability of their revision. Additionally, the 

particularly poor performance of the ASR XL and its association with taper wear is yet to 

be fully explained. Further large-scale retrieval analysis is thought to be necessary to 

acquire definitive answers to these questions, during which the measurement of taper 

wear would play a predominant role.



 103 

2.4.5. Factors Associated with MOM Pinnacle THR Failure 

 

The Pinnacle THR system (DePuy Synthes) was one of the most commonly implanted 

metal-on-metal bearings worldwide; however, they are thought to have a superior wear 

performance, relative to other MOM hip designs [291]. Nevertheless, in the context of 

all bearing material combinations, both clinical studies and joint registry data have 

reported high revision rates for this implant [249,292–294]. The National Joint Registry 

for England, Wales, Northern Ireland and the Isle of Man currently report a 13-year 

cumulative revision of 16.5% for MOM Pinnacles, compared to 4.07% for its MOP form, 

when paired with Corail stems [21]. 

 

As with all other MOM hip designs, these high revision rates have been associated with 

ARMD, despite not being apparent at short term follow-ups [294,295]. In fact, they 

displayed comparable blood metal ion levels to their MOP counterparts at 2-years 

postoperatively [296]. Being a total hip replacement, the Pinnacle system had a modular 

acetabular design that comprised of a liner and acetabular shell. This additional junction, 

however, was discounted by Hothi et al. [297] as a significant source of corrosion and 

material loss. During a detailed analysis of NJR data, Bolland et al. [298] identified that 

Pinnacle revision was more probable in younger and female patients, which was 

consistent with previous findings of other MOM designs. As females are more likely to 

receive smaller implants and younger patients are more likely to be active, these factors 

have also been linked with increased bearing wear.  

 

Stem design has also been identified as a risk factor, which was corroborated during 

simulation and retrieval studies [142,236,237]. Hothi et al. [237] demonstrated that 

taper wear was significantly greater in Pinnacle hips paired with Corail stems, due to its 

shorter and rougher design than S-ROM components. This trend was also observed by 

Langton et al. [249], however, it was not associated with a greater risk of revision due 

to taper failure, which was defined as displaying ³ 0.5mm
3 

of wear. Nevertheless, they 

reported that 70% of Pinnacle revisions involved taper failure, while only 48% showed 

evidence of bearing failure (³ 2mm
3

). Relative to other MOM designs, however, their 

wear rates were again found to be lower.  Interestingly, they also found that having 
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bilateral MOM implants increased the risk of Pinnacle failure, with sensitisation to metal 

debris being proposed as the primary explanation. 

 

 The most controversial finding made by Langton et al. [249] was that a number of the 

36mm Pinnacle components, analysed during the retrieval element of their study, had 

a lower diametrical clearance than their specified manufacturing tolerance. 

Furthermore, it was noted that these instances were more common in Pinnacles 

manufactured from 2006 onwards. Their year of manufacture was obtained by using 

NJR data to decode lot numbers marked on many of the retrieved implants. The year of 

implantation was determined a reliable indicator for their time of manufacture, due to 

a strong correlation found between the two dates. Their year of implantation was 

subsequently used as a surrogate, allowing retrieved implants with unattainable lot 

numbers to be included in the study, as well as facilitating an investigation into the 8-

year survival of Pinnacles manufactured before 2006 and from 2006 onwards. [249]  

 

From this investigation, Pinnacles manufactured from 2006 onwards were found to be 

at greater risk of revision. This finding was associated with their lower clearance values, 

as they would be more vulnerable to suboptimal bearing performance, especially if 

deformation of the acetabular components should occur during the press-fit process of 

fixation [299,300]. The Pinnacles were particularly vulnerable due to their already small 

diametrical clearance of 100μm (±20μm), which can result in increased instances of edge 

loading. Their liner walls also decrease in thickness as their shell size decreases, in order 

to accommodate a consistent 36mm bearing diameter, making them more susceptible 

to deflection. It is important to note, however, that a comparison of bearing and taper 

wear rates was not performed between implants manufactured at different timepoints. 

Moreover, despite statistical measures taken to address potentially confounding 

factors, over 60% of the implants that were manufactured from 2006 onwards were 

implanted in female patients. They also contained nearly seven times the number of 

implants paired with Corail stems. As previously mentioned, both of these factors are 

associated with increased failure, which may have had an influence on this comparison. 

[249]  
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The increased revision rates of  metal-on-metal Pinnacles (36mm) implanted from 2006 

onwards was later supported by a retrospective follow-up study of 569 Pinnacle hips, 

which were all paired with Corail stems [293]. They found that this trend also held true 

when the hips implanted in 2006 were excluded, in order to account for the potential 

discrepancy between manufacture and implantation dates, due to the shelf-life of these 

implants. Furthermore, the contrasting revision rates of Pinnacles implanted before and 

after 2006 were only identified between 4-8 years following implantation, which was 

consistent with previously identified timescales for the onset of ARMD [301]. This 

finding supported the concerns of Langton et al. [249], regarding the potential for 

excessive bearing wear, following the manufacture of Pinnacle hips with lower than 

intended diametrical clearances. 

 

A further study undertaken by the same research group, compared NJR data of 10,776 

36mm MOM Pinnacle hips to a control group of 13,817 MOM THAs of other designs 

[302]. Pinnacle hips implanted from 2007 onwards were again found to have higher 

revision rates; however, this was also true for all other MOM implants. This 

demonstrated that the previously observed trend was not specific to Pinnacle implants, 

raising doubt regarding the association made between the prevalence of revision and 

their clearance. Matharu et al. [302] proposed that these trends could have been a result 

of increased MOM implant surveillance and a reduced threshold for revision, due to the 

coverage received by MOM hips and MHRA alerts. The year 2007 was used to define the 

limits of both groups in this study, as it was the first full calendar year following the 

identified change in Pinnacle clearances. This threshold was also adopted due to the 

continued use of their implantation dates as a surrogate for their time of manufacture, 

as well as not knowing when exactly in 2006 this postulated change in their 

manufacturing quality had occurred.  

 

In response to the original publication by Langton et al. [249], the British Orthopaedic 

Association and the British Hip Society performed a study in conjunction with the 

National Joint Registry for England and Wales. In a comparison between the batch 

numbers identified by Langton et al. [249] to other Pinnacle hips, no difference was 

found in their revision rates [303]. Nevertheless, only a limited amount of information 
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was published regarding the details of this investigation, which hindered the credibility 

of its findings.  

 

A recent study by Steffen et al. [304] also found that “J&J/DePuy violated the study 

protocol and manipulated data” during a seeding study, which was used as a selling 

point when launching the Pinnacle Hip System. This was achieved through the 

examination of internal company documents, raising further questions regarding the 

manufacturers approach to the development of this implant. A memorandum document 

also suggests that an error was made in the submission for 510(k) approval of the 36mm 

MOM Pinnacle. It incorrectly stated that its diametrical clearance would be identical to 

the MOM Ultima (DePuy Synthes) and the 28mm Pinnacle system, which was 40 - 80μm 

rather than 80 - 120μm [305]. Once the mistake was realised, resubmission of the 510(k) 

and the inclusion of clinical evidence supporting this change was not deemed necessary, 

despite being standard protocol in such scenarios. This decision was justified by the 

comparable number of adverse events that were reported for this design, relative to 

other MOM hips implanted over the same period [305].   

 

It remains unclear, therefore, whether the year of Pinnacle implantation truly increased 

their risk of revision, due to implants manufactured with clearances below 

specifications. A retrieval study is required to investigate the prevalence of these low 

clearance values and their influence on the wear performance of these MOM hip 

implants. Furthermore, such a study could inform our understanding of the clearance 

values that provide optimal wear performance in hip implants.
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2.5. Quantifying Material Loss 

 

Blood and joint metal ion levels, measured during clinical analyses, have been widely 

used as indicators of implant wear. With respect to MOM hips, the debris under 

investigation would be primarily cobalt and chromium.  In order to truly determine the 

quantity of material loss from these devices, however, retrieval analysis is necessary. 

Nevertheless, correlations have been made between these clinical measures and 

volumetric material loss quantified from the implants, prior to revision surgery. This 

allows clinicians to monitor the performance of MOM implants and manage patient 

care, while the hip replacement remains implanted; therefore, the reliability of these 

correlations is highly dependent on the accuracy of retrieval wear measurements. 

Nevertheless, questions remain unanswered with respect to whether the adverse 

reactions to metal debris are dose related, and if so, what volumes of cobalt and 

chromium should be considered clinically significant.  

 

2.5.1. Bearing Surface Wear 

 

A broad range of tools and methodologies have been adopted to quantify wear from the 

bearing surface of hip replacements, particularly with respect to metal-on-metal 

examples. Gravimetric analysis is currently considered the ‘gold standard’ approach for 

acquiring these values, which involves the measurement of component mass, before 

and after wear [235,306,307]. The discrepancy between these values can be used to 

calculate the volume of material loss, if the material is of a known density. International 

standards have been published, to ensure the reliability of their protocols [308,309]. 

This method has been primarily utilised during the analysis of implants subjected to hip 

simulators, in order to evaluate their pre-clinical wear performance. However, as such 

measurements are unobtainable prior to implantation, this approach has little 

application during retrieval analyses. Further limitations have been associated this 

approach, which include the reduced measurement accuracy that can be achieved 

during the analysis of heavier implants. Analytical balances (or weighing scales) that 

have a weighing capacity large enough to measure the mass of hip implants are limited 

by a reduced resolution. This is particularly relevant in this application as the changes in 
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mass associated with wear are relatively small compared to the mass of the entire 

implant. Another disadvantage of gravimetric analysis is its inability to isolate the 

location of material loss, while it can also be detrimentally effected by the implants 

absorption of lubricants. [310–312] 

 

Methods were developed to measure the linear wear of polyethylene acetabular 

components, which compared standardised initial and follow-up radiographs [313]; 

similarly, Berzins et al. [314] adopted a ultrasound-based method to measure 

component thickness. However, this approach was not transferable to the analysis of 

metal implants, due to the lack of x-ray penetration. Early geometrical research into 

retrieved components primarily reported values of linear wear and sphericity (out-of-

roundness), as it could corroborate visual findings of surface topography 

[55,94,110,205,284]. To perform these measurements, a roundness measuring machine 

(RMM) was often utilised. These contact profilometers were often restricted by their 

limited gauge travel range and their probes degree of freedom [315]. Although it was a 

useful, quantitative approach to evaluating material loss, the maximum wear depth of 

an implant can be misleading and unrepresentative of the entire bearing surface. 

Furthermore, the value of sphericity could not determine the volume of material 

released into the patient. Mathematical methods were developed to translate linear 

wear into volumetric wear; however, their accuracy were found to be inconsistent [316]. 

 

The adoption of coordinate measuring machines (CMMs) during retrieval analysis made 

volumetric measurements more attainable. They had been previously considered an 

invaluable tool to assess the quality of manufactured components. This was not only 

true in the orthopaedic field, but also in the automotive and aerospace industries [317–

319]. Its metrological capabilities allowed the dimensions of produced parts to be 

compared to CAD designs. The machine itself has three operating axes, which allows 6 

degrees of freedom [320]. Mechanical, optical and laser probing systems can be utilised 

to record data points on the surface of an object, within the coordinate system of the 

machine [321].  
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Once CMMs were adopted in retrieval studies, volumetric bearing surface wear could 

be quantified, which provided a more representative measure of the material lost in 

vivo. A number of different scanning strategies were initially used to comprehensively 

capture the geometry of hip implants. Scanning paths that followed either parallels of 

longitude or meridians of latitude were utilised to generate digital point cloud 

representations of cup and head components. Despite these differences in approach, it 

was generally accepted that greater accuracy could be achieved by capturing a greater 

number of points on the bearing surface. This was demonstrated by Bills et al. [322], 

reporting a difference of over 350mm
3

 in the measurements obtained when 40 times 

the number of scan lines were used and 95% reduction was made in the point pitch 

(Figure 2.34). This prompted the publication of international standards ISO 14242-2 and 

ASTM F2979-14, which advise a maximum point spacing of 1mm and 0.5mm, 

respectively, in order to attain measurements of sufficient accuracy [308,323]. The 

minimum degree of coverage achieved during these scans was also specified for the 

same purpose. As a result, the data collection protocols implemented by different 

retrieval centres became more consistent. Nevertheless, the accurate definition of the 

as-manufactured bearing geometry could be considered of greater significance to the 

measurement accuracy of volumetric wear [306].  

 

Figure 2.34. International standards state that the scan arc should extend below the equator of the 

femoral head and they should terminate <1mm below the rim of the acetabular cup. A maximum point 

pitch and the distance between scan arcs is advised to be no more than 0.5mm. 
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In order to quantify volumetric bearing surface wear from retrieved hip implants, their 

geometry must be compared to their as-manufacture state. As each individual bearing 

surface deviates from their design due to manufacturing tolerances, an accurate 

measurement of wear cannot be achieved by comparing their retrieved geometry and 

their CAD model. Nevertheless, the specifications of these design tolerance variances 

are rarely shared by implant manufacturers, and are often unavailable to any retrieval 

centres or research groups. As the geometry of these hips cannot be captured prior to 

implantation, their as-manufactured geometry must be reverse-engineered from their 

retrieved form. Many contrasting methods of doing so are currently adopted by 

different retrieval centres (Table 2.4). The majority, however, are based on extrapolating 

from regions of the bearing surface that are considered unaltered by wear.  

 

This approach has proven to be challenging, as hip replacements generally remained 

implanted for a number of years in many cases. During this time, their exposure to the 

biochemical environment of the body and a range of physical forces can not only result 

in surface damage, but also possible deformation in ‘soft’ bearing materials 

[271,272,299,300]. Visual inspections of retrieved MOM hips have shown that a large 

portion of their bearing surfaces can exhibit at least some evidence of mechanical wear. 

As a result, these regions would no longer represent their as-manufactured state. 

Therefore, an effective method of differentiating between worn and unworn data points 

is also essential to achieving an accurate reconstruction of their as-manufactured 

geometry. 

 

Table 2.4. Methods of reconstructing the as-manufacture geometry of the bearing surface of hip 

implants found in the literature. Please see on next page. 
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First Author Year Tool Scanning Strategy 
Reference 
Geometry 

Method Points Utilised 

H. G. Willert 
[138] 

1996 RMM Traces recorded over the pole. Sphere 
The mean radius of the measured data was used to define the 
reference geometry. 

Worn regions, identified through visual inspection 
and deviations in sphericity were eliminated. 

M. Schmidt 
[324] 

1996 CMM n/a 
Pre-wear 

Measurement 
n/a n/a 

H. McKellop 
[26] 

1996 CMM Pole to equator scan arcs. Sphere 
A QUALSTAR program (ICAMP Inc.) minimised the root mean squared 
error between the reference geometry and the measured data. Its 
diameter was manually adjusted in iterations to optimise the fit. 

Worn regions identified through microscopic 
inspection were excluded. 

M. Kothari 
[325] 

1996 CMM n/a Sphere 
Least Square regression was used to obtain a best fit diameter, 
acknowledging manufacturing tolerance. 

Non-spherical regions were excluded. 

G. Reinisch 
[326] 

2003 CMM < 1 x 1mm point cloud. Sphere The radius of the sphere was determined by the unworn areas. 
Worn regions identified through microscopic 
inspection were excluded. 

M.M. Morlock 
[327] 

2006 CMM 

11.25° x 0.5mm point cloud. 

Scan arcs through the pole, from 
equator to equator. 

Ellipsoid 
A MATLAB function was used to minimise the sum of the squared 
errors between the measured points and the ellipsoidal surface to 
obtain the best fit. 

A predefined fraction of points with the greatest 
radial distance from the best fit surface was 
eliminated and revised following each iteration. 

P. Bills [328] 2007 CMM 0.5 x 0.5mm point cloud. NURBS 
NURBS were used to fit a surface through the points measured in the 
unworn regions. 

“Unworn zones”, manually identified as the non-
contacting portion of the bearing. 

M.M. Morlock 
[200] 

2008 CMM 

11.25° x 0.5mm point cloud. 

Scan arcs through the pole, from 
equator to equator. 

Sphere Maintains the same method as Morlock (2006), but uses a different reference geometry. 

W. Witzleb 
[329] 

2009 CMM 
Concentric scan circles. 

Points recorded every 5°. 
Hemisphere 

A non-linear optimization, minimising radius deviations in the unworn 
surface, was used to determine the parameters of the hemisphere. 

Worn area was excluded (method not specified). 
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M. Tuke [330] 2010 
3D Optical 

Profiler 
n/a Sphere 

Linear least-squares fit. The wear scar is then identified and excluded 
from the remaining fitting process. 

“…only the original, unworn surface is used” once 
the wear scar is manually selected and excluded. 

S. Carmignato 
[331] 

2011 CMM 
0.3 x 0.3mm point cloud. 

Freeform scan path. 

Sphere 

 

The diameter and alignment of the reference geometry is determined 
by points measured in the unworn areas. 

Measured diameter of an unworn sample and the 
unworn regions of the analysed hip. 

J.K. Lord [264] 2011 CMM 
Equator to pole scan arcs. 

Points recorded every 5°. 

Sphere 

 

A MATLAB function was used to calculate the radius of each measured 
data point. The radii with the highest frequency were 
considered unworn. 

All points 

P. Bills [307] 2012 CMM 
0.3 x 0.1mm point cloud.   

Pole to equator scan lines 
Sphere 

A least square regression method was used to best-fit the reference 
geometry to the measured data, which was then adjusted manually to 
optimise the fit. 

All points 

D.J. Langton 
[306] 

2014 CMM 
Equator to pole scan arcs. 

Points recorded every 5°. 
Sphere 

Same methods used as Lord (2011); however, an increased number of 
points was used to inform the reference geometry. 

All points 

S. Park [137] 2018 CMM 
0.5 x 0.5mm point cloud. 

Equator to pole scan arcs. 
Sphere 

The least-squares method was used, once an acceptable root mean 
square error was achieved through the removal of worn data points. 

All points 
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Kothari et al. [325] were one of the first to use a perfect sphere to represent the as-

manufactured geometry of retrieved hip implants. Although currently adopted by the 

majority of methods, this approach is fundamentally limited, as it assumes uniformity 

across the entire bearing surface. In reality, manufacturing tolerances can allow some 

variability in implant sphericity. Additionally, components are subjected to in vivo forces 

that can lead to their deformation, which can introduce error when fitting a sphere. The 

Kothari et al. [325] approach involved using least-square regression to best-fit a sphere 

to the measured point cloud, once non-spherical regions were excluded. Defining worn 

and unworn regions based on sphericity would also lead to sampling error, as a large 

proportion of the retrieved bearing surface could non-spherical due to wear. 

 

The use of small, localised portions of the retrieved bearing surface is relatively common 

in current methods [332–334]. These involved the manual selection of an unworn 

region, determined by the observer. Human error is the primary limitation of these 

methods, due to the manual input required. A similar method was utilised by Tuke et al. 

[330], where worn regions were manually selected and removed, prior to fitting a 

sphere to the remaining data. Although the definition of worn and unworn regions was 

subjective and dependant on the user, this approach benefited from the greater amount 

of data retained to inform extrapolation. Nevertheless, the quality of this data could be 

compromised in many cases, as retrieved implants are often found to exhibit a 

significant distribution of wear. Despite being of variable depth, it can cover a 

considerable portion of the bearing surface, rather than being isolated to a clearly 

defined wear scar, as assumed by this method.  

 

In an attempt to more accurately identify the unworn regions of these bearing surfaces, 

Lord et al. [264] calculated the radius of each measured data point. The points with the 

most frequently occurring radii were labelled unworn and used to define the size of the 

sphere. The primary advantage of this approach was its consideration of the entire 

bearing surface, acknowledging each data point individually. This meant that the 

identification of wear was not limited to isolated regions; however, it is speculated that 

the analysis of highly worn implants would be more difficult as the frequency of worn 

radii would become increasingly common. Additionally, the measurement of these radii 
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would have been limited by the number of points taken by the CMM to align the 

component and define its centre.  

 

In an attempted to address the errors incurred during perfect sphere estimations, 

Morlock et al. [327] best fit an ellipsoidal surface to measured data sets, which they 

considered more appropriate due to possible component deformation. They too 

considered the entire surface by removing the most erroneous data points, which had 

the greatest deviation from the elliptical surface. Nevertheless, the proportion of data 

points removed was predefined and not unique to each component, being derived from 

previous simulated wear experiments.  

 

Bills et al. [328] also tried to improve on spherical estimations by using non-uniform 

rational B-splines (NURBS) to fit a surface through what they considered to be unworn 

zones. Nevertheless, they later reverted to the use of a perfect sphere, following 

method refinement [200,322]. Perfect sphere estimations of the as-manufactured 

geometry of hip implants are currently considered the most reliable approach, despite 

the previously described limitations. The majority of current methods are dependent on 

at least some manual elements, which lead to interobserver variability. Such 

measurement inconsistences are detrimental to inter-centre comparisons, which also 

result from the range of adopted protocols. As the implants collected at retrieval centres 

are a small proportion of the total number explanted, let alone the number implanted, 

inter-centre comparisons are invaluable to verifying trends observed during retrieval 

analysis. Accurate and reliable measurements of bearing surface material loss would 

enhance our understanding of the failure mechanisms associated with MOM hip 

implants, as well as help determine clinically significant wear volumes.  

 

A further factor limiting such comparisons is the lack of transparency associated with 

the accuracy of these methods. Wear volumes can be reliably compared between 

centres, on the conditional basis that measurement errors are disclosed. In order to 

determine their accuracy, repeatability and reproducibility, validation studies are 

required. During such studies, their accuracy is assessed through a comparison with 

gravimetric measurements, which are considered the gold standard. Repeated 
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measurements performed by the same observer, under the same conditions are then 

compared to ensure its repeatability; while measurements performed by different 

individuals at a different points in time are compared to ensure reproducibility.  

 

To date, there are only a small number of validated methods, while the rigour of their 

assessment has been variable. The majority of these investigations have been limited by 

the number of worn implants being analysed and the inclusion of only femoral head 

components. For example, Lord et al. [264] determined that the maximum error of their 

method was ±0.5mm3 from gravimetric results, despite only measuring a single metal 

head component, which was worn iteratively three times. Morlock et al. [327] report an 

8% volumetric measurement error, however, this was calculated through computational 

simulation. Carmignato et al. [331] found that their method was able to quantify 

material loss to within an error of ±3.4mm3, following the analysis of nine simulated 

ceramic heads. Despite only using 6 femoral head components, Tuke et al. [330] were 

able to achieve a maximum error of 0.033mm3; however, their study was limited by the 

inclusion of low wearing implants. These were more consistent with well-performing hip 

implants and could be considered a poor representation of a retrieval scenario. 

Nevertheless, this method was later more comprehensively validate using 10 cup and 

head components, which had been worn up to 58.20mm3 in hip simulators, according 

to gravimetric results. The advantage of this study was that it assessed a significant 

number of worn components that were representative of the breadth of findings 

observed during retrieval analysis. However, although a strong correlation was found 

between the results of their geometric method and gravimetric analysis, the error 

between these measurements was not reported [335].  

 

Along with a lack of validation studies, the inconsistencies present in current methods 

of analysing geometrically acquired data to quantifying bearing surface material loss are 

concerning. Consequently, the development of a validated method has been deemed 

necessary to answer the questions risen in this literature review. If widely adopted, such 

a method could also improve the reliability of future inter-centre comparisons.   
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2.5.2. Taper Surface Wear 

 

Blood metal ions have also been used as an indicator of taper wear, following its 

association with higher whole blood cobalt/chromium ratios; however, volumetric wear 

measurements of taper and trunnion surfaces have not been as commonly reported, 

compared to the bearing surfaces of MOM implants. This may be associated with the 

scarcity of necessary resources at retrieval centres. Nevertheless, scoring systems have 

been more widely adopted to visually assess the damage found at this junction. A system 

defined by Goldberg et al. [146] has been commonly utilised, which grades the surface 

from 1 to 4, based on the severity of wear and corrosion. Strong correlations have been 

made between these assessment and volumetric wear, however, it remains a subjective 

method [116].  

 

In contrast to bearing surface wear, comparable protocols have been adopted by 

different research centres, during the measurement of taper junction wear. Both CMMs 

and roundness measuring machines (RMMs) have been used to capture the geometry 

of these surfaces [140,231,237,238,336,337]. The finer 5-micron diamond stylus of 

RMMs is thought to provide a higher measurement resolution, while their reduced 

degree of freedom is not an issue during the analyses of these cone-like structures. 

Published measurement strategies have been formulated based on the understanding 

that a sufficient amount data points are required for accurate measurement. During the 

adoption of RMMs, a series of vertical traces along the taper wall has been the most 

common scanning approach. These are then stitched together to form a representation 

of the entire taper surface. Despite similar protocols being followed in CMM analyses, 

helical scans have also been utilised [337].  

 

The primary element that differentiates these measurements from bearing surface 

analyses is the unengaged regions of the taper, above and below the worn engaged 

surface, which largely remain unworn during their time in vivo (Figure 2.35). Not only 

does this inform the centre and levelling of hip components on the RMM prior to 

measurement, but it also informs the reconstruction of the as-manufactured taper 

geometry. This is often as simple as fitting a cone to the points obtained in these regions. 
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Nevertheless, in some instances, this process is more challenging, particularly when an 

implant has only a single unengaged surface for reference. An Abbott-Firestone curve is 

often used to calculate the volume of material loss. [237,336] 

 

 

Figure 2.35. When implanted, the trunnion is inserted into the taper and engages with a portion of its 

surface. This commonly leaves two unengaged surfaces, above and below, which can be used as 

references to reconstruct the as-manufactured geometry of the taper. 

 

Predominantly due to the ease of reconstructing the pristine geometry of these 

surfaces, the validation of such methods has shown improved accuracy compared to 

bearing surface wear measurements. A maximum volume error of 2.7% was reported 

by Bishop et al. [140], following their use of a CMM. Despite acknowledging the benefits 

of using a RMM for this application, due to its ability to detect small changes in surface 

texture, Cook et al. [337] report a mean measurement error of 0.065mm3 using an 

optical CMM. Langton et al. [231] also report that their measurements of taper material 

loss were accurate to approximately 0.2mm3 of gravimetric measurements [235]. 

Furthermore, a round robin study was performed between retrieval centres, comparing 

their methods of quantifying taper material loss. This demonstrated that comparable 

wear measurements were achieved by the majority of centres, and informed the 

refinement of the most erroneous methods.  Therefore, these measurements are 

considered of sufficient accuracy to further investigate the impact of taper surface 

material loss on the clinical performance of MOM hip implants. 
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2.6. Summary 

 

This literature review identified a number of gaps in the metal-on-metal hip 

replacement narrative. Although these hips have largely disappeared from the 

orthopaedic market, they remain implanted in large numbers of patients worldwide. A 

better understanding of the risk factors that increase their likelihood of revision could 

inform the management and care of these patients. As one of the largest medical device 

failures ever to occur, further lessons can be learnt from the wear analysis of MOM hips, 

which could further influence future implant designs.  

 

The four primary gaps identified in the current knowledge are listed below. 

 

1. The measurement of bearing surface material loss from retrieved MOM hip 

implants is known to be challenging; however, there remain inconsistencies in 

the current approach to geometric data analysis and the calculation of their as-

manufactured geometry. A lack of transparency and a limited number of 

validation studies has led to uncertainty regarding the accuracy of these 

methods, making inter-centre comparisons difficult. It also remains unclear what 

quantity of material loss should be considered clinically significant.  

 

2. The MOM Pinnacle hips have been associated with reduced wear rates, relative 

to many other MOM designs. Nevertheless, it remains unclear whether their 

increased revision rate, after 2006, was associated with implants manufactured 

outside of their specifications and their consequently poor bearing performance. 

This previously proposed theory is based on the findings of a single retrieval 

study, which identified Pinnacle Systems that had diametrical clearances below 

their manufacturing tolerance [249]; however, the wear performance of such 

implants was not investigated in this study and its contribution to their failure 

remains unknown. Furthermore, the optimal diametrical clearance for this 

implant design has not been previously reported. 
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3. Ten years have passed since the recall of the MOM ASR hip; however, despite 

different aspects of its design being implicated as contributors to its failure, 

retrieval evidence is yet to support a conclusive explanation for the magnitude 

of its failure rates. Furthermore, the difference in performance between the ASR 

and the ASR XL was much greater than other MOM designs that shared identical 

resurfacing acetabular components, which has not been definitively explained.  

 

4. Bearing surface wear has been strongly associated with the failure MOM hip 

implants; however, its location in vivo has yet to be accurately determined. This 

could provide a rare insight into the tribology and biomechanics of the native hip 

joint. Furthermore, the influence of acetabular component positioning on hip 

implant wear remains unclear, as both retrieval and clinical studies have 

reported contrasting findings.  
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Chapter 3 
Development and Validation of a Method to 

Quantify Material Loss from the Bearing Surfaces 

of Hip Implants 
Chapter 3: Development and Validation of a Method to Quantify Material loss from 

the Bearing Surface of Hip Implants 

Work presented in this chapter has been published 
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3.1. Introduction 

 

Wear debris from metal-on-metal hip replacements has been found to cause 

periprosthetic tissue necrosis and inflammation [270,338]. The bearing surfaces of these 

implants were identified as the primary source of material loss. Although a direct causal 

link is yet to be established between metal dose and clinical outcomes, high bearing 

wear rates have been associated with a greater risk of failure [136]. Cobalt and 

chromium blood metal ion levels are considered indicators of wear performance, while 

the implant remains within the patient [95,107]. Wear rates, however, can only be truly 

quantified through the measurement of retrieved components. International standards 

have defined specific guidelines to adequately capture their bearing surface geometry 

in the form of a point cloud, using coordinate measuring machines [308,323].  

 

As manufacturing tolerances permit the actual diameter and form of these bearing 

surfaces to deviate somewhat from their spherical design (nominal values), their exact 

as-manufactured geometry is unknown. Although hip replacements cannot be 

measured prior to implantation, their as-manufactured bearing geometry can be 

reconstructed from their retrieved state, a process commonly referred to as reverse 

engineering. Current methods involve best fitting a sphere to regions of their bearing 

surface, which have remained unaltered by wear during their time in vivo [264,328]. 

Their as-manufactured and retrieved bearing geometries can then be compared to 

quantify the volume of material loss.  

 

As previously identified in the literature review, current methods of reconstructing the 

as-manufactured geometry of these implants differ significantly between retrieval 

centres, while only a small minority have undergone rigorous validation. These methods 

are often limited by human and sampling error, as they commonly adopt a manual 

approach to identify a single, localised unworn region of the retrieved bearing surface 

to inform reconstruction.  

 

To overcome the shortcomings of these contemporary methods, the author identified 

the need for an automated software solution to be developed in-house. This is referred 
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to as the ‘Automated software’ in the remainder of this thesis. Despite acknowledging 

the limitations of using a perfect sphere to reconstruct their as-manufactured geometry, 

the author concluded that it remained the most reliable approach, and should be 

adopted in the developed software. Based on the available literature, it was determined 

that an iterative process should be implemented to systematically exclude worn 

portions of the bearing surface, essentially point-by-point. This would maximise the 

number of unworn data points used to inform the perfect sphere reconstruction of the 

as-manufactured bearing geometry. It would also allow the identification of unworn 

data points across the entire point cloud, achieving an improved representation of the 

bearing surface.  Furthermore, the number of points removed would be specific to each 

implant, and depend on the extent of bearing surface wear. The details of this approach 

will be presented in section 3.2.5, including the strategy adopted to differentiate 

between worn and unworn data points. 

 

As the author did not possess the programming experience necessary to implement this 

strategy, the expertise of Dr Robin Richards (specialist medical software engineer) was 

required. He had previously developed software for the analysis of medical data, which 

had high-resolution rendering capabilities that could be implemented in this solution. 

Once a prototype was completed, the author trialled the software to finetune the 

proportion of points removed during each iteration and test the user interface.  

 

This chapter describes a pilot study that was proposed as a preliminary investigation of 

the Automated software’s performance, in order to troubleshoot potential issues. This 

is followed by a validation study of its accuracy, repeatability and reproducibility when 

quantifying bearing surface material loss under mock-retrieval conditions. Polishing 

processes were adopted in these studies to replicate the wear found on the bearing 

surfaces of retrieved MOM hips; initially this was performed on ball bearings in the pilot 

study and then on as-manufactured MOM Adept resurfacing implants during validation. 

The Automated software measurements were evaluated based on their comparison 

with the gold standard gravimetric measurements. Additionally, comparisons were 

made with the measurements of a commercially available software solution, which was 

representative of current methods.  
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3.1.1. Motivation 

 

As previously discussed, wear has played a significant role in the failure of a high 

proportion of metal-on-metal implants. Although these implant designs have all but 

vanished from the orthopaedic market, over a million remain implanted within patients 

worldwide. The management of these patients could benefit substantially from an 

improved understanding of design specific, failure mechanisms. While the identification 

of risk factors could inform the prediction of implant failure, facilitating earlier 

intervention and avoiding the further progression of ARMD. Achieving this goal, is 

heavily reliant on the accurate measurement of material loss, during retrieval analysis. 

This could also help determine whether patients experience a dose-response to metal 

debris and improve upon prior correlations with clinical outcomes and indicators of 

failure, such as whole blood cobalt and chromium ion levels.  

 

 With ongoing medical legal cases, the quantification of wear could be invaluable to the 

identification of inadequate implant performance and the contributing factors that led 

to these failures. With billions of dollars already being awarded in compensation, it is 

important that the correct conclusions are reached. The reliability of these methods 

could be fundamental to the development of future designs. Their utilisation during 

quality control and the analysis of implants, following hip simulation, could address the 

limitations of the “gold standard” gravimetric method.
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3.1.2. Aim 

 

The aim of this chapter was to refine and validate the accuracy, repeatability and 

reproducibility of an automated method developed to quantifying material loss from 

the bearing surfaces of hip implants.  

 

3.1.3. Objectives 

 

In order to achieve this aim, the objectives of the ‘Pilot Study’ were: 

 

• To replicate the wear found on the femoral head components (bearing 

surface) of retrieved MOM hip implants on steel chrome ball bearings, using 

a polishing technique. 

 

• To compare the volumetric material loss measurements performed by the 

developed Automated software, a commercial grade software and through 

gravimetric analysis. 

 

 

•  To troubleshoot the polishing method used to replicate wear, determine the 

most accurate CMM scanning direction and refine the Automated software 

solution if necessary. 

 

In order to achieve this aim, the objectives of the ‘Validation Study’ were: 

 

• To replicate the wear found on the bearing surfaces of retrieved MOM hip 

replacements on as-manufactured MOM Adept resurfacing implants, using a 

polishing technique.  

 

• To compare the polished MOM Adept hip components to retrieved MOM 

Adept hip components, in order to evaluate how accurate the polishing 

technique was at replicating these retrieval conditions. 
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• To compare the volume of material loss measured from these polished Adept 

implants using both the Automated method and gravimetric analysis. 

 

• To compare the Automated software to a commercially available software, 

based on their ability to quantify material loss from hip implants, with 

analyses being performed by two separate observers. 
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Pilot Study



 130 

3.2. Pilot Investigation 

 

3.2.1. Materials 

 

Sixteen steel chrome ball bearings were included in a preliminary evaluation of the 

automated software solution. These were 40mm in diameter and were used to 

represent the bearing surface of metal femoral head components. As stated by the 

manufacturer, these were grade 100 bearings, which refers to the accuracy of their 

manufacture (Table 3.1).  Their availability, spherical geometry and comparable density 

to the CoCrMo alloy that forms the majority of MOM bearings, made them appropriate 

for this application. At a determined pole of each ball bearing three points were marked 

on the surface using an automatic metal centre punch, which formed a small indent in 

each location; these corresponded to identical grooves on a measurement stand (Figure 

3.1). This defined the articulating and non-articulating hemispheres, ensuring that 

identical portions of the bearings would be worn and analysed.  

 

Figure 3.1. The measurement stand used to align the ball bearing, prior to geometrical analysis, to 

ensure that an identical hemisphere was assessed each time. 

 

Table 3.1. Ball Bearing Specifications. 

Grade 
Diameter 

Tolerance (mm) 

Sphericity 

(mm) 

100 ±0.005 0.0025 
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3.2.2. Polishing the Ball Bearings 

 

In order to replicate the wear found on the femoral heads of retrieved MOM hips, the 

‘articulating’ hemispheres (previously defined in section 3.2.1) of fifteen ball bearings 

were polished. This was achieved by hand using a rotary polishing machine, with two 

contrasting grades of polishing mop, as seen in Figure 3.2. The coarser mop was initially 

used to remove the bulk of material, in order to achieve the desired quantity of material 

loss; while the finer mop was applied to reduce the contrast in surface finish between 

worn and unworn areas, as well as reproducing subtler wear patterns and scratches. 

Polishing compounds, specific to each mop, were also applied to improve efficiency.  

 

 

Figure 3.2. A rotary polishing machine with two grades of polishing mop. The coarser polishing mop is 

seen on the right, while the finer mop is on the left. 

 

Based on literary findings and measurements previously performed at the London 

Implant Retrieval Centre (LIRC) [137,200,264,266,339], 0mm3 to 120mm3 was identified 

as an appropriate range of wear volumes to replicate on the ball bearing surfaces. This 

was thought to allow the assessment of the Automated software in an array of retrieval 

scenarios. In an attempt to achieve an even spread of material loss values, each ball 

bearing was subjected to the polishing machine for staggered durations of time (from 

0.5 – 20minutes). Commonly observed wear scars were replicated, with specific 
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consideration for their size, shape and location. As with retrieved CoCrMo heads 

[104,137,264,322,340], an elliptical wear scar was reproduced near the pole of each ball 

bearing, often offset to one side.  

 

Previously published methods of quantifying bearing surface material loss are often 

limited by sampling error, which can be particularly problematic when measuring 

implants with considerable wear coverage. In order to assess the ability of the 

Automated software to quantify material loss under such conditions, some of the more 

substantially ‘worn’ ball bearings were also polished over a larger portion of their 

‘articulating’ surface. In an attempt to further replicate retrieved components, wear was 

not always isolated to one scar. Additional secondary wear scars and more widespread, 

lighter scratches were also reproduced. To ensure that polishing was restricted to the 

‘articulating hemisphere’, the area was marked using pressure-sensitive tape.  

 

The sixteenth ball bearing was used as a control component and was not polished, 

despite being marked and prepared in the same manner.
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3.2.3. Gravimetric Analysis 

 

In accordance with international standards, ASTM F1714-96 and ISO 14242-2 [308,309], 

gravimetric analysis was performed to determine the volume of material loss achieved 

during the polishing process. This is currently considered the ‘gold standard’ for such 

measurements. A Mettlet Toledo MS304S analytical balance was used to measure the 

mass of each ball bearing when they were initially pristine and after being polished. 

Their mass was recorded in sequence until three readings, per ball bearing, were 

identical within 0.1mg, from which a mean value was calculated. Prior to this analysis, 

the components were carefully cleaned to remove any loose metal debris that had 

remained on the surface. Alcohol (95% ethanol) and lint free cloths were used to clean 

the articulating surfaces, while compressed air was used to dry the components and 

remove any further loose particles. The control ball bearing was also cleaned and 

weighed following the same protocol, which was intended to ensure that any changes 

in mass, unrelated to the polishing process, was excluded from the final wear value. The 

change in mass, due to wear, was subsequently calculated using Equation 1. In this 

study, the mass of the control ball bearing decreased; therefore, the value of Sn was 

negative and caused a reduction in the net mass (Mn). 

 

 Mn = Wan + Sn (1) 

 

Mn = net mass loss following wear simulation 

Wan = average uncorrected mass loss 

Sn = average increase in mass of the control component  

 

This was converted to wear volume, assuming that the density of steel chrome was 

0.00783341g/mm3, according to the standard quoted in the data sheet provided by the 

manufacturer (AISI 52100) [341]. 



 134 

3.2.4. Geometric Data Acquisition 

 

Geometric data was acquired from all ball bearings, before and after polishing. A Zeiss 

Micura (Carl Zeiss Ltd, Rugby, UK) coordinate measuring machine (CMM) was used to 

scan their articulating surface (Figure 3.3), capturing their geometry in the form of a 

digital point cloud. As stated by the manufacturer, the measurement accuracy of the 

CMM was dependent on the dimensions of the object being analysed, as seen in 

Equation 2  [342]. These measurements were conducted by the author in a temperature-

controlled laboratory at 21°C, under minimised vibration conditions.  

 

ACMM = 0.7μm + L / 400 (2) 

 

ACMM = CMM Measurement Accuracy (μm) 

L = Length Measured (mm) 

 

 

 

Figure 3.3. Zeiss Micura coordinate measuring machine (CMM). 
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The stand, referred to in section 3.2.1 was adopted to ensure that the components were 

correctly positioned. Fifteen of the ball bearings (excluding the control) were scanned in 

sequence three times, before and after polishing. This meant that each scan of a single 

ball bearing was performed at least 24hours apart, and it had to be repositioned on the 

stand each time.  

 

During these measurements, a 3mm ruby stylus was instructed by the author to perform 

scan arcs, which began 5° below the equator and ended at the pole. The scanning 

strategy was specifically calculated to accommodate the dimensions of the ball bearings, 

as if they were femoral heads of hip implants. This was in accordance with ISO and ASTM 

standards 14242-2 and F2979, respectively [308,323]. This was achieved through the 

numerical input provided within the Calypso software (Carl Zeiss Ltd, Rugby, UK), which 

controlled the actions of the CMM (Figure 3.4). 

 

 

Figure 3.4. A) The spherical geometry of the ball bearings defined within the Calypso software (Carl 

Zeiss Ltd, Rugby, UK). B) Scan arcs designed on the surface of the ball bearings. C) The data points 

collected by the CMM, along these scan arcs. D) Calypso measurements of the actual diameter and 

sphericity of a ball bearing.  
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The data points acquired during these scans were designed to have a maximum spacing 

of 0.5mm (Figure 3.5). This was specified in one axis through the definition of point 

separation along each scan arc, otherwise known as point pitch. In order to ensure that 

each arc of data was also < 0.5mm apart, the number of arcs or ‘real number’ was 

determined accordingly. As demonstrated in Equation 3, dividing the circumference of 

the ball bearings by 0.5mm would determine the number of scan arcs needed to ensure 

that this would be the maximum point-spacing at the equator, which would decrease 

towards the pole due to its spherical geometry (Figure 3.5).  

 

 !"#$	&'()"*	 = 	
	p	 × 	-
0.5

	= 	
	p	 × 	40
0.5

	= 	251.3374	67#8	#*76	(4. :. ;. ) (3) 

 

 =8>'$#*	?@A7ℎ = 	
360°

!"#$	&'()"*
	= 	

360

253
	= 	1.4229°	(4. :. ;. ) (4) 

 

The ‘Real Number’ refers to the number of scan arcs, while the ‘Angular Pitch’ refers to the angle between 

each scan arc. This is the terminology used within the Calypso Software. 

 

As displayed in Equation 4, in order to avoid a reduced point density between the first 

and last arc of each measurement, the number of arcs was rounded-up to the nearest 

odd number, while the angular pitch would be doubled. This ensured that the CMM 

measurement would involve two laps of each implant, with the scan arcs performed on 

the second lap coming between the ones performed on the first lap. This scanning 

strategy resulted in the attainment of approximately 20,000 data points, per ball 

bearing.  

 
Figure 3.5. Diagram demonstrating the scanning strategy adopted in the analysis of ball bearings. 
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To investigate the effect of scanning direction on the measurement of material loss, the 

CMM was instructed to scan each ball bearing a further three times, following the 

polishing process. During these additional measurements the scan arcs emanated from 

the pole and terminated at the equator, which was an adaptation of an otherwise 

identical protocol.  

 

The purpose of scanning the ball bearings, prior to polishing, was to acquire 

measurements of their as-manufactured diameter and sphericity. This would be 

calculated and reported, post-scan, by the Calypso Software of the CMM. Mean values 

were then determined from the results of all three scans. These characteristic were 

measured to assess whether their as-manufactured geometry was of sufficient quality 

for this application. Additionally, the as-manufactured diameter of the ball bearing could 

be later compared to the reconstructed geometries, generated by the Automated 

software.  

 

During this study, 144 scans were performed, which equated to nearly 200 hours of 

scanning time. Each scan resulted in a point cloud that was exported from Calypso, in 

preparation for their analysis by two different software solutions. 
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3.2.5. Geometric Data Analysis  

 

Automated Software 

 

As previously introduced, the Automated software was conceptualised by the author 

and programmed by Dr Robin Richards for the measurement of volumetric bearing 

surface wear. This software was the subject of validation during the course of this study. 

All three acquired point clouds of the polished ball bearings, captured in both scanning 

directions, were analysed using the Automated software (Figure 3.6.). Once such data is 

imported into the software, a perfect sphere is best-fit to the point cloud and the root 

mean squared error (RMSE) between these geometries is calculated. The measurement 

of an error in excess of 2μm (ASTM F2979-14) triggers an iterative process.  

 

 

Figure 3.6. The wear analysis window of the Automated software, developed in-house. 

 

During each repetition, the individual error between each data point and the perfect 

sphere is determined (Figure 3.7). Data points are then removed, if their error is more 

than 2 standard deviations (SD) from the mean individual error. Points that are larger 

than the perfect sphere are excluded from the point removal process [264]. A new 
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sphere is then best-fit to the remaining data and the RMSE is calculated once again. This 

process continues to iterate until an RMSE of < 2μm is reached. 

 

Figure 3.7. A schematic diagram demonstrating the process of reconstructing the as-manufactured 

geometry of a bearing surface. 

 

During the course of the pilot study this process was amended to include a second pass 

of the software, if the RMSE between the imported point cloud and the sphere failed to 

converge below this 2μm threshold within 100 iterations. During this second pass of the 

software, the error threshold for point removal is reduced to 1 SD. With each pass of 

the software this threshold is reduced; however, a further reduction was not required. 

The diameter of this sphere is thought to correspond to the articulating surface diameter 

of the component in its unworn state.  
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Figure 3.8. This figure displays a point cloud, captured from the surface of a ball bearing, which has 

been meshed within the Automated software. This structure has then been restrained at its limits to 

form a volume. 

 

The original point cloud is then meshed, in accordance with the previously stated 

standard. The perfect sphere and the meshed point cloud are restrained at the same 

limits (Figure 3.8), forming two enclosed volumes. The difference in their volume is 

considered equal to the material lost during wear, as demonstrated in Equation 5. 

 

 F = GH − 	GJ (5) 

V = Volume of Material Loss 

Gu = Calculated Unworn Geometry 

Gw = Measured Worn Geometry 

 

In this pilot study, calculation of their unworn diameter and the volume of material loss 

was recorded for each scan of the ball bearings. As the Automated software provides 

identical result following the analysis of the same data set, each scan was analysed once 

by a single observer. The purpose of analysing the three scans was to assess the inherent 

error associated with the CMM and its protocols.  

 

Additionally, the Automated software was also used to analyse the point clouds 

collected from the as-manufactured ball bearings. As the only deviation in their 
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sphericity would be a result of manufacturing tolerances, these analyses would evaluate 

the Automated software’s use of a perfect sphere when reconstructing their as-

manufactured geometry. It was hypothesised that some volume of ‘material loss’ would 

be calculated by the software, reflecting the impact of this perfect sphere assumption 

on measurement accuracy. 

 

Commercial Grade Software 

 

A commercially available solution was also adopted for comparison in this study, which 

had been specifically designed to measure material loss from the bearing surfaces of 

retrieved hip implants. This software was previously utilised in a number of published 

retrieval studies and was considered representative of current methods, as it was 

hindered by many of their common sources of error.   

 

In this pilot study it was used to analyse the first of the three ball bearing scans, which 

was repeated twice, by two separate observers that were blinded to the gravimetric 

results. This was in order to evaluate its repeatability and reproducibility. For the 

remainder of this thesis, it will be referred to as the commercial grade (CG) software.  

 

In contrast to the Automated software, the CG software is user dependent. The observer 

performing the analysis has to manually select a portion of the point cloud, which they 

consider unaffected by wear. This process is informed by a RMSE value that is calculated 

between the imported point cloud and the perfect sphere, which would be generated 

from the selected patch (Figure 3.9). The RMSE is automatically updated when the patch 

is moved around the point cloud and when its dimensions are altered. A visual 

assessment of the component was also permitted, providing the observer an 

opportunity to identify the unworn regions in person. The target RMSE was again < 2μm, 

in accordance with international standards. The sphere extrapolated from the selected 

patch would be compared to the entire point cloud, in order to determine the volume 

of material loss from the ball bearing. This is calculated in a similar manner to the 

Automated software.  
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Figure 3.9. A) A point cloud of a ball bearing surface displayed within the CG software. B) A patch 

selected by the observer (white), which they considered to be unworn. A sphere would then be best-fit 

to this region of the bearing surface to reconstruct the as-manufactured geometry.
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3.2.6. Statistical Analysis 

 

In order to establish whether data analysed in this study was normally distributed, both 

Shapiro-Wilk and D’Agostino-Pearson normality tests were utilized. A non-parametric 

Kruskal-Wallis one-way analysis of variance was initially used to determine whether the 

sphericity of the pristine ball bearings was statistical different. During which p - values 

<0.05 were considered statistically significant. Gravimetric measurements were 

compared to the volumes of material loss calculated by both software solutions using 

Bland-Altman plots; reporting the mean error, upper 95% limits of agreement (ULA) and 

lower 95% limits of agreement (LLA). The standard deviation (SD) was also calculated for 

these mean errors.  

 

In order to determine the accuracy of both approaches, this method was used to 

compare the results obtained during the analysis of the first point cloud acquired for 

each worn bearing, by a single observer, in accordance with the Bland-Altman method 

[343]. The difference between these results was assessed using a repeated measures 

one-way ANOVA. Errors incurred during the Automated software analysis of data 

acquired through contrasting scanning directions were also compared, using a non-

parametric Wilcoxon Paired T-test. This would determine whether these differences 

were statistically significant. Statistical outliers were also determined using the Tukey 

method in this study, abiding by the following conditions [344][345]. 

 

 
K'A$@"*6	 < 	MN	–	(1.5	 × 	PM!)	Q*  

																	> 	MS 	+	(1.5	 × 	PM!) 
(5) 

 

Q1= 25th percentile 

Q3= 75th percentile 

IQR = Interquartile Range
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3.2.7. Results 

 

According to Calypso measurements, the as-manufactured ball bearings were found to 

have a mean sphericity of 0.0121mm (SD = 0.0028mm), which did not vary with any 

statistically significance between examples (p = 0.327), as displayed in Figure 3.10. This 

corresponds more closely to ball bearings of grade 500 rather than the grade 100 that 

was expected. Although these ball bearings were outside their specifications, they were 

deemed of sufficient quality to achieve the aims of this pilot study. Nevertheless, a 

maximum deviation of -0.00495mm from their nominal diameter was reported, which 

corresponded to the manufacture’s specifications (Figure 3.10).  

 

Figure 3.10. Box and whisker plots displaying the deviation from the nominal diameter of the ball 

bearings (left) and their pristine sphericity (right). In both cases the median, interquartile range and the 

max-min range are presented.
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In its analysis of the as-manufactured ball bearings, the Automated software 

reconstructed their pristine geometry (perfect sphere diameter) to mean error of 

0.0005mm (SD = 0.0013), with upper and lower 95% limits of agreement ranging from -

0.0019mm to 0.0031mm (Figure 3.11). Volumes of material loss were also measured 

from these pristine surfaces, which had a median value of 0.30mm3 (-0.01mm3 – 

1.95mm3).  

 

 
Figure 3.11. A Bland-Altman plot displaying the difference in diameter measurements of the as-

manufactured ball bearings, performed by the CMM’s Calypso software and the Automated software. 

 

According to gravimetric measurements, all 15 ball bearings were polished to a unique 

quantity of material loss. These ‘wear’ volumes ranged from 0.81mm3 to 107.52mm3, 

accounting for 0.05mm3 lost by the control bearing, during processing (Figure 3.12). The 

automated software was found to estimate these quantities within a mean error of -

9.15mm3 (SD = 17.36), with upper and lower 95% limits of agreement of 24.87mm3 and 

-43.17mm3 (Figure 3.13). No significant difference was found between the values of 

material loss obtained during the analysis of all three scans, acquired for each ball 

bearing (p = 0.145). The analysis of pole to equator scans were found to result in a subtly 

increased mean error of -9.84mm3 (SD = 18.08), which was found to be statistically 

significant (p < 0.001).  
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Figure 3.12. Comparison of material loss measurements performed by both software solutions to 

gravimetric results, during the analysis of steel chrome ball bearings. The error bars represent the mean 

and range of the results generated by both observers. The line of equality is also included, where the 

measurements are equal to the gold standard. 

 

 

Figure 3.13. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by both software solutions during the analysis of the ball bearings. The mean 

error, upper 95% limits of agreement (ULA) and lower 95% limits of agreement (LLA) are also defined. 
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The CG software results had a larger mean error of 13.02mm3 (SD = 13.24) to the 

gravimetric measurements, while its upper and lower 95% limits of agreement were 

38.97 mm3 and -12.93 mm3, respectively. The Bland-Altman plots, for both methods, are 

displayed in Figure 3.13. Although the reduced standard deviation of the CG software 

errors suggests a greater consistency in these results, the Bland-Altman plots highlight 

a greater amount of variability in the error between CG software and gravimetric 

measurements. These graphs suggest the differences in their standard deviations may 

be due to potential outliers visible in the results of the automated software.    

 

As seen in Figure 3.14, three potential outliners were identified in the comparison 

between gravimetric and automated software results, while only a single outlier was 

found in its comparison with the CG software. In addition to a measurement of 

volumetric wear, the automated software also provides the user with the RMSE value 

achieved, between the final perfect sphere and the acquired point cloud. The three 

outliers had been identified, during the analysis, as having used a sphere with an RMSE 

above the 2μm threshold specified by international standards. Although the ‘wear’ 

patterns generated through polishing were comparable to retrieved metal heads 

described in literature, the 3 outliers identified in the Automated software analysis were 

associated with a greater coverage of wear. In contrast to the others, these ball bearings 

had been worn considerably over their poles (Figure 3.15). As a result, the protocol of 

the automated software was refined, allowing point clouds that do not converge below 

the target RMSE of 2μm to pass through the iterative process for a second time. During 

its second pass, the threshold for point removal would be reduced to 1 SD from the 

mean individual error.  
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Figure 3.14. Box and whiskers plot of the material loss measurement errors of both software solutions, 

during the analysis of the ball bearings. The median, interquartile rage, max-min range and potential 

outliers are all represented on the graph, using the Tukey method. 

 

 

Figure 3.15. Wear maps, produced by the CG software, of the three ball bearings that resulted in outliers 

being identified by the Automated software. 

 

Following the adoption of an amended procedure, the analysis of these three ball 

bearings improved (Figure 3.16). The mean error between the automated software and 

the gravimetric results was reduced to -2.43mm3 (SD = 3.85), while the upper and lower 

95% limits of agreement were 5.11mm3 and -9.98mm3, respectively (Figure 3.17).  
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Figure 3.16. Comparison of material loss measurements performed by both software solutions to 

gravimetric results, once the outliers had been analysed by the second pass of the software. The error 

bars represent the mean and range of the results generated by both observers. The line of equality is 

also included, where the measurements are equal to the gold standard. 

 

 
Figure 3.17. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by the Automated software, once the outliers had been analysed by the 

second pass of the software. The mean error, upper 95% limits of agreement (ULA) and lower 95% limits 

of agreement (LLA) are also defined. 
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3.2.8. Discussion 

 

The purpose of this pilot study was to inform the refinement of protocols associated 

with the polishing process and data collection, as well as the ability of the Automated 

software to quantify material loss under conditions experienced during retrieval 

analysis. Once a second pass of the software was introduced, the Automated software 

was able to measure volumetric wear within a mean error of -2.43mm3. This adaptation 

to the analysis protocol, allowed the as-manufactured geometry of even the most 

polished components to be calculated. It also became apparent in this study that 100 

iteration of the analyses was sufficient to reach a result, below this threshold. The 

Automated software’s performance was found to be superior in accuracy, compared to 

the CG software, as it had a smaller mean error to gravimetric measurements. The 

standard deviation of its measurement error was also smaller, which demonstrates that 

they were more consistent.  

 

The significantly greater errors identified during the analysis of ‘pole to equator’ scans, 

could be attributed to the interaction between the ruby stylus and the surface of the 

bearing. Differing amounts of friction may have been caused by the contrasting force 

vector, formed during both CMM measurements. The force applied by the probe is 

directed towards the bearing surface during a ‘pole to equator’ scan, while its direction 

is way from the surface during an ‘equator to pole’ scanning strategy. Increased friction 

may have increased probe vibration, which could explain these variations in results. It is 

advised that future work adopts a ‘equator to pole’ scanning strategy, in order to 

achieve the most accurate measurements. 

 

As no significant difference was found between the volumes of material loss measured 

from all three scans of each bearing, it is assumed that the adopted scanning strategy 

was appropriate for the validation of this methods. This is in specific reference to 

parameters such as scan coverage, point pitch and ultimately the number of data points 

obtained, which has been previously correlated with measurement accuracy [307]. 

Inconsistences in the data collection were avoided, which could have led to false 

negatives in such cases. Additionally, this measurement consistency suggests that the 
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bearings were accurately positioned on their stands each time, allowing comparable 

hemispheres to be worn and analysed.  

 

The ‘wear’ measurements of pristine ball bearings, utilising the Automated software, 

highlight the limitations of current methods that use a perfect sphere to estimate the 

unworn implant geometry. Despite being able to accurately determine the diameter of 

the as-manufactured bearings to within a mean error of 0.5μm, the Automated software 

incorrectly identified the presence of ‘material loss’ on in these pristine bearings, due to 

their imperfect sphericity. Therefore, a greater as-manufactured sphericity (less 

spherical) results in a greater probability of incurring error, during the quantification of 

wear through these methods. Such variations in geometry are also present in hip 

implants, as this is a limitation of manufacturing techniques. Depending on the accuracy 

of production methods, component dimensions can fluctuate from the nominal value 

stated in their design. This range of values is referred to as the manufacturing tolerance, 

which is considered acceptable during quality control.  

 

Although current methods are thought to be limited by the use of small, isolated regions 

of the articulating surface, CG software errors were not correlated with increased wear 

coverage. This could be due to the presence of sampling error during the analysis of all 

fifteen ball bearings. It was found that relatively small patches had been selected in all 

instances, which did not vary considerably in size, between low and high wearing 

components.  

 

3.2.9. Study Limitations 

 

Although ball bearing diameters corresponded to manufacturing specifications, their 

sphericity was found to be over five times the value expected of their specified grade. 

The grading system used to describe a ball bearing ranges from 3 to 2000, with grade 3 

being the bearings of highest quality. As the articulating surfaces of hip implants are 

thought to be produced to a broader range of specification [264], which is comparable 

to a higher grade of bearing, the sphericity of these ball bearing did not affect their 

appropriateness for this application.  
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The extent of ‘wear’ coverage recreated in this study should be considered inconsistent 

with retrieval findings, particularly with respect to three specific bearings that were 

worn heavily over their poles (Figure 3.15). Although, signs of wear are observed and 

measured over significant portions of retrieved implants, the ball bearings may have 

been worn to an exaggerated degree. Nevertheless, it is believed that these examples 

were an effective way to evaluate the ability of the Automated software to quantify 

material loss in the most extreme retrieval conditions, as there were limited unworn 

regions from which the as-manufactured geometry could be extrapolated.  

 

The amount of metal debris formed during the polishing process was noted as a 

potential concern for the primary study. This fine metal dust was found to migrate to all 

regions of the ball bearing; however, due to the spherical geometry of these 

components its was easily removed during the cleaning process. Nevertheless, this may 

be of increased concern when applied to hip implants, as their non-articulating surfaces 

would be more difficult to clean. As a result, a barrier was recommended, in order to 

restrict the debris from entering these structures  
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3.2.10. Conclusion 

 

The findings of this pilot study support the use of an ‘equator to pole’ scanning strategy 

for optimal accuracy. The selected scanning parameters were also found to produce 

point clouds of sufficient quality to perform a fair appraisal of these methods. The 

Automated software was able to analyse the data acquired using the CMM, providing 

measurements of volumetric wear without fail. This study also identified the need for a 

second pass of the Automated software to be implemented, in scenarios were the RMSE 

does not converge below 2μm. The reanalysis of these point clouds involves a more 

aggressive approach to automated data point removal. Preliminary results suggest that 

the Automated software is able to quantify material loss from a metal component to an 

improved accuracy, compared to a commercially available software. It has highlighted 

limitations of the polishing protocol, which can be addressed in future analyses. These 

included the management of debris migration, in order to avoid its detrimental effect 

on gravimetric results. The comparable results produced by all 3 scans, suggests that the 

CMM protocols were reliable and that the ball bearings could be positioned accurately 

on the stand, ensuring that identical hemispheres were worn and scanned.  
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Validation Study
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3.3. Materials and Methods 

 

3.3.1. Materials 

 

Thirty-two pristine metal components were included in this study (Table 3.2). These 

consisted of twenty Adept (MatOrtho, Surrey, UK) resurfacing hips and twelve Pinnacle 

total hip replacement systems (DePuy Synthes, Warsaw, USA) (Figure 3.18). An 

additional three retrieved Adepts, of the same size, were also analysed. The Adept 

components comprised of 10 heads and 10 resurfacing cups (Figure 3.19), while the 

Pinnacle systems included six head and liner couples. Each pristine component was 

polished, in an attempt to simulate the material loss that can occur during their time in 

vivo. The retrieved components were included to assess the accuracy and clinical 

relevance of the ‘wear’ patterns recreated through polishing.  

 

 

Figure 3.18. Study Design. 
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Table 3.2.  The specifications of components included in this study. 

Components n Material Diameter (mm) 

Adept Hip Resurfacing 20 CoCrMo 42 

Pinnacle Total Hip 
Replacement 

12 CoCrMo 36 

Retrieved Adept Hip 
Resurfacing 

3 CoCrMo 42 

 

 

 

Figure 3.19. A) MOM Adept resurfacing femoral head B) The articular surface (left) and backside surface 

(right) of a MOM Adept resurfacing acetabular cup. 

 

3.3.2. Polishing the Pristine Adept Components  

 

These pristine Adept components were iteratively polished in four phases, increasing 

the amount of material removed with each phase (Figure 3.20). The polishing process 

was performed in this manner to increase the number of different wear volumes 

replicated on the surface of these Adept implants. This meant that the Automated 

software would be evaluated based on its analysis of a greater number of ‘wear’ 

volumes, reducing type 2 statistical error. As seen in Figure 3.20, a target volume of 

material loss was set prior to each stage of polishing. As with the ball bearings in the 

‘Pilot Study’, a rotary polishing machine was utilized to polish the Adept heads (Figure 

3.2), while a Dremel 3000 multitool system (Dremel, Netherlands) was used to polish 

the Adept cups. This contrasting approach was adopted due to the restrictive concave 
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cup geometry (Figure 3.21). In order to inhibit the infiltration of metal particles into non-

articulating portions of the implants, measures were taken to cover the porous backside 

of each component with a vinyl material, which was firmly secured in place. One head 

and cup component were excluded from the polishing process, in order to act as a 

control specimen; however, these were handled and prepared in the same manner, 

despite remaining unpolished.  

 

 

Figure 3.20. A workflow diagram of the iterative polishing process adopted in this study. Both the Adept 

head and cup components were polished and analysed in four phases, with the amount of material 

removed from each component increasing with each phase. 
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Figure 3.21. The Dremel 3000 multitool used to polish the Adept acetabular cups. 

 

In order to replicate the wear patterns observed during the retrieval analysis of MOM 

hips, the articulating surfaces of these pristine Adept components were marked with 

pressure sensitive tape to guide the polishing process. Specific consideration was given 

to the size, shape and location of wear. Elliptical wear scars were generated on the 

Adept heads, which were positioned near the pole and offset to one side 

[104,137,264,322,340]. Contrastingly, the Adept cups were worn near the articulating 

surface edge, often forming a crescent shape [199,222,267,270,346]. These wear 

patches approached the rim of the component, but did not intentionally breach this 

boundary. To achieve further conformity with retrieved implants, wear was not always 

restricted to one localised scar. Smaller secondary scars were also introduced in some 

instances, along with lighter, more widely distributed scratches [339]. The quantities of 

material loss produced during the polishing process was intended to replicate the broad 

spectrum of values reported in literature, while also conforming with retrieval 

measurements previously performed at the London Implant Retrieval Centre [137,266].  
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The MOM Pinnacle THR couples were worn in hip simulators at the School of Mechanical 

Engineering, University of Leeds. These tests were conducted in accordance with ISO 

standard 14242-1 [347], where each couple was subjected to 5 million cycles within the 

simulator. A million cycles has been previously considered representative of a year 

within the patient; however, this is found to vary considerably between individuals with 

differing activity levels and is more likely to be closer to 2 million, on average [133]. 

 

3.3.3. Gravimetric Analysis 

 

As with the pilot study, gravimetric analysis was performed in accordance with 

international standards, ASTM F1714-96 and ISO 14242-2 [308,309], to determine the 

volume of material loss achieved during the polishing process. A Mettlet Toledo MS304S 

analytical balance was used to measure the mass of each component, when initially 

pristine and following each iteration of wear. Their mass was recorded in sequence, until 

three readings per component were identical within 0.1mg, from which a mean value 

was calculated. As with the ball bearings, the articulating surface of each component 

was cleaned prior to analysis, using alcohol (95% ethanol), lint free cloths and 

compressed air. Following pilot study observations, jets of air were also utilised to 

remove any further particles that had reached the backside of these components, 

focusing primarily on the porous surface of the cups. The control components were also 

cleaned and weighed in the same manner, at each stage of the polishing process. This 

again, ensured that any changes in mass, unrelated to wear, was excluded from the final 

value, as previously demonstrated. The change in mass was converted to wear volume, 

based on the densities stated in international standards, assuming that the Adept and 

Pinnacle components were composed of the CoCrMo alloy described in ASTM F75 and 

F1537 standards, respectively. [335,348,349]  
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3.3.4. Geometric Data Acquisition 

 

Utilising a Zeiss Micura (Carl Zeiss Ltd, Rugby, UK) coordinate measuring machine (CMM) 

the articulating surface geometry of each Adept and Pinnacle component was captured 

in the form of a digital point cloud. These measurements were conducted in a 

temperature-controlled laboratory at 21°C; the components were kept under these 

conditions for at least 48 hours, prior to analysis, in order to ensure dimensional 

stability. Prior to scanning, the implants were clamped in place to restrict their 

movement as seen Figure 3.22. 

 

 

Figure 3.22. The clamps used to ensure that both head (left) and cup (right) components remained fixed 

and level on the CMM bench during measurement. 

 

As with the ball bearings, each as-manufactured Adept cup and head component was 

scanned three times by the CMM, prior to any polishing. These were performed to 

determine their as-manufactured diameter and sphericity, which would be calculated 

by the Calypso software that controls the CMM. Following each iteration of the polishing 

process, previously depicted in Figure 3.20, each Adept component was scanned a 

further three times. The Pinnacle Hips, however, were only analysed following wear 

simulation, as this was performed at another research centre. As previously described 

in section 3.2.4, these analyses were performed in accordance with ISO and ASTM 

standards 14242-2 and F2979, respectively [308,323].  
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The Adept and Pinnacle heads were scanned from 5° below the equator to the pole, as 

this was found to be the more accurate scanning direction in the pilot study. The 

scanning strategy was calculated in an identical manner to the ball bearings, accounting 

for the differing dimensions of the Adept and Pinnacle head designs.  In order to adhere 

to the same principle, ensuring that the force vector was directed upwards and away 

from their surfaces (as discussed in section 3.2.8), the scan arcs emanated from the pole 

of each cup and terminated < 1mm from their edge.  

 

As with the heads, the scanning strategy had to be calculated for each cup design, 

ensuring that the scan arcs were within 0.5mm of separation at the equator. Firstly, the 

CMM was used to measure cup depth and the radius of their opening, as seen in Figure 

3.23. This was used to calculate the radius of the sphere, from which their articulating 

surface was formed, as seen in Equation 6. The result obtained was then corroborated, 

through a comparison with a measurement generated by the Calypso software, 

following the acquisition of 30 data points on their surface.  

 

#U + (! − ℎ)U = !U (6) 

 
Figure 3.23. A diagram depicting the cup depth (h), the radius of the cup opening (2a) and the sphere 

which forms the articulating surface of the acetabular component. 

 

As previously described, the Real Number and Angular Pitch could be determined, 

allowing two laps of each cup to be performed. As it was necessary for the scans to 
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terminate as close to the rim as possible, without migrating to the rim, the scan arc 

length had to be calculated precisely using Equation 7 & 8.  
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X

180
	× 	` 
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In order to convert this length into degrees (Angle Range), as required by the Calypso 

software, the full quadrant arc length (Figure 3.24) and the distance covered along the 

arc by each degree had to be calculated using Equation 9,10 & 11. 

 

Figure 3.24. A diagram depicting how the dimensions of the scan arcs were determined, in order to 

analyse the acetabular components. 
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Following this strategy, approximately 20,000 data point were recorded during each 

scan, which lasted approximately an hour for both implant designs. As a result, this study 

was an accumulation of over 350 scanning hours.   
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3.3.5. Geometric Data Analysis 

 

All three point-clouds of the Adept head and cup components, acquired following each 

stage of the polishing process, were analysed using the Automated software. 

Additionally, the three scans of each Pinnacle head and cup component, worn in a hip 

simulator, were also analysed using the Automated software. This provided an 

estimation of the as-manufactured diameter and the volume of material lost from these 

components, through the approach detailed in section 3.2.4. As with the pilot study, the 

CG software was also used to analyse the first of these three post-polishing and post-

hip simulator scans. The CG software analysis was performed twice, by two separate 

observers, who were blinded to the gravimetric results.  

 

3.3.6. Macroscopic, Microscopic and Profilometric Analysis 

 

Each component was visually inspected, utilising both macroscopic and microscopic 

techniques. A Leica M50 microscope (Leica Microsystems, Germany) at up to 200x 

magnification was used to assess the ‘wear’ patterns inflicted during the polishing 

process, such as the appearance of scratches and grooves. Macroscopic images were 

collected using a Canon 6D DSLR and Canon 100mmL lens, in order to identify and record 

the position of the wear scars produced. Surface roughness measurements were also 

collected with a Contour GT-K 3D optical profilometer, in addition to profile plots of both 

worn and unworn regions. These analyses were performed following each stage of 

component wear, allowing the ‘wear’ characteristics of polished and retrieved 

components to be compared. This facilitated the evaluation of clinical relevance, with 

respect to the ‘wear’ patterns achieved during the polishing process.
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3.3.7. Statistical Analysis 

 

In order to establish the distribution of data analysed in this study, both Shapiro-Wilk 

and D’Agostino-Pearson normality tests were utilized. An unpaired t - test was used to 

compare the sphericity of the as-manufactured Adept components. The roughness of 

both polished and retrieved Adept components was also compared using this statistical 

technique. As the gold standard, gravimetric measurements were compared to the 

volumes of material loss calculated by both the Automated and CG software. This was 

achieved through Bland-Altman plots, reporting the mean error (and Standard 

Deviation), upper 95% limits of agreement (ULA) and lower 95% limits of agreement 

(LLA).  

 

Lin’s Concordance Coefficient (CCC) was calculated to determine the level of accuracy 

achieved by both the Automated and CG software. This statistical test quantified the 

agreement between the gravimetric measurements of material loss and the estimations 

made by these software solutions. The coefficients calculated during both these 

comparisons were expected to range from 0< CCC ≤1, due to at least some amount of 

concordance. Its proximity to 1 would determine the degree of this agreement, as 

described in Table 3.3 [350][351]. Univariable linear regression analysis was also 

performed to investigate the linear relationship between measurements generated by 

both software solutions and the gravimetric results. The coefficient of determination 

(R2) would evaluate how well the generated model described each data set.  

 

Table 3.3. The scale used to interpret the calculated values of Lin’s Concordance Coefficient.   

Strength of agreement Coefficient Value 

Almost perfect > 0.99 

Substantial > 0.95–0.99 

Moderate 0.90 – 0.95 

Poor < 0.9 
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The repeatability of the scanning protocol was assessed by comparing results obtained 

through the analysis of all three point clouds, acquired for each component (that is 

Scan1 vs Scan2 and Scan1 vs Scan3). Bland-Altman plots were used to determine the 

mean error, while the British Standards Institution Repeatability/Reproducibility 

Coefficient was also calculated to indicate the maximum error between wear 

measurements, generated from a pair of CMM scans, related to the same component. 

This was achieved using Equation 12. Furthermore, to determine how representative 

the first point clouds were of the acquired data, a paired t - test was performed to 

compare their measurement error to the mean error of all three scans.  

 

							aVP!!		]Q"bb@7@"8A	 = V-	Qb	c"#8	d**Q*	 × 	2 (12) 

 

BSIRR = British Standards Institution Repeatability/Reproducibility Coefficient 

SD = Standard Deviation 

 

The repeatability of the CG software was assessed by comparing both repetitions 

performed by each observer (intra-observer), while its reproducibility was assessed by 

comparing the mean values of both these measurements between observers (inter-

observer). Again, the British Standards Institution Repeatability/Reproducibility 

Coefficient was utilised during both evaluations. 
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3.4. Results 

 

3.4.1. Metal-on-metal Adept Resurfacing Analysis 

 

The mean mass of the Adept cups and heads, prior to wear, was 121.8g (SD = 2.077) and 

110.5g (SD = 0.438). These components had comparable sphericities, with a mean value 

of 0.0158 and 0.0151 for the cup and head components, respectively (p = 0.618). It was 

noted that these values were comparable to the previously analysed ball bearings. The 

diameters of the Adept cups and heads varied by 0.003mm and 0.002mm between 

components, respectively (Figure 3.25). 

 

 

 
Figure 3.25. Three box and whisker plots displaying the mass, sphericity and articulating surface 

diameter of the pristine Adept head and cup components.
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Comparison of Polished and Retrieved Adept Components 

 

Following the polish process, visual inspection of the Adept head components found 

that a mirror finish had been achieved, with ‘worn’ and ‘unworn’ regions being barely 

distinguishable. This was with the exception of light scratches, visible during more 

detailed analysis. The polished regions of the cups, however, were more distinct, as 

surface dullness and scratching were evident during macroscopic analysis. Nevertheless, 

the shape and size of the ‘wear scars’ generated on both sets of components were 

consistent with the retrieved Adept hips (Figure 3.26). Elliptical patterns were present 

in the polar regions of the heads, while edge wear was represented accurately on the 

cups.  

 

 

Figure 3.26. An example of the comparison made between the shape, size and position of the Adepts 

polished in this study and retrieved Adept components. The wear depth and volume are provided for 

each example.
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At all four phases of the polishing process, the Adept heads were found to have a 

comparable roughness (Ra) to the retrieved examples, with median values of 0.075μm 

and 0.078μm, respectively (p = 0.060). Contrastingly, the polished Adept cups had a 

significantly higher median roughness of 0.256μm, compared to their retrieved 

counterparts (0.036μm, p < 0.001). A similar trend was observed during the comparison 

of their surface profiles, with the grooves and scratches on the polished Adept cups 

being deeper and more numerous (Figure 3.27).  

 

Figure 3.27. A comparison made between the surface profiles of polished and retrieved Adept 

components, generated using a Contour GT-K 3D optical profilometer. Surface depth and the scale of 

the observed area is presented.
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Accuracy of Adept Head Component Measurement 

 

According to gravimetric measurement, the Adept heads were polished to range of 

material loss volumes that spanned from 0.38mm3 to 103.69mm3. The measurement of 

material loss generated using the Automated software had a mean error of 0.14mm3 

(SD = 0.25mm3) to these gravimetric results. According to the Bland-Altman plot, their 

upper and lower 95% limits of agreement were 0.64mm3 and -0.35mm3, respectively 

(Figure 3.28). Both Shapiro-Wilk and D’Agostino- Pearson normality tests found that 

these errors were normally distributed. The Automated software calculated the as-

manufactured diameter of these implants to a mean error of 0.0006mm (SD = 

0.0008mm). When the gravimetric results were compared to CG software estimations, 

there was a greater mean error of 7.51mm3 (SD = 4.099mm3); while the upper and lower 

95% limits of agreement were 15.55mm3 and -0.52mm3, respectively. The trend 

observed in this Bland-Altman plot (Figure 3.28) suggests that the CG software displayed 

a systematic error, which refers to a consistent overestimation of the gravimetric 

measurements. 

 

 

Figure 3.28. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by both software solutions during the analysis of Adept head components. The 

mean error, upper 95% limits of agreement (ULA) and lower 95% limits of agreement (LLA) are also 

defined. 
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Figure 3.29. Comparison of material loss measurements performed by both software solutions to 

gravimetric results, during the analysis of Adept head components. The error bars represent the mean 

and range of the results generated by both observers. The line of equality is also included, where the 

measurements are equal to the gold standard. 

 

As seen in Figure 3.29, the CG software was found to overestimated the volume of 

material loss. The presented error bars represent a considerable amount of variability 

between the four analyses of each component, which in some cases was in excess of 

10mm3. Linear regression analysis suggests that this error was fairly consistent, as the 

generated regression line had a gradient of approximately one and R2 = 0.9644 (Figure 

3.30). The linear trend observed in the Automated software measurements was 

supported by an R2 value of 0.9999.  
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As in the present study, the University of Southampton also used Adept hips to validate 

their method of quantifying volumetric material loss; however, these implants were 

worn using a hip simulator [335]. Their approach to reconstructing the as-manufactured 

geometry of these hips was similar to the CG software, requiring manual input to 

identify and remove the primary worn region, prior to fitting a perfect sphere. A linear 

regression analysis of their results is plotted in Figure 2.30 for comparison. In contrast 

to the results collected in this study, the error of their method increased as the volume 

of material loss increased. From what could be inferred from the regression model, the 

scale of these errors was also greater in magnitude compared to the Automated 

software result, but smaller than the CG software errors. The Lin’s Concordance 

Coefficient calculated for the Automated software suggests an ‘almost perfect’ 

agreement (pc = 0.9999) with the gravimetric measurements; however, only a 

‘moderate’ agreement could be established between the CG software and gravimetric 

results (pc = 0.9455).   

 

Figure 3.30. Linear regression models are displayed for the Adept head analysis of both software 

solutions, in addition to the model produced by the University of Southampton, during the analysis of 

their method of quantifying bearing surface material loss.
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Accuracy of Adept Cup Component Measurements 

 

The volumes of material loss recreated on the surfaces of the Adept Cups ranged from 

0.33mm3 to 101.06mm3. The analysis of these polished components using the 

Automated software generated measurement of material loss that had a mean error of 

0.10mm3 (SD = 1.152mm3) to the gravimetric analysis. Although this mean error was 

lower than the value calculated for head measurements, this larger standard deviation 

reflects the greater amount of variability within these errors. From the Bland-Altman 

plots, seen in Figure 3.31, these measurements had upper 95% limits of agreement of 

2.36mm3 and a lower 95% limit of agreement of -2.16mm3, which were broader than 

the corresponding head values. Both Shapiro-Wilk and D’Agostino-Pearson normality 

tests found that these errors were, however, normally distributed. To attain these 

quantities of material loss, the Automated software was able to determine the as-

manufactured diameter of these cups to within a mean error of -0.0015mm (SD = 

0.0041mm).  

 

The CG software was found to overestimate the values of material loss measured 

gravimetrically, once again, displaying a mean error of 13.67mm3 (SD = 9.33mm3) with 

upper and lower 95% limits of agreement of 31.97mm3 and -4.62mm3, respectively. The 

error observed from both software solutions were notably higher during the analysis of 

the Adept cups, compared to their corresponding measurements of the heads. 

However, consistent with the trends seen previously with the heads, great variability 

was evident between the results of both observers in their application of the CG 

software (Figure 3.32).  
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Figure 3.31. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by both software solutions during the analysis of Adept cup components. The 

mean error, upper 95% limits of agreement (ULA) and lower 95% limits of agreement (LLA) are also 

defined. 

 

 

Figure 3.32. Comparison of material loss measurements performed by both software solutions to 

gravimetric results, during the analysis of Adept cup components. The error bars represent the mean 

and range of the results generated by both observers. The line of equality is also included, where the 

measurements are equal to the gold standard. 
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Linear regression analysis suggested a potential correlation between the magnitude of 

CG software errors and the quantity of wear, similar to the observations of the 

Southampton study (Figure 3.33). Furthermore, the reduced accuracy achieved during 

cup measurements, in the current study, was also consistent with the result of this 

previous investigation. Although the CG software linear regression model suggested that 

the incurred errors were not as consistent in comparison with femoral head analyses, 

they were fairly consistent nonetheless. Following the calculation of Lin’s Concordance 

Coefficient, a value of 0.9991 suggested that wear volumes calculated by the Automated 

software had an ‘almost perfect’ agreement with the gravimetric results; however, the 

CG software output had a poor agreement with this ‘gold standard’ (pc = 0.8657).  

 

 

Figure 3.33. Linear regression models are displayed for the Adept cup analysis of both software 

solutions, in addition to the model produced by the University of Southampton, during the analysis of 

their method of quantifying bearing surface material loss. 
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Additionally, through further Bland-Altman analyses, the consistency in the errors of 

both software solutions was translated to a greater percentage error in low wearing cup 

and head components, as seen in Figure 3.34. The scale of this trend, however, was 

more substantial in the CG software results.  

 

 

Figure 3.34. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by both software solutions during the analysis of Adept head and cup 

components, as a percentage (%) of the volume of material loss being assessed. 
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The RMSE ultimately achieved between measured point clouds and the perfect sphere 

reconstructions of the as-manufactured component geometries differed, when the 

Automated Software was used to analyse the Adept cup and head components (Figure 

3.35). A mean RMSE of approximately 0.3μm was achieved during the analysis of lower 

wearing heads, which remained consisted as the volume of wear increased during all 

four phases. However, a mean RMSE of 0.7μm could only be achieved during the analysis 

of low wearing Adept cups. This mean value rose, with each phase of the polishing 

process, suggesting that higher ‘wear’ volume or coverage had a greater influence on 

the accuracy achieved when fitting a perfect sphere to worn cup point clouds. 

 

 

Figure 3.35. A graph displaying the mean root-mean-squared error (RMSE) achieved by the Automated 

software, at each phase of the polishing process, between the measured point cloud and the perfect 

sphere representation of the as-manufactured component geometry. 
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Repeatability and Reproducibility  

 

As previously observed, due to its automated nature, the developed software was found 

to have perfect repeatability and reproducibility. Nevertheless, to assess the adopted 

scanning protocol the wear measurements achieved from three different point clouds 

(per component) were compared. As seen in Table 3.4, the British Standards Institution 

Repeatability Coefficient demonstrates that the maximum deviation from the 1st scan of 

the Adept heads was 0.32mm3; however, a greater maximum deviation was observed in 

the measurements of the cups (4.8mm3). It was also observed that the inter-scan error 

increased with the quantity of material loss measured from the Adept cups, as shown 

by the funnel distribution of points present in Figure 3.36. When the errors of the first 

analysis was compared to the mean error of all three analyses of each component, a 

significant difference was not found (p = 0.6759 & p =0.8406 for cup and head 

components, respectively). 

 

Table 3.4. A comparison of the volumetric wear measurements achieved during the analysis of the three 

scans acquired for each Adept component.   

 
Mean Error 

(mm3) 

SD 

(mm3) 

95% Limits of 

Agreement (mm3) 
BSIRR Coefficient 

Adept Heads     

Scan1 vs Scan2 -0.02 0.10 0.18 -0.22 0.20 

Scan1 vs Scan3 -0.02 0.16 0.30 -0.33 0.32 

Adept Cups      

Scan1 vs Scan2 0.36 2.24 4.80 -4.02 4.48 

Scan1 vs Scan3 -0.43 1.25 2.03 -2.03 2.50 
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Figure 3.36. Bland-Altman plot comparing the measurements of material loss acquired during the 

analysis of the 1st and 2nd and the 1st and 3rd CMM scans of the Adept cup and head components. 

 

As seen in Table 3.5, the CG software displayed poor repeatability in the analysis of all 

components during intra-observer comparisons, as values of the BSIRRC coefficient 

exceeded 7mm3 in all cases. The greatest amount of variability within the measurements 

of each observer was found in the analyses of Adept cups. This trend was also evident 

in the reproducibility of these measurements, which was determined to be poor by the 

investigator.  

 

Table 3.5. An intra- and inter-observer comparison of the volumetric wear measurements achieved 

during the analysis of the Adept components using the CG software. Both measurements obtained by 

a single observer are initially compared (intraobserver), followed by a comparison of the measurements 

obtained by both observers (interobserver). A mean error, standard deviation, 95% limits of agreement 

and BSIRRC are reported in each case. 

 
Mean Error 

(mm3) 

SD 

(mm3) 

95% Limits of Agreement 

(mm3) 
BSIRR Coefficient 

Head     

Observer 1 -0.13 3.78 7.29 -7.55 7.56 

Observer 2 -0.88 7.12 13.09 -14.84 14.24 

Interobserver 3.13 4.46 11.88 -5.62 8.92 

Cup      

Observer 1 -4.96 9.41 13.48 -23.41 18.82 

Observer 2 2.73 10.80 23.90 -18.44 21.60 

Interobserver 1.606 8.67 18.60 -15.39 17.34 
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3.4.2. Hip Simulator Metal-on-metal Pinnacle Analysis  

 

Following 5 million cycles in a hip simulator, the Pinnacle heads were determined 

gravimetrically to have been worn from 0.08mm3 to 0.30mm3, while the liners had been 

worn from 0.07mm3 to 0.031mm3. This suggested that they were comparable to well-

performing couples. The Automated software was able to quantify head material loss to 

a mean error of -0.10mm3, with upper and lower 95% limits of agreement of 0.11mm3 

and -0.31mm3, respectively (Figure 3.37). Its cup measurement had a mean error of -

0.01mm3 from the gravimetric results, while its upper and lower 95% limits of 

agreement were 0.41mm3 and -0.42mm3, respectively. The mean error of CG software 

head measurements was -0.14mm3, which was comparable to the Automated software 

results. The upper and lower 95% limits of agreement were 0.03mm3 and -0.03mm3, 

respectively. The mean error achieved during the analysis of the Pinnacle cups using the 

CG software was - 7.28mm3, with an upper 95% limit of agreement of 15.27mm3 and a 

lower 95% limit of agreement of -0.70mm3 (Figure 3.37).  

 

Figure 3.37.Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by both software solutions during the analysis of MOM Pinnacle cup and head 

components. The mean error, upper 95% limits of agreement (ULA) and lower 95% limits of agreement 

(LLA) are also defined. 

-0.10 -0.05 0.05 0.10 0.15 0.20 0.25 0.30
-2

2

4

6

8

10

12

14

16

Mean of Gravimetric and Software Measurements (mm3)

D
iff

er
en

ce
 in

 M
at

er
ia

l L
os

s 
M

ea
su

re
m

en
ts

 (m
m

3 )

Automated Software: Pinnacle Cups

ULA= 0.41

LLA= -0.41
Mean= -0.01

0.05 0.10 0.15 0.20 0.25

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

Mean of Gravimetric and Software Measurements (mm3)

D
iff

er
en

ce
 in

 M
at

er
ia

l L
os

s 
M

ea
su

re
m

en
ts

 (m
m

3 )

CG Software: Pinnacle Heads

ULA= 0.03

LLA= -0.03

Mean= -0.14

1 2 3 4 5 6 7 8
-2

0

2

4

6

8

10

12

14

16

Mean of Gravimetric and Software Measurements (mm3)

D
iff

er
en

ce
 in

 M
at

er
ia

l L
os

s 
M

ea
su

re
m

en
ts

 (m
m

3 )

CG Software: Pinnacle Cups

ULA= 15.27

LLA= -0.70

Mean= 7.28

0.05 0.10 0.15 0.20 0.25

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

Mean of Gravimetric and Software Measurements (mm3)

D
iff

er
en

ce
 in

 M
at

er
ia

l L
os

s 
M

ea
su

re
m

en
ts

 (m
m

3 )

Automated Software: Pinnacle Heads

ULA= 0.11

LLA= -0.31

Mean= -0.10



 181 

 

It was also noted that the second observer generated contrasting results when analysing 

the Pinnacle heads using the CG software, as seen in Figure 3.38. These findings more 

closely resembled the results reported in Figure 3.37 for the cup components, displaying 

a higher mean error of 9.83mm3 (SD = 4.72mm3). 

 

 

Figure 3.38. Bland-Altman plots displaying the difference between the gravimetric results and the 

measurements achieved by the second observer, using the CG software to analyse the MOM Pinnacle 

heads. The mean error, upper 95% limits of agreement (ULA) and lower 95% limits of agreement (LLA) 

are also defined.
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3.5. Discussion 

 

In this study, the Automated software under investigation quantified volumetric wear 

from the articulating surfaces of Adept head and cup components to within a mean error 

of 0.14mm3 (±0.25mm3) and 0.10mm3 (±1.15mm3) of gravimetric measurements, 

respectively. Their Lin’s Concordance Coefficients suggest that a ‘almost perfect’ 

agreement (Table 3.3) was present between the two measurement methods. 

Gravimetric analysis is currently considered the gold standard for determining hip 

replacement material loss and is commonly utilized in hip simulator studies; however, 

as pre-implantation measurements are unobtainable, this method remains irrelevant in 

a retrieval application. Furthermore, the ingrowth of biological tissues into the backside 

of the components during their time in vivo would inevitably compromise such analyses. 

The maximum possible error of Automated software measurements was determined to 

be 0.64mm3 and 2.36mm3 for Adept cup and head components, respectively, based on 

their 95% limits of agreement.  

 

The Adept implants in the present study were considered representative of retrieved 

components, for a number of reasons. Firstly, they were successfully worn to display a 

broad range of wear volumes, consistent with previous retrieval analyses 

[137,200,266,352–354].  Secondly, the shape, size and position of wear scars observed 

on retrieved implants were accurately replicated on their articulating surfaces, 

especially when compared to components with similar volumetric material loss 

[104,137,199,222,264,267,270,322,340,346]. As a result, it is believed that this study 

was a fair evaluation of the performance of this analytical method in a retrieval scenario.  

 

Customarily, the validity of these errors would be determined based on their clinical 

relevance; however, an accurate definition of a significant value of material loss from 

MOM hip implant has yet to be published. Although simulator studies have suggested 

that well-functioning MOM hips wear <1mm3 per year [131,132], the specific volumes 

of metal debris that increases the risk of an adverse tissue reaction remain unknown. 

Well-functioning, in this respect, refers to the optimal wear performance achieved 

through implant design rather than the levels of wear that allow acceptable clinical 
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outcomes. Furthermore, it has not been definitively proven whether such reactions are 

dose related. Retrieval analysis of the highest possible measurement accuracy is 

necessary to better understand the relationship between the quantity of material loss 

and clinical outcomes. The Automated software was developed because an 

improvement in measurement accuracy was considered attainable. This was due to 

clear and surmountable limitations identified in current methods of analysing 

geometrical data.  

 

In order to determine whether this goal was achieved, a comparison must be made with 

prior evaluations of other methods found in literature. However, performing such an 

analysis is difficult because of the limited number of validation studies published. 

Previously presented examples have also been commonly limited by the analysis of a 

considerably lower number of different wear volumes and the use of only femoral head 

components. As a result, this study could be considered the most comprehensive 

assessment of such a method. This lack of transparency is often translated to 

uncertainty during inter-centre comparisons of retrieval findings, which can only be 

fairly performed in the knowledge of measurement errors. This issue may be rooted in 

nonspecific guidelines provided by international standards [328], supporting the 

adoption of a consistent and automated method  that would contribute to reducing 

inter-centre variability in reported results. 

 

In comparison with the maximum error of ±3.4mm3 achieved by Carmignato et al. [331] 

using their method of quantifying bearing surface wear, the automated software could 

be considered superior in accuracy. The approach adopted by Lord et al. [264], however, 

was found to generate a lower maximum measurement error of 0.53mm3, but this 

investigation only considered the analysis of a single femoral head component, which 

was only worn on three separate occasions. Tuke et al. [330], from the University of 

Southampton, report an error of 0.033mm3 when using their method to analyse metal 

head components, which is also lower than the values identified in the present study. 

Nevertheless, their study was limited by the low level of simulated wear (<1mm3), which 

is not representative of the breadth of retrieval findings. As seen during the analysis of 

the Pinnacle components in this study, a greater level of accuracy can be obtained in 
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low wearing cases (max. error ±0.31mm3), as there is a greater amount of unworn 

surface to reconstruct the components pristine geometry. Furthermore, the study 

utilised a RedLux Artificial Hip Profiler to collect the data, which has a higher 

measurement resolution than CMMs, proven by one of their later investigations [335]. 

This is due to its use of white light aberrations, rather than a physical probe, to 

determine its distance from a surface. A CMM was chosen to acquire data in this 

validation study, as it is the most commonly used tool for the acquisition of geometrical 

data, not only for this application, but also in many other fields. The automated 

software, however, could analyse data acquired by any means, if deemed to provide a 

further improvement in accuracy. As previously mentioned, these validation studies also 

emphasise a major strength of the current study, which was the inclusion of both head 

and cup components, as volumetric material loss measurements of the acetabular 

components have been previously identified as the most erroneous [315,355].  

 

A more accurate representation of the Southampton method was later published, which 

demonstrated its performance during the analysis of both cup and head components 

that were worn up to 58.2mm3. Through the comparison of linear regression models, 

the error of the Southampton method was interpreted to be greater than the 

Automated software error for both cup and head components. As the Southampton 

approach is reportedly the most accurate of current methods and has undergone the 

most extensive validation analysis, this is believed to be the most reliable comparison 

that can be currently achieved with literary findings. Therefore, it is considered fair to 

conclude that the Automated software, investigated in this study, succeeded in 

improving on the accuracy achievable through current methods of analysing 

geometrical data. 

 

The lack of previous validation studies, also prompted the inclusion of the CG software 

as a benchmark in the present study. This software solution was thought to be hindered 

by many sources of error, common in a number of current methods. Measurements 

performed by the CG software were found to have a reduced level of accuracy, 

compared to the Automated software. Mean errors of 7.51mm3 and 13.67mm3 were 

calculated for its analysis of Adept head and cups, respectively, which was over ten times 
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that of the Automated software. This was further evidence that the Automated software 

had succeeded in overcoming these limitations. Sampling error is considered the 

primary source of CG software error that stems from its use of a small unworn region to 

reconstruct the pristine geometry of an implant. The Automated software was designed 

to combat this issue, by using an iterative process to maximise the number of data points 

that informs pristine geometry extrapolation and more effectively identifies worn data 

points. Additionally, through the same process, it also maximises the area of the bearing 

surface, from which the unworn points originate. 

 

A significant amount of intra- and inter-observer variability was found in the CG software 

measurements, which highlighted its poor repeatability and reproducibility. This was 

linked to its dependence on user input, when defining the unworn region of the implant. 

The automated nature of the Automated software was adopted to overcome this 

limitation, which allows the attainment of identical measurements during the analysis 

of the same point cloud, irrespective of the observer and other variables. This 

demonstrates its unquestionable repeatability and reproducibility. 

 

The linear regression analysis, performed in this study, suggests that the CG software 

was more erroneous than a method assessed by the University of Southampton. This is 

likely due to their uses a greater portion of the bearing surface to inform extrapolation, 

as they removed regions thought to be worn rather than selecting an unworn region. 

Nevertheless, the comparison of these models showed that the CG software errors were 

fairly consistent in magnitude, suggesting that trends observed during previous retrieval 

analyses using this software would remain true. Based on this comparison, 

overestimation of the true bearing surface material loss was also found to be consistent 

between both methods, which is likely to be common in the majority of previous 

retrieval measurements.  

 

Retrieval analysis often involves the comparison of two opposing groups, for example, 

two different MOM designs. The volume of material loss for the head and cup 

components would be added, with a median value being calculated for comparison. If 

the data collected for the Adept hips using the Automated software and gravimetric 
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measurements was compared in the same manner, the automated software would only 

display an error of 0.07mm3 from the true median value. This is further evidence of its 

appropriateness in a retrieval scenario.  

 

The automated software was also able to reconstruct the as-manufactured geometry of 

the Adept head and cup components to within a mean error of 0.0006mm and -

0.0015mm, respectively. These results suggest that the as-manufactured diametrical 

clearance can be accurately calculated to within mean error of approximately ±2μm. As 

previously discussed in section 2.6, clearance plays an important role in the wear 

performance of MOM hip implants; therefore, the utilisation of this automated software 

could improve our understanding of their failure mechanisms. It must be noted that this 

error nears the probing resolution of the CMM, suggesting that further improvement of 

measurement accuracy could be restricted by this parameter. Nevertheless, all current 

methods are limited in determining this dimension, as they primarily use a perfect 

sphere to represent the as-manufactured implant geometry. The actual diameters of 

these components are likely to vary between two points on the surface of an implant, 

due to a tolerance associated with their manufacture. As a result, the diametrical 

clearance of an implant is unlikely to be perfectly consistent over the entire bearing 

surface.  

 

The mean errors associated with the Automated software measurement suggest that a 

superior accuracy was achieved during the analysis of cup components; however, 

broader limits of agreement displayed in Bland-Altman plots demonstrated that the 

opposite was true. These errors evenly straddled the line of equality, despite increased 

variability, contributing to a reduced mean error. This difference in the cup and head 

measurements has been previously reported in literature and was clearly visible during 

the comparison of linear regression models [335]. The scanning protocol adopted during 

geometrical data acquisition is suggested to be the primary cause of this error [315,355], 

as the more defined limits of their articulating surface makes capturing their geometry 

more challenging. With edge wear being prevalent in failed cups, if the scan arcs do not 

extend completely to the rim, wear scars are not fully represented in the generated 

point cloud. This can ultimately reduce the measurement accuracy of volumetric 
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material loss. It is also imperative that these arcs do not exceed these limits, as this is 

where the geometry of the articulating surface ends. The collection of data beyond this 

point would detrimentally affect the reconstruction of its pristine geometry, which 

introduces further error to the measurement of volumetric wear.  

 

The definition of these scan arc limits has a significantly smaller effect on the 

measurements of head components, as they are located 95° from the pole, where wear 

is not commonly found. Additionally, as the spherical surface of the heads continue 

beyond this point, scan arcs can overshoot the defined limit, without considerably 

effecting wear measurements. The measurement accuracy of cup components, 

however is more dependent on the precision of geometrical scans to a greater extent. 

Although international standards state that these scan arcs should extend to within 

1mm of the acetabular rim, the difference in errors reported for cup and head 

components in the present study suggest that stricter guidelines are necessary.  

Nevertheless, further variables can influence the position of these limits, regardless of 

the implemented scanning strategy. These include the physical and computational 

alignment of the components, which informs the CMM of their position on the bench. 

These processes are more difficult for cup components, as they must be positioned on 

their hemispherical backside and manually levelled. This was supported by the reduced 

maximum error of ±0.42mm3 achieved during the analysis of Pinnacle cups that had flat 

bases, aiding the levelling process; however, as previously mentioned, this may have 

also been influenced by their lower wear volumes.  

 

Additionally, following the scanning strategy adopted in this study, the distance 

between scan arcs increase as they approach the equator of each component. As 

femoral head wear is predominantly found near the pole, their worn regions are 

represented in more detail than the wear found near the rim of cups, which further 

effects the accuracy of their measurements. The greater amount of variability found 

between the analysis of all three cup scans, compared to the heads, also supported the 

isolation of the scanning strategy as the primary limitation of cup measurements. The 

amount of variability between these measurements also increased as the volume of cup 

wear increased. This is thought to be associated with the effect of edge wear on the 
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computational alignment of the cup, as the CMM instructs a point to be taken at the 

rim.  Furthermore, pre-wear analysis found no significant difference between the 

sphericity of both cup and head components; therefore, this difference in accuracy is 

unlikely related to neither their manufacture nor the use a perfect sphere to represent 

their pristine geometry. 

 

As previously discussed, the Automated Software provided an RMSE value in addition 

to the wear volume, which proved a useful indicator of whether the measurement 

should be accepted. As a result of observations made in this study, it is recommended 

that if an RMSE below 2μm cannot be achieved during two passes of the Automated 

software, cup components should be scanned again. This study found that the 

Automated software could achieve a more accurate perfect sphere fit (lower RMSE) 

during the analysis of femoral head component point clouds, compared to the cups. 

Previous studies, have suggested that this is due to in vivo deformation [335]; however, 

no force was applied through the cup components in this study. The author speculates 

that data may have been captured on the transition between the articulating surface 

and rim of the cup, ultimately restricting the achievable RMSE. This provides less room 

for error, during the computational alignment of these components, prior to scanning 

[315]. Additionally, the sub-hemispherical surface of the cups, compared to the heads, 

results in less data being collected to inform the fit of a perfect sphere, despite the 

utilization of the same scanning strategy. However, it is considered inevitable that some 

of this error is associated with the iterative process of the automated software. The 

mean RMSE achieved during each phase of the wearing process was found to increase 

in the cup components as the volume of wear increased; however, the mean RMSE 

achieved during the analysis of the heads remained consistent throughout. This may be 

linked to a greater increase in the size of wear patch recreated on the cups during each 

phase of polishing. This highlights a fundamental requirement of material loss 

measurements, which is its reliance on a sufficient portion of the articulating surface 

that has remained unaltered by wear from their pre-implantation state.   
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3.5.1. Study Limitations 

 

It must be emphasised that the error values reported in this study were determined 

from the evaluation of a single scan of each component. This approach was adopted in 

accordance with retrieval protocol, during which each implant is scanned once due to 

the level of efficiency required in retrieval centres that receive thousands of hip implants 

for analysis, while also maintaining scanning precision [306]. Comparing average values 

of material loss obtained from the analysis of all three scans, as performed in a previous 

validation study [264], was not considered representative of real circumstances. 

Furthermore, this study aimed to validate a method of geometric data analysis rather 

than the data collection technique. A mean value would, therefore, include the 

variability associated with the scanning protocol. Nevertheless, for completeness, no 

significant difference was found between the measurement errors calculated through 

both comparison methods.   

 

The articulating surfaces of acetabular cup components worn in this study were found 

to be significantly rougher than retrieved examples examined for comparison. This trend 

was also consistent when compared to roughness measurements reported in literature 

[356][136]; however, retrieved MOM implants displaying similar roughness values (Ra; 

up to 0.271μm) were found by Park et al. [137]. The polishing tool used to wear the 

Adept cups is the most likely explanation for this difference, as their concave geometry 

inhibited the use of the same technique that polished each Adept femoral head. 

Replicating surface topography is extremely important during wear simulation, as it 

influences the amount of measurable surface area; however, as surface measurements 

within micron scale grooves are ordinarily unachievable using the 3mm diameter CMM 

probe, these topographical differences were judged not significant enough to result in 

probe penetration bias. This is defined as the inability of a probe to maintain contact 

with an equal amount of surface area, during analysis of components with contrasting 

roughness. This was shown to be specifically insignificant for Ra roughness values below 

0.3μm, by Carmignato et al. [331] during their validation study. 
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The possibility that ‘wear’ may have extended over the rim of the Adept cups, in some 

instances, may be a further limitation of the polishing performed in this study to 

simulate wear. This was a result of the authors intention to accurately recreate retrieval 

findings by replicating wear near the rim. Nevertheless, this is consistent with previous 

observations of in-vivo wear patterns, which makes a portion of the wear scar 

undetectable during CMM measurements [222]. Kapadia et al. [315] suggest that the 

edge wear scars observed during retrieval measurements of acetabular liners is the 

result of wear ‘smearing’. This refers to the true epicentre of wear being beyond the 

edge of the articulating surface, which then spills back into the measurable region. 

However, the majority of liner designs consist of a large transitional area between the 

bearing surface and the rim, making this damage more likely than in the resurfacing cup 

designs common in MOM hip implants. Through the utilisation of a roundness 

measuring machine and a specifically designed scanning strategy, they were able to 

quantify material loss beyond the bearing surface; nevertheless, the inefficiency of this 

approach would limit its use during regular retrieval practice.  

 

The polishing method adopted in this study to simulate wear was selected to efficiently 

achieve the quantities of material loss observed during retrieval analysis, while having 

the freedom to replicate the corresponding wear patterns. Although there are many 

benefits to the use of hip simulators, they are far from perfect representations of the in-

vivo environment to which hip replacements are subjected, following implantation. The 

wear scars generated by hip simulators have been previously found not to resemble 

retrieved implants, particularly in high wearing examples [335]. The accuracy of 

gravimetric results can also be affected in such studies, due to the fluids used to mimic 

the synovial conditions. This can lead to the transportation of metal particles to other 

parts of the implant surface, the absorption of proteins, as well as corrosion in non-

articulating regions. Furthermore, a previous study used a similar polishing technique to 

the one adopted in this investigation, which demonstrated that it could successfully 

replicate the wear patterns observed during retrieval analyses [330].  

 

To eliminate the polishing method as a potential source of error, Pinnacle hips were 

included in the study, which had been subjected to 5million cycles in a hip simulator. 
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The comparable maximum errors of their analyses (±0.31mm3 and ±0.42mm3) 

supported the accuracy of the polished Adept hips, in their representation of retrieved 

examples. This further confirmed the ability of the Automated software to accurately 

measure low wearing implants. The result obtained using the CG Software to analyse 

these components also highlighted the inconstancies found in methods that are 

dependent on manual input and observer experience, as substantial differences were 

found between measurements obtained by Observer 1 and 2 for the Pinnacle heads.  

 

Another possible limitation of the present study was that the Adept cups had a porous 

backside surface that had been coated in Hydroxyapatite (HA). This has been previously 

identified in literature as a possible source of error in gravimetric measurements, due 

to the surface being more prone to unintentional wear and the absorption of material 

[335]. This could be a further contributor to the difference in error of cup and head 

component analysis. Similarly, considering the scale of the wear particles released from 

these implants, avoiding the infiltration of any debris was considered improbable. A 

cautious approach had to be taken during the cleaning of these surfaces, in order to 

avoid causing any further wear, as previously described. Nevertheless, all necessary 

precautions were taken to prevent its detrimental effect on the gravimetric results, such 

as handling the components exclusively with gloves and storing them in air tight bags, 

while non-articulating regions were comprehensively covered during the polishing 

process.  

 

The backside surface of these cups may have further contributed to their measurement 

error, as the porous design was extremely uneven, making their manual levelling even 

more challenging.  The method used to clamp these components during CMM scanning 

was also a deviation from retrieval protocol, as putty is usually placed beneath the cup 

to assure fixation and ease the levelling process. This adaptation was made to avoid 

compromising gravimetric analyses, as the putty would be difficult to remove from its 

porous structure. The accuracy of the scan, therefore, became increasingly reliant on 

the manual, computational alignment process of the CMM to account for the angled 

position of the component.  This is where points are taken on recognisable surface 

landmarks of an object in order to determine its orientation in the CMM coordinate 
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system. These changes to the protocol could have affected the quality of cup scans, 

making them more reliant on this manual process to compensate for inadequate 

levelling. While without sufficient fixation, micromotion could have also detrimentally 

effected scan quality. Nevertheless, this suggests that adopting the traditional protocol, 

followed during retrieval studies, could result in an improved accuracy during the 

analysis of retrieved cups
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3.6. Conclusion 

 

In conclusion, this validation study found that the Automated software, under 

investigation, was able to quantify volumetric bearing surface material loss to within a 

mean error of 0.14mm3 and 0.10mm3 for cup and head components, respectively. It is 

speculated that a reduced degree of variability in cup measurements could be achieved 

by adhering more closely to retrieval protocol, while measures will be taken to improve 

the precision of future cup scans. This software solution also has the potential of 

measuring the as-manufactured diametrical clearance of a hip replacement within 

±2μm.  

 

The agreement of these results to gold standard measurements were ‘almost perfect’ 

(Table 3.3), while their accuracy was deemed an improvement on current methods, 

validated to the same degree. These conclusions were based on the analysis of polished 

Adept components, which were found to display comparable wear volumes and wear 

patterns to retrieved examples collected at the London Implant Retrieval Centre. As a 

result of its unquestionable repeatability and reproducibility, the widespread adoption 

of such an automated software would vastly improve the reliability of inter-centre 

comparisons of retrieval data. The clinical significance of these errors was difficult to 

determine, as detrimental levels of material loss from MOM hip implants have yet to be 

defined, while uncertainty remains regarding the dose dependency of these adverse 

reactions. Nevertheless, this improvement in measurement accuracy could be 

instrumental in investigating the relevance of volumetric wear, through correlations 

with clinical findings. The Automated software was also considered of sufficient 

accuracy to answer the clinical questions addressed in the remainder of this thesis, 

which aims to improve the current understanding of the failure mechanisms associated 

with metal-on-metal hip replacements.  
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3.6.1. Key Findings 

 

The key findings of the ‘Pilot Study’ were: 

 

• The Automated software was found to quantify material loss from the ball 

bearings to a mean error of -2.43mm3 from gravimetric measurements. 

 

• The commercial grade (CG) software was found to quantify material loss 

from the ball bearings to a mean error of 13.02mm3 from gravimetric 

measurements.  

 

• A greater measurement accuracy was achieved when analysing data 

captured through an ‘equator to pole’ CMM scanning strategy, compared to 

a ‘pole to equator’ scanning strategy.  

 

• The polishing technique used to replicate wear on the surface of the ball 

bearings was able to achieve the patterns and volumes of material loss 

observed during retrieval analysis. 

 

• The covering of non-articulating surfaces was recommended for the 

‘Validation Study’, in order to limit the influence of migrating polishing debris 

on gravimetric measurements. 

 

• The Automated software was amended to allow a second pass of the 

analysis, if a target RMSE of 2μm was not achieved when fitting the perfect 

sphere to the acquired point cloud. 

 

The key findings of the ‘Validation study’ were: 
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• The wear found on the bearing surfaces of retrieved Adept hip implants was 

accurately replicated on the as-manufactured Adept head and cup 

components, through a polishing process. 

 

• The Automated Software was able to quantify material loss from the 

polished Adept cup and head components to within a mean error of 0.14mm3 

and 0.10mm3 of gravimetric measurements, respectively.  

 

• The commercial grade (CG) software was able to quantify material loss from 

the polished Adept cup and head components to within a mean error of 

7.51mm3 and 13.67mm3 of gravimetric measurements, respectively.  

 

The accuracy of the Automated software was found to superior to the CG software and 

other methods found in literature, which had been validated to a comparable extent. 
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Chapter 4 
Wear Performance of Retrieved Metal-on-Metal 

Pinnacle Hip Replacements 
Chapter 4: Wear Performance of Retrieved Metal-on-metal Pinnacle Hip 

Replacements 

Work presented in this chapter has been published 
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4.1. Introduction 

 

The MOM THR Pinnacle hip system (DePuy Synthes, USA) was one of the most 

commonly used metal-on-metal hips, worldwide. It is estimated that 180,000 were 

implanted, following its introduction to the orthopaedic market in 2000; however, the 

design was discontinued by the manufacturer in 2012, due to low market demand 

[249,357]. At that time, the National Joint Registry (NJR) for England, Wales, Northern 

Ireland and the Isle of Man reported a five-year revision rate of 4.28% for MOM Pinnacle 

hips, which has since risen to 16.5% at 13 years [21,358]. These unacceptable levels of 

failure have been associated with instances of ARMD, despite not being the worst 

performing MOM THR design [228]. 

 

Two previous studies have suggested that Pinnacle hips manufactured from 2006 

onwards were at greater risk of revision [249,293]. This was attributed to the greater 

number of implants found to have had a diametrical clearance below the 80 – 120μm 

tolerance, specified by the manufacturer [305]. Nevertheless, a more recent analysis of 

NJR data found that the same trend was apparent in all other MOM THRs, manufactured 

after this date. As the effect of clearance values outside manufacturing tolerances on 

the wear performance of these hips was not previously investigated, this trend was 

considered a possible consequence of increased MOM implant surveillance, following 

the release of MHRA alerts.  

 

Diametrical clearance is known to influence the volume of material loss from the bearing 

and taper surfaces of hip implants [136,359]; however, the values that provide optimal 

wear performance remain unknown. Previous studies suggest that low clearances 

provide improved bearing conformity, reduced contact pressure and facilitate the 

formation of fluid film lubrication during function [217,222,265,360–364]. These factors 

have been associated with reduced bedding-in wear following implantation; 

nevertheless, its influence on longer-term steady-state material loss has been negligible 

[191,222,360,363,365]. Moreover, low clearances have also been found to increase the 

contact patch size and the likelihood of edge loading, which has been linked to elevated 

levels of bearing wear [217,222]. As a number of implant factors can influence the 
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relationship between clearance and material loss, it has been recommended that the 

diametrical clearance of an implant should be specifically optimised for each bearing 

design. This is evident from the range of clearance values that were adopted in MOM 

hips, which have demonstrated contrasting clinical outcomes.  

 

This chapter describes how a series of retrieved MOM Pinnacle hips were geometrically 

analysed to quantify their bearing and taper wear rates, as well as their as-manufactured 

diametrical clearance. First, a comparison is first made between the wear performance 

of Pinnacles manufactured before and after the speculated change in their as-

manufactured diametrical clearance. This is followed by a second comparison between 

the wear performance of Pinnacles manufactured with a diametrical clearance below 

and within specifications. Additionally, the relationship between their wear rate and the 

size of their as-manufactured diametrical clearance is also investigated. 

 

4.1.1. Motivation 

 

An improved understanding of the wear performance of MOM Pinnacle hips could 

establish whether implants manufactured from 2006 onwards were at greater risk of 

causing ARMD. This would inform the management of these patients, with increased 

vigilance being recommended during their clinical assessment.  

 

Legal disputes have been commonplace over the past decade, following the failure of 

many MOM hip replacements. The MOM Pinnacle hip has been no exception, with cases 

emerging as a consequence of the previously mentioned studies on this topic. Adopting 

the method validated in Chapter 3, the prevalence of implants produced outside their 

manufacturing tolerances could be reliably identified, while its influence on volumetric 

material loss could also be investigated. Manufacturers of medical devices have an 

obligation to ensure that their products conform to the specifications stated to 

international regulators, in order to maintain patient safety. Furthermore, an improved 

understanding of the relationship between diametrical clearance and volumetric wear 

could benefit future bearing designs, in order to achieve improved tribological 

performance.
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4.1.2. Aim 

 

This study aimed to determine whether the wear performance of 36mm MOM Pinnacle 

hips was affected by a change in their clearance, speculated to have occurred in 2006.  

 

4.1.3. Objectives 

 

In order to achieve this aim, the objectives were: 

 

• To measure the volumetric wear and diametrical clearance of 36mm MOM 

Pinnacle hips, collected at the LIRC, using the newly validated method 

described in Chapter 3.  

 

• To compare the wear performance of 36mm MOM Pinnacle hips implanted 

before and after the 1st of January 2007. 

 

• To determine the prevalence of MOM Pinnacle Hip Systems produced with a 

diametrical clearance outside manufacturing tolerances, and its effect on 

wear performance. 

 

• To determine the relationship between the diametrical clearance of MOM 

Pinnacle hips and the volume of wear found at their bearing and taper 

surfaces. 
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4.2. Materials and Methods 

 

4.2.1. Materials 

 

A consecutively collected series of eighty-one MOM Pinnacle hips (DePuy Synthes) were 

investigated in this retrieval study (Figure 4.1). Each implant had a 36mm diameter 

femoral head, composed of CoCrMo. These were coupled with an acetabular liner, of 

the same material, forming the bearing surfaces. Their bearing design had a 100μm 

diametrical clearance, with a manufacturing tolerance of ±20μm (80 - 120μm). These 

components were combined with a titanium shell, which originally ensured uncemented 

fixation into the acetabulum. All implants were also paired with a 12/14 diameter 

femoral stem, of either Corail or Summit design. These stems also shared the same 

method of fixation (cementless) and topographical features.  

 

Figure 4.1. MOM 36mm Pinnacle hip system, including a Corail and Summit stem to which they were 

paired. 

 

Between 2003 and 2011, the Pinnacle hips included in this study were implanted into 

32 males and 49 females, who had a median age of 63 years (Interquartile Range (IQR) 

of 57.9 to 67.4 years). These implants were ultimately revised due to an adverse reaction 

to metal debris (ARMD) after a median time of 79 months (IQR of 56 to 97 months). 

Measurements of cobalt and chromium whole blood metal ion concentration were 

collected prior to revision surgery, in addition to the consent of each patient to permit 

the analysis of their retrieved implants. 
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Initially, the implants were divided into two groups; those with primary implantation 

dates before 2007 (pre-2007) and those implanted from 2007 onwards (2007 onwards). 

In accordance with previous studies, implantation dates were used as a surrogate for 

the year of Pinnacle manufacture [249,293,302]. As these studies did not identify when 

in 2006 the speculated change in Pinnacle manufacture had occurred, the 1st of January 

2007 was used as the boundary between the two groups [302]. Being the first full 

calendar year following this event, it would also account for the discrepancy between 

the two dates resulting from the shelf-life of the implants. Conditional to the 

identification of clearance values outside manufacturing tolerances, the Pinnacles 

would also be separated into another two groups, based on whether they conform to 

their specifications. An outline of this study design can be seen in Figure 4.2. 

 

 

Figure 4.2. Study Design
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4.2.2. Measurement of Bearing Surface Wear and Diametrical Clearance 

 

Geometrical data was acquired from the articulating surfaces of the femoral head and 

acetabular liner of each Pinnacle implant, using a Micura coordinate measuring machine 

(Carl Zeiss Ltd, Rugby, UK). Both the CMM and the scanning strategy adopted in this 

study was identical to the one used in Chapter 3. Accounting for their different bearing 

dimensions, a reduced number of scan arcs were required to adequately assess their 

surfaces, resulting in approximately 15,000 data points being collected. The newly 

validated Automated software was utilised to determine the as-manufactured diameter 

of each component and quantify the volume of bearing surface material loss. The 

original diametrical clearance of each Pinnacle hip was then calculated by subtracting 

the diameters of the head-liner couples (Figure 4.3). Volumetric bearing wear rates were 

calculated by dividing the total quantity of material loss from the femoral head and 

acetabular cup by the number of years they had remained implanted.  

 

Figure 4.3. Diametrical Clearance between the head and liner components of a MOM Pinnacle total hip 

replacement. 
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4.2.3. Measurement of Taper Surface Wear 

 

A Talyrond 365 (Taylor Hobson Ltd, Leicester, UK) roundness measuring machine (RMM) 

was used to capture the geometry of each Pinnacle taper, as seen in Figure 4.4.  

 

Figure 4.4. Talyrond 365 (Taylor Hobson Ltd, UK) roundness measuring machine. 

 

Once centred and levelled about the spindle axis, using the unengaged regions of the 

taper as a reference for calculating its concentricity, the femoral head components were 

secured to the air spindle of the RMM (Figure 4.5.). A 5μm diamond stylus was instructed 

to complete 180 vertical traces along the axis of each taper. This was achieved through 

2° of spindle rotation following the completion of each trace, allowing approximately 

10,000 data points to be recorded.  

 

Figure 4.5. Each femoral head component was centred and levelled with respect to the air spindle. 
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These traces were stitched together to form a rectangular contour map of each taper 

surface. In order to quantify the volume of material loss, a specifically designed and 

commercially available software solution called Tribosol (Pontefract, UK) was adopted 

to reconstruct the pristine taper geometry. This was achieved by best fitting a cone to 

the unengaged regions of the taper wall (Figure 4.6.). An Abbot-Firestone curve was 

then generated to calculate the difference in volume between the two surfaces. This 

was in accordance with previously published methods, validated for this application 

[237,328,336,366]. As with the bearing surface, volumetric wear rates were 

subsequently reported.  

 

 

Figure 4.6. A cone is best-fit the unengaged regions of the taper surface, which were not worn in vivo, 

in order to reconstruct its pristine geometry. 
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4.2.4. Statistical Analysis 

 

Throughout the course of this study, D’Agostino-Pearson and Shapiro-Wilk tests were 

used to determine whether compared data sets were normally distributed. The surgeon, 

implant and patient characteristics of ‘Pre-2007’ Pinnacles were statistically compared 

to the ‘2007 onwards’ group, using unpaired t-tests for the continuous variables and 

Fisher’s exact test for the categorical variables. Statistically significance was defined by 

a p-value of ≤ 0.05. Once this was achieved, their bearing and taper wear rates were 

then compared during a linear regression analysis. Both unadjusted and adjusted 

comparisons were performed, where the later contrastingly accounted for potential 

confounding SIP factors.  

 

Both bearing and taper wear rates were analysed on the log scale; however, prior to 

their transformation, a small constant was added to allow implants with zero wear to 

be included. As a consequence of the log transformation the wear rates of the ‘2007 

onwards’ hips relative to the ‘Pre-2007’ group was determined as a ratio. In addition to 

the use of p-values to indicate the significance of identified differences, the 

corresponding confidence intervals were also calculated.  

 

On the conditional basis that Pinnacle hips would be identified with diametrical 

clearances outside specifications, an identical statistical approach would be adopted to 

compare the wear rates of such examples to implants within their manufacturing 

tolerance. Depending on the distribution of data, Mann-Whitney and unpaired t-tests 

would be used to identify statistical significance.  

 

This investigation conformed with the ethical principles of research, with informed 

consent for participation in the study being collected in all cases. Institutional approval 

was also obtained for the inclusion of human subjects. 
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4.3. Results  

 

4.3.1. Pinnacle hips implanted Pre-2007 and from 2007 onwards 

 

The comparison of surgeon, implant and patient factors found that Pinnacles implanted 

before 2007 and from 2007 onwards were comparable with respect to age (p = 0.55), 

gender (p = 0.36), horizontal femoral offset (p = 0.22) and edge wear (p = 0.15). As seen 

in Table 4.1, the remaining characteristics were found to be statistically different, which 

included time to revision, stem design, inclination and vertical offset. Their time to 

revision was noted as the most substantial difference between the two groups of 

Pinnacle hips, demonstrated in Figure 4.7. Whole blood cobalt and chromium ion levels 

were found to be comparable between both groups (Table 4.2); however, the Co/Cr 

ratio of the ‘pre-2007’ group was significantly greater (p < 0.001).  

 

Table 4.1.Comparison of the surgeon, implant and patient characteristics of the two groups. 

Characteristics pre-2007 2007 onwards p-value 

Gender, n (%)   0.36† 

 Female 23 (55) 26 (67)  

 Male 19 (45) 13 (33)  

Mean Age, yrs (SD) 61.6 (6.2) 61.5 (8.8) 0.55‡ 

Mean Time to Revision, mths (SD) 97 (13) 52 (19) < 0.001‡* 

Stem Design, n (%)   0.046†* 

 Corail 17 (40) 25 (64)  

 Summit 25 (60) 14 (36)  

Mean Inclination, ° (SD)  47.3 (7.7) 43.7 (7.7) 0.05‡* 

Mean Horizontal Offset, mm (SD) 44.9 (6.2) 43.0 (7.1) 0.22‡ 

Mean Vertical Offset, mm (SD) 79.5 (8.6) 74.1 (10.6) 0.02‡* 

Edge Wear, n (%)   0.15† 

 No 10 (24) 16 (41)  

 Yes 32 (76) 23 (59)  

†Fisher’s exact test; ‡Unpaired t-test; *Statistically Significant 
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Figure 4.7. Box and whiskers plot comparing the ‘Time to Revision’ of Pinnacles implanted before 2007 

and from 2007 onwards. The median, interquartile range and maximum and minimal values are 

reported. 

 
 

Table 4.2. Comparison of the whole blood ion levels of Pinnacles implanted before 2007 and from 2007 

onwards.  

Parameter pre-2007 2007 onwards p - value 

Median Cobalt (Co), ppb (range) 8.50 (1.00 – 101.60) 6.53 (1.00 – 130.00) 0.16 

Median Chromium (Cr), ppb (range) 2.60 (0.50 - 59.60) 4.51 (0.98 - 90.00) 0.82 

Median Co/Cr Ratio, (range) 2.69 (0.83 - 10.20) 1.35 (0.00 – 5.98) < 0.001* 

*Statistically Significant
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The median bearing wear rate of the ‘pre-2007’ and ‘2007 onwards’ groups were 

1.06mm3/year and 1.15mm3/year, respectively (Figure 4.8).  Both unadjusted and 

adjusted regression analyses found that the difference in wear rate was not statistically 

significant (p = 0.78).  The Pinnacles implanted before 2007 were found to have a median 

taper wear rate of 0.91mm3/year, while the median taper wear rate of Pinnacles 

implanted from 2007 onwards was 0.17mm3/year (Figure 4.9). The unadjusted linear 

regression analysis deemed the taper wear rates of the ‘2007 onwards’ group to be 

significantly lower than the ‘pre-2007’ group (p = 0.05). Despite being several times 

smaller, once potential confounding factors (Table 4.1) were accounted, this difference 

was determined statistically insignificant (Table 4.3, p = 0.27). 

 

Table 4.3. Linear regression analysis of the wear rates of Pinnacles implanted before 2007 and from 

2007 onwards, adjusting for potential confounding factors. 

Adjustments Ratio (95% CI) † p - value 

Bearing Wear Rate   

None 1.13 (0.48 to 2.67) 0.78 

All Factors 3.47 (0.63 to 19.1) 0.15 

Taper Wear Rate   

None 0.50 (0.30 to 0.81) 0.005* 

All Factors 0.55 (0.19 to 1.58) 0.27 

†Ratios reported for outcome in ‘2007 onwards’ group relative to ‘pre-2007’ group 

*Statistically Significant
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Figure 4.8. Box and whiskers plot comparing the bearing wear rates of Pinnacles implanted before 2007 

and from 2007 onwards. The median, interquartile range and maximum and minimal values are 

reported.  

 

 
Figure 4.9. Box and whiskers plot comparing the taper wear rates of Pinnacles implanted before 2007 

and from 2007 onwards. The median, interquartile range and maximum and minimal values are 

reported. 
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4.3.2. Diametrical clearance of Pinnacle Hips 

 

The eighty-one hips analysed in the present study had a median as-manufactured 

diametrical clearance of 90.31μm (50.33 to 107.85μm). As demonstrated in Figure 4.10, 

32% (n = 26) of these Pinnacle hips had a diametrical clearance below their specified 

manufacturing tolerance of 80 - 120μm. These were more prevalent in hips implanted 

from 2007 onwards (p = 0.004); clearance values below 80μm were present in 21% of 

Pinnacles implanted before the 1st of January 2007 and in 44% of hips implanted after 

this date.   

 

The median bearing and taper wear rates of all implants was 1.10mm3/year and 

0.36mm3/year, respectively. A correlation was not found between their diametrical 

clearance and neither their taper nor bearing wear rates (r = -0.0004, p = 0.997), (r = 

0.0048, p = 0.966). There was also a lack of correlation found between their diametrical 

clearance and pre-revision cobalt (r = -0.0601, p = 0.62) and chromium (r = -0.0312, p = 

0.80) whole blood ion levels. The median diametrical clearance of edge worn implants 

was 91.18μm (50.33 – 107.9μm), while Pinnacles absent of edge wear had a median 

diametrical clearance of 82.40μm (58.19 – 105.80μm). This comparison is displayed in 

Figure 4.11; however, the difference was statistically insignificant (p = 0.07). 
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Figure 4.10. The diametrical clearance of all 81 Pinnacle hips. The black horizontal line represents the 

median value, while the red lines denote the manufacturing tolerance. 

 

Figure 4.11. Box and whiskers plot comparing the diametrical clearance of Pinnacle hips that were and 

were not edge worn. The median, interquartile range and max-min range are presented. 
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Once hips with diametrical clearances outside the specifications of the Pinnacle design 

were identified, the 81 implants included in this study were divided into two groups. 

These were labelled ‘Below Tolerance’ and ‘Within Tolerance’. The surgeon, implant and 

patient characteristics of the two groups were found to be statistically comparable, with 

respect to age, horizontal femoral offset and vertical femoral offset. Their gender, time 

to revision, stem design and inclination were found to be statistically different, as seen 

in Table 4.4.  

 

Table 4.4.Comparison of the surgeon, implant and patient characteristics of Pinnacle hips with 

clearance values within and below tolerance. 

Characteristics Below Tolerance Within Tolerance p-value 

Gender, n (%)   0.05†* 

 Female 20 (77) 29 (53)  

 Male 6 (23) 26 (47)  

Mean Age, yrs (SD) 62.6 (6.2) 61.1 (8.1) 0.64‡ 

Mean Time to Revision, mths (SD) 66 (25) 80 (28) 0.01‡* 

Stem Design, n (%)   0.01†* 

 Corail 19 (73) 23 (42)  

 Summit 7 (27) 32 (58)  

Mean Inclination, ° (SD)  43.8 (6.8) 44.2 (6.6) 0.05‡* 

Mean Horizontal Offset, mm (SD) 44.9 (6.2) 43.0 (7.1) 0.82‡ 

Mean Vertical Offset, mm (SD) 75.3 (7.1) 78.1 (10.9) 0.21‡ 

Edge Wear, n (%)   0.08† 

 No 12 (46) 14 (25)  

 Yes 14 (54) 41 (75)  

†Fisher’s exact test; ‡Unpaired t-test; *Statistically Significant 
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As seen in Figure 4.12, the median bearing wear rates of the ‘Below Tolerance’ and 

‘Within Tolerance’ groups were 1.52mm3/year and 1.08mm3/year, respectively. 

Unadjusted linear regression analysis found this difference to be statistically 

insignificant (p = 0.55), while the same outcome was observed when adjusting for 

potentially confounding factors (p = 0.39). As seen in Figure 4.13, Pinnacles 

manufactured below tolerance were found to have a median taper wear rate of 

0.22mm3/year, while hips manufactured within tolerances had median taper wear rate 

of 0.43mm3/year (p = 0.65). Both adjusted and unadjusted regression analysis found 

that this difference was statistically insignificant, as seen in Table 4.5. These findings 

were supported by the comparable cobalt and chromium whole blood ion levels of both 

groups (Table 4.6.) 

 

Table 4.5. Linear regression analysis of the wear rates of Pinnacles with a diametrical clearance below 

and within tolerance, adjusting for potential confounding factors. 

Adjustments Ratio (95% CI)	† p - value 

Bearing Wear Rate    

None 1.32 (0.53 to 3.33) 0.55 

All Factors  1.59 (0.55 to 4.61) 0.39 

Taper Wear Rate   

None 0.85 (0.19 to 1.47) 0.56 

All Factors 0.79 (0.41 to 1.52) 0.48 

†Ratios reported for outcome in ‘Below Tolerance’ group relative to ‘Within Tolerance’ group 

 

Table 4.6. Comparison of the whole blood ion levels of Pinnacles with a diametrical clearance below 

and within tolerance.  

Parameter Below Tolerance Within Tolerance p-value 

Median Cobalt (Co), ppb (range) 8.50 (1.65 – 130.00) 6.70 (1.00 – 117.2) 0.36 

Median Chromium (Cr), ppb (range) 5.40 (1.20 – 97.40) 2.89 (0.50 – 59.60) 0.13 

Median Co/Cr Ratio, (range) 1.87 (0.00 – 5.67) 2.08 (0.66 – 10.20) 0.48 
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Figure 4.12. Bearing wear rates of all eighty-one Pinnacle hips plotted against their diametrical 

clearance (left); box and whiskers plot comparing the bearing wear rates of hip with diametrical 

clearances within and outside tolerances (right). 

 

 

Figure 4.13. Taper wear rates of all eighty-one Pinnacle hips plotted against their diametrical clearance 

(left); box and whiskers plot comparing the taper wear rates of hip with diametrical clearances within 

and outside tolerances (right). 
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4.4. Discussion 

 

This retrieval study was the largest to investigate the performance of MOM Pinnacle 

systems. The bearing and taper wear rates of examples implanted before 2007 and from 

2007 onwards were found to be statistically comparable. In this comparison, 

implantation dates were used as a surrogate for their year of manufacture. If a change 

in the production quality of these hips had occurred in 2006, as previously speculated 

[249], these results suggest that it did not affect their wear performance. Pinnacles 

implanted from 2007 onwards were revised significantly earlier; however, as both 

groups displayed comparable wear rates, this could be attributed to the increased 

surveillance of MOM hips in later years.  

 

A possible contributor to this trend was the release of the first MHRA alerts in 2010, 

which informed surgeons of the potential risks posed by MOM hips to patient safety 

[105,106]. These were updated in 2012, advising stricter annual follow-up protocols and 

the use of improved imaging modalities, such as MARS MRI, which would allow the 

earlier detection of ARMD [112]. Metal-on-metal designs with larger head sizes ≥ 36mm, 

including MOM Pinnacle hips, were also specifically identified to require closer 

monitoring due to their greater revision rates.  

  

Additionally, these medical device alerts stated that patients with whole blood metal 

ion levels above a threshold of 7ppb required more frequent assessments, with revision 

surgery being advised if these levels continued to rise. This may have influenced the 

earlier removal of Pinnacle implants, even in asymptomatic patients. A reduced 

threshold for revision surgery may have subsequently developed, with recently 

implanted hips being more frequently considered for this drastic surgical intervention. 

Furthermore, the recall of the ASR (produced by the same manufacturer) in 2010 [86], 

drew a considerable amount of media attention. Its coverage in a number of media 

outlets raised public awareness of poorly performing MOM hips, which could have made 

patients more vigilant in monitoring symptoms and personal health. [289] 
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The hypothesised influence of increased MOM hip surveillance is supported by the 

analysis of NJR data performed by Matharu et al [302], which established that the 

increased revision rate found in Pinnacles implanted from 2007 onwards was a trend 

that was also present in other MOM hip designs. Both initial studies that reported a 

relationship between Pinnacle performance and their time of manufacture, which 

preceded these findings, may have been misled by the same trend through its 

observation in isolation [249,293]. This allowed the association to be made between the 

greater number of hips manufactured outside specification and a higher failure rate. 

This potential misinterpretation is particularly understandable in the absence of wear 

measurement comparisons between Pinnacles implanted before and after this 

speculated change. Evaluating wear performance of hip implants can only be achieved 

through retrieval analysis and its immense value to orthopaedics should not be 

underestimated. Similarly, however, researchers are reliant on registry data, such as the 

NJR, to report the survivorship of these implants. The large volume of data that informs 

their evaluations is rarely matched in single centre studies. Nevertheless, caution must 

be exercised when interpreting trends observed in the ‘revision rates’ and ‘time to 

revision’ of MOM hips with a broad range of implantation dates, as such factors can 

influence their revision in later years.  

 

As Figure 4.14 demonstrates, an annual reduction in the mean time to revision was 

found as the year of Pinnacle implantation became more recent. This trend was present 

from 2003 to 2011, suggesting that a change in Pinnacle performance from 2007 

onwards could not be reliably identified from the analysis of this parameter. A similar 

trend was also observed when the mean time to revision of many other MOM implant 

designs, collected at the LIRC, was plotted against their year of implantation. An example 

of which was the ASR, which can be seen in Figure 4.15. Moreover, the majority of 

Pinnacles and other MOM hip implants were revised around 2012, which would coincide 

with the release of previously mentioned MHRA alerts. Nevertheless, further analysis of 

their wear performance would be required to determine whether the threshold for 

revision had reduced.  
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Figure 4.14. The mean time to revision plotted against the year of Pinnacle implantation. The number 

of implants (n) in each group is also reported. 

 

Figure 4.15.The mean time to revision plotted against the year of ASR implantation. The number 

of implants (n) in each group is also reported. 
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The comparable whole blood metal ion levels found between Pinnacles in the ‘pre-2007’ 

and ‘2007 onwards’ groups were consistent with their comparable wear performance; 

however, the Co/Cr ratio was significantly higher in hips implanted before 2007. This 

conforms with their greater levels of taper wear, found in the unadjusted linear 

regression analysis, as corrosion at this junction has been previously liked with increased 

concentrations of cobalt in the blood. As formerly determined, Pinnacle taper wear 

accelerates over time [142]; therefore, their increased wear rates were consistent with 

their significantly longer time to revision. Similarly, their increased vertical femoral 

offset also has been identified as a risk factor for corrosion at this junction. 

 

This study found that clearance values below their manufacturing tolerance were more 

prevalent in MOM Pinnacle hips manufactured from 2007 onwards. This was consistent 

with a previous study performed by Langton et al. [249], who were the first to identify 

such clearance values. Nevertheless, such examples were also identified prior to this 

date, which made it difficult to determine whether these instances were a result of a 

specific event and whether it had indeed taken place in 2006 (Figure 4.16). 

 

 

Figure 4.16. The diametrical clearance of Pinnacle hips, which were implanted between 2003 and 

2011. The median value and the interquartile range are reported. 
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A third of all Pinnacle hips included in this investigation were found to have an as-

manufactured diametrical clearance below the lower limit of their manufacturing 

tolerance (80μm); nevertheless, this did not appear to influence neither their bearing 

nor taper wear rates. Although clearance has been previously identified to influence 

bearing surface wear, this study found no correlation between the two variables. This 

could be attributed to the large number of other surgeon, implant and patient factors 

that have been shown to affect the tribological performance of hip replacements.  

 

Low clearances are thought to result in increased bearing conformity and reduced 

friction, due to the formation of fluid film lubrication and reduced contact pressure. 

They have also been linked with facilitating a ‘suction fit’ between bearing components, 

which may contribute to avoiding dislocation [218]. However, a reduction in clearance 

below optimal values can actually hinder bearing performance and cause acetabular 

loosening, as a result of increased frictional torque [222]. Such cases can occur due to a 

size mismatch, suboptimal pairings of components at contrasting limits of their 

manufacturing tolerances or in-vivo component deformation [367]. Higher clearance 

values have been associated with reduced contact patch size, which minimises the risk 

of edge loading, previously linked with increased levels of bearing wear 

[191,214,222,363,365,368]. Nevertheless, clearances that are too large, over a few 

hundred microns, are also thought to result in increased bearing wear due to such 

further mechanisms as increased subluxation. The relationship between wear, 

clearance, arc of coverage angle and position is demonstrated in Figure 4.17. 

 

Figure 4.17. A schematic diagram depicting the influence of clearance, arc of coverage angle and 

acetabular position on the bearing contact patch location, relative to the acetabular edge. 
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As the bearing performance of hip replacements is dependent on a multitude of 

additional factors, the range of clearance values that provides optimal tribological 

performance is considered specific to each bearing design. This would be a compromise 

between the previously mentioned benefits of high and low diametrical clearance. This 

explains the spectrum of clearance values adopted by different second-generation 

MOM hip designs, as seen in Table 4.7. These dimensions are often determined during 

pre-clinical testing and hip simulator research [368]. The breadth of manufacturing 

tolerances must be considered, in order to avoid any examples straying beyond the 

optimal zone. This can depend on the methods used to manufacture the implants, in 

addition to post-processing techniques used to achieve the polished finish of the 

articulating surfaces. Although a manufacturing tolerance of ±20μm was specified for 

the production of MOM Pinnacle systems with a diametrical clearance of 100μm, the 

range of clearance values that would allow these hips to achieve optimal performance 

is unknown, and would not be necessarily limited to this 40μm window [305]. 

 

Table 4.7. The diametrical clearance of MOM hip replacement designs [222]. 

MOM Hip Replacement Design Nominal Diametrical Clearance (μm) 

Ultima 60 

Pinnacle 100 

ASR 100 

Durom 140 

Adept 160 

Cormet 200 

BHR 200 

 

Both the ASR and the MOM Pinnacle were produced by the same manufacturer and had 

an identical nominal diametrical clearance, despite other elements of these designs 

being notably different. Both were also granted 510(k) approval, based on their 

equivalence to an existing implant on the market. As described in Chapter 2, the 

combination of a low nominal clearance and arc of coverage angle in the ASR design has 

been associated with their high wear rates, following the prevalence of edge loading. 

However, the larger arc of coverage angle of the Pinnacle, with a more hemispherical 
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cup (160°), suggests that this low nominal clearance value may have been better suited 

for its design, compared to the ASR [369]. The larger chamfer of the Pinnacle design 

could be another explanation for its reduced instances of edge wear, as it forms a more 

gradual transition between the articulating surface and the liner rim. This has previously 

been linked to reduced contact pressure on the femoral head surface during edge 

loading, reducing the volumes of bearing surface material loss [217].   

 

The Birmingham Hip Replacement (BHR, Smith and Nephew) was designed with a much 

larger nominal diametrical clearance of 200μm. As previously mentioned, the revision 

rates reported by the National Joint Registry for England, Wales, Northern Ireland and 

the Isle of Man suggest that the BHR was one of the better performing MOM implants, 

certainly compared to the ASR [21]. Although large clearances are considered 

detrimental to the formation of an elastohydrodynamic lubrication (EHL) film, values 

consistent with the BHRs are thought to provide improved lubricant recovery during the 

swing phase of walking gait [363]. This mechanism of lubrication recovery is considered 

by some, to be of greater importance to bearing performance, particularly in instances 

of increased synovial fluid viscosity, which can be associated with diseased hip joints. 

This allows the thickness of the fluid film to be maintained, reducing frictional torque. 

Therefore, clearance could be considered a possible contributing factor to the relative 

success of the BHR.  

 

Based on the relationship, currently understood between diametrical clearance and 

wear of hip implants, Pinnacles with reduced clearances would be expected to display 

increased instances of edge wear. This would be due to an increased contact patch size, 

resulting in a greater probability of edge loading. Nevertheless, in the present study the 

prevalence of edge wear was not affected by the range of recorded diametrical 

clearances. As previously mentioned, it may be associated with the femoral head 

coverage and chamfer design of the Pinnacle. Nevertheless, acetabular component 

positioning could also be a confounding factor, especially considering the association 

that has been made between inclination and edge wear. The components in this study 

were collectively well positioned, with respect to the Lewinnek safe zone; however, 

there are known flaws to its criteria, such as its disregard of functional positioning 
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[197,198]. Previous studies that have investigated the influence of diametrical clearance 

have been conducted in optimal conditions, such as in hip simulators [216,363,365]. This 

can often neglect the effect of malpositioning and adverse clinical conditions, which may 

explain the present findings.  

 

International regulators, such as the MHRA in the UK and the FDA in the United States, 

were established to scrutinise the designs of new medical devices, to ensure that they 

are safe for implantation and that they fulfil their intended function. Therefore, if 

approved, manufacturers of these devices have an obligation to remain true to their 

proven concept, while maintaining the quality of production. With respect to hip 

replacements, adhering to their approved specifications is essential to provide the best 

opportunity for implant success. This has proven to be even more poignant in the case 

of MOM hip replacement, due to the devastating effect a poorly performing example 

can have on an individual. The unanticipated impact of metal debris, both locally and 

systemically, leaves little room for error. As a high proportion of Pinnacle hip, included 

in this study, were identified to have been manufactured outside their specifications 

through a process of postdiction, it is believed that these findings provide sufficient 

grounds to questions the approach of DePuy Synthes during the production of these 

hips. 

 

The reader must be reminded that all implants included in this study were deemed failed 

implants, due to ARMD. As previously demonstrated, these reactions can be the result 

of only small quantities of material loss [370]. As the wear performance of MOM 

Pinnacle hips were likely affected by a multitude of factors, it difficult to isolate the 

influence of a sole contributor, such as clearance. For the same reason, identifying the 

optimum clearance of this hip implant design also proves challenging; however, these 

results suggest that the optimum range of clearances for this design may extend below 

the lower threshold of its manufacturing tolerance. Although the wear performance of 

Pinnacle hips was found to be unaffected by low clearance values, this does not excuse 

the production of implants outside their specifications.  
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4.4.1. Study Limitations 

 

The use of Pinnacle implantation dates as a surrogate for their year of manufacture must 

be acknowledged as a possible limitation of the initial comparison performed in this 

study. The substitution of these dates was enabled by the findings of Langton et al. 

[249], who stated that their “’date of implantation’ is a reliable indicator of date of 

manufacture (correlation of 0.90 with lot number)”, when referring to MOM Pinnacle 

hips. Langton et al. [249] were able to decipher the year of Pinnacle manufacture from 

the lot numbers laser marked on each component. Unable to do so for all retrieved 

implants and the hips included in the clinical portion of their study that remained 

implanted, they too adopted implantation dates to separate the Pinnacles into two 

groups.   

 

Nevertheless, this correlation was determined in Pinnacles implanted at another 

hospital, which may have had differing protocols with respect to implant storage. Their 

shelf-life is a further factor that could have caused a delay between their manufacture 

and implantation. In order to account for this potential discrepancy between the two 

dates, the 1st of January 2007 was used as the threshold between the two groups. This 

was consistent with the investigation of NJR data performed by Matharu et al. [302] into 

Pinnacle revision rates. This was deemed the most appropriate approach, as 2007 was 

the “first complete calendar year following the postulated changes in the clearance 

values”.  Furthermore, this would also account for not knowing when exactly in 2006 

this change in Pinnacle clearance had first occurred. Nevertheless, the same results were 

later observed when the 1st of January 2006 was used as the defining threshold.  

 

Some contrasting SIP characteristics were identified between the groups of Pinnacle 

hips compared in this study, which may have had an influence on initial wear rate 

comparisons. This is primarily in reference to surgical factors such as component 

positioning, the impact of which remains unclear. The conclusions discussed in this 

chapter, however, were based on the results of linear regression analyses, which was 

adopted to control for these potentially confounding factors statistically. Nevertheless, 
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contributors such as surgeon skill, experience and training are difficult to evaluate, 

making them difficult to control for in this study.  

 

A further limitation of this study, as with all retrieval analyses, was the relatively small 

sample size of hips investigated, compared to the 180,000 MOM Pinnacles that were 

thought to be implanted. This is because only a small percentage of these hips were 

actually revised, despite their revision rates being considered to be unacceptably high. 

Retrieval studies are also unable to isolate steady-state and bedding-in wear. This is an 

advantage of simulator studies, which allows the analysis of implants at different 

intervals during the course of testing. This ability would have been invaluable in this 

investigation, as the diametrical clearance between articulating components is thought 

to have the most significant influence on bedding-in wear.  

 

The reader should be reminded that the as-manufactured diametrical clearances 

reported in this study were obtained through a process of reverse engineering or 

postdiction, on the contrary to pre-implantation measurements. Nevertheless, the 

method utilised to ascertain these values was validated in Chapter 3, demonstrating its 

ability to measure the diametrical clearance of hip implants to within a mean error of 

approximately ±2μm. The use of a perfect sphere to reconstruct their as-manufactured 

geometries is a previously discussed limitation, as the original state of these implant can 

be subtly non-spherical. This is a result of the manufacturing tolerances associated with 

the achievable sphericity of produced hip replacements. This can lead to a non-uniform 

clearance, which varies at different locations across the bearing surface. Nevertheless, 

this was accounted for during its evaluation in Chapter 3, through the use of actual 

Adept implants, which would have been produced in preparation for implantation. 

Through the utilisation of a perfect sphere, this method is thought to provide the mean 

value of this ununiform clearance. Despite the possibility that some implants may have 

been misidentified as being manufactured outside their specifications, it is important to 

reemphasise that no correlation was found between the whole range of clearance 

values and the subsequent wear rates of these Pinnacle implants. 
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4.5. Conclusion 

 

In conclusion, this retrieval analysis of eighty-one MOM Pinnacle hips found that their 

wear performance was not influenced by their year of implantation. Higher revision 

rates that were previously observed in Pinnacles implanted from 2007 onwards could 

be attributed to the increased surveillance of MOM hip in later years and similarly a 

reduced threshold for revision surgery; nevertheless, further investigation is required to 

confirm this relationship. Confirming the findings of a previous investigation, 32% of 

these hips were found to have a diametrical clearance outside their specifications. This 

is considered unacceptable, as the manufacturer had an obligation to maintain the 

quality of their products and conform to the specification accepted by international 

regulators. This is to ensure patient safety and not jeopardise the implants chances of 

success. Contrary to the belief that this unintended reduction in Pinnacle clearance 

resulted in increased revision rates, this study found no correlation between this 

dimension and implant wear. Furthermore, although possible confounding factors were 

considered during statistical analysis, it remains difficult to isolate the influence of a 

single factor. Identifying an optimal clearance range for the Pinnacle design also proved 

difficult due to this reason; however, it is speculated that it could be beyond the limits 

of their manufacturing tolerance (80 - 120μm).  
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4.5.1. Key Findings 

 

The key findings of this chapter were as follows: 

 

• No significant difference was found between the wear performance of 36mm 

MOM Pinnacles implanted before and after the 1st of January 2007. 

 

• 32% of Pinnacles analysed in this study were found to have had a diametrical 

clearance below their manufacturing tolerance of 80 - 120μm; however, this 

was not found to impact their wear performance. 

 

• No correlation was found between the as-manufactured diametrical 

clearance of MOM Pinnacle hips and the volume of material loss from their 

bearing and taper surfaces.
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Chapter 5 
Wear Performance of Retrieved Metal-on-Metal 

ASR and ASR XL Hip Replacements 
Chapter 5: Wear Performance of Retrieved Metal-on-Metal ASR and ASR XL Hip 

Replacements 
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5.1. Introduction 

 

The Articular Surface Replacement (DePuy Synthes, Warsaw, USA) was a second-

generation metal-on-metal implant that had both total (ASR XL) and resurfacing (ASR) 

hip replacement forms. As with many MOM designs, they shared an identical resurfacing 

acetabular component, composed of CoCrMo. Despite promising early clinical results, 

large numbers were revised for adverse reactions to metal debris (ARMD) [256–261]. 

This was consistent with high levels of cobalt and chromium ions measured in the blood 

of their patients [94,136,262,263]. The ASRs were voluntarily recalled by the 

manufacturer in 2010, which coincided with the National Joint Registry (NJR) for England 

and Wales reporting a 5-year revision rate of 12% and 13% for the ASR resurfacing and 

ASR XL, respectively [108]. These percentages have continued to rise, reaching nearly 

50% in the current report, at 13-years [21]. 

 

The ASR personifies a series of unsuccessful second-generation MOM hips and is 

considered the largest failure of any modern orthopaedic device, as approximately 

93,000 were implanted worldwide [109]. Its design rationale was focused on achieving 

a low friction bearing that would facilitate reduced surface wear. This resulted in its 

adoption of a large femoral head and low diametrical clearance, which was an attempt 

to promote the formation of a fluid film lubrication regime. Consequently, the ASR was 

considered an ideal solution for younger, more active individuals that required hip 

replacement surgery.   

 

Nevertheless, the previously mentioned design features are currently considered 

primary contributors to the ASR’s excessive levels of bearing wear 

[137,205,217,222,264,273,274]. The combination of a low clearance and reduced arc of 

coverage angle may have resulted in their greater sensitivity to acetabular component 

positioning and a greater prevalence of edge wear [110,217,222]. This has also been 

attributed to a lack of surgical accuracy, training and appropriate patient selection.  

Further aspects of their design, such as their thin profiled cups, have also been 

implicated in the exacerbation of bearing surface material loss [217,268,270–272]. 

Although ARMD was the primary reason for their high revision rates, a dose-response 
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relationship is yet to be confirmed. Increased MOM implant surveillance and a reduced 

threshold for revision are also proposed contributors to an unmatched failure rate, 

following MHRA alerts and extensive media coverage.  

 

Based on registry data, the ASR XL is reported to have a disproportionately greater 

revision rate than the ASR resurfacing, compared to other large head (LH) MOM designs 

that have both forms of the implant [228]. Taper junction material loss has been 

implicated as a possible contributor to these contrasting clinical outcomes; however, a 

retrieval analysis is yet to confirm this speculation [270,286–288]. Despite the benefits 

of increased head sizes on bearing performance, the formation of a greater lever arm 

may have led to greater material loss at these junctions.  

 

Ten years have now elapsed since the ASR was recalled, but many questions regarding 

its failure remain unanswered. In this time, accurate methods of interrogating retrieved 

hip implants have been developed and refined, which could allow an improved 

understanding of the surgeon, implant and patient factors that led to revision rates of 

such magnitude. 

 

This chapter describes how bearing and taper wear rates were measured and compared 

from a series of ASR XLs and ASR resurfacing implants, using validated methods. This is 

followed by an investigation into the relationship between these wear rates and such 

factors as edge loading, diametrical clearance, femoral head size, patient gender, age 

and BMI. Finally, a comparison is made between the wear performance of ASR XLs and 

the MOM Pinnacles, analysed in Chapter 4, which have significantly lower revision rates. 
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5.1.2. Motivation 

 

An improved understanding of the mechanisms associated with the ASR failure would 

not only benefit the management of these patients, but also approximately 1,000,000 

patients worldwide that remain with MOM hips. Legal action taken by many recipients 

of this device emphasises the importance of patient monitoring, in order to avoid the 

detrimentally life-changing effects caused by the released metal debris. 

 

Understanding the impact of bearing and taper wear debris, in addition to the 

contributing surgeon, implant and patient factors would benefit the identification of 

patient at greater risk of complications. Comprehending the influence of these factors 

on clinical outcomes would be invaluable, as they are applicable to all contemporary and 

future designs. Although metal-on-metal bearings have all but disappeared from the 

orthopaedic market, much can be learnt from their performance; especially considering 

the potential return of resurfacing implants to the forefront of hip replacement surgery 

[371].   
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5.1.3. Aim 

 

The aim of this study was to identify the factors that contributed to the contrasting 

clinical outcomes of the ASR and ASR XL, compared to other MOM hip replacement 

designs that shared a resurfacing acetabular cup. 

 

5.1.4. Objectives 

 

In order to achieve this aim, the objectives were: 

 

• To quantify the bearing and taper wear rates of ASR and ASR XL implants. 

 

• To determine the prevalence of edge wear in ASR hip implants, and its 

relationship with wear. 

 

• To determine the relationship between the diametrical clearance of the ASR 

implants and their wear performance. 

 

• To compare the bearing and taper wear rates of ASR XL and MOM Pinnacle 

hip implants. 
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5.2. Materials and Methods 

 

5.2.1. Materials 

 

Ninety Articular Surface Replacements (ASR) were included in this study; fifty-four were 

ASR resurfacings, while thirty-six were ASR XL total hip replacements (DePuy Synthes, 

Warsaw, USA). These implants were all revised for ARMD at the same hospital (Coxa 

Hospital, Tampere, Finland) and were selected from an original cohort of 122 hips, using 

an inclusion criteria (Figure 5.1). If the ASR implants were not accompanied by the age, 

gender, BMI and pre-revision whole blood cobalt and chromium ion levels of the patient 

from which they revised, they were be excluded from the study.  

 

As seen in Figure 5.2, both forms of the ASR implant shared the same acetabular 

component and were composed entirely of CoCrMo. The ASR XLs were paired with 

either a 12/14 titanium Corail or Summit stem, which were also produced by DePuy 

Synthes and have a comparable design. The Pinnacle hip systems (DePuy Synthes, 

Warsaw, USA) analysed in Chapter 4 were also included in this study for comparison. As 

previously described, all eighty-one MOM Pinnacles had a 36mm CoCrMo femoral head 

and liner, which were combined with a titanium shell. Comparable to the ASR XLs, the 

Pinnacles were paired with the same 12/14 stems and had a nominal diametrical 

clearance of 100 μm (±20μm).  
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Figure 5.1. Study design and inclusion criteria 

 

 

 

 

Figure 5.2. Retrieved ASR resurfacing and ASR XL Femoral Head and Acetabular Cup Components. 
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5.2.2. Bearing Surface Wear Measurement 

 

Consistent with all experimental chapters of this thesis, a Zeiss Micura coordinate 

measuring machine (Carl Zeiss Ltd, Rugby, UK) was used to capture the bearing surface 

geometry of the femoral heads and acetabular cups, in the form of a digital point cloud. 

Prior to analysis, the ASRs were levelled with respect to the CMM bench and fixed in 

place (Figure 5.3.). The scanning strategy was modified to account for each component 

size included in this study, in accordance with ISO and ASTM standards [308,323]. These 

data sets were then analysed using the Automated software validated in Chapter 3. The 

diametrical clearance of the ASRs, in addition to their volumetric wear was quantified in 

each case. Wear rates were then calculated by dividing the volumes of material loss from 

both bearing components by the number of months the implant remained within the 

patient (time to revision). 

 

 

Figure 5.3. The femoral head and acetabular cup of the ASR implants were clamped in position, prior to 

be levelled on the CMM bench.
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5.2.3. Taper Surface Wear Measurement 

 

As performed in the previous chapter, the volume of femoral head taper wear was 

measured using a Talyrond 365 roundness measuring machine (Figure 5.4). The ASR XLs 

were centred and levelled with respect to the RMM spindle, using the visually identified 

unengaged regions as references. The Corail and Summit stems shared the same 

dimensions, which allowed an identical portion of each taper to be assessed (17.5mm); 

however, the location of the measured surface was dependant on the engaged region. 

Material loss was again quantified by best fitting a cone to the unengaged regions of the 

tapers, calculating wear rates as described in section 5.2.2. In order to assess wear 

patterns on the taper surfaces, wear maps were generated in each case. 

 

 

Figure 5.4. The diamond stylus of the Talyrond 365 RMM, performing linear traces on the taper surface 

of an ASR femoral head. 
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5.2.4. Statistical Analysis 

 

In order to determine the distribution of data sets analysed in this study, D’Agnostino-

Pearson and Shapiro-Wilk normality tests were performed. Statistical significance was 

established through either an unpaired t-test (parametric) or a Mann-Whitney test 

(nonparametric), with a p-value of ≤ 0.05 signifying a statistical difference between two 

groups. These were performed when comparing the SIP characteristics and wear rates 

of the ASR, ASR XL and MOM Pinnacles. The nonparametric Spearman correlation 

coefficient (rs) was also calculated to determine the relationship between SIP factors 

and the wear rates of both forms of ASR implant. During this test a p-value was also 

generated, which represented the significance of the identified correlation. 
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5.3. Results 

 

5.3.1. A Comparison between the ASR and the ASR XL 

 

As demonstrated in Table 5.1, the ASR and ASR XL groups were found to be comparable 

with respect to their gender (p = 0.112), head size (p = 0.318) and BMI (p = 0.656), while 

their age (p = 0.004) and time to revision (p = 0.003) were statistically different. The ASR 

resurfacing implants were implanted into significantly younger patients (majority < 65 

years) and had remained implanted for 12 months longer (on average) than the ASR XLs.  

 

Table 5.1. A comparison of surgeon, implant and patient characteristics of the ARS resurfacing implants 

and ASR XL total hip replacements included in this study. 

Characteristics ASR ASR XL p-value 

Gender, n (%)   0.112† 

 Female 33 (60) 28 (78)  

 Male 21 (40) 8 (22)  

Mean Age, yrs (SD) 52.4 (11.2) 59.0 (9.5) 0.004*‡ 

Mean Time to Revision, mths (SD) 68 (22) 56 (15) 0.003*‡ 

Mean Head Size, mm (SD)  55 (5) 54 (3) 0.318‡ 

Mean BMI, (SD) 28.4 (4.9) 27.9 (3.5) 0.656‡ 

Edge Wear, n (%)   0.031*† 

 Yes 50 (93) 27 (75)  

 No 4 (7) 9 (25)  

†Fisher’s exact test; ‡Unpaired t-test or Mann-Whitney test; *Statistically Significant
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Prior to revision, patients with an ASR resurfacing had greater whole blood cobalt and 

chromium ion levels, compared to the ASR XL; however, these differences were not 

statistically significant (Table 5.2). Contrastingly, patients with an ASR XL were found to 

have significantly greater whole blood Co/Cr ion ratios (p < 0.001).  

 

Table 5.2. Comparison of the whole blood and synovial joint fluid ion levels of cobalt and chromium in 

patients with ASR resurfacing implants and ASR XL total hip replacements, measured prior to revision. 

Parameter ASR ASR XL p-value 

Whole Blood Ion Levels    

Median Cobalt (Co), ppb (IQR) 14.00 (2.45 – 24.50) 12.15 (9.15 – 23.3) 0.518 

Median Chromium (Cr), ppb (IQR) 8.90 (2.75 – 17.50) 3.75 (2.03 – 11.35) 0.062 

Median Co/Cr Ratio, (IQR) 1.22 (0.91 – 1.82) 2.86 (1.81 – 4.92) <0.001* 

 *Statistically Significant 

 

The median bearing wear rate of the ASR and the ASR XL was 4.72mm3/year (IQR, 1.28 

– 11.66) and 1.77mm3/year (IQR, 0.97 – 7.30), respectively. Despite the bearing wear 

rate of the ASRs being over twice that of the ASR XL, this difference was not found to be 

statistically significant (p = 0.083). Prior to the application of inclusion criteria, the ASR 

resurfacing had a median bearing wear rate of 4.72mm3/year, while the ASR XL had a 

median bearing wear rate of 1.79mm3/year. These wear values were comparable to the 

included sample; however, the difference in wear rate between both forms of the ASR 

was found to be statistically significant.  
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The wear patterns observed on the bearing surfaces of both forms of the ASR were 

found to be comparable, with nearly all femoral head components displaying elliptical 

wear scars and an edge wear scars prevalent in the majority of cups, unless low wearing. 

These scars were slightly more elongated on ASR resurfacing bearings, as seen in Figure 

5.5. 

 

Figure 5.5. Bearing surface wear maps of ASR XL and ASR resurfacing implants, displaying wear volumes 

that are representative of their median value. Both head (above) and cup (below) components are 

presented. 

 

The ASR XL total hip replacement had a median taper wear rate of 1.11mm3/year (IQR, 

0.18 – 3.33); this resulted in a median total wear rate of 4.44mm3/year (IQR, 2.83 – 8.18). 

When compared to the rate of material loss from the ASR resurfacing, they were found 

to be statistically comparable (p = 0.722, Figure 5.6). Furthermore, a statistically 

significant negative correlation was found between the bearing and taper wear rates of 

the ASR XL (rs = -0.439, p = 0.007). ASR implants that displayed evidence of edge wear 

had a significantly greater median bearing wear rate of 4.94mm3/year (IQR, 1.61 – 

11.45), compared to the 0.69mm3/year (IQR, 0.26 – 0.96) measured from non-edge 

worn examples (p < 0.001, Figure 5.7). 
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Figure 5.6. A box and whiskers plot of the bearing (left) and total (right) wear rates of ASR resurfacing 

implants and ASR XL total hip replacements. The total wear rate of the ASR XL includes material loss 

from both bearing and taper surfaces. The median value, interquartile range and max-min range are 

reported. 

 

 

Figure 5.7. A box and whiskers plot displaying the bearing wear rate of edge worn and non-edge worn 

ASR XL and ASR resurfacing implants. The median value, interquartile range and max-min range are 

reported. 
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Figure 5.8. A ring of wear corresponding to the point of trunnion-base contact, in a low wearing ASR XL 

taper (0.05mm3/year). 

 

The taper wear maps of the ASR XL displayed both symmetrical and asymmetrical wear 

patterns within their engaged regions. A ring of wear was measured in virtually all cases, 

where the surface was in contact with the trunnion base, even in low wearing tapers 

(Figure 5.8). Material deposits were also identified between this region and the taper 

opening, considered to be corrosive debris. The imprint of the threaded Corail and 

Summit stem trunnions was observed in all but four ASR XL wear maps.  

 

Although symmetrical wear patterns to the taper axis were observed in this sample of 

ASR XLs (Figure 5.9), asymmetrical wear within the engaged taper surface was the most 

common finding. Such wear patterns could be divided into three categories (Figure 

5.10): 1) a single region of concentrated wear, corresponding to trunnion-base contact; 

2) a single primary region of concentrated wear, extending from one unengaged region 

to the other and often drifting across 180° of the taper surface; 3) two regions of 

concentrated wear at opposing ends of the engaged taper, separated by approximately 

180°.  
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Figure 5.9. ASR XL taper displaying asymmetrical wear and the imprint of Corail and Summit threaded 

trunnions. 

 

Figure 5.10. A) Asymmetric wear pattern with the engaged region of an ASR XL taper, typical of a 

toggling mechanism. B) Stripe wear pattern through the engaged region of an ASR XL taper, from one 

unengaged region to the other. 
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An investigation into the influence of femoral head size on the rate of material loss from 

both forms of the ASR implant found no correlation between their bearing wear rate 

and head diameter (rs = -0.093, p = 0.391). Neither was there a correlation found 

between head size and the rate of volumetric wear from the taper surface of the ASR XL 

(rs = 0.109, p = 0.529). Furthermore, the bearing wear rates of the ASR and the ASR XL 

implants were comparable when implanted in male and female patients (p = 0.656), 

while bearing wear rates were not influenced by neither the age nor BMI of the patients 

(rs = -0.009, p = 0.932 & rs = -0.021, p = 0.867).  

 

Figure 5.11. A box and whiskers plot of the as-manufactured diametrical clearance of the ASR 

resurfacing implants and ASR XL total hip replacements. The median value, interquartile range and max-

min range are reported. 

 

During the quantification of bearing surface material loss, the ASR and ASR XL were 

found to have had a median diametrical clearance of 76.3μm (IQR, 68.16 – 79.82μm) 

and 80.3μm (IQR, 71.3 – 88.5μm), respectively (Figure 5.11). According to a Mann-

Whitney test, these values were statistically comparable (p = 0.062). In both groups, 

implants were found to have had a diametrical clearance outside the ±20μm tolerance 

specified by the manufacturer. This was true for 49% of the ASR XLs and 81% of the ASR 
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resurfacing hips. As seen in Table 5.3, these examples were found to have statistically 

comparable bearing and taper wear rates when the ASRs and ASR XLs were considered 

individually; however, when all ASR implants with a diametrical clearance outside their 

specifications were assessed collectively, they were found to have a significantly greater 

bearing wear rate (p = 0.009, Figure 5.12.). A statistically significant, weak negative 

correlation was also found between the diametrical clearance of both forms of the ASR 

and their bearing wear rate (rs = -0.259, p = 0.016). 

 

 

Figure 5.12. A box and whiskers plot of the bearing wear rate of ASR XL and ASR resurfacing implants 

with an as-manufactured diametrical clearance outside and within tolerance. The median value, 

interquartile range and max-min range are reported.
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Table 5.3. A comparison of bearing and taper wear rates between ASR and ASR XL implants, which were 

found to have been produced with a diametrical clearance within and outside their manufacturing 

tolerance.  

Parameter Within Tolerance Outside Tolerance p-value‡ 

Median ASR Bearing Wear Rate, 

mm3/year (IQR) 
0.92 (0.39 – 13.35) 5.38 (1.63 – 11.45) 0.088 

Median ASR XL Bearing Wear 

Rate, mm3/year (IQR) 
1.23 (0.91 – 4.27) 3.94 (0.94 – 7.92) 0.256 

Median ASR XL Taper Wear 

Rate, mm3/year (IQR) 
1.30 (0.20 – 3.48) 0.88 (0.10 – 3.28) 0.574 

Median ASR & ASR XL Bearing Wear 

Rate, mm3/year (IQR) 
1.11 (0.68 – 4.86) 4.625 (1.49 – 11.20) 0.009* 

‡Calculated through Mann-Whitney tests 
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5.3.2. A Comparison between the MOM Pinnacle and the ASR XL 

 

The ASR XL and MOM Pinnacle patient groups of total hip replacements were 

comparable with respect to age (p = 0.123), gender (p = 0.291) and acetabular inclination 

(p = 0.759); however, their time to revision (p < 0.001) and stem design (p = 0.040) were 

found to be significantly different (Table 5.4). The ASR XLs were found to have had a 

significantly smaller as-manufactured mean diametrical clearance of 80.3μm (IQR, 71.3 

– 88.5μm), compared to Pinnacle hips that had a median diametrical clearance of 

90.31μm (IQR, 77.6 to 97.4μm; Figure 5.13). 

 

 Table 5.4. A comparison of surgeon, implant and patient characteristics of the MOM Pinnacle and ASR 

XL hips included in this study. 

Characteristics MOM Pinnacle ASR XL p-value 

Gender, n (%)   0.291† 

 Female 49 (60) 28 (78)  

 Male 32 (40) 8 (22)  

Mean Age, yrs (SD) 61.6 (7.5) 59.0 (9.5) 0.123‡ 

Mean Time to Revision, mths (SD) 76 (28) 56 (15) <0.001‡* 

Stem Design, n (%)   0.040†* 

 Corail 42 (52) 10 (29)  

 Summit 39 (48) 24 (71)  

Mean Inclination, ° (SD)  45.7 (7.9) 45.2 (8.2) 0.759‡ 

Edge Wear, n (%)   0.516† 

 Yes 55 (68) 27 (75)  

 No 26 (32) 9 (25)  

†Fisher’s exact test; ‡Unpaired t-test or Mann-Whitney test; *Statistically Significant 
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Figure 5.13. A box and whiskers plot of the as-manufactured diametrical clearance of MOM Pinnacle 

and ASR XL hips measured in this study. The median, interquartile range (IQR) and max-min range are 

reported. The manufacturing tolerance specified by the manufacturer for this dimension is also denoted 

(red). 

 

As seen in Figure 5.14, both designs were found to have statistically comparable bearing 

wear rates (p = 0.086). The median bearing wear rate of the ASR XLs was 1.77mm3/year 

(IQR, 0.97 - 7.30), while the Pinnacle hips had a median bearing wear rate of 

1.10mm3/year (IQR, 0.32 - 4.44). Contrastingly, the median taper wear rates of the 

Pinnacle and ASR XL hips were 0.36mm3/year (IQR, 0.08 - 1.46) and 1.11mm3/year (IQR, 

0.18 - 3.33), respectively, which were found to be significantly different (p = 0.007). The 

ASR XLs also had a significantly greater median total wear rate of 4.44mm3/year (IQR, 

2.83 – 8.18), compared to the 2.45mm3/year (1.45 – 5.42) of the Pinnacles (p = 0.002). 

As seen in Table 5.5, whole blood cobalt and chromium ion levels measured from 

patients with both implant designs, prior to revision, were found to be comparable; 

however, the whole blood Co/Cr ion ratio of patients with the ASR XL was found to be 

significantly greater (p = 0.004). When the bearing wear rates of the ASR resurfacing was 

compared to the MOM Pinnacle for completeness, they were found to be significantly 

greater (p < 0.001). 
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Figure 5.14. Box and whiskers plots of the bearing (left) and taper (right) wear rates of the MOM 

Pinnacles and ASR XLs included in this study. The median value, interquartile range and max-min range 

are reported. 

 

 

Table 5.5. Comparison of the whole blood ion levels of MOM Pinnacles and ASR XLs. The p–values 

calculated through Mann-Whitney tests are also reported.    

Parameter MOM Pinnacle ASR XL p-value 

Median Cobalt (Co), ppb (IQR) 7.50 (4.25 – 18.60) 12.15 (9.15 – 23.30) 0.051 

Median Chromium (Cr), ppb (IQR) 4.01 (1.70 – 9.20) 3.75 (2.03 – 11.35) 0.712 

Median Co/Cr Ratio, (IQR) 2.00 (1.32 – 3.14) 2.86 (1.81 – 4.92) 0.004* 

 *Statistically Significant 
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5.4. Discussion 

 

The Articular Surface Replacement (ASR) was a large head metal-on-metal (MOM) hip 

replacement, which had both total (XL) and resurfacing forms. Ninety-three thousand 

ASRs were implanted worldwide, prior their voluntary recall by the manufacturer in 

2010. Their adoption has been since considered the most significant failure in modern 

orthopaedic devices. Currently, the NJR report a revision rate of 48.35% and 29.72% for 

the ASR XL and ASR resurfacing, respectively [21]. The present study was one of the 

largest retrieval investigations of these MOM implants, which included volumetric 

measurements of both bearing and taper material loss. These analyses were performed 

to identify the factors that contributed to the ASR’s high failure rates and explain the 

contrasting clinical outcomes of its resurfacing and total hip replacement forms.  

 

The bearing surfaces of the ASR XL and the ASR resurfacing were found to have worn 

excessively during their time in vivo. According to previously defined criteria [249], 93% 

of these implants showed evidence of bearing failure (< 2mm3). Although the ASR 

resurfacings had twice the bearing wear rate of the ASR XLs, these values were found to 

be statistically comparable. These levels of wear were consistent with a previous 

retrieval analysis by Park et al. [137] of 477 ASR XL and 21 ASR resurfacing pairs. 

However, despite measuring a similar range of wear values in ASR implants, Langton et 

al. [270] and Lehtovirta et al. [266] report median bearing wear values that were twice 

the present findings. As identified in Chapter 3, a possible explanation for this 

discrepancy is the overestimation of bearing surface wear, due to the use of previously 

available methods. The total metal dose generated by both ASR implants were also 

found to be comparable, accounting for the additional material loss from the taper 

surfaces of the ASR XLs.  

 

Such high levels of bearing wear could explain the scale of the ASR’s failure, compared 

to other large head (LH) second-generation MOM designs; however, the comparable 

total wear rates of the ASR XL and ASR resurfacing does not reflect the large discrepancy 

in their revision rates. This suggests that their contrasting performance was not solely 

related to the quantity of material loss.  
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In agreement with their wear rates, no significant difference was found between the 

whole blood cobalt and chromium ion levels of patients with ASR resurfacing and ASR 

XL implants. These measurements were comparable to previously reported blood metal 

ion levels in patients with failed ASR implants [94,136,262,263,266], which were also 

found to be greater than in patients with other LH MOM designs. The median cobalt ion 

concentrations were particularly high in both groups, exceeding the 7ppb threshold 

recommended by the MHRA as an indicator of adverse soft tissue reactions and the 

need for revision surgery [112]. In contrast to previous speculation, these high blood 

metal ion levels did not indicate a reduced threshold for revision, which was considered 

a contributor to the high revision rates of ASR implants. Nevertheless, the increased 

surveillance of MOM hips following the MHRA alerts in 2010 and 2012, remains a 

possible contributor to the scale of the ASR’s failure. As identified the literature review, 

the ASR was not introduced to the market following the advised stepwise process [290]. 

Such negligence could also be responsible for these high levels of failure, due to the lack 

of clinical testing and overzealous marketing. The high blood metal ion concentrations 

of the ASR implants are clear indicators of why these medical devices had to be recalled, 

considering the reported toxicity of cobalt and chromium [167,168]. 

 

Nevertheless, prior to revision, a significantly greater cobalt to chromium ion ratio was 

recorded in the blood of ASR XL patients, which is a known indicator of corrosion at the 

taper junction [160]. This is associated with the retention of chromium ions within 

corrosive debris at the taper surfaces, while further cobalt ions are released into the 

blood stream. The release of this material is primarily linked with tribocorrosion, during 

which the protective oxide layer that forms around the implant (passivation layer) is 

disrupted by mechanical intervention, allowing chemical wear processes to take place 

at the CoCrMo surface [372–374]. The greater Co/Cr ion ratio of the ASR XLs was 

supported by their 1.11mm3/year median taper wear rate, while 81% of these implants 

experienced taper failure (³ 0.5mm3), based on previously published criteria [249]. 

 

It is currently understood that there are differences in the morphology and speciation 

of the debris released from the taper and bearing surfaces [370,375–377]. Langton et 
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al. [374] found that metal particles in retrieved tissue were smaller in size when a greater 

contribution had been made to the metal load by the ASR XL taper. According to 

histological findings, the complexity of wear particle composition and morphology could 

have a greater influence on the severity of adverse tissue reactions and necrosis, 

compared to the metal dose [375]. Therefore, although the quantity of material loss 

from taper surfaces were a fraction of the bearing wear, it may have had a greater 

detrimental impact on the periprosthetic tissue, consequently resulting in a greater risk 

of implant failure. It has also been suggested that additional corrosive particles released 

from the taper junction could accelerate the process of cell lysis through oxidative stress 

[378]. Di Laura et al. [370] confirmed the presence of chromium oxides (Cr2O3 and CrPO4) 

in the surrounding tissue of tapered implants, which had been previously predicted 

[376]. Despite the cytotoxicity of cobalt being the most likely cause of periprosthetic 

tissue necrosis, these oxides have been shown to activate immune reactions that can 

further harm the surrounding tissue [379,380]. This could explain the difference in 

revision rates between the ASR XL and the ASR resurfacing, despite their comparable 

total wear rates measured in this study. 

 

The present investigation also found that the ASR XLs had a significantly greater taper 

wear rate, compared to the MOM Pinnacle hips. This was in spite of the Pinnacles being 

implanted for 20 additional months, on average, as the rate of taper wear has been 

found to accelerate over time [142]. The same conclusion was reached by Langton et al. 

[231] when comparing the taper wear rates of these two designs; however, they report 

a notably lower level of material loss in both cases. This could be attributed to the 

considerably shorter time the retrieved ASR XLs and MOM Pinnacles had spent in vivo. 

The comparable taper measurements reported by Brock et al. [235] supports this 

theory, as the ‘time to revision’ of their cohort was more closely matched to the present 

study [357].
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Figure 5.15. A schematic diagram demonstrating the contact points during toggling movements within 

the taper. 

 

A proposed explanation for the poor taper performance of the ASR XL was their large 

head size, consistent with many other LH MOM THR designs. These were thought to 

generate a greater lever arm, which would result in a mechanism termed ‘toggling’, 

during implant function (Figure 5.15). This theory was proposed when asymmetrical 

wear patterns were identified on the taper surfaces of such MOM implants [140,141]. 

The resulting increase in frictional torque is thought to contribute to the development 

of mechanically assisted corrosion [231]. These wear patterns were observed in the 

present study, along with a prominent indent that corresponded to trunnion-base 

contact. Morlock [381] speculates that the taper design changes made to increase the 

range of motion of small femoral heads ( ≤ 36mm) compromised the mechanical 

strength of this junction. A reduction in trunnion length meant that its base would sit 

within the taper, increasing the amount of load on this edge; a reduction in diameter is 

also thought to have increased the likelihood of micromotion, as its reduced surface 

area could not provide a comparable connection interface [231]. Their combination with 

a larger femoral head resulted in further stress at these taper junctions.  This was 

supported by the significantly greater taper wear rate of the ASR XL, compared to the 

Pinnacle and their 36mm diameter femoral heads. It is also thought that the 
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performance of this junction became less tolerant of further factors, such as their 

assembly, manufacturing tolerances, surgical conditions and taper preparation [381]. 

 

Nevertheless, the ASR implants are reported to have the largest revision rate 

discrepancy between total hip replacement and resurfacing forms of the same MOM 

design, as seen in Table 5.6. This could suggest that the performance of their taper 

junction was particularly poor, even in comparison to other large head MOM hips. The 

greater Co/Cr ratio measured in the blood of ASR XL patients, compared to other such 

designs as the BHR THR, is further evidence that supports its comparably poor taper 

performance [94,104,217,382,383].  

 

Table 5.6. Cumulative percent revision data of primary hip replacements, collected from the Australian 

Orthopaedic Association Joint Replacement Registry 2019 Annual Report. 

 Cumulative Percent Revision at 10-years 

MOM Implant Design (stem) Total Hip Replacement Hip Resurfacing 

ASR (Corail) 46.2% 29.9% 

BHR (Spectron EF) 16.8% 6.6% 

Durom (Alloclassic) 16.2% 11.0% 

Bionik (Adapter) 24.8% 25.4% 

Recap (Mallory-Head) 6.4% 14.6% 

Mitch TRH (Accolade I) 18.2% 5.6% 

Pinnacle (Corail) 12.6% - 

 

Based on the findings of this study alone, a definitive explanation cannot be reach 

regarding the poor performance of the ASR taper, compared to other large head MOM 

total hip replacements. Langton et al. [231] suggest that the manufacturing tolerance 

stated for the ASR XL taper angle could have contributed to increased micromotion at 

this junction. This was based on the finite element analysis of Shareef and Levine [384], 

who determined that even a quarter of the variability defined by this tolerance could 

result in up to a 16% increase in micromotion. Another possible factor is their pairing 

with Corail and Summit stems, which have been shown to cause greater taper damage 



 259 

due to their threaded trunnion surfaces [237]. The imprint of these trunnions was clearly 

visible on the wear maps of a large proportion of the ASR XLs analysed in this study. 

Failure to achieve a sufficient head-stem connection, during surgery, has also been 

found increase micromotion and taper wear in these implants. This is attributed to the 

inadequate preparation (cleaning) of taper and trunnion surfaces, prior to their 

engagement, and an insufficient amount of impaction force [206,381]. This suggests that 

reduced surgical skill and experience could have influenced ASR taper failure, possibly 

due to a lack of training and guidance in the implantation of this specific hip replacement 

design. The bearing surface of the ASR must also be acknowledged as a potential 

contributor to their poor taper performance. The large amounts of bearing wear 

measured in this investigation, as well as the prevalence of edge wear, suggests that 

load distribution may have varied considerably during their time in vivo. This would be 

particularly applicable in instances of poor bearing conformity, which could exacerbate 

mechanisms such as toggling. 

 

As previously mentioned, material loss from the ASR bearing has been considered a 

contributor to their comparably high revision rates, with a large proportion of these 

failures being linked to unexplained pain and ARMD [256–261]. Previous clinical studies 

and retrieval analyses have measured higher wear rates and metal ion levels in patient 

with ASR implants, compared to other MOM designs [94,104,110,136,217,262,263,367]. 

A substantial metal dose, as measured in this study, has also been shown to increase the 

risk of implant failure [136]. This poor bearing performance is predominantly attributed 

to implant factors, many associated with the design of its acetabular cup. These include 

its combination of a reduced arc of coverage angle and reduced diametrical clearance 

[104,260]. This angle refers to the extent of femoral head coverage by the acetabular 

component. As a reduced clearance is thought to generate a larger contact patch, its 

merger with reduced coverage contributes to a greater risk of edge loading and 

increased bearing wear [110,205,217,222,264,273].  

 

The relatively thinner profile of the ASR acetabular cup and a reduced chamfer radius at 

the rim, compared to other LH MOM hip designs, is also thought to increase the bearing 

wear rate under edge loading conditions [217,268,270]. This is in addition to the 2.5mm 
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groove that allowed the attachment of an impactor to facilitate a press-fit, which 

inhibited the articulating surface from extending to the rim [217]. The findings of this 

study support this notion, as a large proportion of the ASR bearings were edge worn, 

which were found to result in significantly greater wear rates than non-edge worn 

examples. In combination, these design features were thought to have reduced the 

tolerance of the ASR to malpositioning, as increased angles of acetabular inclination 

were correlated with higher blood metal ions in some studies [258,275–279]. An 

increased likelihood of edge wear was again proposed as the leading contributor to this 

trend. A weak, positive correlation was found between the degree of inclination and 

bearing wear rates of ASR XLs; however, further investigation is required to confirm this 

trend. 

 

As over 45,000 ASR hips remain implanted [86], it must be acknowledged that under 

optimal conditions these MOM hips were able to function well. It is unclear, however, 

which factors contributed to these favourable conditions. It may be that these patient 

were more resilient to the toxic effects of metal debris or did not express a 

hyposensitivity reaction to this material. Contrastingly, these implants could have been 

optimally positioned, due to the superior skill, experience and training of their 

orthopaedic surgeons. As a result, these surgical factors cannot be discounted as 

contributors to the increased prevalence of edge wear found in ASR implants and their 

elevated bearing wear rates. Furthermore, an excessive amount of force may have been 

applied to some implants during surgery, which perhaps deformed the ASR cup, despite 

achieving a press fit. This has been previously linked with the loss of bearing conformity 

and pinching, which can also lead to further material loss [271,272,300]. Nevertheless, 

as with the multifactorial nature of implant failure, these successful ASR cases are likely 

to be the result of a combination of factors. 

 

As reported in other studies, the median volume of bearing surface material loss from 

the ASR resurfacings was over twice that of the ASR XL [110,137,264]. Although this 

difference was not found to be statistically significant, it was a notable finding as both 

forms of the ASR share an identical bearing surface. This could be due to the younger, 

more active recipients of these resurfacing hips; however, bearing wear rates were not 
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correlated with patient age in this study[385]. The greater prevalence of edge wear in 

the ASR resurfacing hips could explain their increased wear rates, but its cause is 

unclear. Although it could be a result of their greater range of motion being utilised by 

a more active cohort [110,217], it could also be attributed to increased instances of 

malpositioning or impingement, as both factors have been previously associated with 

greater amounts of bearing surface wear [110,200].  

 

The negative correlation found between the bearing and taper wear rates of the ASR XL 

suggests that high wearing tapers may have resulted in the need for earlier revision, 

limiting the further development of bearing wear. Not only would this explain the 

difference found between the bearing wear rates of both forms of the ASR, but also the 

unexpectedly comparable bearing wear rates of the ASR XL and the MOM Pinnacle. This 

hypothesis is also supported by the significantly longer ‘time to revision’ of the Pinnacle 

hips and the greater amount of wear measured from the ASR XL taper surfaces. 

Furthermore, a significantly greater amount of bearing wear was measured from the 

ASR resurfacings, compared to the Pinnacles. 

 

When comparing the wear performance of Pinnacle and ASR implants, their 

composition must be acknowledged as a potential contributor. The femoral head and 

liner of the Pinnacle systems were manufactured from a wrought CoCrMo alloy, while 

the ASR implants had an ’as-cast’ femoral head and an acetabular cup that would 

undergo further HIP/SA heat treatments [56,249]. As a consequence of these 

contrasting manufacturing techniques, Pinnacle and ASR implants would have had 

contrasting surface microstructures. Nevertheless, the microstructure of CoCrMo alloys 

has not been found to significantly impact wear performance. Contrastingly, previous 

studies have demonstrated that the carbon content of these alloys is the predominant 

metallurgical determinant of wear resilience [61,243–245]. Although the carbon content 

of both ASR and Pinnacle components was reportedly high [56,249], the exact values 

are difficult to ascertain; therefore, this factor cannot be completely discounted.  

 

The conflicting findings presented in the literature suggest that the relationship 

between bearing wear and the head size of ASR implants remains unclear. Smaller 
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femoral heads have been correlated with higher blood metal ion levels and a higher risk 

of revision in some instances [94,109,136,250,259,260,270,275,279,282], which has 

been attributed to a reduced cup thickness and arc of coverage angle in these smaller 

implants [103,222]. However, this trend has also been absent in many clinical studies 

[149,258,260,275,276,285,386], while two of the few retrieval investigations found no 

correlation between femoral head dimensions and linear wear [205,273]. This was 

consistent with the present study, which failed to identify a correlation between the 

bearing wear rate and the femoral head size of ASR implants. Similarly, no significant 

difference was found between the bearing wear rates of ASR hips explanted from male 

and female patients. Female patients have been considered at greater risk of failure, 

typically due to the smaller implant size required to match their anatomy 

[117,199,250,251]. Prior sensitisation to metals, through contact with metal jewellery, 

has also been a proposed contributor to the greater risk of hypersensitivity reactions 

and implant failure. The present research did not corroborate these findings; however, 

a greater percentage of the ASR implants were explanted from female patients, which 

may have hindered the observation of a similar trend. 

 

Interestingly, as with the MOM Pinnacles investigated in Chapter 4, examples of both 

the ASR resurfacing and the ASR XL were found to have been produced with a 

diametrical clearance outside their specified manufacturing tolerance. Such implants 

were particularly prevalent in the ASR resurfacing group (81%). Although both sets of 

MOM hips were designed with an identical clearance and produced by the same 

manufacturer, the ASR XLs were found to have had a significantly smaller clearance than 

the Pinnacles. In the previous chapter, the diametrical clearance of MOM Pinnacle 

Systems did not influence their wear performance, which was also true for both forms 

of the ASR when investigated individually. However, as they share an identical bearing 

surface, by design, a combined investigation of this relationship was considered 

appropriate. The findings suggest that not only was their bearing wear rate influenced 

by a clearance value outside specifications, but also that they were inversely correlated 

with this dimension. As previously speculated, the combination of a reduced clearance 

and arc of coverage angle could have contributed to the scale of the ASRs failure, which 

would be exacerbated by a reduction in clearance below the specified tolerance. Once 
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again, it must be presumed that the Pinnacles were not influenced by this dimension to 

the same extent, as their greater arc of coverage angle could have reduced the 

prevalence of edge wear. 

 

Reduced clearances have been found to improve bearing conformity and facilitate the 

formation of a fluid film lubricating regime, which can reduce bearing wear, particularly 

during the bedding-in phase. The formation of a larger contact patch size under these 

conditions is thought to reduce contact pressure, further improving wear performance. 

However, the current findings suggest that the sub-hemispherical design of LH MOM 

cups, displayed improved wear performance when coupled with larger clearances. This 

is highlighted by the relative success of the MOM BHR (Table 5.6), which had a 

diametrical clearance of 200μm; not only did it display a reduced revision rate, but also 

reduced bearing wear and blood metal ion levels [104,110,217]. As discussed in the 

previous chapter, in order to ensure patient safety, implant manufacturers have an 

obligation to produce their devices according to the specifications approved by 

international regulators. Furthermore, it is recommended that stricter protocols and 

more accurate methods should be adopted to evaluate the quality of orthopaedic 

implants, prior to their distribution.  

 

5.4.1. Study Limitations 

 

As previously mentioned, measurements of diametrical clearance were achieved 

through a process of postdiction in this research, reconstructing the as-manufactured 

geometry from the implants in their retrieved state. Despite the inability to perform pre-

implantation measurements, this approach was shown to accurately calculate 

diametrical clearance to within a mean error of ±2μm in Chapter 3. Nevertheless, a 

limitation of this method of quantifying bearing wear is its inability to differentiate 

between bedding-in and steady-state wear. Although these values are unobtainable 

during retrieval studies, they would have informed the present investigation into the 

influence of head size on ASR bearing surface wear, as the improved conformity of larger 

head sizes are thought to have a greater impact during the bedding-in phase 

[213,225,226].   
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Furthermore, the thin acetabular cup of the ASR is thought to be at greater risk of in vivo 

deformation during the press-fit process and cyclic loading, which may have influenced 

the accuracy of material loss and diametrical clearance measurements. The method 

validated in Chapter 3, is dependent on the use of a perfect sphere to reconstruct the 

as-manufactured geometry of each bearing surface, consistent with the majority of 

current methods. Such deformation could affect the unworn reference data, from which 

extrapolation is performed. Nevertheless, acetabular components were found to be 

more spherical in their retrieved state than the more robust ASR femoral heads, 

suggesting that in vivo forces did not compromise their spherical design. 

 

Quantifying material loss from the taper junction is also known to be limited when only 

one unengaged surface can be identified and used to reconstruct the as-manufactured 

geometry; nevertheless, superior and inferior unengaged regions were clearly defined 

in all cases assessed in this study. This may be due to the ASR taper design, which 

allowed the femoral stem-trunnion to engage fully within the head-taper. Furthermore, 

based on the prior validation of this technique, the author was confident in its ability to 

quantify volumetric wear, even in the most challenging of scenarios [140,231,235,337].  

 

Although this was one of the largest investigations into the bearing and taper wear rates 

of ASR resurfacing and ASR XL hips, as with many retrieval studies, it was limited by the 

number implants available for analysis. A contributor to this issue was the exclusion of 

hips that were not accompanied by such clinical information as patient age, gender, BMI 

and whole blood metal ion levels; however, this criteria was deemed necessary to 

perform an unbiased comparison of their wear performance and to investigate the 

influence of patient and surgeon factors. In order to increase the likelihood of a high 

inclusion rate, the ASRs were selected from a cohort of implants collected at the Coxa 

Hospital in Tempera, Finland. Clinicians at this centre were meticulous in recording 

clinical information during the revision of ASR and MOM Pinnacle implants. As all hip 

replacements included in this study were consequently revised by a single group of 

surgeons, the perception of implant failure could also be excluded as a confounding 
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surgeon factor, which could have influenced the ‘time to revision’ of each hip 

replacement [381].  

 

In this study, Spearman correlation coefficients were calculated, which only determine 

the presence of a linear relationship. This may have been a limitation of the present 

statistical analysis, as the relationship between implant wear and such factors as their 

head size and patient BMI may be described by more complex models. Nevertheless, 

this approach was consistent with a prior investigation [231], while more complex 

relationships were not identified between these variables when this data was plotted 

graphically. 

 

A potential limitation of the comparison of taper wear rates between the MOM Pinnacle 

and ASR XL hips was that both groups had not been matched for stem design. A 

significantly greater percentage of ASR XL hips had been implanted with a Summit stem, 

while a greater percentage of the MOM Pinnacles had been implanted with a Corail 

stem. As the stem design of MOM hips has been previously shown to influence the 

magnitude of their taper wear, it could be considered a confounding factor in this 

comparison [237]. Nevertheless, Corail and Summit stems were not only manufactured 

by the same company, but also shared an identical trunnion composition and 

morphology.  As these were the primary elements found to influence taper performance 

[237], the difference between the Corail and Summit stem design was not considered 

significant enough to compromise this comparison.  
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5.5. Conclusion 

  

In conclusion, the high levels of ASR bearing wear measured in this study support 

previous speculation that large amounts of metal debris from this interface was a 

contributor the comparably high revision rates of the ASR implants. This was 

corroborated by the high levels of cobalt and chromium ions measured in the blood of 

their patients, opposing the speculated influence of a reduced threshold for revision 

following MHRA alerts; however, the increased surveillance of MOM hips remains a 

potential contributor.  

 

Implant factors have been heavily implicated in the increased likelihood of ASR failure, 

which was supported by the large percentage of edge worn implants analysed in the 

present study. These examples were also found to display significantly greater bearing 

wear, during their time in vivo. Furthermore, a large proportion of the ASRs were found 

to have had a diametrical clearance outside their manufacturing tolerance. As their low 

clearance design has been considered a determinant of edge loading, instances of a 

further reduction in this dimension could explain the magnitude of ASR bearing failure.  

 

The primary aim of this study was to explain the disproportionately greater revision rate 

of the ASR XL, compared to the ASR resurfacing. The retrieval findings presented in this 

chapter suggest that their contrasting clinical outcomes are attributed to material loss 

from the taper surface of the ASR XL. Debris released from this junction through 

mechanically assisted corrosion is thought to have a more significant detrimental impact 

on the periprosthetic tissue, resulting in a greater risk of failure. The ASR XL displayed 

greater taper wear rates and whole blood Co/Cr ion ratios than the MOM Pinnacle and 

other LH MOM designs found in literature. Although it is acknowledged that the failure 

of these implants was influenced by multiple factors, this study suggests that elements 

of the ASR design were undeniably fundamental contributors to its demise.  
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5.5.1. Key Findings 

 

The key findings of this chapter were as follows: 

 

• The ASR and ASR XL were found to have statistically comparable total wear rates. 

 

• Edge worn ASRs were found to have significantly greater bearing wear rates than 

non-edge worn examples. 

 

• 49% of ASR XL hips and 81% of ASR resurfacing hips were found to have had an 

as-manufactured diametrical clearance outside their manufacturing tolerance. 

Not only did these hips have increased bearing wear rates, but bearing wear 

rates were also inversely correlated to the magnitude of their as-manufactured 

clearance. 

 

• The high levels of bearing wear measured from both forms of the ASR were 

considered a significant contributor to their failure, which was supported by 

their high whole blood metal ion levels. 

 

• Material loss from the ASR XL taper was implicated as the cause of their 

disproportionately greater revision rates, due to its more severe impact on 

periprosthetic tissue. 

  

• The ASR XL had significantly greater taper wear rates and whole blood Co/Cr 

ratios, compared to the MOM 36mm Pinnacle hips. 

 

• Evidence of a toggling mechanism was identified from the ASR XL taper wear 

maps. This suggested that the greater lever arm formed by their larger head sizes 

could explain their greater taper wear rates, compared to the MOM Pinnacles.
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In Vivo Location of Edge Wear in Metal-on-Metal 

Hip Replacements 
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6.1. Introduction 

 

Since adverse reactions to metal debris were first observed in patients with MOM hip 

replacements, their wear has been widely investigated. It is currently understood that 

the tribological performance of these bearings are influenced by multiple surgeon, 

implant and patient factors. Hip implants are designed to accommodate articulation 

between their precisely polished bearing surfaces; however, edge loading can lead to 

the unwanted interaction between the femoral head and the interior edge of the 

acetabular cup [217,222]. The resulting edge wear has been found prevalent in poorly 

performing hip implants, due to its correlation with increased wear rates.  

 

Previous investigations have predominantly focused on the rate of material loss. Wear 

patterns have also been reported, with their location relative to the implant surface 

being the focus of discussion [137]. A previous study has demonstrated the feasibility of 

identifying the location of wear scars within the patient; however, in contrast to the 

theory of edge loading, their findings were absent of a clear trend [204]. Furthermore, 

it has not been previously determined whether the topography of hip implant wear is 

akin to the native hip joint. Attempts have been made using instrumented hips, with 

embedded sensors, complimented by gait analysis; nevertheless, it has been difficult to 

make a direct correlation with implant performance [387–389]. 

 

As previously described, the hip joint allows a range of movement, which is facilitated 

by layers of cartilage that cover both the femoral head and the acetabulum. A lifetime 

of function, in addition to disease, can damage this smooth cushion of connective tissue. 

Degradation of this structure has been primarily found in the superior portion of the 

acetabulum. Such investigations have been performed in individuals suffering from hip 

dysplasia and femoroacetabular impingement, which are common precursors of 

osteoarthritis [390,391]; nevertheless, similar findings have also been observed in 

population studies of asymptomatic individuals [392].  

 

Acetabular component positioning is considered a surgeon factor that influences hip 

implant performance; however, conflicting findings have caused uncertainty regarding 
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its effect on bearing wear. Optimal performance has been associated with an optimal 

range of inclination and anteversion angles. Such guidelines as the Lewinnek Safe zone 

have been published to inform positioning, using the anterior pelvic plane as a 

standardised coordinate system [196]; however, its disregard for functional positioning 

is a known limitation of this ridged criteria [197,198]. It also remains debated whether 

the natural acetabular anatomy should be replicated during implantation or whether 

augmentation of the joint biomechanics would provide the best opportunity for implant 

success.  

 

This chapter describes a novel approach to locating the edge wear of acetabular cup 

components in vivo. This is achieved by combining the wear analysis of retrieved 

implants with their pre-revision 3D CT scans. The location of edge wear was 

computationally marked on the rim of a CAD model of their acetabular cup. This model 

was then co-registered to the same cup within its CT scan. The in vivo location of wear 

of a small cohort of implants is discussed, as well as its relationship with their acetabular 

position. 

 

6.1.1. Motivation 

 

As emphasised in all prior chapters of this thesis, an improved understanding of hip 

implant tribology can inform future design and contribute to the achievement of a 

forever lasting solution. Further comprehension of the role played by component 

positioning in the wear performance of hip replacements could influence surgical 

technique, allowing failure to be predicted in mispositioned examples. The management 

of such patients would be invaluable to positive clinical outcomes, which would be 

applicable to all bearing material combinations. Through the analysis of MOM devices, 

an insight can be gained into the function and pathologies of the native hip joint. This 

could include how variability in walking gait, activity levels and personal characteristics 

can influence the future development of hip disease. Moreover, the influence of joint 

anatomy, analogous to implant design and positioning, could inform their role in hip 

joint biomechanics.  
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6.1.2. Aim 

 

This study aimed to determine the in vivo location of hip implant wear, in order to 

better understand their tribological performance and provide an insight into the 

biomechanics of the natural hip joint. 

 

6.1.3. Objectives 

 

In order to achieve this aim, the objectives were: 

 

• To co-register wear maps acquired during retrieval analysis to pre-operative 3D 

CT scans of the patients and their implants.   

 

• To identify the in vivo location of wear in MOM Birmingham (BHR) hip 

replacements. 

 

• To determine the relationship between component positioning and the in vivo 

location of wear.   
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6.2. Materials and Methods 

 

6.2.1. Materials 

 

Twenty-one retrieved MOM Birmingham hip replacements (BHR; Smith and Nephew, 

London, UK) were included in this study, with both femoral head and acetabular cup 

components composed of CoCrMo. These implants were all revised at the Royal 

National Orthopaedic Hospital (RNOH, Stanmore), by two different surgeons. Their 

mean cup size was 53.7mm (48 – 62mm outer diameter), while their nominal diametrical 

clearance and arc of coverage angle were 200μm and 158 - 166°, respectively, according 

to the manufacturer [104]. These hips were revised due to ARMD (n=9), unexplained 

pain (n=9) and component loosening (n=3), after a mean time of 89.1 months (15 – 177 

months). They were explanted from 14 females and 7 males, who had a mean age of 

56.7 years at implantation (35.4 – 73.8 years). Prior to revision surgery, each patient had 

been scanned using three dimensional (3D) computed tomography (CT) as part of their 

routine clinical follow-up. 

 

 
Figure 6.1. Retrieved Birmingham acetabular component (backside). Red circles denote their stabilising 

fins, which are visible in 3D CT scans. 

 

This specific implant design was selected due to its asymmetric stabilising fins, found at 

the backside of their acetabular components (Figure 6.1). The location of these features 
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was identifiable in 3D CT scans, allowing the orientation of the implant within the patient 

to be defined. Pre-revision measurements of whole blood cobalt and chromium ion 

levels were also collected in each case. As demonstrated in Figure 6.2, once BHR hip 

implants with quality pre-revision CT scans of the entire pelvis were identified, a further 

inclusion criterion of this study was the identification of a clearly defined primary wear 

scar on the acetabular bearing surface, which would only be determined following 

tribological metrology.  

 

 
Figure 6.2. Study Design. 
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6.2.2. Volumetric Wear Measurements of BHR Acetabular Cups 

 

As in all prior experimental chapters of this thesis, a Micura coordinate measuring 

machine (Carl Zeiss Ltd, Rugby, UK) was utilised to digitally capture the bearing surface 

geometry of these hip implants. The adopted scanning strategy was designed specifically 

for each component size, conforming to the guidelines of both ISO and ASTM standards 

followed during the validation of this method in Chapter 3 [308,323]. Each acetabular 

cup was consistently positioned with respect to their stabilising fins, as depicted in 

Figure 6.3, allowing the first scan arc to be consistently aligned within the CMM 

coordinate system. This was confirmed by further data points recorded on the apex of 

each fin, maintaining the same coordinate system. The Automated software was used 

to analyse the acquired data and quantify the volume of material loss from each bearing. 

A three-dimensional wear map of their acetabular surface was also generated, allowing 

the identification of a definable primary wear scar and the exclusion of implants with 

lower, more evenly distributed wear. The deepest point of linear wear, within the 

primary scar, was also determined from these maps. 

 

 
Figure 6.3. The acetabular components of the BHR were consistently position with respect to their 

stabilising fins. 
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6.2.3. Measurement of Acetabular Component Position 

 

A bespoke software solution (Robin’s 3D; Robin Richards, UK) was used to analyse each 

3D CT scan and measure the position of the BHR acetabular cups. The software adopted 

for this task was previously used in both clinical and research settings and was shown to 

be accurate for this application [393]. Once high-resolution 3D computational models of 

the pelvis and implant were automatically generated, the anterior pelvic plane (APP) 

was used as a reference to form a standardised coordinate system within each 

individual. This was defined using both anterosuperior iliac spines and the anterior 

surface of the pubic symphysis as bony landmarks (Figure 6.4). The APP formed a coronal 

plane, allowing transverse and parasagittal planes to be consequently established. An 

acetabular axis was also defined, which intersected the cup centre and was 

perpendicular to the cup rim. The position of the BHR cup was denoted by two angles, 

anatomical inclination and anteversion. As seen in Figure 6.4, anatomical inclination is 

the angle between the acetabular axis and the longitudinal axis, while anatomical 

anteversion refers to the angle between the acetabular axis and the coronal plane (APP) 

[394].  

 

 
Figure 6.4. The definition of the anterior pelvic plane and the measurement of anatomical acetabular 

cup inclination (AI) and anteversion (AA); the APP forms the coronal plane, from which the sagittal and 

transverse planes can be defined. The acetabular axis intersects the centre of the cup and is 

perpendicular to the cup rim plane.  
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6.2.4. Co-registration of Acetabular Wear Maps to BHR CAD Models 

 

A 3D CAD model of each acetabular BHR component was produced using a solid 

modelling computer-aided design software package (SolidWorks). This was informed by 

dimensional measurements performed using the previously mentioned CMM. Each 

model accounted for the gross design features of the implants, excluding elements such 

as their porous backside surface. The stabilising fins were used as a reference to co-

register the previously generated wear maps to the CAD model, fundamentally aligning 

the coordinate systems of the CMM measurement and the SolidWorks software. This 

process required manual input to manipulate a projection of the wear map on the 

articulating surface of the CAD model. Once correctly aligned, the expanse of wear was 

marked on the bearing surface edge, by extruding an identical portion of the rim (Figure 

6.5). 

 
Figure 6.5. A CAD model generated for a 52mm Birmingham acetabular component with co-registered 

wear map, using SolidWorks. 
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6.2.5. Co-registration of BHR CAD Models to 3D CT Scans 

 

The pre-revision CT scan of each patient in this study was analysed using Synopsys 

Simpleware ScanIP (Synopsys Inc, CA, USA), which is a 3D image processing and model 

generation software. Each scan was imported into the software as an anonymised stack 

of DICOM images, which were cross-sectional slices of the patient’s pelvis. These were 

then compiled to form a three dimensional image that was built-up of voxels (Figure 6.6, 

which are the 3D equivalent of pixels. As seen in Figure 6.7, the greyscale intensity of 

these voxels is dependent on material density, due to the resulting variability in x-ray 

attenuation. This was used to generate computational models or ‘masks’ of the patient’s 

pelvis and their BHR hip implant, through a process called segmentation within the 

Simpleware Scan IP software.  

 

 

Figure 6.6. The 3D CT image of the patient’s pelvis (bottom right), constructed within the SImpleware 

ScanIP software from a stack of DICOM images. Image dimensions are also specified in voxels under 

project information.  
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Figure 6.7. A single slice of a CT scan, depicting the spine, pelvis, both femurs and a BHR metal implant. 

The grayscale is dependent on material density, with the surrounding air being of lowest density (black) 

and the metal implant with the highest density (white).  

 

In this study, the pelvis (bone) and the BHR implant (CoCrMo) were segmented using a 

semi-automated process of ‘thresholding’, which involved defining a range of grayscale 

values that were representative of the material under investigation. This was facilitated 

by the Simpleware software, as it provided a frequency histogram of the greyscale 

values used to represent the subject of each CT scan (Figure 6.8). A greyscale range of 

approximately 130-1200 was used to isolate bone from each image stack, while the BHR 

implants were segmented using a range of grayscale values often above 1800 (Figure 

6.8). The authors discretion was required as the grayscale varied in magnitude, based 

on scanning parameters and previously utilised metal artefact reduction. A filter called 

‘Local Surface Correction’ was applied to improve model quality; this tool searches a 

specified distance from the initially defined surface for the maximum local rate of 

greyscale change, which is used to define the location of the true surface. Light 

smoothing and subtle 3D editing were used to optimise these digital representations of 

both the pelvis and implant (Figure 6.9). The acetabular cup was further isolated by best 

fitting a sphere to the femoral head and subtracting it from the implant model.  
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Figure 6.8. A histogram generated by the Simpleware Scan IP Software to facilitate the thresholding 

process of a patient’s 3D CT scan. The greyscale values used to represent the content of the CT scan have 

been plotted on the x-axis, while the voxel frequency is plotted on the y-axis. The overlapping frequency 

peaks of the background (air) and bone is also labelled. B) The greyscale range used to segment bone 

from the CT scan. C) The greyscale range used to segment the BHR implant from the CT scan. 

 

 
Figure 6.9. The stages of post-processing performed on the pelvis and implants, following segmentation, 

are depicted from left to right.
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In the case of each patient, their BHR CAD model (generated in section 6.2.4 using 

SolidWorks) was imported into Simpleware as an STL file, which had the location of wear 

marked on its rim. An automated registration function was used to co-register this CAD 

model to the acetabular component segmented from the CT scan (Figure 6.10); 

however, manual input was required to refine the resulting fit. This involved the 

selection of landmarks, such as the rim and stabilizing fins, to inform the alignment 

process. The amount of intervention required was often dictated by the amount of 

metal artefact present in the CT scan, as well as the distribution of bony ingrowth into 

the implants porous surface. 

 

 
Figure 6.10. A Birmingham hip replacement segmented from a 3D CT scan (red) co-registered with a 

CAD model of the implant (grey), which includes the marked location of edge wear. 

 

6.2.6. Measurement of the In Vivo Location of Edge Wear 

 

The in vivo location of acetabular edge wear was determined within Simpleware Scan 

IP. At this point in the analysis, the software contained a BHR CAD model that had been 

marked to display the location of its primary wear scar (section 6.2.4), and had been co-

registered to its in vivo position within the patient’s anatomy (section 6.2.5). Firstly, the 

geometrical centre of the BHR CAD model was determined, by best fitting a sphere to 

its backside surface and using an inbuilt function of the Simpleware software. Secondly, 

as with the measurements of component positioning (section 6.2.3), the anterior pelvic 

plane (APP) was defined and use as a standardised reference between patients. The 
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“CAPP” was then defined, which was a plane parallel to the APP that intersected the 

BHR cup centre (Figure 6.11). The two points at which the CAPP intersected the 

acetabular cup rim was used to define the 0° and 180° limits of the measurement 

system, as seen in Figure 6.12. Vertical and horizontal CAPP axes were formed within 

the acetabular rim plane, dividing the articulating surface into 4 quadrants. As a result 

of its relationship with the APP, zero degrees was considered representative of the 

vertical standing pelvic position [395,396]. Component position was then neutralised, in 

order to achieve a perpendicular view of the acetabular cup rim, with the vertical axis 

positioned appropriately. The angle between both limits of the edge wear scar were 

measured, in degrees, with respect to the CAPP vertical axis. As both right and left sided 

implants were included in this study, anterior angles were considered positive and 

posterior angles were considered negative (Figure 6.12). The deepest point of linear 

wear was also measured in an identical manner. 

 

 
Figure 6.11. The standardised axis defined to measure the in vivo wear scar location. The acetabular 

centre, anterior pelvic plane (APP), CAPP axis and perpendicular CAPP axis are illustrated.  
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Figure 6.12. Perpendicular view of the acetabular cup and its measurement axis. The CAPP axis defines 

the 0° and 180° positions, with anterior locations defined by positive angles, while posterior locations 

were defined by negative angles. 

 

In order to visualise the position of in vivo wear with respect to the pelvic anatomy, the 

implant and its hemipelvis was exported as an STL file from Simpleware Scan IP. This was 

re-imported into SolidWorks, where the original CAD model and co-registered wear map 

could be re-aligned to the stabilising fins (Figure 6.13).  

 
Figure 6.13. A BHR implant CAD model and wear map, co-registered to a hemipelvis model of the 

patient. 
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6.2.7. Statistical Analysis 

 

The process of measuring the in vivo location of acetabular wear, which is described 

from section 6.2.3 onwards, was repeated twice for each component. On both 

occasions, the analysis was conducted by the same observer to evaluate the 

measurement repeatability. The results were compared using Bland-Altman plots, 

obtaining a mean error value, in addition to upper and lower 95% limits of agreement. 

A Wilcoxon paired t - test was used to compare the positions of the centre and deepest 

point of the edge wear scar. A Mann-Whitney unpaired test was performed to 

determine the statistical significance of differences identified between the wear rates 

of edge worn and non-edge worn implants. 



 286 

6.3. Results 

 

The twenty-one acetabular components measured in this study had a median wear rate 

of 0.41mm3/year (0.00 – 43.07mm3/year); nine of which had an identifiable primary 

edge wear scar, while the remaining 12 cups had more evenly distributed wear (Figure 

6.14). These non-edge worn cups were excluded from the present study, based on the 

criteria defined in section 6.2, and would not undergo further analysis. The identified 

primary wear scars shared a common crescent shape, extending further towards the 

pole at their centre and tapering toward their limits. They were also worn to the 

boundary of the articulating surface, throughout their expanse.  

 

The edge worn and non-edge worn components had a median acetabular bearing 

surface wear rate of 4.52mm3/year (0.20 – 43.07mm3/year) and 0.14mm3/year (0.00 – 

33.04mm3/year), respectively. These values were found to be statistically different (p = 

0.007). The edge worn implants had been positioned with a median value of inclination 

and anteversion of 60° and 35°, respectively. According to Lewinnek’s safe zone, these 

were collectively malpositioned.  

 

 
Figure 6.14. Wear maps of BHR acetabular cups with and without a primary wear scar. Darker regions 

are representative of wear. 
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In accordance with the inclusion criteria of this study, the in vivo location of wear was 

determined in nine examples that had a clearly defined primary wear scar. The centre 

of these scars had a median position of 8° (-92° to 33°; Figure 6.15). Comparing both 

repetitions of this analysis, a Bland-Altman plot found that these measurements had a 

mean error of 0.1°. As seen in Figure 6.16, the upper and lower 95% limits of agreement 

were 6.3° and -6.2°, respectively.  

 

 

 
Figure 6.15. The in vivo location of each wear scar centre. 
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Figure 6.16. A Bland-Altman plot comparing the repeated measurements of the in vivo location of each 

wear scar centre. The mean error is presented, in addition to the upper and lower 95% limits of 

agreement. 

 

 

The deepest point of wear had a median position of 16° (-93° to 35°), which are 

presented in Figure 6.17. The location of deepest linear wear and the centre of the wear 

scar was found to be statistically comparable (p = 0.38). Both seemed to suggest that 

wear was most prevalent in the superior anterior quadrant of the acetabular 

component. The median breadth of edge wear was 154° (70° to 176°); as suggested in 

Figure 6.17, this seemed to increase with component size despite not being proven 

statistically. Disregarding wear depth and its extent towards the pole, the distribution 

of edge wear was found to most prevalent in the in the superior portion of the bearing 

surface (Figure 6.19).  
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Figure 6.17. The in vivo location of the deepest point of linear wear. 

 

 

 
Figure 6.18. A scatter plot demonstrating the relationship between the breadth of the wear scar and 

component size. 
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Figure 6.19. Histogram of the distribution of wear across the acetabular surfaces, disregarding the 

depth of wear and its coverage towards the pole. 

 

Acetabular components with higher volumetric wear rates were found to be associated 

with more anteriorly centred edge wear scars (Figure 6.20). The wear scar centre was 

found to tend towards the apex of the cup when positioned with larger angles of 

inclination, as seen in Figure 6.21. A greater degree of anteversion was found to result 

in more anteriorly centred wear scars.  
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Figure 6.20. The relationship between the wear scar centre and the acetabular wear rate. 

 

 
Figure 6.21. Relationship between wear location and acetabular component positioning. The blue plot 

represents the degree of inclination, while the green plot represents the degree of anteversion. 
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6.4. Discussion 

 

Superiorly centred wear scars were consistent in all acetabular components analysed in 

this study, while both their central and deepest points were more prevalent in the 

anterosuperior quadrant. This finding is comparable with cartilage degradation patterns 

observed in native hip joints. Through interoperative assessments and magnetic 

resonance imaging (MRI), a number of studies have been able to map acetabular 

cartilage damage. Similar to the measurement axis adopted in the present study, the 

location of worn cartilage has been previously defined using a clock face approach, 

dividing the acetabulum into twelve equal segments. Although the identification of 

cartilage damage has been dependant on qualitative and subjective methods [397–399], 

comparable results have been reproduced using such quantitative analyses as delayed 

gadolinium-enhanced MRI (dGEMRIC) [400–405]. This technique allows the non-

invasive quantification of biochemical cartilage properties, through the measurement 

of contrast agent penetration into degraded tissue [406]. 

 

Although damage is found to be more prevalent and severe in the anterosuperior 

quadrant of acetabular cartilage, the presence of degradation has also been identified 

in posterior regions. This is also consistent with the findings of this study, as the 

measured wear scars often spanned a large portion of the superior bearing surface 

perimeter. Research into cartilage degradation patterns have primarily assessed 

diseased joints, suffering from such conditions as hip dysplasia and femoroacetabular 

impingement (FAI). Both pathologies are a result of sub-optimally shaped bones and 

have been identified as a risk factor for osteoarthritis (OA), which is often ultimately 

treated through hip replacement surgery [407,408]. Dysplasia is often caused by a 

shallow acetabulum, while FAI can be induced by a non-spherical femoral head (Cam 

FAI) or acetabular over coverage (Pincer FAI) [390,391]. These changes in geometry 

could be considered analogous to the possible in vivo deformation of hip implants, 

which has been implicated as a contributor to poor tribological performance 

[271,272,300]. As previously mentioned with the MOM ASR, implant design can 

contribute to the risk of such an event. Nevertheless, similar patterns in cartilage wear 
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have also been observed in asymptomatic individuals [392]; finite element analyses 

have also corroborated these finding in both diseased and healthy hips [409–411].  

 

The contrasting properties of cartilaginous connective tissue and CoCrMo acetabular 

cups must be acknowledged, as cartilage not only allows smooth hip movement, but 

also performs as a “shock-absorber” that facilitates a more even distribution of forces. 

Some discrepancy would be expected, therefore, between their wear patterns. 

Furthermore, the development of OA is considered more complex than the “wear and 

tear” of cartilage alone, but rather a disease of the entire joint. Abnormal mechanical 

stress can trigger a cellular level response that can also mediate cartilage degradation 

[400,412].   

 

The distribution of wear observed across the edge of these BHR components could be 

attributed to the range of hip motion, from flexion to extension, during day-to-day 

activity. A greater amount of anterior hip joint force is a possible explanation for their 

anterosuperiorly centred wear patterns. In addition to ground-reaction forces, muscular 

contraction is considered the largest contributor these forces. Through musculoskeletal 

modelling, hip joint forces have been found to be directed anteriorly during a greater 

portion of walking gait, accounting for nearly 40% of the stance phase [413,414]. As seen 

in Figure 6.22, this is the predominant weight bearing stage, which terminates when 

maximum extension is achieved and the toe push-off is performed; however, the 

presence of posteriorly directed hip joint force has only been recorded following the 

heel-strike [413,415]. Lewis et al. also found that walking gait with increased extension 

results in greater anteriorly directed hip joint forces [416–418], which may suggest that 

the majority of individuals included in this study were utilising the allowable range of 

motion of the hip implants. However, further factors have been associated with 

anterosuperior patterns of cartilage damage in native hip joints, which include reduced 

vascularity and mechanical strength of the tissue in this region; nevertheless, increased 

joint forces is considered the primary contributor to this trend [419].  
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Figure 6.22. Phases of walking gait (amended from tekscan.com). 

 

Additional evidence supporting these conclusions has been acquired through 

instrumented hip implants, which rely on imbedded sensors to provide in vivo force data 

[387–389]. Hodge et al.  [387] found that the maximum pressure applied to the 

acetabulum during the stance phase of gait was located in an anterosuperior position, 

comparable to the median location of the wear scar centres measured in this study (8°). 

Furthermore, the location of this maximum pressure was found to move to the posterior 

aspect of the acetabulum when raising from a chair [387]. This is consistent with the 

higher prevalence of posteriorly positioned labrum cartilage damage observed in 

Japanese populations, which has been associated with their more frequent practise of 

sitting in positions lower to the ground [419–421]. This may provide some insight in to 

the potential activity of the three individuals that were reported to have more 

posteriorly positioned wear scars.  

 

Subluxation is a term used to describe the brief dislocation and recoupling of the femoral 

head and acetabular components of a hip implant, which can occur during function [76]. 

This mechanism has been associated with increased stresses at the bearings surface and 

irregular wear patterns [110]. As an unintended element of their function, the 

movement of the femoral head can be unpredictable, often dependent on the coinciding 

movement being performed. Nevertheless, Elkins et al. [422] used finite element 

analysis to determine that the posterior region of the acetabular cup rim was vulnerable 
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to head egress, which can occur during flexion and the impingement of the femoral neck 

on the opposing acetabular edge, as seen in Figure 6.23. The femoral head was found to 

be prone to movements onto the posterior edge in this scenario, resulting greater 

applied stresses in this region that could lead to wear. Subluxation could, therefore, be 

a further contributor to the cases of posteriorly located wear in the current study. 

 

 
Figure 6.23. Posterior edge contact resulting from instances of anterior impingement. The femoral head 

can be levered out of the acetabular cup, causing edge wear at the egress site. 

 

Kapadia et al. [355] have performed extensive retrieval research on the accurate 

measurement of acetabular edge wear, during which they suggested that the epicentre 

of the scar can be located on the implant rim. The wear found on the articulating surface 

is proposed to be a consequent of a phenomenon they term ‘wear smearing’, which 

propagates from the epicentre as a result of articulation [315]. Although it was found to 
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be statistically insignificant, this could explain the slight discrepancy between the 

deepest point of linear wear and the centre of the wear scar found in this study. 

Moreover, it may suggest that the wear scar centres may be offset from the force vector 

to some degree. Nevertheless, their research involved the analysis of MOM Pinnacle 

implants, which have a substantially more gradual transition between the bearing 

surface and the rim (larger chamfer) than the BHR design. This could have been a 

contributing factor to the prevalence of wear beyond the rim in their study, as it 

facilitates the migration of the femoral head over the limits of the acetabular articulating 

surface.  

 

The results presented in this chapter were in contrast to a previous study, which 

identified that the in vivo location of acetabular wear was variable [204]. Govind et al. 

[204] reported wear scar centres located in both superior and inferior quadrants of BHR 

acetabular components; however, their findings may have been affected by the 

inclusion of low wearing implants. Such implants have been found to demonstrate a 

more even distribution of wear across the bearing surfaces [110,222,284], making it 

difficult to isolate a primary wear scar, caused by regular function. These patterns can 

be the result of optimal acetabular positioning, which allows the hip force vector to 

intersect the centre of the cup and head components [191], resulting in a more central 

contact patch. This would also explain the centrally located wear identified in this 

previous study. Although these implants may have been low wearing, they were failed 

examples nonetheless; however, even small quantities of material loss can be influential 

in the revision of MOM implants [370].  

 

Additionally, low wearing implants commonly display primary scars of reduced depth, 

making them less conspicuous, relative to other damage. As a result, isolated instances 

of edge wear can appear more prominent and misidentified as the primary wear scar 

generated during everyday function. This can be caused by a rare occurrence of 

impingement due to extreme gait or movement, subluxation, or even severe three body 

abrasion. The possibility that Govind et al. [204] could have been misled by similar areas 

of damage, may explain their identification of inferiorly positioned edge wear. Such 

instances were observed in the present study, visible when wear map contrast was 
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increased excessively. The scars seen on opposing edges could be related to pinching or 

deformation of the component during press-fit, which is another potential contributor 

to these trends. The use of a newly validated method of quantifying and visualising 

bearing surface wear was an advantage of the present study, allowing the boundary of 

each scar to be clearly defined. Not only did this assist the identification of primary wear 

scars, it also benefited the accuracy of location measurements.  

 

The Birmingham hip design is considered one of the most successful MOM implants [21]. 

Its larger diametrical clearance and arc of coverage angle, compared to such designs as 

the ASR and Pinnacle hips, may have contributed to relatively better performance. Both 

design features have been linked with reduced probability of edge loading, due to a 

smaller contact patch size that is located further from the rim [217]. This could explain 

why only half of the retrieved cohort displayed a prominent wear scar. Subluxation is 

also more probable in implants with greater clearances [218], which supports the theory 

that isolated instance of edge wear can impact the accurate identification of functional 

wear, especially in low wearing hip implants. Although the location of damage caused 

by such mechanisms as impingement should be recognised and investigated, it must be 

differentiated from damage caused by regular function. As both forms of wear provide 

opposing insights into the biomechanics of a hip implant and a native hip joint.    

 

The primary wear scar can be considered a reliable indicator of load distribution through 

the bearing surface during regular function, as it excludes stresses caused by rare 

instances of extreme movement or gait that are unrepresentative of steady state 

conditions. This refers to the natural, innate hip biomechanics of an individual during 

typical activities, such as their day-to-day walking gait. Acetabular cup components of 

MOM hip implants with an obvious and clearly defined wear scar are commonly found 

to be edge worn examples, which proved the case in this study. Although this inclusion 

criteria would essentially exclude well-positioned implants, it avoided the uncertainty 

regarding the dominant location of loading during function. Furthermore, edge wear is 

considered a significant influence on the performance of MOM implants and this would 

provide a clear insight into its causal mechanisms.  
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In this study, edge worn Birmingham hips had been implanted with a significantly higher 

degree of inclination, consistent with many literary findings [95,103,199,200,223,423]. 

However, a clear relationship has not been present in studies that have used metal ion 

levels as an indicator of edge wear, possibly due to confounding SIP factors, 

unaccounted for in the absence of a retrieval analysis [277,283]. It is hypothesised that 

the cup-head contact patch moves superiorly towards the edge of the acetabular 

surface as the inclination increase from the optimal range [274]. Consistent with this 

trend, acetabular cups positioned with greater inclination were more likely to have an 

edge wear scar centred about the superior apex.  

 

There has been greater debate with regards to the influence of anteversion on MOM 

implant performance, with no clear conclusion being reached [110,203]. Anteversion of 

the BHR implants appeared to dictate the anterior-posterior direction of the force vector 

with respect to the acetabular cup. Greater angles of anteversion seemed to result in 

more anteriorly located wear scars, while smaller degrees were related to wear in 

posterior locations. This is consistent with the previously discussed contribution of 

subluxation to posteriorly located wear, as increased anteversion (anteriorly directed 

cup opening) leads to a reduced probability of anterior impingement and posterior edge 

contact [422]. The exception to this theory was the greatly anteverted BHR implant that 

had a wear scar centred at -90°. This may be explained, however, by posterior 

impingement of the femoral neck on the cup rim during extension, resulting from its 

large degree of acetabular anteversion [424,425]. The prominence of the scar would be 

substantial if such impingement occurred within the natural walking gait and range of 

motion (ROM) of the individual, especially considering that this was the lowest wearing 

hip found to display a clear primary wear scar. Human walking gait is also known to vary 

considerably between individuals and can be further affected by hip disease [426,427]. 

Unorthodox gait patterns could, therefore, be a further contributor to such irregular or 

unexpected wear patterns. 

 

An implants optimal degree of anteversion could be considered the point at which the 

cup-head contact patch is located centrally about the posterior-anterior axis of the 

sagittal plane. The in vivo location of wear in these Birmingham hip replacements 
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suggest that this would be achieved through approximately 20° of anteversion. Although 

consistent with the safe zone suggested by Lewinnek et al for optimal acetabular 

component positioning [196], this guide is known to have limitations, such as its 

disregard of functional position during daily activities [197,198]. Further research is 

required to confirm the relationship between component positioning and acetabular 

wear, as the low number of analysed implants limits the statistical power of these 

correlations. The conflicting views developed from prior research could be due to the 

analysis of different implant designs. As previously discussed in this thesis, implant 

factors can play a significant role in their bearing performance, with some resulting in a 

reduced tolerance to suboptimal positioning.  

 

 Achieving optimal component positioning is acknowledged as a difficult task, especially 

when its definition remains unclear. Even experienced surgeons are hindered in 

achieving accurate results, due to the variability of anatomical references [424,428]. 

Although implant design can dictate the margin for error during their implantation, 

before edge loading becomes a prominent mechanism, the window of discrepancy 

remains finite. This has motivated the development of navigation systems and robotic 

intervention, in an attempt to enhance the achievable accuracy [429–433]. The native 

position of the acetabulum can also be influential, raising the question whether these 

implants should replicate the natural joint or augment the hip mechanics to achieve 

optimal conditions for reduced wear and improved performance [434,435]. This may 

have been the undoing of MOM implants, as the adverse effects caused by small 

amounts of metal debris reduced the size of this window so substantially that it was 

virtually impossible to achieve. This was ultimately exacerbated by examples of poor 

design, which would have had limited success irrespective of their design.  

 

6.4.1. Study Limitations 

 

The predominant limitation of this study was its small sample size, which restricted the 

determination of statistical significance in the observed trends. This was primarily due 

to the low wearing nature of retrieved Birmingham hip implants, which often did not 

have a predominant wear scar for measurement. The inclusion of other implant designs 
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was limited to the presence of a design feature, identifiable within CT scans, which could 

be used to define its in vivo orientation. With respect to MOM hip implants, the only 

other appropriate implant design would have been the Cormet (Corin Group). As CT scan 

collection was not instructed by the present study, the parameters used during their 

acquisition could not be optimised for this application; these included radiation dose, 

slice thickness and anatomical area captured. A number of BHR implants were excluded 

due to restricted image quality and the absence of both anterosuperior iliac spines from 

the field of view, inhibiting APP definition.  

 

Another potential limitation was the manual elements involved in the co-registration 

processes; despite being semi-automated, user input was a potential source of error 

when measuring the in vivo location of wear. In acknowledgement of this limiting factor, 

the repeatability of the entire process was assessed. The mean error was identified to 

be a fraction of a degree, which was comparable to the accuracy achieved during the 

measurement of acetabular component positioning [436,437]. A maximum error of 

approximately six degrees was recorded in some instances, which could be a further 

consequence of the variability in adopted scanning parameters, in addition to human 

error. This is particularly relevant during the imaging of metal components, as metal 

artefacts can result from their higher attenuation of x-rays, compared to bone and soft 

tissue. Nevertheless, the quality of the CT scans was an inclusion criterion and did not 

seem to substantially hinder the identification of neither the stabilizing fins nor the bony 

landmarks used to define the APP, due to the absence of artefacts in these locations. 

Furthermore, a maximum error of this magnitude would not have substantially 

influenced the acetabular quadrant within which wear was located.  

 

The vertical axis used as a reference to measure the in vivo location of wear was novel 

to the present study; however, its definition was closely related to the anterior pelvic 

plane (APP), which is commonly utilised to establish a standardised coordinate system 

and maintain measurement consistency when assessing component positioning 

[438,439]. This measurement axis could be considered representative of the vertical 

standing pelvic position, appropriate for the discussion of joint forces. However, 

although the APP is recognised as a reliable anatomical reference, its vertical position 
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during function has been debated, with a few degrees of error being proposed in a 

percentage of the population [395].  

The gait analysis of each individual would have informed the interpretation of data 

acquired in this study, in addition to their activity level, weight and pelvic tilt angle. As 

the direction of force applied through the hip is influenced by a multitude of factors, 

they virtually require a case-by-case assessment. Measurements of femoral positioning 

could have also informed these conclusions, as they too have influenced the distribution 

of stresses through the bearing surface during function. The inclusion of these variables 

in future research would be recommended, in order to provide a full representation of 

hip biomechanics. However, as retrospective retrieval analysis was a significant element 

of this study, all implants had been retrieved at differing time point during the past 20 

years. Many of these factors would have likely changed since these BHRs were in 

operation. Wear coverage towards the pole of the cup was not considered in the present 

study to limit the number of variables being assessed, which could be further associated 

with functional abduction and adduction. This was somewhat represented by the wear 

rate and wear scar size.
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6.5. Conclusion 

 
In conclusion, acetabular edge wear of MOM hip implants was found to be located 

superiorly in all cases. This supports a superiorly located head-cup contact patch, 

through which force is transferred during regular function. These wear scars were 

predominantly centred about an anterosuperior position, which may be correlated with 

the greater amount of force directed through this portion of the acetabulum during 

walking gait. These findings were analogous to degradation patterns reported in 

acetabular cartilage, which further supports the influence of anteriorly directed hip joint 

force during a greater portion of the human gait cycle. As emphasised by pathologies 

such as hip dysplasia and femoroacetabular impingement, the native hip joint is not 

always optimised for life-long function. As the population ages, the hip geometry and 

biomechanics of an individual should be considered an important indicator of future hip 

disease. Moreover, considering that these pathologies can often lead to osteoarthritis 

and ultimately treated through hip replacement surgery, it supports an augmentation 

approach rather than attempting to replicate suboptimal native joints. 

 

Furthermore, it is speculated that acetabular component positioning has an influence 

on the in vivo location of wear. A greater amount of inclination was found to result in 

edge wear centred about the superior apex of the cup, while a greater degree of 

anteversion appeared to influence an anterior migration of the scar. Nevertheless, 

further work is required to confirm these trends, which would benefit from the 

investigation of additional SIP factors such as walking gait, activity levels, BMI and 

femoral positioning. This study highlighted the significance of component positioning on 

the wear performance of MOM implant designs. Although implant design features have 

been previously associated with an increased sensitivity to malpositioning, this study 

emphasised the challenges faced by surgeons during their implantation, as even perfect 

positioning can result in a small amount of metal wear debris, which could ultimately 

lead to clinical failure. 
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6.5.1. Key Findings 

 

The key findings of this chapter were as follows: 

 

• Acetabular edge wear was found to be located superiorly in all cases. 

 

• These primary wear scars were predominantly centred about an anterosuperior 

position. 

 

• These findings were analogous to degradation patterns observed in acetabular 

cartilage. 

 

• A greater amount of acetabular inclination was found to result in edge wear 

centred about the superior apex of the cup. 

 

• A greater degree of anteversion appeared to influence an anterior migration of 

the edge wear scar. 

 

• Further investigations are required to corroborate this speculated relationship 

between acetabular cup positioning and the in vivo location of wear. 
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Chapter 7 
Conclusion and Future Work 

Chapter 7: Conclusion and Future Work
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According to the National Joint Registry, the number of hip replacements performed 

annually in the United Kingdom doubled between 2004 and 2018 [21]. This figure 

currently stands at over 100,000 implants, rising steadily due to the aging population 

and sustained levels of activity in old age. With the overall success of this surgical 

intervention, it is becoming more common for younger patients to receive a hip 

replacement, further motivating the need for longer-lasting solutions. Although the 

rationale for developing a second-generation of metal-on-metal (MOM) implants 

aligned with this demand, the catastrophic effect of cobalt chromium debris was not 

foreseen. Both international regulators and some manufacturers must be scrutinised for 

this oversight, as they are fundamentally responsible for ensuring patient safety. The 

impact of surgeon and patient variables must also be acknowledged, as many of these 

MOM hip replacements proved successful under optimal conditions. Nevertheless, this 

large-scale failure has provided the orthopaedic field with a significant learning 

opportunity, not only to avoid future failures, but also to better understand the 

behaviour of these implants in vivo.  

 

The aim of this research was to conclusively identify some of the surgeon, implant and 

patient factors that led to excessive levels of MOM implant wear and their increased risk 

of failure.  

 

 As the only way of determining the in vivo performance of these implants, retrieval 

analysis has proven an essential element of the orthopaedic implant industry. In order 

to achieve this overarching aim, it was deemed necessary to develop and validate an 

accurate method of quantifying material loss from the bearing surfaces of retrieved hip 

implants. The resulting Automated software was found to provide an improved 

accuracy, repeatability and reproducibility, compared to currently available and 

validated methods. This research also demonstrated the importance of rigorous method 

validation in this field, without which inter-centre comparisons cannot be fairly 

performed.  
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As the release of harmful debris was an undisputed factor in causing MOM hip failure, 

establishing a reliable method of measurement was a crucial element of this research. 

Its further application will enable the definition of a clinically significant amount of 

material loss from these implants. Although this may be dose dependent in many cases, 

the quantity may remain ambiguous due to a possible predisposed sensitivity. 

Nevertheless, future work has been proposed to isolate the genes that dictate the 

susceptibility of certain patients to this material, which would inform the selective use 

of CoCrMo implants in all medical fields. This includes their adoption in knee 

replacement surgery, despite the fact that only small amounts of wear have been 

previously found on these components. 

 

Although the coordinate measuring machine is the most widely adopted metrological 

tool for this application, the utilisation of laser and white light probes have offered 

improved data acquisition accuracy, which in could be combined with the Automated 

Software in future analyses [330,335,337]. Acknowledging its error, this approach could 

be adopted in a different orthopaedic context, such as hip simulation studies or during 

quality control processes, as it could overcome identified limitations of current 

geometric and gravimetric approaches. Furthermore, its potential application extends 

to other industries, as metal bearings play a fundamental role in facilitating low friction 

movement.  

 

In fulfilling this first objective, it was possible to exclude the year of Pinnacle 

implantation and their diametrical clearance as having a significant influence on their 

wear performance, in contrast to previous speculation [249,293]. As a result, MOM 

Pinnacle hips implanted from 2007 onwards should not be considered at greater risk of 

failure; however, the management of these patients should adhere to MOM monitoring 

guidelines.   
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Nevertheless, 32% of Pinnacle hips were found to have had a diametrical clearance 

outside the manufacturing tolerance stated by DePuy Synthes (Warsaw, USA) to 

international regulators. Such cases were even more prevalent in the ASR implants, 

being measured in 49% and 81% of the ASR XL and ASR resurfacing, respectively. This 

was not found to influence Pinnacle hip performance; however, as the ASR had a 

reduced arc of coverage angle, a reduced clearance was found to significantly impact 

their bearing wear rates. It is one of many implant factors thought to have contributed 

to the increased prevalence of ASR edge loading, which was a mechanism found to result 

in increased bearing wear in this research.  

 

In addition to achieving regulatory approval, manufacturers of medical devices have an 

obligation to adhere to their accepted design. Achieving these high standards were 

shown to be challenging, during the comparison of generic and branded implants [440]. 

Nevertheless, these findings suggest that stricter guidelines and effective methods of 

quality control are necessary to ensure the accurate production of orthopaedic implants 

and patient safety. 

 

Supporting the contribution of a significant metal load to high failure rates, greater 

volumes of material loss were measured from ASR bearing surfaces, compared to 

previous retrieval analyses of other LH MOM devices. Their acetabular design was again 

implicated in the increased prevalence of edge loading. Nevertheless, contrary to 

previous findings, smaller femoral heads and female patients were not found to be at 

greater risk of elevated bearing wear. Taper wear was also isolated as a contributor to 

the magnitude of ASR XL failure and the disproportionate discrepancy between the 

revision rates of both forms of the ASR implant. Toggling was identified as a dominant 

mechanism in causing excessive taper damage, particularly at trunnion-base contact 

points. Their comparable total wear rates, demonstrated that their differing failure rates 

could not be explained by metal dose alone. It implied that material loss from the taper 

junction had a greater impact on the surrounding tissue and the survival of these 

implants. The elevated whole blood Co/Cr ion ratio of the ASR XL, was another indicator 

of this mechanism. Further work into the impact of taper wear debris on soft tissue, 
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would benefit the future design of these junctions, as they continue to play a 

fundamental role in modular total hip replacements of all material combinations.  

 

This improved understanding of ASR implant failure will benefit the management and 

monitoring of a million patients, worldwide, thought to remain with an implanted MOM 

hip. The determined risk factors will allow the identification of hips that require more 

vigilant surveillance and further clinical interrogation. The earlier detection of failure 

would mitigate the detrimental impact of metal debris, avoiding life altering outcomes 

that can develop through prolonged exposure. However, further investigation into the 

long-term effect of cobalt and chromium debris should also be conducted, as the full 

extent of their toxicity is not yet entirely understood.  

 

Although evidence of a reduced threshold for revision was not observed in the present 

study, the author believes that increased surveillance of MOM hips, following MHRA 

alerts, contributed to the extraordinarily high revision rates of the ASR implants. These 

findings support the benefits of such regulatory intervention; however, more rapid 

action would be advantageous in the mitigation of future failures [86]. Whole blood 

metal ions were confirmed to be an effective indicator of MOM implant wear, and they 

should continue to play a crucial role in patient monitoring.  

 

This research highlights the importance of effective medical device regulation and the 

cooperation between international bodies, manufacturers and surgeons. The ASR 

failure emphasises the importance of preclinical testing and continued post-market 

surveillance, as the flaws identified in its design should have been addressed prior to 

their widespread adoption. The system responsible for ensuring the safety of medical 

devices cannot be reliant on their equivalence to existing designs, considering the 

significance of their potential impact.  

 

Positive steps have been taken with the formation of The Orthopaedic Data Evaluation 

Panel (ODEP) and Beyond Compliance, which are tasked with facilitating the safe 

introduction of orthopaedic devices through the close monitoring of clinical outcomes 

[441,442]. Nevertheless, as outlined in a recent report by Cumberlege [443], there 
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remains fundamental issues with the regulation of medical devices in the UK. It was 

recommended that the MHRA requires substantial revision, while the importance of 

collecting clinical data following market entry was further stressed. The research 

presented in this thesis can only support these recommendations, while emphasising 

the invaluable role retrieval analysis should play in ensuring patient safety.  

 

The in vivo location of acetabular wear was successfully mapped for the first time in this 

research, providing evidence that suggests the influence of component positioning on 

bearing wear patterns. This understanding could only be achieved through the analysis 

of MOM bearing hips, as the acetabular fins of the BHR were visible in CT scans, allowing 

the in vivo orientation to be established. An insight into the biomechanics of the natural 

hip and the development of disease was also achieved, as MOM bearing wear resembled 

damage observed in the cartilage of native joints. As a result, the geometry and 

biomechanics of the hip should be considered indicators of future hip pathologies.  

 

The methodology established to quantify retrieved hip implant wear and map bearing 

surface wear in vivo, will allow future investigations into its relationship with component 

positioning. Such studies would benefit from a larger sample of implants, while the 

addition of gait analysis data and pelvic tilt measurements would be invaluable to the 

interpretation of their findings. Acetabular component positioning has been previously 

linked with increased levels of wear; however, it is understood that achieving accurate 

positioning is challenging and limited by surgical skill. Robotic assistance has been 

introduced to mitigate this risk factor, but further work is required to achieve optimal 

outcomes and to ensure patient safety. In order to achieve optimal wear performance, 

the present findings support the augmentation of the natural joint during acetabular 

cup positioning, accounting for functional positioning and pelvic tilt. This is in contrast 

to the replication of the native hip, as the patient anatomy can often provide suboptimal 

tribological conditions. This risk factor is applicable to all current and future hip 

replacements of this form, irrespective of material, while further research would inform 

the definition of optimal acetabular component positioning.  
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Although MOM bearings have all but disappeared from the orthopaedic market, this 

thesis has shown that their analysis can provide invaluable information to positively 

impact this field. As metals remain a prominent material in the production of these 

devices, it is essential that their in vivo behaviour is fully understood. Implant and 

surgeon factors were the primary focus of this thesis; however, patient factors have also 

been found to influence implant performance and require further investigation. The 

value of retrieval analyses has been highlighted throughout this body of work, and it 

should continue to contribute to the overarching aim of achieving a forever lasting 

implant.  
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