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ABSTRACT 
 

OPTIMISING THE OUTCOMES OF THE OXFORD 
UNICOMPARTMENTAL KNEE REPLACEMENT 

 
Hasan Raza Mohammad      Doctor of Philosophy 
University College       Trinity Term 2020 
 
 
The two main surgical options for knee arthritis are total knee replacement (TKR) and 
unicompartmental knee replacement (UKR). UKR has advantages over TKR but has higher 
revision rates. As a result, UKR only forms 10% of all primary knee replacements. The broad 
aims of this thesis were to determine; the long term implant survival of the Oxford UKR and 
to assess current and develop new evidence based strategies to reduce revision rates. 
 
A systematic review investigating the long term outcomes of 8,658 Oxford UKRs found the 
10 year implant survival was 93% with leading revision causes including aseptic loosening, 
pain and bearing dislocation. There was a lack of cementless studies.   
 
A large prospective cementless Oxford UKR cohort study (n=1000) in Oxford allowed the 
assessment of long term clinical outcomes using various endpoints; reoperation, revision and  
revision to TKR. The respective 10 year survivals were 96.6%, 97.5% and 98.9%. 
 
A retrospective observational study from the National Joint Registry (NJR) was used to 
compare the long term outcomes of 14,814 matched cemented and cementless UKRs. The 
cementless group has significantly reduced revision rates (HR=0.76) given rates of revision 
for aseptic loosening, pain and lysis decreased. However the revision rate for peri-prosthetic 
tibial fracture increased. These results were mirrored by a systematic review comparing 
fixation types for all UKR types (n=10,736).  
 
Other retrospective observational studies from the NJR were used to investigate the effect on 
revision rates of (1) increasing surgeon caseload, (2) Microplasty (new guiding surgical 
instrumentation) and (3) adding a second femoral peg on revision rates. All three were 
associated with lower revision rates.  
 
A radiostereometric study of polyethylene wear was undertaken to determine why an 
increased rate of bearing fracture has been observed. The wear rate for the current bearings 
are 57 μm/year which is substantially higher than in previous studies. Although moulded 
bearings were found to have less wear than machined, no factors studied including recent 
changes to the bearing resin or manufacture accounted for the increased wear.                                                                                                                              
 
An experimental study found that new wider surgical saw blades halved the force required to 
seat the tibial component whilst maintaining fixation achieved. This should reduce the risk of 
periprosthetic fractures and is now used clinically.  
 
This thesis has characterised the performance of the Oxford UKR and has highlighted 
strategies to lower UKR revision rates, to levels similar of TKR. If this is achieved the only 
real disadvantage of UKR compared to TKR will have been addressed. 
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1. INTRODUCTION  

 
1.1 Overview 

 
Arthritis is one of the commonest forms of joint disease and ranks amongst the leading causes 

of disability worldwide1. It has a profound effect on quality of life affecting both 

psychological and physical function2, particularly when involving the knee or hip joint.  

Affected individuals and their families often have to adapt their lifestyles, occupation and 

home in order to minimise its impact. Pain and restricted range of motion particularly cause 

dependence for ambulation, climbing stairs and lower extremity functions3. This inevitably 

results in a significant socioeconomic burden of approximately 1.0 - 2.5% of gross domestic 

product in developed countries4.  

 

Knee arthritis is particularly troublesome, given its higher prevalence compared to other 

arthropathies with a lifetime risk of approximately 50%5. This is only expected to increase, 

given an increasingly ageing6 and obese population7, particularly in Western countries.  

 

Patients who fail to respond to non-operative management are offered knee replacement 

surgery to restore function with over 100,000 procedures performed annually in the United 

Kingdom (UK)8, and this number is projected to only increase at an alarming rate9.  

 

The three main surgical options which exist for end stage knee osteoarthritis are total knee 

replacement (TKR), unicompartmental knee replacement (UKR) and knee osteotomy surgery. 

In TKR the whole articulating surface of the knee joint are replaced whereas in UKR only the 

disease affected portion of knee is replaced, which usually is the medial compartment. Knee 
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osteotomy surgery refers to resecting part of the tibial or femoral bone to relieve pressure on 

the arthritic joint. 

 

UKR offers several clinical advantages over TKR including faster recovery, superior 

functional outcomes, reduced medical complication rates and mortality10-13. Economically 

UKR is associated with lower resource utilisation and higher quality of life, with lower 

lifetime costs14, 15.  

 

However several joint registries8, 16, 17 report UKR revision rates are several times higher than 

TKR. Additionally there is significant variability in UKR results reported18 when compared to 

TKR, secondary to inconsistent selection criteria19, 20, variable surgeon caseloads21 and 

different UKR revision thresholds22.  

 

As a result UKR currently only forms approximately 10% of primary knee replacements in 

the UK8 despite eligibility studies suggesting they should be used in up to 50% of cases12. In 

the UK, each operating surgeons’ practice is audited by the National Joint Registry of 

England, Wales, Northern Ireland and Isle of Man (NJR) to monitor their joint replacement 

revision rates, with outliers detected an early stage and forced to change their practice. 

Therefore, it is logical for surgeons to avoid an implant with higher reported revision rates, 

given this can potentially adversely affect a surgeons’ practice. Given this, many patients will 

not be presented with the benefits of UKR when considering treatment for their knee arthritis. 

 

The purpose of this thesis is to investigate UKR revision rates, evaluate current methods 

employed and to develop new strategies to reduce revision rates. Only by reducing revision 
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rates can surgeons’ confidence in UKR surgery improve and their proportion of primary knee 

replacements being UKRs improve. 

 

This chapter will discuss the underlying pathophysiology of arthritis and its management. 

Then the concept of knee replacement surgery will be discussed with current data sources and 

methods of evaluating joint replacement performance. After this a review of existing TKR 

and UKR comparative studies will be presented. To conclude, the overall objectives and 

structure of this thesis will be discussed.  

 

 

1.2 Pathophysiology of knee osteoarthritis 

 
The principle indication for knee replacement surgery is osteoarthritis in over 97% of cases8 

and therefore its pathophysiology will form the focus of this section.  

 

The knee is the largest synovial joint and is composed of osseous, cartilage, ligaments and a 

synovial membrane (Figure 1.1). The osseous structures consist of the tibia, femur and 

patella. The synovial membrane produces synovial fluid which helps to lubricate the joint and 

provides nutrition to the relatively avascular cartilage. Given the high usage and loading of 

this joint, it is rather susceptible to developing osteoarthritis.  
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Figure 1.1. Anatomy of the human knee joint. Taken from 23. 

 
 
The precise aetiology of osteoarthritis remains unknown although is likely to involve both 

biomechanical and biochemical stresses. Osteoarthritis used to be regarded as simply a 

disease of mechanical degradation secondary to wear and tear but is now known to be a much 

more complex disease, primarily involving the cartilage, subchondral bone and synovial 

membrane24. Each will be discussed in turn.  

 

Cartilage is produced by chondrocytes and consists of an extracellular matrix (ECM) 

comprising mainly of type two collagen and proteoglycans including aggrecan. Type two 

collagen provides a template which is supported by other types of collagen providing tensile 

strength. Aggrecan is embedded into this template and is hydrophilic, drawing water into the 

ECM providing compressive resistance.  
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This ECM normally is in a dynamic state of remodelling where synthetic and degradative 

enzymatic process are equivalent. In osteoarthritis the matrix degrading enzymes are 

upregulated often a result of inflammatory cytokine release after insult to the joint or as part 

of the ageing process24, 25. This results in a net loss of collagen and proteoglycans. Initially the 

chondrocytes are able to compensate for this by increasing the amount of ECM produced, but 

eventually the degradation rates outweigh the generative capacity of chondrocytes. Given the 

cartilage is subject to various biomechanical and biochemical insults this results in fibrillation 

and erosions first in the superficial cartilage layers, but later these extend into deeper layers 

and eventually spread to the entire joint26. 

 

Subchondral bone lies between the calcified cartilage and underlying trabecular bone and is 

highly innervated24. In osteoarthritis features of endochondral ossification and vascular 

ingrowth occur resulting in osteophyte and subchondral cyst formation27. Given its 

innervation, it most likely contributes to the development of pain observed in osteoarthritis.  

 

The synovium consists of synoviocyte cells which produce hyaluronic acid and lubricin which 

helps to lubricate the articulating surfaces of the knee joint28, 29. These cells can also produce 

ECM degradative enzymes after joint insult helping to shift the ECM into a net catabolic 

state30. Additionally synoviocytes have also been shown to reduce lubricating synthesis in 

osteoarthritis31.  
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1.3 Clinical diagnosis of knee osteoarthritis  

 
According to work from the European League Against Rheumatism32 typical presenting 

complaints of knee osteoarthritis are disability from; pain which is worse towards the end of 

the day, pain relieved by rest, the knee joint feeling like giving way and mild morning 

stiffness. Typically pain increases gradually over time33. Initially it presents during high level 

activity and resolves with rest. It then progresses to constant pain on use of the joint and then 

finally causes pain even at rest. However it is important to note that symptoms can vary 

widely amongst patients but there is generally little tenderness outside of the knee joint33.  

 

A clinical diagnosis of osteoarthritis involves a history, examination and usually imaging to 

confirm the findings. Osteoarthritic features in each are discussed over the next few 

paragraphs.  

 

Cardinal features in the medical history that help to distinguish osteoarthritis from 

inflammatory arthropathies include asymmetric joint involvement, morning stiffness lasting 

less than thirty minutes, lack of systemic symptoms (e.g fatigue, weakness) and pain which is 

worse on motion but eases at rest34. 

 
On physical examination bony tenderness along the joint line, crepitus, bony enlargement at 

the joint line and warmth have been identified as key diagnostic findings according to the 

American College of Rheumatology32, 35. There is also often limited range of motion and pain 

at extremes of motion.  
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General hallmark radiographic features of osteoarthritis include joint space narrowing, 

osteophyte formation, bony cysts and subchondral sclerosis, although all these findings may 

not all be present on the radiograph36, 37. 

 

Radiographic assessment of the knee usually involves orthogonal plain radiographs 

(anteroposterior and lateral), whilst the patient is weightbearing. Knee joint osteoarthritis in 

the majority of cases where the cruciate and lateral collateral ligaments are intact commences 

in the anteromedial aspect of the tibiofemoral joint with joint space narrowing38, 39 (Figure 

1.2). As long as the anterior cruciate ligament (ACL) remains intact there is rarely posterior 

involvement of the medial aspect of the tibiofemoral joint. However as the disease progresses 

the ACL may rupture from biomechanical strain or trauma. This allows the tibia to sublux 

laterally and posteriorly, with the disease spreading to involve the posterior tibiofemoral joint 

with prominent osteophyte formation40, 41. Following this the lateral compartment can also 

narrow but this is usually less marked than in the medial aspect of the joint33. 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Anteroposterior and lateral radiographs of patient with medial compartment 
osteoarthritis. 
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1.4 Non-surgical management of knee osteoarthritis  
 
 
Non-surgical management of knee osteoarthritis can be divided into non pharmacological and 

pharmacological treatment. The Osteoarthritis Research Society International (OARSI) 

published recommendations42, 43 for each treatment subcategory, based on systematic review 

evidence. 

 

1.4.1 Non pharmacological treatment  
 
 
Patient education about knee osteoarthritis, its prognosis, and how to self-manage the 

condition has been shown to provide moderate benefits for patients44, 45. Self-management 

refers to the patient’s ability to manage the symptoms, treatment, physical and psychological 

consequences of the condition.  

 

Obese patients with knee osteoarthritis should be recommended to lose weight, given 

reductions in pain and disability have been reported after a moderate weight reduction 

regime46. Obesity is strongly associated both with osteoarthritis development and the need for 

knee replacement surgery47. Evidence exists that obesity increases the risk of developing knee 

osteoarthritis five times and twice if overweight48. Options include lifestyle modification with 

a low calorie diet, increased physical activity and anti-obesity medication49.  

 

Exercise helps to improve mobility and knee function and can strengthen the muscle around 

the joint itself. OARSI recommend land based, water based and strength training with all 

being shown to be effective in improving function42.  
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The role of biomechanical adjuncts in knee osteoarthritis is less clear. Knee braces, sleeves 

and foot orthoses as directed by a specialist are recommended by OARSI although the 

systematic review used suffered from significant heterogeneity50. There is currently a lack of 

evidence assessing the impact of crutches and the use of a walking stick has been shown to 

help reduce pain and improve function in some patients51. However a walking stick is not 

recommended for patients with multiple joint osteoarthritis where inappropriate loading on 

other affected joints may adversely affect these joints42. 

 

1.4.2 Pharmacological treatment  
 
 
Paracetamol is only recommended for individuals without co morbidities given it has been 

shown to slightly relieve osteoarthritic pain but had increased risk of adverse events related 

the gastrointestinal tract52.  

 

Both topical and oral non-steroidal anti-inflammatory drugs (NSAIDs) are estimated to 

significantly reduce pain and OARSI guidelines suggest these as first line therapy42. Topical 

NSAIDs have a lower risk of gastrointestinal side effects but increased risk of dermatological 

adverse events when compared to oral NSAIDs53.  

 
 
Intra articular corticosteroids have been shown in systematic reviews to offer short term pain 

relief54, 55 but for longer term pain relief OARSI recommends alternative treatment options are 

sought.  
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1.5  Conservative surgical treatments for knee osteoarthritis 
  
 
Surgical treatments are indicated when non-surgical management options fail to improve 

symptoms and relieve pain. They can be broadly categorised into conservative management 

where the damaged cartilage is left in situ and radical treatments where the cartilage is 

replaced. In this section conservative surgical treatment options are discussed. 

  

Knee arthroscopy has rather limited indications, given its effect has not been demonstrated to 

be beneficial compared to placebo surgery56 or medial management57. On this basis 

arthroscopic surgery and lavage is not useful unless there is a structural lesion such as a 

meniscal tear. However even arthroscopy for meniscal tears has been shown to offer similar 

results to physical therapy58 and increases the risk of needing a knee replacement compared to 

the general population59. 

 

Malalignment is a recognised risk factor for the development of knee osteoarthritis. 

Osteotomy involves removing or inserting a wedge in the bone to help to correct the 

alignment of the knee joint to relieve pain and delay osteoarthritis progression. For example 

in medial compartment osteoarthritis a high tibial osteotomy (HTO) is performed removing a 

wedge of bone from the lateral proximal tibial bone. This helps to put the knee joint into a 

less varus alignment and transfer the load from the medial to lateral compartment. In lateral 

compartment disease the opposite is true. However it is not known whether osteotomies delay 

the onset or progression of knee osteoarthritis given there have been no direct trials with 

appropriate control groups60. There have been various studies comparing the clinical 

outcomes of HTO and UKR surgery. Cao et al.61 in their systematic review included 10 

comparative studies and found that UKR offered lower revision rates, less postoperative pain 

and fewer complications. However HTO patients benefited from greater range of motion. 
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1.6 Radical surgical treatments for knee osteoarthritis 
 
 
The main surgical option for end stage knee arthritis which has failed to respond to non-

operative management is knee replacement surgery. Knee replacements have been inserted for 

the last 40 years and are effective in helping to reduce pain and improve long term function9.  

 

Over 100,000 primary knee replacements are performed annually in the United Kingdom 

alone8, with this number projected to increase several fold by 203062 given an increasingly 

ageing and overweight population63.  

 

The most common indication for knee replacement surgery is knee osteoarthritis with the 

numbers of replacements for inflammatory arthropathies remaining relatively constant given 

the success of disease modifying anti-rheumatic drugs64.  

 

There are two well established types of knee replacement suitable for end stage medial 

compartment knee osteoarthritis, total knee replacement (TKR) and unicompartmental knee 

replacement (UKR) (Figure 1.3).  
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Figure 1.3. Anteroposterior radiographs of knee replacement types. A) Total knee 
replacement B) Unicompartmental knee replacement. 

 
 
1.6.1 Total knee replacement (TKR) 

 
TKR involves replacing the whole articulating surface of the knee with a prosthesis and 

constitutes approximately 90% of all knee replacements performed8. The prosthesis usually 

consists of a metal alloy. In TKR the distal femur and superior surface of the tibia are 

replaced with metal alloy components. Sometimes the posterior aspect of the patella is also 

resurfaced with polyethylene. Most TKRs have a fixed polyethylene bearing which is firmly 

attached to the upper surface of the tibial component. This allows the femoral component to 

roll on its surface.  

 

A B 



 13 

The knee joint is much more complex than a simple hinge joint. Its articulating surfaces both 

roll and glide during flexion and rely on certain ligaments to help stabilise it through these 

composite motions. As a result there are different types of TKR which either attempt to mimic 

or retain these ligamentous structures65.  

 

In most TKRs the cruciate ligaments are removed to allow more accurate positioning of the 

implant. The two main types are posterior stabilised and cruciate retaining TKRs and each 

will be discussed in turn65. 

 

In posterior stabilised TKRs the cruciate ligaments are removed but the tibial component has 

an internal post which fits into a bar in the femoral component to help mimic the function of 

the posterior cruciate ligament (PCL).  

 

Cruciate retaining TKRs preserve the PCL but remove the ACL and do not have an internal 

post or bar in the femoral component. These are more appropriate for patients with a healthy 

posterior cruciate ligament.  

 

Bi-cruciate retaining TKRs are relatively new TKR design and retain both the anterior and 

posterior cruciate ligaments and evidence on their outcomes is sparse.  
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1.6.2 Unicompartmental knee replacement (UKR) 

 
UKR involves only replacing the disease affected portion of the knee joint, rather than the 

complete surfaces of the distal femur and proximal tibial bone. The two main types of UKR 

are medial and lateral UKRs reflecting whether the medial or lateral aspect of the knee joint 

are affected65.  

 

They consist of a femoral component, tibial component and a polyethylene bearing. The 

bearing can either be mobile or fixed to the underlying tibial component. The medial knee 

compartment is most commonly replaced, but rarely when the lateral compartment is also 

replaced, this is referred to as a bicompartmental knee replacement.  

 

UKR currently constitutes approximately 10% of all primary knee replacements with 

significant variation in practice throughout the UK8 with some surgeons using them in a high 

proportion of their practice and others not utilising them at all.  

 

The most commonly used UKR is the Oxford UKR and therefore logically will form the 

focus of this thesis and will be discussed in detail in the subsequent section.  
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1.7 The Oxford Unicompartmental Knee Replacement  

 
1.7.1 History  
 
 
The Oxford UKR was first introduced in 1976 by Professor Goodfellow and Professor John 

O’Connor and introduced the concept of a congruous mobile bearing to knee replacement 

surgery66. This iteration is referred to as the Phase 1 Oxford UKR and consisted of a metal 

femoral component with aspherical surface and flat metal tibial component. In between the 

femoral and tibial component was a mobile polyethylene bearing which had a flat inferior 

surface and a concave superior surface67.  

 

The Phase 1 Oxford was initially as a bicompartmental knee replacement, but it was observed 

that the majority of cases with an intact ACL suffered from anteromedial osteoarthritis and 

since 1982 was used predominantly as a medial UKR which will form the focus of this 

thesis67. Surgeons struggled with femoral component positioning in relation to the 

ligamentous structures and matching the flexion and extension gap.  

 

In 1987, the Phase 2 implant was introduced specifically for unicompartmental disease67. The 

non-articulating surfaces of the femoral component had a flat posterior facet and concave 

inferior facet. This Phase also introduced a femoral mill allowing incremental amounts of 

bone to be removed from the inferior surface of the femoral condyle. This allowed for the 

gaps in flexion and extension to be matched intraoperatively and helped to restore ligament 

tension to normality67.   

 

The Phase 3 Oxford UKR was introduced in 1998 and is the most recent iteration. The 

surgical approach was significantly modified. The Phase 1 and 2 were implanted through an 



 16 

open approach with patella dislocation. The Phase 3 on the other hand is designed to be 

implanted using a minimally invasive approach through a medial parapatellar arthrotomy 

without eversion or dislocation of the patella68. 

 

Since the Phase 3 UKR, a cementless Oxford UKR has also been introduced, a Twin Peg 

cemented UKR and new guiding instrumentation (Microplasty) to try and improve outcomes. 

However the clinical results from these interventions have not been thoroughly assessed.  

 
 
1.7.2 Design  
 
 
Most current knee replacements approximate the shape of the distal femur and proximal tibial 

bone and usually consist of a convex femoral component surface and flat or concave tibial 

component which articulate. The issue with this design is that they are not a perfect fit and at 

any specific time only a small portion of their surfaces are in contact67.  

 

Most femoral components are polyradial with the shortest radius posteriorly, meaning less 

area for contact in flexion than extension. This is problematic given it is known that loads are 

greatest in flexion and can reach six times that of a human’s body weight69. Additionally 

contact pressures are inversely proportional to the contact area and polyethylene wear is said 

to increase exponentially with increasing contact pressures70, 71. Therefore the less congruous 

two surfaces are, the higher the contact pressures.  

 

The natural meniscus consists of two congruous surfaces which not only change position on 

the tibial plateau as needed during flexion, extension and axial rotation, but also their shape, 

to accommodate the polyradial femoral condyle thereby maximising contact area72. In knee 

extension the greatest radius of the femoral condyle stretches the meniscus in the 
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anteroposterior direction. The reverse occurs in knee flexion where the smallest radius of the 

femoral condyle reduces the anteroposterior dimensions of the meniscus. This maximises the 

articulating contact area with the meniscus transmitting between 45-70% of the load and the 

other 30-55% being transmitted by the femoral and tibial articular cartilage73. This division of 

load allows the articular cartilage to withstand these forces. Where the meniscus is damaged 

osteoarthritic changes of the affected compartment result59, 74.  

 

The Oxford UKR offers two congruent joint interfaces allowing for the advantages of the 

natural meniscus. The femoral component is spherical, tibial component flat and the 

polyethylene bearing has a concave superior surface and flat inferior surface67. The femoral 

bearing interface allows angular movements whereas the tibial bearing interface allows for 

translation. The mobile bearing does not limit movements from surrounding soft tissues. 

Given the forces are predominantly compressive it is thought that this should minimise the 

chances of aseptic loosening of the components75.  

 

The femoral component used in the Oxford UKR is spherical rather than poly radial given 

that the bearing cannot change shape like the normal meniscus and accommodate the several 

radii offered from a polyradial condyle67. The only shapes which can maintain congruency 

throughout are spherical surfaces in a spherical socket and two flat surfaces.  

 

This design is supported from various retrieval, radiostereometric analysis and wear 

simulation studies which suggest wear rates of about 20 μm/year which is lower than other 

reported non-congruent designs in the literature76-79.  
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1.7.3 Current surgical indications 
 
 
The precise indications and contraindications for UKR have been controversial. Kozinn and 

Scott80 advised that UKR should not be used in patients under 60, those over 82 kg, heavy 

labourers and those with exposed bone in the patellofemoral joint as these patients had poorer 

outcomes.  

 

However these recommendations were based on their experience of fixed bearing UKR 

surgery. Goodfellow et al.’s experience of mobile bearing Oxford UKR was that as long as 

the surrounding ligaments remained intact, the majority of patients suffered from 

anteromedial osteoarthritis (AMOA) and were ideal candidates for UKR surgery81.  

 

However the surgical indications for the Oxford UKR have become more refined since and 

define the changes satisfied to make the diagnosis of AMOA. These are bone on bone contact 

medially, an intact functional ACL, full thickness cartilage laterally and that the medial 

collateral ligament (MCL) is functionally intact82. Studies suggest that up to 50% of patients 

suitable for knee replacement satisfy these eligibility criteria83.  

 

The contraindications from Kozinn and Scott’s work80 do not apply as several clinical studies 

since their seminal paper have shown that age, weight, high activity and patellofemoral 

osteoarthritis do not adversely affect clinical outcomes84-86. 
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1.7.4 Clinical results 
 
 
The first reported results of the Phase 1 Oxford were from Goodfellow et al.’s 

bicompartmental cohort in 198666. 125 knees had osteoarthritis and the other 74 knees had 

rheumatoid arthritis. In this cohort PCL deficiency was a contraindication but ACL deficiency 

was not. Failure was defined as when the Oxford prosthesis was no longer functioning.  There 

were six failures for tibial component loosening (n=4), recurrent bearing dislocation (n=1) 

and infection (n=1) giving a five year survival of 89%. All failures occurred in knees with 

damaged or absent ACLs but no differences in outcomes existed between patients presenting 

with osteoarthritis or rheumatoid arthritis. Goodfellow et al.66 also reported eight revisions for 

five dislocated bearings treated with thicker bearings, and two loose tibial components and 

one loose femoral component which needed recementing. At mean follow up of four years 

89% of knees were reported pain free or had mild pain during activity.  

 

This was followed up in 1992 with a study87 of 301 consecutive Oxford UKRs (205 

bicompartmentals, 65 medial UKRs and 31 lateral UKRs). Goodfellow et al.87 found that six 

year survival of ACL intact patients was 95% compared to 83% for the ACL deficient knees. 

Again no differences were found in implant survival of patients with osteoarthritis and 

rheumatoid arthritis. Given the results of these studies it was decided that an intact ACL was a 

prerequisite for receiving an Oxford UKR.  

 

In 1993 the first Oxford UKRs (Phase 1 and 2) implanted with intact ACLs and full thickness 

cartilage were published88 and reported a nine year implant survival of 99%. The only 

revision was for tibial component loosening with bearing displacement five months 

postoperatively which was revised to a TKR. 75% of patients had no pain on activity, 22% 
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had mild pain and 3% reported moderate pain. The ten year results were subsequently 

published as 97.7% (95% confidence interval (CI) 92.7-100)89.  

 

The Phase 3 Oxford UKR was introduced in 1998 with the Oxford knee team reporting 10 

year implant survivals of 98% (95% CI 93-100)68, similar to those reported from previous 

iterations. However Labek et al.18 concluded in their literature review that these results were 

not reproducible outside of Oxford, revision rates three times higher in non-Oxford centres 

and four times higher in the national registries. Given this there is currently no surgical 

consensus on what the long term outcomes of the Oxford UKR are.  

 

 

1.8 Data sources for analysis of outcomes 

Data pertaining to the outcomes knee replacements can be obtained from four main data 

sources; joint registries, individual cohort studies, randomised controlled trials (RCTs) and 

systematic reviews and meta analyses90.  

 

The Oxford Centre for Evidence-based Medicine91 published guidance in 2009 ranking the 

level of evidence for each study design, with systematic reviews and meta analyses at the top, 

followed by RCTs and then individual cohort studies (Figure 1.4). 

 

A sound understanding of the strengths and weaknesses is crucial in understanding the 

relevance of implant outcomes reported using such data. Each data source will be discussed in 

turn.  
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Figure 1.4. The Oxford Centre for Evidence-based Medicine pyramid of Evidence-based 
Medicine.   

 
 

1.8.1. Joint Registries 
 
 
Registries are a critical part of any healthcare system and collect pre specified relevant raw 

data longitudinally. This helps improvements in the levels of care provided to patients and 

promotes an evidence based approach to healthcare92. They allow monitoring of changes in 

outcomes over time, the distribution of healthcare in their respective regions and analysis of 

rare adverse events93.   

 

Specifically the first concept of a joint registry was first developed from Sir John Charnley 

who in 197294 recommended that a central joint registry should be created to monitor joint 

replacements on a national level so that surgical outcomes could be scrutinised. Interestingly 
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he also stated that this would be fiercely opposed by the Orthopaedic community as this 

would bring them under scrutiny, but if their outcomes were good there would be no reason to 

refuse participation. 

 

Patients expect their joint replacements to provide a long term functional and pain free 

outcome with the procedure being complication free, tissue sparing with appropriate follow 

up postoperatively95, 96. Given the influence of industry in implants used for joint 

replacements, a joint registry should be presented in a fashion that allows both clinicians and 

patients to distinguish truth from false claims whilst simultaneously protecting the patients’ 

confidential data97-99.   

 

The principle aims of a registry are to identify poorly performing implants at an early stage to 

prevent them being implanted at a larger scale and to allow surgeons to compare their results 

with colleagues67. The first national joint replacement registry was established in Sweden 

(1975), followed by Finland (1980), Norway (1987), Denmark (1995) and Australia/New 

Zealand (1998)67.  

 

Specifically in the UK the Trent Regional Arthroplasty Study100 and North West Arthroplasty 

Register101 were established in the 1990s and although it was recommended that a National 

Registry was established in 1996102, this did not happen. In 1997 the 3M Capital Hip was 

found to have much higher rates of femoral component loosening103 resulting in the Medical 

Devices Agency recommending that all patients with the device implanted be called for 

clinical review104. This created significant problems given many patients with the Capital Hip 

could not be traced105 and resulted in significant public distress and media attention. The 

Royal College of Surgeons of England concluded that if a hip registry was in place then these 
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poorly performing hip replacements could have been detected earlier and recommended the 

formation of a joint registry106. In 2002 under Lord Hunt’s recommendation the National Joint 

Registry of England, Wales, Northern Ireland and Isle of Man (NJR) was formed in the UK 

and started collecting data from April 2003.  

 

Most registries produce an annual report and have a process by which data can be requested 

for research purposes. The advantages of registries are that they collect data on a large 

number of patients over an extended period of time. Given participation is obligatory in many 

countries107 this minimises publication and reporting bias. As the data collected related to the 

whole population this allows for a large diversity of cases in terms of implant type, surgical 

technique, surgical experience, patient selection and postoperative regimens.  

 

Registries are a powerful resource for three main type of analyses93. The first is descriptive 

purposes such as in a cross sectional manner like the number of replacements performed each 

year and correlation of covariates. The second is longitudinally for trends in such as patient 

characteristics over time and analytically to investigate risk factors for revision surgery and 

for implant comparative studies. The large numbers also allow for subgroup analyses with 

appropriate power. The third is for the evaluation of public health efforts.   

However registries are not without their limitations. Given they collect data on a large scale 

and rely on operating centres for information, this significantly limits the amount of data 

which is obtained for each case. Registries only collect outcome data on revision and 

mortality8, 16, 17. Although revision outcomes are relatively straightforward to collect, they 

have several limitations. Given revision surgery is regarded as a failure, if it has not been 

revised it is considered a success even if the implant is painful and does not offer good 
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function to the patient108. Registries do not record outcomes such as reoperations and 

complications (such as amputations or fusions) and do not assess functional or pain outcomes.  

 

Additionally registries record the reasons for revision at the time of surgery, even if these 

subsequently change from later available histopathology and microbiology results. There is 

also evidence that registries can under report the revision rate109. Furthermore registries do not 

typically collect pre and postoperative radiographs, the specific indications for surgery and 

the volume of the operating surgeon performing the procedure. These potential confounders 

can influence raw results for each implant type reported in the registry reports.  

 
 
1.8.2. Individual cohort studies  
 
 
A cohort study is when information is collected on a group of patients over a period of time 

and comparisons made to determine whether risk factors occur more or less frequently in 

those which develop the adverse outcome90. The design of these studies can be retrospective 

or prospective in nature. The outcome measures are chosen prior to the inclusion of patients.  

 

These studies can be used to study trends and monitor the outcomes of patients over an 

extended period of time and are relatively cost effective as the patient data can be collected as 

they attend their routine clinical follow up. Additionally they can benefit from relatively large 

sample sizes of patients who meet specific inclusion criteria allowing a more homogenous 

population than registries can provide. Furthermore specific data on outcomes other than 

revision can be obtained including radiographs, blood results, reoperations, complications and 

patient reported outcome measures (PROMs).  
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However prospective study designs have the potential for selection bias unless a consecutive 

series of patients with a certain diagnosis are included. Retrospective study designs are often 

limited by the data fields captured, as these were not captured for the specific study in mind.  

Both prospective and retrospective designs are also prone to bias from various confounders. 

Examples include if the study centre has a particular referred patient demographic, overly 

specific diagnostic criteria excluding relevant patients and having a non-representative 

clinical team. These factors can all limit the generalisability and relevance of the results. 

Finally these studies may simply be case series with no comparative arm to compare 

treatments and when cohorts are compared to others this must be done with caution as other 

confounders may explain differences observed.  

 

1.8.3. Randomised controlled trials 

 
A RCT randomly allocates patients to a treatment arm and a control group which can be 

positive in which the patient receives treatment or negative with a placebo where no active 

treatment is received90. The randomness of allocation helps to evenly distribute confounders 

between groups allowing fair comparison of outcomes110.  

 

It is also important that the trial is free from systematic subjectivity and treatment bias. If the 

clinician believes the treatment arm is superior this can lead to assessment bias of the 

outcomes of interest.  Or the clinician could withdraw patients from the study with prior 

knowledge constituting attritional bias. A single blinded study would have one of the 

clinician, patient or investigator blinded. If two of the three are blinded this becomes double 

blinded and if all three are blinded this becomes triple blinded which is the gold standard110. 

The blinding should be maintained until the end of the study after all the analysis is 

performed.  
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Advantages of RCTs include that the randomisation process minimises selection bias and 

control over confounding factors is enhanced with even unknown factors being evenly 

distributed between comparative groups. Additionally the studies are prospectively adequately 

powered for their specific question of interest110.  

 

However, RCTs are not without their limitations. First of all if an RCT is not adequately 

blinded they are no better than observational studies (individual cohorts and registries). In fact 

this is mostly the case in Orthopaedics with reports that over 50% of RCTs111 have poor 

randomisation, blinding, outcome measurements and are inadequately powered112.  

 

Additionally if they are not adequately powered they may be susceptible to type two error and 

not detect a real difference between groups90. They are not ideal for detecting rare events such 

as revision or to conduct subgroup analyses, as these would require very large numbers of 

patients impractical for an RCT. Finally they are very expensive to run and often do not 

continue in the long term, meaning long term outcomes are rarely studied. Additionally given 

they often take considerable time to publish, practice has often progressed since their 

inception limiting their relevance113.  

 

1.8.4. Systematic reviews and meta analyses 
 

Systematic reviews and meta analyses are regarded as the highest level of evidence as per the 

Oxford Centre for Evidence-based medicine91.  They bring together existing published studies 

to synthesise results and have the advantage of pooling together large numbers of patients 

from studies all across the world whilst not losing the ability to analyse several relevant 

outcomes of interest.  
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However systematic reviews are subject to systematic error and publication bias90. 

Additionally they are only as reliable as the quality of studies that they are combining. If the 

primary studies are poor quality the systematic review will not yield useful results although 

they can help direct where future research is needed from unanswered questions.  

 

Inevitably the studies brought together in a systematic review will have variation also known 

as heterogeneity. There are three types of heterogeneity, clinical, methodological and 

statistical heterogeneity114.  Clinical heterogeneity refers to differences in patients, 

interventions and outcomes between studies. Methodological heterogeneity refers to 

variability in study design and risk of bias. Statistical heterogeneity refers to variations in the 

intervention effects being analysed in the different studies more than what one would expect 

from random chance. This is often a consequence of clinical or methodological heterogeneity 

or in some cases both.  

 

Therefore it is crucial that a systematic review assesses a specific question, uses a 

comprehensive search strategy, appropriate inclusion and exclusion criteria, assesses studies 

risk of bias, evaluates heterogeneity and discusses the limitations of its findings115.  

 

 

1.9 Comparison of TKR and UKR  

 
The two most common types of knee replacement are TKR and UKR. It is estimated that up 

to 50% of patients in the UK present with isolated unicompartmental osteoarthritis and hence 

would be eligible for either treatment option83.  
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Therefore it is of utmost importance that these two replacements are compared in order to 

offer the best treatment options for patients. Decisions should be shared between clinician and 

patient and made once both parties recognise the benefits and risks of both treatment options 

available116-118. 

 

The current gold standard assessment of knee replacement outcomes, is the implant’s revision 

rate22. Revision is defined as the removal, addition or exchange of components used for the 

knee replacement8, 16, 17. On its own, it is a limited outcome measure as it does not assess the 

function obtained from the replacement, the quality of life, medical complications, mortality 

and other operative procedures not meeting the strict definition of revision such as 

manipulations under anaesthesia (MUA) and washouts. Hence a patient suffering any of these 

outcomes but not revisions are classically regarded as successful108.  

 

These other outcome measures are essential to be discussed with the presenting patient, 

otherwise their decision would not be deemed as fully informed119, 120. The James Lind 

Alliance is an organisation which brings together clinicians, patients and carers to discuss the 

priorities for research. The leading research priority for knee and hip replacements identified 

by the James Lind Alliance was the most important clinical outcomes121.  

 

In the next few sections a review of the literature comparing TKRs and UKRs is presented 

using various data sources and clinical outcome measures to understand each knee 

replacements’ advantages and disadvantages.  
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1.9.1 Current usage in the United Kingdom 

 
The NJR is the largest dataset in the world8 with over one million knee replacements recorded 

with a maximum follow up of 15 years. 97.4% of knee replacements are performed for 

osteoarthritis as the only indication8.  

 

Despite up to half of patients presenting with knee osteoarthritis being eligible for either TKR 

or UKR, there are large differences in the usage of UKR and TKR. The 2019 NJR annual 

report8 shows that of the 1,193,830 primary knee replacements recorded between 1st April 

2003 and 31st December 2018, 1,070,873 (89.7%) were TKRs and 122,910 (10.3%) were 

UKRs. Although these proportions have remained fairly constant there are has been a recent 

increased in UKR use which rose to 10% for the first time in 2017.  

 

However enormous variations exist in usage of UKR both geographically and between centres 

in the same region. Liddle et al.21 calculated the average surgeon caseload for each surgeon in 

the NJR (n=2589) using their unique surgeon ID between 2004 and 2012. Surgeons who used 

UKR (n=1272, 49%) performed an average of only 5.4 cases (standard deviation (SD) 9.3) 

per year with the most common mean UKR caseload being 1 case/year. However several 

surgeons had UKR caseloads ≥ 30 cases/year.  Surgeons who used TKR (n=2536, 98%) 

performed a mean of 33.6 procedures/year (SD 32.5).  

 

In terms of the patient demographic receiving knee replacements, the median age of patients 

receiving TKR was 69 years (interquartile range (IQR) 63-76) and those receiving UKR were 

on average 5 years younger at 64 years (IQR 57-70)8. Additionally for TKR the majority of 

patients are female (56.8%) compared to UKR where the majority of patients are male 

(53.1%)8.  
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1.9.2 Revision rates  

 
As discussed in section 1.9, revision is defined as the removal, addition or exchange of 

components used for the knee replacement8, 16, 17. This is currently the gold standard outcome 

measure for a knee replacement. 

 

All large national registries8, 16, 17 report that the revision rates for UKR are overall on average 

about three times higher than TKR using raw data collected (Table 1.1). As a result most 

surgeons believe that UKR has poorer results and should not be used. However this is an 

oversimplification as raw data does not take into consideration various confounding factors 

including indications for surgery, revision threshold, surgeon volume, patient demographics 

and surgical technique. There is obvious disparity in the caseload of surgeons performing 

UKR and TKR and the average age of patients undergoing UKR is 5 years younger8. 
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Registry  TKR survival 95% CI  Oxford UKR survival 95% CI 

National Joint Registry of England, Wales, 

Northern Ireland and Isle of Man (2019)8 

96.6 96.5 - 96.6 88.7 88.3 – 89.0 

Australian Joint Registry (2019)16 94.7 94.7 - 94.8 85.2 (Cemented) 

87.8 (Cementless) 

84.5 - 85.8 (Cemented) 

85.6 - 89.7 (Cementless) 

New Zealand Joint Registry (2019)17 95.2 95 - 95.3 86.0 (Cemented) 

92.3 (uncemented) 

84.7 - 87.1 (Cemented) 

90.9 - 93.5 (uncemented) 

Dutch Joint Registry (2019)122 94.1 94.0 – 94.3 

 

85.4 (Cemented) 

86.5 (Cementless) 

84.4 - 86.4 (Cemented) 

80.6 - 91.8 (Cementless) 

 

Table 1.1. 10 year TKR and Oxford UKR implant survivals reported in the Joint Registries.
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Another issue is that given UKR is more bone conserving, most surgeons will have a lower 

threshold to revise than they would if a patient had a TKR67.  A UKR revision is a relatively 

straightforward conversion to a TKR whereas a TKR revision often involves the use of stems, 

wedges and augments123. Additionally patients who undergo a UKR revision report more 

satisfaction with their knees than those who undergo a TKR revision124.   

 

An example of this was in the Trent Regional Replacement Registry which found that the 

lowest knee replacement revision rate was for the Sheehan knee which is no longer available 

given its poor performance125, 126. However because of the implant size, surgeons would rarely 

revise the implant given the surgery would be so complex.  

 

There are a few RCTs comparing the revision rates of UKR to TKR with conflicting results. 

Ackroyd et al.127 conducted the first RCT comparing the St Georg Sled UKR to Kinematic 

modular TKR and found that at five years there were no differences in failure but at 15 years 

the implant survival for UKR (90%) was better than TKR (79%). Sun et al.128 randomised 

patients to the Oxford UKR or the AGC TKR and found at four years that (7/52) needed a 

revision in the UKR group for tibial loosening/subsidence compared to 0 in the TKR group. 

Costa et al.129 inserted UKR and TKR as simultaneous bilateral replacements in the same 

patient and found implant survivals of 85% and 100% respectively with this difference being 

significantly different.  More recently the five years results of TOPKAT130, the largest RCT 

comparing TKR and UKR were published. This large multi-centre RCT found fewer revisions 

in the UKR group although the differences were not statistically significant. However the 

authors state that the study was underpowered to detect differences in revision and only 

looked at mid rather than long outcomes.  
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The most powerful comparison to date was a matched study performed by Liddle et al.10 

Liddle et al.74 performed a matched comparison of 25,334 UKRs and 75,996 TKRs using NJR 

data linked to Hospital Episodes Statistics (HES) database which holds all the medical records 

of a patients admissions to hospitals in England. Patients were propensity matched on patient 

demographics, implant factors and surgical factors. They found that at eight years the revision 

rate for UKR was 2.12 (95% CI 1.99 - 2.26) times higher with UKR than TKR.  

 
Wilson et al.12 performed a meta-analysis of comparative studies of UKR and TKR. They 

stratified their analysis based on the study type into RCTs, health databases and cohort 

studies. They found significantly higher revision rates for UKR in all study types with risk 

ratios of 5.95 (95% CI 1.29 - 27.59), 2.50 (95% CI 1.77 - 3.54) and 3.13 (95% CI 1.89 - 5.17) 

respectively.   

 
Therefore UKR revision rates are currently problematic, given they are several times higher 

than TKR. This will form the focus of this thesis. 

 
 
1.9.3 Reoperation rates 

 
Reoperation is defined as any surgery performed on the replaced joint. This includes 

arthroscopies, MUAs and washouts.  

 

Reoperation data is not currently collected in the Joint Registries8, 16, 17 and therefore this 

outcome can only be assessed looking at existing clinical studies. On review of the literature 

outcomes using the endpoint reoperation are poorly reported. This is surprising given this is 

an important outcome for patients as they would want to know the probability of returning to 

theatre for further interventions after primary surgery.  
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Wilson et al.’s12 meta-analysis of comparative studies found no significant differences in 

reoperations rates of UKR and TKR in included RCTs and health database groups. However a 

lower reoperation rate for UKR was reported on comparison of included cohort studies.  

 

More recently the TOPKAT study130 reported five year reoperation rates of 9% and 10% in 

the UKR and TKR comparative groups with this difference not being significant although the 

study was not powered to detect differences in reoperations.  

 

 
1.9.4 Mortality  

 
An understanding of the rates of mortality in UKR and TKR is crucial to help facilitate the 

discussion between the clinician and patient in determining which type of replacement is most 

appropriate considering all the risks and benefits. Without a sound understanding of this 

outcome, consent cannot be truly informed.  

 

The NJR8 do not place much emphasis on this in their annual reports. In their 2018 report90 

this is reported over a couple of pages with the analysis only being stratified by age and 

gender and not by implant type.  

 

Liddle et al.10 in their large propensity matched comparison of UKR and TKR found 

significantly lower mortality at 30 days, 90 days, one year, four years and at eight years for 

UKRs. This difference was statistically significant. Additionally the rates of intraoperative 

complications, blood transfusion, thromboembolism, stroke and myocardial infarction were 

all significantly lower in the UKR group.  
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Wilson et al.’s12 meta-analysis supported these findings. They assessed early mortality within 

the first 45 days of surgery and found significantly reduced mortality in the UKR group with a  

risk ratio of 0.27 (95% CI 0.16-0.45). Additionally the rates of myocardial infarction, 

cerebrovascular and thromboembolic events were significantly lower in the UKR group.  

 

This was further supported in the TOPKAT RCT study130 which found from the 17 deaths 

reported six were in the UKR group and 11 were in the TKR group. However this study was 

not adequately powered to detect differences in mortality.  

 
 
 
1.9.5 Patient reported outcome measures  

 

PROMs are validated questionnaires completed by patients which assess their quality of 

life131. They offer significant insight into the function and pain a patient experiences after 

surgery and have been routinely used by the National Health Service (NHS) since 2009 for 

assessing the outcomes of knee and hip replacements132. The most commonly used PROMs 

used for knee replacements are the Oxford Knee Score (OKS), American Knee Society Score 

– Objective (AKSS-O), American Knee Society Score – Functional (AKSS-F) and the Tegner 

activity score. A summary of commonly used PROMs are in Table 1.2. 

 

It is important to emphasise that a statistically significant difference in PROMs between 

comparative groups is not necessarily meaningful. The minimally clinically important 

difference (MCID) is defined as the smallest change in score that an individual patient would 

regard as being important133. Therefore any significant differences between comparative 

groups should also have a difference equal to or greater than the MCID to be clinically 

meaningful.
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Patient reported outcome measure Origin Description Scale  Minimally clinically 
important difference 

Oxford Knee Score (OKS)134 Oxford, United Kingdom 12 questions on pain and 
function over the last four 
weeks. Each question is 
scored from 0-4. Each 
questions score is added to 
give overall final score.  

0 (Worst) – 48 (Best) 4 points135  

American Knee Society Score – 
Objective (AKSS-O)136  

New York, United States Series of questions 
assessing pain in 50 
points, stability in 25 
points and range of motion 
in 25 points.   

0 (Worst) – 100 (Best) 5.9-7.8 points137 

American Knee Society Score 
Functional – (AKSS-F)136 

New York, United States Series of questions 
assessing walking distance 
in 50 points and act of 
climbing and descending 
stairs in 50 points. 

0 (Worst) – 100 (Best) 6.1-6.4 points137 

Western Ontario and McMaster 
Universities Arthritis Index 
(WOMAC)138 

Ontario, Canada Five questions on pain (0-
20 points), two questions 
on stiffness (0-8 points) 
and 17 questions on 
functional limitation (0-68 
points). 
 

0 (Worst) – 100 (Best) 10 points139  
 
 
 
 
 
 
 

Knee injury and Osteoarthritis 
Outcome Score (KOOS)140 

Lund, Sweden Nine questions on pain, 
seven questions on 
symptoms, 17 questions 
on activities of daily 
living, five questions on 
sports and recreation, four 

0 (Worst) – 100 (Best) 8-10 points140  
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Table 1.2. Commonly used patient reported outcome measures used for knee replacements.

questions on quality of 
life. 

EuroQol Five Dimension Scale  Visual 
Analogue Scale141 

Europe  Continuous scale from 0 
to 100 where patient is 
asked to rate overall 
health.  

0 (Worst) – 100 (Best) 9 points142 

Tegner Activity Score143  Linkoping, Sweden A question with 10 levels 
of activity patient is able 
to do. Level 0 refers to 
sick leave/disability from 
knee problems whereas 10 
refers to competitive 
football.  

0 (Worst) – 10 (Best) N/A 

Hospital for Special Surgery Knee 
Score (HSS)144 

New York Seven categories including 
pain, function, range of 
motion, muscle strength, 
flexion deformity, 
instability and 
subtractions. 

0 (Worst) – 100 (Best) 8.3 points145 
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PROMs are not routinely collected in the registries8, 16, 17 and hence can really only be 

comprehensively analysed and compared using data from existing clinical studies and 

PROMs databases.  

 
 
Wilson et al.’s12 systematic review was designed to detect differences between UKR and TKR 

PROM scores. They found significantly better functional scores in for UKRs than TKRs 

although they did not find any differences in pain scores. However this analysis is limited as 

the authors combined all post-operative PROM scores after six months, rather than stratifying 

this over specific time periods. This would have contributed significant heterogeneity to their 

analysis evidenced by the I2 statistic (percentage of variance in the meta-analysis attributable 

to study heterogeneity) reaching as high as 94%.  

 

The KAT trial146 reported the 10 year Oxford Knee Scores of TKR with and without patellar 

resurfacing as being 33.6 (SD 11.3) and 33.5 (SD 10.8) respectively. This is remarkably lower 

than those reported in the UKR which are commonly reported as being over 40 at 10 years68, 

82, 147, 148. This difference of 6.5 points is clearly larger than the MCID of four points and 

suggests that patients have better functional outcomes with UKR.  

 

The TOPKAT study130 found that although UKR had a higher 5 year OKS of 38 (SD 10.1) 

compared to 37 (SD 10.6), this difference was not statistically or clinically significant. 

However they found significantly higher (p=0.004) EuroQol Five Dimension Scale (EQ-5D) 

visual analogue scores in the UKR group suggesting better health status in UKR patients at 

five years follow up.  
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1.9.6 Cost effectiveness  

 
Various studies have compared the cost effectiveness of TKR and UKR. Burn et al. 

performed a systematic review14 of comparative economic evaluation studies. They found that 

UKR was less costly than TKR and was associated with greater increases in quality adjusted 

life years. However the cost effectiveness was much better in UKR for older age groups and 

less certain in the younger demographics.  

 

Burn et al.13 followed this up with a registry based comparison using NJR data using a 

lifetime Markov model factoring in the higher revision rates of UKR compared to TKR. The 

analysis included 25,334 and 75,996 propensity matched UKRs and TKRs respectively. They 

found significant cost savings throughout the patient’s life across all age groups and genders, 

ranging from £601 to £1223 (Table 1.3). 

 

 

Gender  Male Female 

Age groups <60 years 60-75 

years 

75+ 

years 

<60  

years 

60-75  

years 

75+  

years 

Cost savings 

from UKR 

 

£1223 £1355 £2005 £601 £935 £1102 

 
 
Table 1.3. Costs savings from UKR in different age groups. Adapted from13. 
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This work has been additionally supported by the TOPKAT RCT study130 that reports five 

year results showing cost savings of £910 (95% CI £317-£1503) during the study period. 

However work by Koskinen et al.149 using the Finnish Arthroplasty Register found that 

although UKR was more cost effective in the short term, in the long term TKR was more cost 

effective given the higher revision rates in the UKR group.  
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1.10. Implications for the Oxford UKR 
 
 
The comparison of existing literature clearly indicates that UKR offers significant advantages 

over TKR including improved functional outcomes, lower mortality, lower risk of major 

medical complications, better cost effectiveness and similar reoperation rates.  

 

Given that currently UKR are only used in 10% of cases, despite being eligible for up to 50% 

of cases83, this is concerning given there are several advantages over TKR. Additionally this 

raises questions over how informed patients’ consent is for TKR. The only explanation for 

this disparity in usage must relate to UKR’s revision rate, which is currently several times 

higher than those of TKR. It is therefore pertinent that these higher revision rates are 

addressed.  

 

The most commonly used UKR is the Oxford UKR8 and hence it is logical to direct efforts to 

this implant in solving the UKR issue. Henceforth the Oxford UKR will form the focus of this 

thesis. 

 

A consensus first needs to be reached on what the Oxford UKR long term outcomes actually 

are. Although the registries suggest higher revision rates, this needs to be investigated in 

clinical studies across the world. Registries are often limited to certain countries and have 

significant limitations including data quality issues109 and were discussed in depth in section 

1.8.1. To date there have been no reviews of the long term outcomes of the Oxford UKR. A 

review of all long term studies across the world would prove useful in understanding not only 

the Oxford UKR’s revision rate, but its mechanisms of failure.  
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Several changes have been implemented to the Oxford UKR in an attempt to lower its 

revision rate including, cementless fixation, a new femoral peg design and new guiding 

instrumentation. However it is currently unknown whether these interventions have any effect 

on revision rates.  

 

Therefore this thesis will assess the long term outcomes of the Oxford UKR, the effect of 

previously implemented interventions and then develop new strategies to improve the 

implant’s performance. The structure of the thesis will be outlined in the next section.   
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1.11 Thesis objectives 
 
 
The purpose of this thesis is to use an evidence based approach to optimise the outcomes of 

Oxford UKR by identifying modifiable factors associated with lower revision rates. To do this 

this thesis has three broad objectives. 

 

1) To first assess the long term outcomes of the Oxford UKR and the mechanisms of implant 

failure. Only by a comprehensive understanding of this baseline can current and new 

interventions to developed.  

 

2) To assess current strategies employed to reduce UKR revision rates 

 

3) To develop new strategies to reduce UKR revision rates. 

 

 
The null hypothesis of this thesis is that the current strategies employed do not currently 

lower revision rates and therefore new strategies need to be developed to lower these in order 

to increase the future usage of UKR. 
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1.12 Thesis scope and structure of thesis 
 
 

The first experimental chapter (Chapter 2), investigates the global long term clinical outcomes 

reported of the Oxford UKR. This looks at various clinical endpoints including revision, 

reoperation, non-revision reoperation, medical complications, mechanisms of implant failure 

and patient reported outcome measures. The results from this chapter are critical and guide 

the other chapters of the thesis. Chapter 3 focuses on the clinical and radiographic results of 

cementless Oxford UKRs inserted under the recommended indications by the surgeons 

involved in the development of the current version of the Oxford UKR.  

 

Given the promising results of the cementless Oxford UKR reported in Chapter 3, Chapter 4 

consists of two parts comparing the outcomes of cemented and cementless Oxford UKRs. The 

first part compares cemented and cementless Oxford UKRs using data from the NJR. The 

second part makes the same comparison in a systematic review looking at all UKR brands 

across the world.  

 
Chapter 5 analyses the effect of other critical factors on revision rates in the NJR. These 

include surgeon caseload, new guiding surgical instrumentation and modifying the design of 

the femoral component.  

 

Chapters 6 and 7 focus on developing new strategies to lower UKR revision rates. Chapter 2 

identifies bearing issues as leading causes for revision and Chapter 4 demonstrates that 

periprosthetic fractures are more common in cementless fixation. Therefore Chapter 6 

involves comparing the long term wear rates of three different types of polyethylene used in 

the Oxford UKR, which helps select the most appropriate polyethylene. Chapter 7 is an 
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experimental study of new tibial cutting surgical instrumentation can reduce the risk of 

periprosthetic fracture in the cementless Oxford UKR.  

 

Chapter 8 summarises the key findings and conclusions of this thesis and recommends future 

work based on any unanswered questions or limitations.  
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2. SYSTEMATIC REVIEW OF THE LONG TERM 

OUTCOMES OF THE OXFORD UKR 

 
2.1 Introduction  

 
The first step of this thesis is to calculate the long term revision rate of the Oxford UKR. 

Although excellent results within Oxford are frequently reported for the Oxford UKR with 

implant survivals frequently exceeding 95% at 10 years, this has not been reproduced in Joint 

Registries8, 16, 17 across the world (Table 1.1). This has led to some18 understandably raising 

concerns regarding the validity of these results, thereby resulting in uncertainty of what the 

outcomes of the Oxford UKR are. As a result many surgeons avoid the implant given this 

uncertainty.  

 

Variability in outcomes can be from patient, implant or surgical factors. Patient factors 

include the selection criteria for surgery outlined in section 1.7.3 as per Goodfellow et al.81 

Implant factors refer to the actual design of the prosthesis and surgical factors refer to the 

operating surgeons’ ability and technique.  

 

 

 

 

 

     

* This chapter has been published147 as: Mohammad HR, Strickland L, Hamilton TW, Murray DW. Long-term 
outcomes of over 8,000 medial Oxford Phase 3 Unicompartmental Knees—a systematic review. Acta Orthop 
2018; 89(1): 101-107. (Appendix 1).  
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In helping to bring a consensus on an implants performance it is important to recognise the 

limitations of registry data to help interpret results appropriately. The data is often 

significantly limited from not having radiographs and detailed indications for primary 

surgery. However most importantly the majority of surgeons in the registries perform only a 

single UKR case per year21. Additionally no information is given on reoperation rate, PROMs 

and medical complications which are important outcomes for patients.  

 

Kennedy et al.150 performed a study in which they linked a subset of Oxford UKR revisions 

cases from the NJR to preoperative radiographs from various centres to analyse whether the 

specific indications for Oxford UKR surgery were appropriate. They found that the 

recommended indications were only satisfied in 70%, with major technical errors seen in 6%. 

However worryingly, no reason for revision indication was observed in 67% of revisions 

performed. 

 

Additionally given the most common caseload from surgeons in the NJR is one UKR 

case/year compared to the 34 TKR cases/year, this would adversely affect UKRs’ outcomes 

compared to TKR. Liddle et al.21 found that surgeon caseload significantly affected revision 

rates with caseloads greater than 30 UKR cases/year having the lowest revision rates. In 

addition less experienced surgeons performing UKR would be more likely to revise a UKR to 

TKR, simply because they would be more familiar with TKR surgery and the revision is fairly 

straightforward.  

 

Therefore the results from the registries should be compared to those from cohort studies 

across the world to help bring a consensus on what the long term outcomes of the Oxford 

UKR actually are. This would satisfy critics of the Oxford UKR, given results from all over 
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the world outside of Oxford would all be included in the analysis. Currently there have been 

no systematic reviews of the Oxford UKR’s long term performance. The objective of this 

chapter is to present a systematic review of the long term outcomes of the Phase 3 Oxford 

UKR reported across the world using various outcome measures.  

 
  
 
2.2 Patients and methods  

 
PROSPERO is an international database of registered systematic reviews investigating 

healthcare related issues and records key details of a research protocol “a priori” and forms a 

record of the review. This helps to prevent duplication of review articles.   

 

This systematic review was prospectively registered on PROSPERO and given the identifier 

CRD42017058005 as per the preferred reporting items for systematic reviews and meta 

analyses (PRISMA) guidance151.  

 
 
 
2.2.1 Inclusion and exclusion criteria  
 
 
The inclusion criteria were all studies in the English language reporting the ≥ 10 year clinical 

outcomes of the Oxford Phase 3 medial UKR for patients equal to or over 18 years of age. 

Although no registry studies or reports were identified by our search, we did not intend to 

include them anyway, given their limitations in data pooling, potential to underestimate 

revisions109 and to prevent duplication of patients. Furthermore, clinical studies provide more 

details about patient demographics and the specific implant type (for example the type of 

fixation and whether it is medial or a lateral UKR) allowing us to determine whether they 

should be included or not. We excluded case reports from our review. 
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2.2.2 Search strategy 
 
 
Given the Oxford Phase 3 UKR was first introduced in 1998, this means that the 10-year 

outcomes of the implant can only be reported from studies published from 2008 and onwards. 

With the assistance of an expert information analyst (Eli Harris), the databases Medline, 

Embase, Cochrane Central Register of Controlled Trials (CENTRAL) were searched from 

January 2008 to December 2016.  

 
 
Key words used in the search strategy included ‘knee replacement’, ‘partial’, 

‘unicompartmental’, ‘unicondylar’ and all synonyms, abbreviations and variations in spellings 

of these terms. The full search strategies used are listed in Appendix 2. Additionally five 

abstracts from papers presented at the Oxford Partial Knee 40 Year Symposium were 

included. All five abstracts are available in Appendix 2.  

 

Search results from the databases had titles and abstracts assessed for shortlisting based on the 

eligibility criteria specified in section 2.2.1 by two independent reviewers (Hasan Raza 

Mohammad and Louise Strickland). All shortlisted papers had full papers obtained and 

assessed to confirm eligibility. In cases in which more than one paper had been published on 

the same cohort of patients, the most recent paper using the entire cohort was used and the 

others excluded to prevent overpowering analyses by duplicating UKRs included. There was 

complete agreement between the two independent reviewers (Hasan Raza Mohammad and 

Louise Strickland) regarding the inclusion and exclusion of all papers for this review. 
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2.2.3 Outcomes of interest 
 
 

The primary outcomes of interest were; (1) Revision rate (2) Non revision reoperation rate (3) 

Reoperation rate and (4) Implant survival at ≥ 10 years. Secondary outcomes of interest were; 

(1) Revision indications, (2) ≥ 10 year PROMs and (3) Medical complications. 

 

Revision was defined as the removal, addition or exchange of any implant component from 

primary surgery as per the joint registries8, 16, 17. Reoperation was defined as any sort of 

surgical intervention and included all revisions and surgical procedures which would not 

conventionally classify as revisions such as MUAs and arthroscopies. Non revision 

reoperation was defined as a reoperation which did not classify as a revision. Medical 

complications were defined as any adverse medical event postoperatively. This included  

myocardial infarctions, strokes, pulmonary embolisms (PE) and deep vein thromboses (DVT). 

 
 
 
2.2.4 Risk of bias and data collection 
 
 

All included studies were assessed for risk of bias using the methodological index for 

evaluation of non-randomised studies (MINORS)152 with an additional established scoring 

system based on the presence of reporting our primary outcome of interest153, 154 (A=clearly 

reported, B=non reported/unclear) and the number of cases in the studies (A>100, B=51-99, 

C=<50). Studies with a MINORS score over 80% were considered low risk of bias and those 

below 70% at high risk except those with 3 or more “A” in outcome reporting and study 

size153.  
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All data was extracted independently by two reviewers (Hasan Raza Mohammad and Louise 

Strickland) and where data was missing authors were contacted in an attempt to obtain this 

information.  

 

2.2.5 Data synthesis and analysis 
 
 

The unit of analysis used in this review is the number of UKRs. The outcomes revision, non-

revision reoperation and reoperation were calculated per 100 observed component years 

which is equivalent to the annual rate (% per annum (pa)) and is a well-established 

methodology of the joint registries16, 17.  

 

The total observed component years was calculated by multiplying the number of cases by the 

mean follow up for each study. Then the total number of revisions, non-revision reoperations 

or reoperations were respectively divided by the total observed component years and 

multiplied by 100155. 95% CIs were calculated using the Clopper Pearson exact method and 

are presented156. 

 

The revision rate per 100 component years was transformed into 10-year survival by 

multiplying the rate by 10 and subtracting the resulting value from 100. To calculate the 15-

year survival this revision rate per 100 observed component years was multiplied by 15 and 

the value subtracted from 100. Results are presented both in tables and in forest plots for 

clarity.  
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2.3 Results  

 
The database search identified 958 manuscripts, which after duplicates were removed was 

reduced to 555 articles. After all the titles and abstracts were assessed by two independent 

reviewers this number was narrowed to 23. Full texts of these manuscripts were assessed for 

inclusion by two independent reviewers, of which 15 were deemed suitable (Figure 2.1). 

Details of full text excluded papers (n=8) and their reasons for exclusion are listed in 

Appendix 2. 

 

The total number of UKRs from the included studies was 8,658 cases. All 15 included studies 

were observational in design.  

 
 
 
2.3.1 Risk of bias assessment  
 

All studies scored low risk of bias except for Aly et al.157 (Table 2.1). The primary outcomes 

of interest implant survival (13/15 manuscripts) and number of revisions (all manuscripts) 

were well reported. However reoperations/non revision reoperations were not as well reported 

(6/15 manuscripts).  
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Figure 2.1. PRISMA flowchart. 
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Study MINORS Sample 

size 

Survival 

outcome 

Revision 

outcome 

Reoperation 

outcome 

Bias risk 

Alnachoukati et al.158 10/16  A A A B Low 

Aly et al.157 9/16 C B A B High 

Bottomley et al.159 13/16 A A A A Low 

Campi et al.160 13/16 A A A A Low 

Edmonson et al.161 11/16 A A A A Low 

Emerson et al.162 12/16 A A A B Low 

Faour-Martin et al.163 14/16 A A A A Low 

Kendall et al.164 13/16 A A A A Low 

Kim et al.165 12/16 A A A B Low 

Kornilov et al.166 9/16 A B A A Low 

Kristensen et al.167 13/16 A A A B Low 

Lisowski et al.168 13/16 A A A B Low 

Pandit et al.82 13/16 A A A B Low 

White et al.169 11/16 A A A B Low 

Yoshida et al.170 13/16 A A A B Low 

 

Table 2.1. Risk of bias of included studies in the review. 
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2.3.2 Revisions  
 

All 15 studies reported the number of revisions during their study period. There was a total of 

460 revisions (5.3%) from the 8,658 UKRs. The summary of all revisions, reoperations and 

non-revision reoperations from each individual study are summarised in Appendix 2. 

 

Fourteen studies reported the mean follow up which allowing the calculation of the revision 

rate pa (Table 2.2, Figure 2.2). From these 14 studies (n=8,406) there were 441 revisions and 

59,656 component years. The overall revision rate was 0.74% pa (CI 0.67-0.81) which 

corresponds to a 10-year survival of 93% (CI 91.9-93.3) and 15-year survival of 89% (CI 

87.9-90) (Table 2.2, Figure 2.2). The only study which did not report the mean follow up was 

Kornilov et al.166 who reported 19 revisions from their 252 UKRs. 

 

Analysis of the causes of revision was possible on all 15 papers giving a total of 8,658 cases. 

From these cases the most common reasons for revision were OA progression (n=130, 

1.50%), aseptic loosening (n=108, 1.25%), bearing dislocation (n=50, 0.58%) and pain (n=49, 

0.57%). For details for all revision indications see Figure 2.3.  
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Study No of 

UKRs 

No of 

revisions  

Mean follow 

up in years 

Observed 

component 

years 

Annual 

revision rate 

(95% CI) 

Alnachoukati et al.158  825 93 9.7 8003.5 1.16 (0.94-1.42) 

Aly et al.157 45 2 8.8 393.8 0.51 (0.06-1.82) 

Bottomley et al.159 1,084 46 5.2 5636.8 0.82 (0.60-1.09) 

Campi et al.160 1,000 25 7 7000 0.36 (0.23-0.53) 

Edmonson et al.161 364 26 5.5 2002 1.30 (0.85-1.90) 

Emerson et al.158 213 20 10 2130 0.94 (0.57-1.45) 

 

Faour-Martin et al.163 511 29 10.4 5304.2 0.55 (0.37-0.78) 

Kim et al.165 166 16 10 1660 0.96 (0.55-1.56) 

Kristensen et al.167 695 51 4.6 3197 1.60 (1.19-2.09) 

Lisowski et al.168 138 11 11.7 1614.6 0.68 (0.34-1.22) 

Pandit et al.82 1,000 52 10.3 10300 0.50 (0.38-0.66) 

White et al.169 563 16 6.6 3715.8 0.43 (0.25-0.70) 

Kendall et al.164 523 29 3.9 2048.4 1.42 (0.95-2.03) 

Yoshida et al.170  1,279 25 5.2 6650.8 0.38 (0.24-0.55) 

TOTAL/OVERALL: 8,406 441  59,656 0.74 (0.67-0.81) 

 

 
Table 2.2. Studies reporting the number of revisions and mean follow up period. These 

studies were used to calculate the total number of revisions and observed component years 

which were subsequently used to calculate the overall revisions per 100 observed component 

years. 
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Figure 2.2. Forest plot of revision rate per 100 component years.
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Figure 2.3. Bar chart of indications for revision from the 8,658 UKRs included in the systematic review.
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2.3.3 Non revision reoperations  
 

Six out of 15 studies 159-161, 163, 164, 166 (n=3,734) reported 43 non revision reoperations (1.2%). 

From these six studies, five reported mean follow up time used to calculate the non-revision 

reoperation rate pa. From these five studies (n=3,482) there were 41 non revision reoperations 

and 21,988 component years giving a non-revision reoperation rate of 0.19% pa (CI 0.13-

0.25) (Table 2.3). Kornilov et al.166 did not report mean follow up time but report two non-

revision reoperations from 252 cases.  

 

 

Table 2.3. Studies reporting the number of reoperations and mean follow up period. These 

studies were used to calculate the total number of reoperations and observed component years 

which were subsequently used to calculate the overall reoperations/non revision reoperation 

rate. 

Study 

(No of UKRs, mean 

follow up in years) 

Reoperation Non revision 

reoperation  

Observed 

component 

years 

Reoperation 

rate 

(95% CI)  

 

 

Non-Revision 

Reoperation 

rate 

(95% CI)       

Bottomley et al.159 

(n=1,084, 5.2 years) 

69 23 5636.8 1.22  

(0.95-1.55) 

0.41  

(0.26-0.61) 

Campi et al.160 

(n=1,000, 7 years) 

29 4 7000 0.41  

(0.28-0.59)  

0.06  

(0.02-0.15) 

Edmonson et al.161 

(n=364, 5.5 years) 

29 3 2002 1.45  

(0.97-2.07) 

0.15  

(0.03-0.44) 

Faour-Martin et al.163 

(n=511, 10.4 years) 

31 2 5304.2 0.58  

(0.40-0.83) 

0.04  

(0.00-0.14) 

Kendall et al.164 

(n=523, 3.9 years) 

38 9 2044.9 1.86  

(1.32-2.54) 

0.44  

(0.20-0.83) 

TOTAL: (n=3,482) 196 41 21,988 0.89  

(0.77-1.02) 

0.19  

(0.13-0.25) 
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2.3.4 Reoperations  
 
 
Six out of 15 studies 159-161, 163, 164, 166 (n=3,734) reported 217 reoperations (5.8%). From these 

six studies, five reported mean follow up time used to calculate reoperation rate pa. From 

these five studies (n=3,482) there were 196 reoperations and 21,988 component years giving a 

reoperation rate of 0.89% pa (CI 0.77-1.02) (Table 2.3). Only Kornilov et al.166 who reported 

21 reoperations from 252 cases, did not report mean follow up time and therefore could not be 

included in this calculation. 

 
 
 
2.3.5 Implant survival  
 

Thirteen of 15 studies (n=8,361, Table 2.4) reported the 10 year or 15 year survival. Eleven 

out of 15 studies (n=7,700, Table 2.4) reported the overall 10-year survival of the implant 

using revision as the endpoint as between 85 and 97%.  

 
Study Location No of 

UKRs 
10 Year 
Survival  
reported       
(95% CI) 

15 year 
Survival 
reported       
(95% CI)  

Alnachoukati et al.158 Ohio/North 
Carolina/Texas, USA 

825 85% n.r 

Bottomley et al.159 Oxford, UK 1,084 93% (86-100)   n.r 
Campi et al.160 Oxford, UK/ Christ 

Church, New Zealand 
1,000 97% (93-100) n.r 

Edmondson et al.161 East Sussex, UK 364 88% (83-93)  n.r 
Emerson et al.158 Texas, USA 213 88% (82-94) n.r 
Faour-Martin et al.163 Avenida Juan Carlos 

Primero, Spain 
511 96%  n.r 

Kendall et al.164 Canada 523 n.r 96% 
Kim et al.165 Seoul, Korea 166 91% (86-95)  n.r 
Kristenen et al.167 Vejle, Denmark 695 85% (79-90)  n.r 
Lisowski et al.168 Amsterdam, 

Netherlands 
138 n.r 91% (85-96) 

Pandit et al.82 Oxford, UK 1,000 96% (93-100)  91% (83-98)  
White et al.169 Oswestry, UK 563 95%  n.r 
Yoshida et al.170  Japan 1,279 95% (91-100) n.r 

 
Table 2.4. Studies reporting 10 year and 15 year implant survival. 
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2.3.6 Medical complications  
 

Four out of 15 studies 157, 161, 163, 164 reported medical complications of their cohorts. From the 

1,443 UKRs 12 medical complications were reported corresponding to a medical 

complication rate of 0.83%. All medical complications were DVTs or PEs. No cases of 

myocardial infarction or stroke were reported.   

 

 

2.3.7 PROMs  
 

Nine out of 15 studies (n=5,177, Table 2.5) reported the PROMs of patients in their cohorts. 

All studies reported PROMs of either the OKS or AKSS except Aly et al.157 who only 

reported the HSS. All studies reported improvements in PROMs at final follow up as 

compared to preoperatively (Table 2.5). The four studies (n=3,417) reporting 10-year OKS 

had average scores of 42, 42, 40, and 38 giving a weighted average of 40. The five studies 

(n=2,715) reporting 10-year AKSS-O all reported average scores of 90, 93, 90, 85 and 80 

giving a weighted average of 86. 

 

 
2.3.8 Search update 
 

The database search was repeated on 23rd April 2019 to check for any new articles. Two 

additional articles were identified which utilised new cohorts of patients and met the inclusion 

criteria; (1) Mohammad et al.171 and (2) Campi et al.172. Both studies presented results similar 

to those presented in this chapter and their full results are presented in the second systematic 

review comparing fixation methods in Chapter 4.2.   
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Study No of UKRs Preop PROMS 10 year PROMS 

Alnachoukati et al.158 825 n.r AKSS-O 90,  
AKSS-F 77 

Aly et al.157 45 HSS 74  
(range 60-84) 

HSS 177.6  
(range 78-198) 

Campi et al.160 1,000 OKS 23  
(SD 8) 

OKS 42 (SD 7) 

Emerson et al.158 213 AKSS-O 50,  
AKSS-F 56 

AKSS-O 93,  
AKSS-F 78 

Faour-Martin et al.163 511 AKSS-O 52 (SD 12),  
AKSS-F 51 (SD 19) 

AKSS-O 90 (SD 8),  
AKSS-F 89 (SD 18) 

Kim et al.165 166 AKSS-O 54   
(range 25-70),  
AKSS-F 56  
(range 35-80) 

AKSS-O 85 (SD 9),  
AKSS-F 81 (SD 12) 

Lisowski et al.168 138 OKS 19 (SD 7), 
KSS 47 (SD 18) 

OKS 42 (SD 6),  
KSS 81 (SD 20.7) 

Pandit et al.82 1,000 OKS 25 (SD 9),  
Tegner 2 (SD 1),  
AKSS-F 69 (SD 18),  
AKSS-O 47 (SD 20) 

OKS 40 (SD 9),  
AKSS-O 80 (SD 15),  
AKSS-F 76 (SD 22),  
Tegner 3 (SD 1) 

Yoshida et al.170 1,279 OKS 22 (SD 8) OKS 38 (SD 7) 
 
 
Table 2.5. Studies reporting preoperative and postoperative PROMs in their cohorts 

(N=5,177). AKSS-O American knee score objective, AKSS-F American knee score 

functional, HSS Hospital for Special Surgery Knee Score, OKS Oxford Knee Score. n.r = not 

reported. 
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2.4 Discussion 

 

This review has brought together existing evidence of the long term outcomes of the Oxford 

Phase 3 implant reported across the world for the first time. Through assessing approximately 

8,500 UKRs the revision rate was 0.74% pa corresponding to an implant survival of 93% and 

89% at 10 and 15-years respectively. This implant survival of 93% at 10 years is higher than 

those reported from the registries for the Oxford UKR which range between 86.0 to 92.3% 

(Table 1.1). However it still lags behind the 10 year TKR implant survival reported from the 

registries which range between 94.1 to 96.6% (Table 1.1). 

 

A meta-analysis of the long term outcomes of TKR calculated the revision rate to be 4.4% 

over a mean follow up of 11 years 173. The predicted revision rate at 11 years using the data 

from this review (0.74% pa) is 8.1%. Therefore, the 11 year survival (92%), is lower than that 

reported for TKR (96%)173. However, it is important to note that UKR revisions are more 

straightforward than TKR revisions, with most being simple conversions to TKR or 

exchanging the polyethylene bearing108, 123. Whereas TKR revisions often require the use of 

augments or stems. Additionally patients are more satisfied after a UKR revision than a TKR 

revision124. Both reoperation and non-revision reoperation rates are poorly reported for TKR 

from a literature search. However, Zmistowski et al.174 reported the non-revision reoperation 

rate of 10,188 TKRs to be 3.8% at four years post operatively. This is much higher than the 

predicted non revision reoperation rate of 0.78% over the same period based on the data from 

this review. The KAT trial146 reported 10 year TKR revision rate of 5.8%, non-revision 

reoperation rate of 7.5% and an overall TKR reoperation rate of 13.3%. In this review the 10-

year revision rate was 7.8%, with a 10-year non-revision reoperation rate of 1.9% and the 
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overall reoperation rate was 8.9%. Therefore the Oxford UKR has a higher revision rate than 

TKR, but a much lower non revision reoperation and reoperation rate.  

 

In terms of indications for revision surgery; lateral disease progression, aseptic loosening, 

bearing dislocation and pain were the commonest causes for revision for the Oxford UKR in 

this chapter. These indications were also leading causes for Oxford UKR revision in Kim et 

al.’s175 systematic review of the implant’s early-midterm outcomes. However, this review 

found that lateral disease progression was the commonest cause for revision which was not 

identified by Kim et al.175, presumably given the included studies had a longer follow up than 

in their study. The most common causes for TKR revisions reported in the literature include 

aseptic loosening and polyethylene wear176, 177.  

 

The overall rate of medical complications in this review was 0.83% and all complications 

reported were either DVTs or PEs. Gandhi et al.178 in their TKR systematic review, reported 

DVT rates in cemented and cementless groups as 8% and 7.7% respectively, which is nearly 

ten times higher than the results from this review. This higher rate of thromboembolism in 

TKR is supported from a large matched comparison of UKR and TKR using joint registry 

data linked to HES data10. The reported rates of stroke and myocardial infarction following 

TKR are 0.2%179 and 2.2%180 respectively and in this review no cases were reported.  

 

The 10-year OKS for the Oxford UKR ranged from 38-42 in this review, with a weighted 

mean of 40. The KAT trial146 reported a 10 year OKS of 34 for TKR. Other reports of long 

term reports of TKR’s OKS are worse averaging 30 at 10 years181. This suggests functional 

outcomes are better in UKR. 

 



 65 

The cementless Oxford UKR was introduced in 200467. There is a concern that cementless 

fixation may be worse than cemented potentially increasing the risk of loosening. From the 

long term papers included in the review only Campi et al.160 exclusively reported cementless 

UKRs (n=1000). Although they demonstrated excellent long term implant survival and 10-

year OKS suggesting a performance at least equivalent to the cemented implant, it is 

important to recognise that the data on the cementless Oxford UKR in this chapter is sparse 

with more studies required.  

 

This review found only one study82 based solely on the data from the surgeons involved in the 

design of the implant. In this study of cemented components, reported by Pandit et al.82, the 

annual revision rate was 0.50% pa corresponding to a 10-year survival of 95%. In the non-

designer studies, the revision rates ranged from 0.38 – 1.60% pa with most 10-year survival 

rates above 90%. Campi et al.160 compared results of designer and non-designer surgeons with 

no differences identified. These comparisons suggest that all surgeons can achieve good 

results if they adhere to the recommended indications and techniques.  

  

There are some limitations to this chapter. Some studies did not report all the outcomes of 

interest. Regardless of this, the numbers of UKRs for analysis of revision rates were 

approximately 8,500. Several studies lacked clear definitions of implant related outcomes. In 

most cases a formal definition of revision was given, but this was poorly reported for 

reoperation and complications. It was possible to work out the number of reoperations and 

medical complications using the a priori definitions specified in the section 2.2.3 with the data 

available. Most importantly there was only one study reporting the long term outcomes of the 

cementless Oxford UKR, indicating more work investigating its outcomes is required to 

understand its performance and how it compares to the cemented version. The overall rate of 
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revisions per 100 observed component years (% pa) and its subsequent survival calculation is 

based on the assumption that revision rate is constant and does not account for revision rates 

that may be higher earlier. This can overestimate revision rates in studies with shorter follow 

ups. This method does however offer the advantage of being able to compare studies with 

different lengths of follow up. Finally, all included studies were observational in nature, 

although only Aly et al.157 was deemed at high risk of bias.  

 

In summary this chapter has shown that excellent global long term implant survivals, PROMs 

and complication rates can be achieved for the Oxford UKR and are not exclusive to the 

surgeons involved in the design of the implant.  Although, the PROMs, medical complication 

rate and non-revision reoperation/reoperation rate were better in the Oxford UKR than those 

found in the literature search of TKR, the revision rate was higher. Therefore it is important 

for interventions to be developed to lower this revision rate and therefore encourage more 

surgeons to use UKRs. One intervention developed was the introduction of the cementless 

Oxford UKR. Unfortunately in this chapter only one study reported its long term outcomes, 

which is insufficient to draw conclusions from.  

 

The next chapter discusses the clinical and radiographic long term outcomes of a prospective 

cohort of 1000 cementless Oxford UKR procedures in Oxford to help better understand the 

implant’s performance.  
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3. LONG TERM CLINICAL OUTCOMES OF THE 

CEMENTLESS OXFORD UKR  

 
 
3.1 Introduction  

 
Several observational studies have reported excellent implant survivorship of the cemented 

Oxford UKR with reoperation rates and functional outcomes being superior to TKR147. 

However unfortunately given the revision rates are several times higher than TKR8, 16, 17, 147 

there has not been widespread acceptance of the implant, with UKR currently only forming 

approximately 10% of all primary knee replacements8. 

 

The most common indication for revision for UKRs in the joint registries8, 16, 17 are aseptic 

loosening and pain. Most UKRs including the Oxford UKR are implanted with the use of 

bone cement to provide adequate primary stability. Given the Oxford UKR is implanted 

through a minimally invasive approach, cementation can be particularly challenging with 

errors leading to excessive polyethylene wear, loosening and pain67, 182.  

 

 

     

* This chapter has been published as two publications171, 183  
 
1) Mohammad HR, Kennedy JA, Mellon SJ, Judge A, Dodd CA, Murray DW. Ten-year clinical and 
radiographic results of 1000 cementless Oxford unicompartmental knee replacements. Knee Surg Sports 
Traumatol Arthrosc 2020; 28(5): 1479-1487 (Appendix 1) 
 
2) Mohammad HR, Kennedy JA, Mellon SJ, Judge A, Dodd CA, Murray DW. The clinical outcomes of 
cementless unicompartmental knee replacement in patients with reduced bone mineral density. J Orthop Surg 
Res 2020; 15(1): 35. (Appendix 1) 
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In a loose knee replacement, the components at the bone cement interface can become 

replaced by a soft tissue layer which manifests as a thick, poorly defined and progressive 

radiolucency known as a pathological radiolucency184. However often well-defined 

radiolucencies can form at the bone cement interface of well-functioning cemented implants, 

known as physiological radiolucent lines and represent fibrocartilage formation. Gulati et 

al.185 found 63% of implanted cemented Oxford UKRs had evidence of physiological 

radiolucent lines. These physiological radiolucencies are not associated with pain or loosening 

although suggest that fixation could be of higher quality if this fibrocartilage did not exist186. 

If a patient presents with pain following an Oxford UKR and has a physiological radiolucency 

many surgeons would attribute the pain to potential loosening and revise to a TKR187. 

However this is unnecessary given anteromedial pain occurs frequently in the early post-

operative period, likely secondary to changes in bone stresses following surgery and are self-

limiting in nature188.  

 

Therefore in order to prevent these misinterpretations and the resulting errors which can arise 

from cement, the cementless Oxford UKR was introduced in 200467 (Figure 3.1). The 

cementless Oxford UKR is similar to its cemented counterpart, but has a coating of calcium 

hydroxyapatite and porous plasma sprayed titanium on its surface which contact the bone 

with an additional small anterior femoral peg67. The surgical indications remain exactly the 

same as those for the cemented Oxford UKR82. 

 

This chapter presents the long term clinical and radiological results of the first consecutive 

1,000 cementless UKRs inserted by Professor David Murray and Mr Christopher Dodd who 

have both been involved in the design of the Oxford UKR implant.  
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Figure 3.1. The cementless Oxford UKR. With permission taken from148. 
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3.2 Methods  
 
3.2.1 Patient recruitment  
 

Between June 2004 and November 2017, 1,000 cementless medial Oxford UKRs were 

implanted into patients through a minimally invasive approach by Professor David Murray 

and Mr Christopher Dodd using the recommended surgical indications developed from 

Goodfellow et al.67.  

 

These indications were based on knee pathoanatomy with the majority being AMOA and a 

few medial avascular necrosis (ANV) cases. Specifically these patients’ knees all had bone on 

bone medial arthritis, fully intact functional ACLs and full thickness cartilage in the lateral 

compartment. There were no restrictions on age, weight, activity and patellofemoral status. 

Given the broad indications used, approximately 70% of both surgeons’ primary knee 

replacement practice was UKR surgery. 

 

3.2.2 Data collection 
 

An intraoperative proforma (Appendix 3) was completed for each patient operated on during 

this period by the operating surgeon documenting the status of all of the knee structures as per 

Pandit et al.’s68 cemented 1,000 Oxford UKR study. The ACL was classified as normal, 

synovial damage, longitudinal splits, friable fragmented, absent. ACLs reported as friable 

fragmented or absent were regarded as non-intact ACLs and not included in this case series. 

The weight bearing articular surfaces of the medial and lateral compartment (tibia and femur), 

medial and lateral patella facets and trochlea were graded for any cartilage defect. These were 

classified as normal, superficial damage, partial thickness cartilage loss (PTCL), focal (≤ 2 

cm2) full thickness cartilage loss (FTCL), extensive FTCL (> 2 cm2), bone loss ≤ 5 mm or 
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bone loss > 5 mm. Bone on bone arthritis in the medial compartment required both the 

involved femur and tibia to show evidence of FTCL or bone loss. The lateral compartment 

was required to show either normal or superficial damage to be considered full thickness 

cartilage.  

 

All patients were assessed both pre and post operatively by research physiotherapists who 

were independent of both the clinical and surgical teams involved in each patient’s care. 

Patients were assessed clinically preoperatively and then at one, five, seven and ten years post 

operatively for the status of their knee joint and their functional outcomes. Additionally 

primary and secondary care records were screened for the status of the knee joint. 

Complications or further surgeries were recorded when they occurred or at each follow up 

appointment. Patients unable to attend were contacted by post or telephone to obtain the 

relevant clinical information. All data was recorded onto a prospective database which is 

maintained in real time by a full time data manager and research physiotherapist who are in 

regular contact with all patients from the cohort. Data was extracted from the prospective 

database on 14th August 2018.  

 

3.2.3 Outcomes of interest 
 

The primary outcome of interest in this study was implant survival. Failure was defined a 

priori with four different definitions in order to fully assess the performance of the implant. 

Each will be listed in turn; (1) Revision which was defined as the removal, addition or 

replacement of any implant component. (2) Reoperation which was defined as any surgical 

intervention to the knee joint and included arthroscopies, wash outs and MUAs. (3) Revision 

to TKR which was defined as the removal of the Oxford UKR and insertion of TKR 
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components. (4) Major revision which was defined as the usage of revision TKR components 

which included stems, wedges, augments or constraints.  

 

Secondary outcomes were functional outcomes and radiological assessment. Each will be 

discussed in turn.   

 

Functional outcomes were assessed using the OKS, AKSS-O, AKSS-F and Tegner scores 

preoperatively and at one, five, seven and ten years (Appendix 3).  The AKSS-O was 

calculated without performing deductions for alignment given unlike in TKR the Oxford 

UKR aims to restore anatomical alignment and not a neutral alignment. Range of motion and 

lower limb alignment were measured using a long arm goniometer. The proportion of OKS 

scores classifying as excellent (>41) using the method by Kalairajah et al.189 was calculated as 

a percentage.  

 

Radiological assessment was performed at a minimum of five years and 10 years follow up 

using aligned images. Anteroposterior (AP) radiographs were conducted with the patient 

supine and knee flexed to 20 degrees and the image aligned parallel to both the under surface 

and vertical wall of tibial component. Lateral radiographs were performed with alignment to 

the posterior facet of the femoral component.  

 

Postoperative radiographs were assessed by two independent surgeons (Hasan Raza 

Mohammad and James Kennedy) to assess for the presence of radiolucencies and to assess the 

lateral compartment. Radiolucencies were first classified as either pathological which are 

poorly defined, progressive and greater than 2 mm thick or physiological which are ≤ 2 mm 

thick, well defined with a sclerotic margin and non-progressive in nature82. Physiological 
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radiolucencies are otherwise regarded as radiolucent lines and are not associated with 

loosening185.  

 

The region under the tibial component from the anteroposterior radiographs were divided into 

six regions (Figure 3.2) which is a well-established method from Liddle et al.190. Tibial 

radiolucencies were defined as completed if all six zones were involved and partial if less 

than six zones were affected. As in previous studies the border lateral to the vertical wall of 

the tibial component was not assessed given the component is not fixed in this position and is 

not deemed to be weight bearing.  

 

The lateral radiographs were used to assess the femoral component by examining the flat 

region at the posterior femoral condyle and flat regions around the femoral pegs in seven 

zones which is a well-established method from Hooper et al.191 (Figure 3.3). Femoral 

radiolucencies were defined as completed if all seven zones were affected and partial if under 

seven zones were affected.  

 

The lateral compartment was graded based on the Kellgren Lawrence grading scale192 as full 

thickness cartilage, slight narrowing, major narrowing or bone on bone contact of the 

proximal tibia and  distal femur.  

 

An ethical opinion was sought from the local ethics committee chair (Oxfordshire Research 

Ethics Committee C) who confirmed that given the clinical and radiological follow up was 

part of their routine assessment, this study did not require ethical approval (Appendix 3). 
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Figure 3.2. Six zones assessed for tibial radiolucencies from AP radiograph. 
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Figure 3.3. Seven zones assessed for femoral radiolucencies from lateral radiograph. 
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3.2.4 Statistical analysis 
 

To assess cumulative implant survival using the various definitions specified in section 3.2 

(Revision, reoperation, revision to TKR and major revision), the Kaplan-Meier method was 

utilised to calculate the 10 year implant survival.  

 

Given the PROMs scores were not normally distributed comparisons of preoperative and most 

recent postoperative scores were conducted using nonparametric statistics, specifically the 

Wilcoxon sign rank test.   

 

Inter and intra observer error was calculated between the two surgeons (Hasan Mohammad 

and James Kennedy) performing radiographic analysis using Cohen’s kappa statistic.   

 

Continuous data were described using means, SDs, medians and IQRs. Categorical variables 

were tabulated with absolute frequencies. All statistical analyses were performed in Stata 

version 14 (STATA Corp, Texas, United States of America (USA)). P values of 0.05 were 

considered significant and 95% CIs reported.   
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3.3 Results  

 
3.3.1 Cohort characteristics 
 
 
From the 1,000 UKRs implanted in this consecutive series, 748 were unilateral and 252 were 

bilateral. Of the 252 bilateral UKRs four were simultaneous. 536 UKRs (54%) were 

implanted into males and 464 (46%) implanted into females. The mean age of primary 

surgery in this cohort was 66.2 years (SD 10.0) and mean body mass index (BMI) was 29.2 

(SD 5.0). 495 knees were left and 505 were right sided. 988 knees had a diagnosis of AMOA 

and 12 had AVN of the knee. All patients met the indications described in section 3.2.  

 

The mean follow up of the cohort (n=1000) was 5.1 years (SD 2.6) with 262 patients having 

follow up of seven years and over and 29 knees with 10 years plus follow up. During the 

study period 33 knees withdrew from regular follow up; 22 knees from patients with poor 

health, four knees from patients going abroad and seven knees from patients requesting to 

leave the study. None of these knees were revised or re operated prior to their withdrawal.  

 

3.3.2 Implant survival 
 

There were 25 reoperations at a mean of 2.6 years (SD 2.6). Using reoperation as the endpoint 

5 year implant survival was 97.3% (CI 95.9-98.2) and 10 year implant survival 96.6% (CI 

94.8-97.8) (Table 3.1, Figure 3.4). From these 25 reoperations, 18 met the criteria for implant 

revisions at a mean of 3.0 years (SD 2.8) postoperatively. Using revision as the endpoint the 5 

and 10 year implant survival was 98.1% (CI 96.9-98.9) and 97.5% (CI 95.7 - 98.5) 

respectively (Table 3.1, Figure 3.5). The minimum follow up was 0.84 years.  
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There were 12 patients with a known diagnosis of osteoporosis as per the World Health 

Organisation’s definition193. The mean age and BMI were 68 (SD 8.3) and 27.1 (SD 5.7) 

respectively. Subgroup analysis of this group revealed no reoperations or revisions recorded. 

 

Leading indications for revision surgery in the whole cohort (n=1000) were bearing 

dislocation (7 knees, 0.98%), disease progression in the lateral compartment (4 knees, 0.4%) 

and pain (2 knees, 0.2%). For the full list of each reoperation and revision performed, these 

are summarised in Table 3.2.  

 

 

Follow up 
(Years) 

Number at 
risk for 
revision 

Revision survival  
(95%CI) 

Reoperation survival  
(95% CI) 

TKR Survival 
(95% CI)  

1 976 99.6 (98.9 – 99.9) 99.3 (98.5 – 99.7) 99.9 (99.3 - 100) 
2 845 99.1 (98.2 – 99.5) 98.7 (97.7 – 99.2) 99.7 (99.0 – 99.9) 
3 737 98.8 (97.9 – 99.3) 98.2 (97.1 – 98.9) 99.6 (98.8 – 99.8) 
4 614 98.7 (97.6 – 99.2) 98.0 (96.9 – 98.8) 99.4 (98.6 – 99.8) 
5 494 98.1 (96.9 – 98.9) 97.3 (95.9 – 98.2) 98.9 (97.7 – 99.4) 
6 373 98.1 (96.9 – 98.9) 97.3 (95.9 – 98.2) 98.9 (97.7 – 99.4) 
7 262 97.5 (95.7 – 98.5) 96.6 (94.8 – 97.8) 98.9 (97.7 – 99.4) 
8 137 97.5 (95.7 – 98.5) 96.6 (94.8 – 97.8) 98.9 (97.7 – 99.4) 
9 65 97.5 (95.7 – 98.5) 96.6 (94.8 – 97.8) 98.9 (97.7 – 99.4) 
10 29 97.5 (95.7 – 98.5) 96.6 (94.8 – 97.8) 98.9 (97.7 – 99.4) 

 
 
Table 3.1. Implant survival at each year for revision, reoperation and conversion to TKR 
endpoints. 
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Figure 3.4. Kaplan Meier graph of cumulative implant survival with reoperation as the 
endpoint. 

 
 

 
Figure 3.5. Kaplan Meier graph of cumulative implant survival with revision as the endpoint. 
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Indication Number of 
UKRs 

Surgical 
procedure 
conducted 

Mean time 
from initial 
surgery 
(Years) 

Number of 
reoperations 

Number 
of 
revisions 

Bearing 
dislocation 

7 7 Bearing 
exchange  

2.9 (SD 3.4) 7 7 

Disease 
progression  

4 2 TKRs 
2 Lateral UKR  

4.8 (SD 1.4) 4 4 

Pain 5 2 Arthroscopies 
1 Tibial revision 
1 TKR 
1 Aspiration and 
MUA 

1.9 (SD 1.8) 5 2 

Infection  3 1 Arthroscopy 
and washout  
2 debridement, 
washout and 
bearing 
exchange.  
 

0.04 (SD 0.02) 3 2 

Avascular 
necrosis  

1 1 Lateral UKR  6.7 1 1 

Femoral 
component 
loosening  

1 1 Cemented 
femoral 
component  

0.6 1 1 

Lateral 
meniscal tear 

1 1 Arthroscopy 4.8 1 0 

Wound 
dehiscence  

1 1 Debridement 
and primary 
closure 

0.2 1 0 

Loose body 1 1 Arthroscopy 
and arthrotomy 

2.1 1 0 

Tibial plateau 
fracture (lateral) 

1 1 TKR 2.2 1 1 

Totals 25 18 

 

Table 3.2. List of reoperations and revisions in the study cohort. 

 



 81 

Using conversion to TKR as the endpoint implant survival at five and 10 years was 98.9% (CI 

97.7 – 99.4) (Table 3.1). There was a total of eight conversions to TKR at a mean time of 3.0 

years (SD 1.6). Four knees had a primary revision to TKR; two knees for lateral compartment 

arthritis, one knee for pain and one knee for a lateral tibial plateau fracture following a fall. 

The revision for pain was done in a different institution and the pain source is not clear. It was 

noted that both at the primary procedure, which had a good result and at the revision 

procedure, there was some patellofemoral osteoarthritis. Four knees were converted to TKR 

as a re-revision after a failed primary revision; two knees had re-revisions to TKR for 

infection after failed debridement, bearing exchange and washout (one single stage TKR and 

one dual stage TKR). One knee had a re-revision to TKR (single stage) after arthrotomy and 

bearing exchange for recurrent bearing dislocations with lateral compartment arthritis and one 

knee had a re-revision (single stage TKR) after a bicompartmental knee replacement due to 

lateral compartment bearing dislocation.  

 

Using major revision as the endpoint survival at both five and 10 years was 99.6% (CI 98.8-

99.9). There was a total of three major revisions at a mean of 2.4 years (SD 1.6). One knee 

was converted to a TKR with a stemmed tibial implant following a lateral tibial plateau 

fracture after a fall that did not improve with non-operative management, one knee was 

converted to TKR with tibial stem for lateral disease progression and one knee had a deep 

infection requiring a two-stage revision with a tibial stem and augment.  

 

There were 28 deaths during the study at a mean 3.6 years (SD 2) postoperatively. This 

corresponds to a five and 10 year patient survival of 97.2% (CI 95.7-98.2) and 95.1% (CI 92.8 

- 96.7) respectively (Figure 3.6). No death reported was related to the implant. 
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Figure 3.6. Kaplan Meier graph of cumulative patient survival during study. 

 
 
 
3.3.3 Patient reported outcome measure results  
 
 
The most recent outcome scores (OKS, Tegner, AKSS-O and AKSS-F) were all significantly 

better (p<0.001) than their respective preoperative scores. The most recent mean and median 

flexion angle was 127.4 degrees (SD 10.3, range 80-152 degrees) and 128.5 (IQR 14). The 

most recent mean and median extension angle was -2.71 (SD 4.4, range -20 to 10 degrees) 

and -2 (IQR 5).  

 

The mean and median preoperative OKS were 25.1 (SD 8.5) and 25.0 (IQR 12.0) which 

increased to 41.6 (SD 7.7) and 45.0 (IQR 8.0) at one year, 42.0 (SD 7.3) and 45.0 (IQR 8.0) at 

five years, 42.3 (SD 7.4) and 45.0 (IQR 6.0) at seven years and 41.2 (SD 9.8) and 45.0 (IQR 

6.0) at 10 years (Figure 3.7). At one, five, seven and 10 years 68%, 69%, 74% and 73% 
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respectively had an excellent OKS (>41). 3.6% had worse OKS post operatively than 

preoperatively.  

 

The mean and median preoperative Tegner score were 2.4 (SD 1.1) and 2 (IQR 1) which 

increased to 3.0 (SD 1.3) and 3.0 (IQR 2.0) at one year, 3.1 (SD 1.5) and 3.0 (IQR 2.0) at five 

years, 2.9 (SD 1.5) and 3.0 (IQR 1.0) at seven years and 2.8 (SD 1.3), 3.0 (IQR 1.0) at 10 

years (Figure 3.8).  

 

The mean and median preoperative AKSS – O were 60.2 (SD 15.4) and 60.0 (IQR 21.0) 

which increased to 91.7 (SD 11.4) and 95.0 (IQR 7.0) at one year, 93.6 (SD 9.0) and 95.0 

(IQR 8.0) at five years, 88.5 (SD 16.7), 94.0 (IQR 9.0) at seven years and 89.1 (SD 13.0) and 

93.0 (IQR 7.0) at 10 years (Figure 3.9). The mean and median preoperative AKSS – F were 

70.8 (SD 16.8) and 70.0 (IQR 20.0) which increased to 82.3 (SD 17.7) and 80.0 (IQR 30.0) at 

one year, 83.6 (SD 19.4) and 90.0 (IQR 25.0) at five years, 83.3 (SD 18.2) and 90.0 (IQR 

30.0) at seven years and 80.4 (SD 14.6), 80.0 (IQR 20.0) at 10 years (Figure 3.9).  

 

Figure 3.7. Mean Oxford knee score at different time points during the study. Error bars 
represent SDs. 
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Figure 3.8. Mean Tegner activity score at different time points. Error bars represent SDs.  

 

 

 

 

Figure 3.9. American knee society score at different time points. Error bars represent SDs.  
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3.3.4 Radiographic analysis 
 
 
The inter and intra observer error for radiographic analysis was kappa = 0.80 (p<0.001) and 

kappa = 0.90 (p<0.001) which is acceptable and similar to those previously reported for this 

type of analysis190, 194. 348 radiographs (70%) were available for patients with a minimum 

follow up of five years. On these radiographs there were no tibial or femoral pathological 

radiolucencies. There were 45 (13%) partial and zero (0%) tibial radiolucent lines (Figure 

3.10). The sites for tibial radiolucencies were zone six (n=36), zone five (n=11), zone three 

(n=9), zone four (n=1) and zone one (n=1). There were four (1.1%) femoral radiolucent lines 

with one in zone one, three, four and six. Regarding the lateral compartment assessment, there 

were 309 (88.7%) knees with full thickness compartments, 24 (6.9%) knees showing slight 

narrowing, 12 (3.4%) knees showing marked narrowing and three (0.9%) knees 

demonstrating evidence of bone on bone contact (Figure 3.11).  

 

22 radiographs (76%) were available for patients with follow up of 10 years and over and 

none showed pathological radiolucencies. There were two (9%) partial tibial radiolucent lines 

both of which were in zone six and no (0%) complete tibial radiolucent lines. There was one 

partial femoral radiolucent line in zone four. Regarding the lateral compartment there were 20 

(91%) knees that had full thickness compartments, one with marked narrowing and one with 

evidence of bone on bone contact.  
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Figure 3.10. Radiograph example of tibial radiolucency in zone six. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11. Radiograph example of lateral compartment bone on bone contact. 
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3.4 Discussion 

 

This chapter demonstrates that excellent long-term clinical and radiographic outcomes can be 

achieved using the cementless Oxford UKR and supports the work from Campi et al.’s160 

study identified from the systematic review147 presented in Chapter 2. The primary and 

secondary outcomes measured were at least as good and potentially better than those 

previously reported for the cemented implant in an almost identical study by the same 

operating surgeons195 using the same surgical indications. However the cementless does have 

advantages including a marked decrease in both radiolucent lines and revision for pain 

suggesting improved fixation. These results are likely to be generalisable given previous 

studies147, 148, 190, 196 and a meta-analysis147 have shown that similar results can be achieved by 

designer and non-designer surgeons providing the recommended indications and techniques 

are adhered to.  

 

When revision is considered to be a failure the 10-year survival of the cementless UKR is 

97.5% (CI 95.7 - 98.5) which is similar to the survival of 96% (CI 92.5 - 99.5) in an almost 

identical study of cemented UKRs by Pandit et al.195. When compared to TKR, its survival is 

similar to the 96% reported from a meta-analysis of 20,873 TKRs173. However if reoperations 

are considered the endpoint, then the advantages for the cementless UKR compared to TKR 

are highlighted (96.6% vs 86.7%146 respectively at 10 years). 

 

Additionally revisions of TKR tend to be complex procedures with most requiring revision 

TKR components with stems and wedges. If revision requiring such components is 

considered the endpoint, then the cementless UKR also performed well with a 10 year 

survival of 99.6%. Patient mortality was low with no deaths related to the implantation and 
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the 10 year patient survival is 95.1% which is better than that reported for TKRs (88.5% at 8 

years10) although this may in part be because TKRs are implanted in older patients than 

UKRs8 (69 vs 64 years) as discussed in section 1.9.1.   

 

The main PROM score recorded was the OKS and did not change appreciably with time at 

one, five, seven and 10 years postoperatively ranging between 41.2 and 42.3 points. At each 

time point the mean OKS score classified as excellent (>41) according to Kalairajah et al.’s189 

classification. These scores are similar to those in the previously reported cemented cohort195. 

The post-operative OKS appears better than those reported for TKR in the KAT trial146 (at 

one, five, seven and 10 years ranging between 33.5 to 35). A patient would want to avoid 

being worse post-operatively than pre-operatively. In this chapter only 3.6% of knees had a 

worse post-operative score which is half that reported for TKR197. A recent meta-analysis also 

found superior functional outcomes for UKR compared to TKR12.  

  

The leading causes for revision were bearing dislocation (n=7, 0.7%), disease progression 

(n=4, 0.4%) and pain (n=2, 0.2%) and were also the commonest reasons for revision reported 

in the similar cemented UKR cohort195. However in the cemented cohort195 pain (n=10, 1%) 

was the leading cause of revision followed by disease progression (0.7%, n=9), and then 

bearing dislocation (0.6%, n=6). The rate of revision for pain appears lower for cementless 

than cemented. In the cementless study six out of the seven bearing dislocations were 

successfully treated with a bearing replacement.  

 

The main surgical concern about changing from cemented to cementless implants is an 

increased risk of aseptic loosening. The rate of aseptic loosening (0.1%) in this cohort was the 

same as to Pandit et al.’s195 similar cemented cohort with the same operating surgeons. In this 
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study there was only a single case (0.1%) of femoral component loosening, treated by 

replacement with a cemented femoral component.  

 

There was no radiographic evidence of tibial or femoral loosening, with no pathological 

radiolucencies. Additionally there were no complete radiolucent lines (physiological 

radiolucencies) and only 13% of tibial components and 1% of femoral components had had 

partial radiolucent lines. In contrast, evidence suggests one third of cemented tibial UKR 

components have complete radiolucent lines185. Although not indicative of loosening, they 

suggest superior fixation for cementless components and that if patients have pain, they are 

less likely to be revised. This may go a long way to reduce UKR revision rates in the joint 

registries.  

 

Peri-prosthetic fractures are a serious complication of UKR with concern that implanting 

press fit cementless components can increase the risk of fracture198. Cadaveric work suggests 

that these fractures are more likely to occur with cementless than cemented implants199. There 

was only one fracture in this study. A lateral tibial plateau fracture occurred after a traumatic 

fall over two years post operatively and is therefore not related to the implant or surgery. This 

study suggests that the risk of periprosthetic fractures is actually very low with adherence to 

the recommended surgical technique.  

 

Many surgeons believe that following UKR, lateral compartment arthritis will inevitably 

progress requiring a revision procedure. This study shows that revision for disease 

progression is rare with only four knees (0.4%) requiring revision for lateral progression (two 

with TKR and two with lateral UKR), although at 10 years 10% (2/22) had radiographic 

evidence of lateral arthritis. 
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In general the UKR revision rates reported from the joint registries is higher than in large 

cohort studies from specialist centres. This is because most surgeons reporting results to 

registries do small numbers of UKR and only use UKR for a small proportion of their knee 

replacements21. Therefore there is likely to be poor adherence to the recommended indications 

and inappropriate criteria for revision surgery. Recent work by Kennedy et al.150 investigated 

the preoperative radiographs of Oxford UKRs revised in the NJR and found that only 70% 

met the correct surgical indications and no reason for revision was found in 67% of cases. 

However despite these limitations, recent reports from the New Zealand Registry (NZJR)17 

have shown that the revision rate of the cementless Oxford is about half that of the cemented. 

This may be because of the improved fixation or it may be because more experienced 

surgeons are using the cementless implant.  

 

The main strengths of this study are that it is a large prospective consecutive series of 1,000 

cementless Oxford UKRs using the recommended indications and techniques. Additionally 

the follow up was performed by staff independent of the clinical teams treating patients. A 

large variety of data was also collected providing both clinical radiographic outcome data. 

The main weakness is that the data pertains to a single centre with patients from one 

geographical location. Additionally the study is from the designers of the implant and suffered 

from a significant proportion of missing radiographs limiting its generalisability. Furthermore 

given this is a cohort study, it is not the best quality of evidence (Figure 1.4). Finally there 

was no cemented UKR comparative arm. 

 

In summary this chapter has shown that excellent long term clinical and radiographic 

outcomes can be achieved with the cementless Oxford UKR, when used for the recommended 

surgical indications. The main concerns with cementless fixation are that it may lead to 
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increased rates of aseptic loosening or periprosthetic fractures, neither of which were 

observed in this cohort.  

 

However it is important for a formal comparison to be made comparing the cementless and 

cemented Oxford UKR whilst controlling for confounding factors to confirm whether there 

are any real differences in implant performance and if the introduction of the cementless 

Oxford UKR will lower revision rates in the joint registries. Formal comparisons of cemented 

and cementless UKRs are presented in the next chapter.   
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4. THE EFFECT OF SURGICAL FIXATION ON LONG TERM 

UKR REVISION RATES 

4.1 NJR comparison of cemented and cementless UKRs 

4.1.1 Introduction 
 

As discussed in Chapter 1, over 100,000 primary knee replacements are performed each year 

in the United Kingdom of which TKR and UKR are the main treatment options8. Although 

UKR offers significant advantages over TKR, its revision rate is several times higher in the 

joint registries8, 16, 17. As a result UKR is only used in approximately 10% of cases8 despite it 

being suitable for use in 50% of presenting cases83.  

 

The most commonly used UKR is the Phase 3 Oxford UKR. The cemented Oxford UKR was 

introduced in 1998. Chapter 2 highlighted that its commonest reasons for revision include 

aseptic loosening and pain147. Radiolucent lines, also known as physiological radiolucencies 

are indicative of fibrocartilage at the interface and are seen in over half of cemented UKR 

tibial components185. These are often misinterpreted in the presence of pain for aseptic 

loosening, despite studies showing no relation185, and lead to unnecessary revisions. In an 

attempt to counter this the cementless version was introduced in 2004 with the only changes 

to the implant being a porous coating of titanium and hydroxyapatite, and the femoral 

component having an additional peg67.  

    

* This chapter has been published200, 201 as two publications:  
 
(1) Mohammad HR, Matharu GS, Judge A, Murray DW. Comparison of the 10-year outcomes of cemented and 
cementless unicompartmental knee replacements: data from the National Joint Registry for England, Wales, 
Northern Ireland and the Isle of Man. Acta Orthop 2020; 91(1): 76-81 (Appendix 1). 
 
(2) Mohammad HR, Bullock G, Kennedy JA, Mellon SM, Murray DW, Judge AJ. Cementless 
unicompartmental knee replacement achieves better ten year clinical outcomes than Cemented – A systematic 
review. Knee Surg Sports Traumatol Arthrosc. 2020; 1:1-7 (Appendix 1). 
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RCTs187, 202 comparing cemented and cementless UKRs found no differences in functional 

outcomes but the prevalence of partial and complete radiolucencies were lower in cementless 

implants.  These trials were too small to compare revision rates. However, raw data from the 

NZJR17 suggests that the cementless UKR has a lower revision rate than the cemented UKR. 

It is not currently clear whether the difference in revision rate seen in the NZJR is due to 

differences in the implants or to other factors. For example it could be that more experienced 

surgeons, who are doing larger numbers and therefore have lower revision rates are 

predominantly using cementless components. This is problematic given raw data reported 

from the joint registries does not control for these important confounders and could mislead 

many surgeons on what the actual relative performance of each implant was. Therefore any 

comparative analysis must adjust for these factors. 

 

The NJR was established in 2002 by the Department of Health and Welsh Government as per 

Lord Hunt’s recommendation and its history was extensively discussed in section 1.8.1. From 

1st April 2003 all primary and revision knee replacements performed at both NHS and private 

hospitals have been routinely collected. Procedures performed in Northern Ireland and from 

the Isle of Man have also been collected from February 2013 and July 2015 respectively. It is 

now the world’s largest arthroplasty register with over two million joint replacements 

recorded and is linked to the UK’s Office of National Statistics (ONS) mortality data8.  

 

The NJR’s purpose is to collect joint replacement surgery data to provide early insight into 

issues pertaining to patient safety and in a continuous effort to improve the clinical and cost 

effectiveness of procedures performed and to support and enable research.   
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Unfortunately, the NJR does not report the revision rates of cemented and cementless UKR 

separately in their Annual Report. In this chapter NJR data is used to compare the revision 

rates following cemented and cementless Oxford UKRs. The null hypothesis was that there 

would be no difference between cemented and cementless UKR implant survival. To ensure 

that any difference in implant performance was due to the fixation rather than other factors, 

cemented and cementless cases were propensity matched on patient, surgeon (including 

caseload) and implant factors.  
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4.1.2 Methods 
 

A retrospective observational study was performed using NJR records for all patients who had 

an Oxford UKR inserted. A formal application was submitted to the NJR Research Sub-

Committee to access the relevant data and perform the work at the Musculoskeletal Research 

Unit at the University of Bristol. This application was approved on 5th July 2018 (Appendix 

4).  

 

4.1.2.1 NJR data collection 
 

Informed and voluntary patient consent is required for joint replacement procedures to be 

included in the NJR database with identifiable information including surname, date of birth, 

NHS number and postcode. If consent is not obtained, then only anonymous surgical data can 

be included not allowing linkage to subsequent procedures. The 2019 Annual NJR Report8 

states that 94% of all patients provided consent for their details to be recorded in the NJR.  

 

Data collection forms are completed by every operating surgeon at the time of any primary or 

revision knee replacement surgery (Appendix 4). These forms collect data on patient 

demographics, the procedure performed, and the components implanted. Data from these 

forms is then electronically entered in the NJR data entry system through a portal by trained 

staff in each hospital. Each patient who has given consent to their data being used by the NJR 

is given a unique identifier which allows the primary replacement procedure to be linked to 

any subsequent revision procedures in which components are added, removed or replaced. 

Currently the most recent Annual NJR Report reports a linkability of 96%8. 

 

The NJR collects data on patient factors (including age, sex, BMI, American society of 
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Anaesthesiologists (ASA) grade), implant factors (including component design, sizes and 

manufacturer type) and surgical factors (surgical approach, indication, caseload, operating 

surgeon grade) for each replacement procedure, which are provided by the operating surgeon. 

The NJR database is linked to the ONS which provides data on patient mortality.  

 

 

4.1.2.2 NJR data extract  
 

An extract of data was received from the NJR containing details of all primary Oxford UKRs 

recorded in the NJR for any indication between 1st January 2005 and 31st December 2016 

(n=50,334). The former date was the first complete year of data the NJR could supply. The 

later date was chosen to provide a minimum 1-year follow up period for determining 

outcomes following primary joint replacement surgery.  Prior to obtaining the dataset the 

entire NJR database was linked to the ONS database using unique patient identifiers for all 

cause patient mortality data.  

 

 

4.1.2.3 Data cleaning 
 

The data extract which contained 50,334 Oxford UKRs was loaded into Stata (Version 15.1, 

Texas, USA) and subsequently coded and cleaned. Each continuous, categorical and string 

variable was systematically assessed for inconsistencies and implausible/missing data.  

 

Data cleaning involved the removal of lateral UKRs, hybrids, complex primaries, old tibial 

sizes and missing component data given our study was focussing on comparing the outcomes 

of cemented and cementless Oxford medial UKRs. After data cleaning there were 40,522 
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UKRs (30,814 cemented and 9,708 cementless) eligible for study inclusion (Figure 4.1).  

 

After data cleaning the only variable with missing data was BMI. However this did not vary 

significantly between groups and was well balanced between comparative groups both before 

and after matching.  

 

Following data cleaning all numerical variables distributions were assessed graphically for 

normality, with the data subsequently summarised based on the respective distribution. Binary 

categorical variables, such as sex, were maintained in their format. Multi-level categorical 

variables were made binary where possible to aid data processing and analysis. For example 

there are four main surgical approaches that can be used for medial Oxford UKR surgery, 

however the overwhelming majority are performed though a medial parapatellar approach. 

Therefore this multilevel categorical variable was converted into a binary variable (i.e medial 

parapatellar approach and other). The remaining multilevel categorical variables were 

grouped to retain the minimum number of levels required to clinically differentiate them from 

each other. For example ASA grade is graded as one to five in the NJR although it is standard 

nomenclature in NJR studies to code this variable at one, two and three plus, as little is gained 

from the categories four and five being separate. This is as per several other published registry 

studies203, 204.  

 
 
Every surgeon in the NJR has a unique identifier, which was used to calculate each operating 

surgeons’ UKR caseload for each calendar year. The mean caseload (cases per year) was then 

calculated for each surgeon, with the exclusion of years in which surgeons were inactive (to 

prevent artificial reductions for surgeons who started operating in later years or who 

subsequently stopped performing UKR procedures). Each patient was allocated a value 
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representing the caseload of the operating surgeon. Surgeon caseloads were grouped into 

three categories: low-volume (<10 cases/year), medium-volume (10 to <30 cases/year), and 

high-volume (≥30 cases/year). These thresholds were described by Liddle et al.21 and are 

evidence-based, unlike other thresholds. Liddle et al.21 found that revision rates fell steeply 

with increasing caseload up 10 cases/year. Thereafter, revision rates decreased at a slower rate 

until they plateaued at ≥30 cases/year. 

 

Figure 4.1. Data cleaning flowchart for NJR UKR fixation dataset  
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4.1.2.4 Outcomes of interest  
 

The primary outcome of interest for this comparative study was the 10 year implant survival 

of cemented and cementless UKRs. The secondary outcomes for this study were a comparison 

of (1) indications for revision surgery and (2) long term patient survival.  

 

 

4.1.2.5 Identification of confounding factors  
 

As will be discussed in section 4.2.2.1 the NJR collects data on patient factors (including age, 

sex, BMI, ASA grade), implant factors (including component design, sizes and manufacturer 

type) and surgical factors (surgical approach, indication, operating surgeon grade) for each 

replacement procedure. A literature search was conducted to identify published studies 

showing whether certain variables collected by the NJR could influence the primary outcome, 

the revision rate. The potential confounders are summarised in Table 4.1.  
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Identified potential confounder Evidence in literature  

 

Patient factors 

 

Age  Bayliss et al.205  

Murphy et al.206 

Gender Lim et al.207 

Primary diagnosis Hamilton et al.208  

Unilateral/Bilateral replacements Memtsoudis et al.209 

ASA grade Prempeh et al.210 

Elmallah et al.211 

Lenguerrand et al.212 

 

Surgical factors 

 

Thrombo mechanical prophylaxis Selby et al.213 

Surgeon caseload  Liddle et al.21 

Surgical approach  Picard et al.214 

Bone graft usage Hosaka et al.215 

 

Implant factors 

 

Implant design  Deere et al.216 

Component size Judge et al.217  

 

Table 4.1. Identified potential revision confounders from literature search 
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4.1.2.5 Propensity score matching  
 

The unmatched cohort consisted of 40,522 UKRs (30,814 cemented and 9,708 cementless). 

Given the potential for patient, surgical and implant factors other than the type of fixation (as 

identified in section 4.1.2.4) to affect the revision rate, a priori matching of the cemented and 

cementless groups was performed for multiple known confounders using propensity scores. 

(Surgical factors included surgeon caseload, defined as the average number of UKRs done per 

year and stratified into low (<10 cases/year), medium (10 to <30 cases/year) and high volume 

(≥ 30 cases/year) as described previously.  After matching there were 14,814 UKRs (7,407 

cemented and 7,407 cementless UKRs) included for analysis.  

 

Confounders were selected for inclusion in the propensity score based on those known to 

affect the outcomes of interest (Table 4.1) and not on the basis of being associated with the 

fixation exposure variable as per published recommendations for variable selection in 

propensity models218.  
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4.1.2.6 Statistical analysis 
 

Logistic regression generated a propensity score representing the probability of receiving a 

cementless replacement. These scores were generated from patient, surgical (including 

surgeon caseload), and implant factors. The specific variables used for matching were age, 

sex, primary diagnosis, bilateral UKRs, ASA grade, thromboprophylaxis, mechano-

prophylaxis, year of surgery, surgeon grade, surgeon caseload, surgical approach, component 

sizes and the use of bone graft. BMI was not used for matching given it had a significant 

proportion of missing data. However BMI was not problematic given it was well balanced in 

both fixation groups both before and after matching and this approach is consistent with 

several other NJR studies203, 204.   

 

By controlling for these covariates, the use of propensity score matching would allow the true 

effect of implant fixation on revision surgery to be accurately assessed. This a priori approach 

was supported by the significant differences in patient, surgical and implant factors between 

the unmatched cemented and cementless groups presented in the results section.  

 

The algorithm used matched on the logit of the propensity score with a 0.02-SD calliper 

width. The matching ratio was one-to-one. Greedy matching without replacement was used 

given its superior performance for estimating treatment effects219. Standardised mean 

differences (SMDs) were examined both before and after matching to assess for any covariate 

imbalance between the cemented and cementless UKRs, with SMDs of 10% or more 

considered suggestive of covariate imbalance219.  
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Outcomes of interest were: (1) implant survival, (2) indications for revision surgery and (3) 

patient survival. Cumulative survival was determined using the Kaplan-Meier method. The 

endpoint for implant survival was revision surgery (any implant component removed, 

exchanged or added) and the endpoint for patient survival was mortality. Implant and patient 

survival rates were compared between the cemented and cementless groups, using univariate 

cox regression models, with the proportional hazards assumptions assessed and satisfied in all 

analyses. To account for clustering within the matched cohort a robust variance estimator was 

used in the regression models. As a sensitivity analysis regression analysis was repeated with 

adjustments made for covariates with residual imbalance after matching (SMD of 10% or 

more). Additionally a multi-level frailty model was tested in the regression models to control 

for patient clustering within surgeons. However both adjusted models and the multilevel 

models gave the same results as the univariate models and hence only these are presented.  

 

The proportional Chi-squared test with Yate’s correction was used to compare the frequency 

of revisions for specific indications between the cemented and cementless UKR groups.  

 

All statistical analyses were performed using Stata (Version 15.1, Texas, USA) except 

propensity score matching which was performed using R (Version 3.4.0, R Foundation for 

Statistical Computing, Vienna, Austria). P-values of <0.05 were considered significant, with 

95% CIs presented. 
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4.1.3 Results  
 
 
4.1.3.1 Propensity score matching 
 
 
The unmatched cohort consisted of 40,522 Oxford UKRs (30,814 cemented and 9,708 

cementless). Baseline characteristics differed between the cemented and cementless groups 

(Table 4.2). Specific covariates which differed significantly (SMD > 0.1) were sex, 

thromboprophylaxis, mechano-prophylaxis, year of surgery, surgeon caseload, implant 

component size (tibial, femoral, bearing and bearing type). These differences were clearly 

highlighted by the distribution of propensity scores before matching (Figure 4.1).  

 

The matching process improved the balance of covariates between cemented and cementless 

groups (Table 4.2) and was confirmed on analysis of the distribution of propensity scores 

after matching (Figure 4.2). After matching their remained some residual imbalance of year of 

surgery.  
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 Unmatched cohort (n=40,522) Matched cohort (n=14,814) 
 Cemented  

(n=30,814) 
Cementless 
(n=9,708) 
 

SMD Cemented 
(n=7407) 

Cementless 
(n=7407) 

SMD 

Covariate       
Gender 
 
Female 
 
 
Male 

 
 
14,707 
(47.7%) 
 
16,107 
(52.3%) 
 
 
 

 
 
4,068 
(41.9%) 
 
5,640 
(58.1%) 

 
 
0.12 

 
 
3077 
(41.5%) 
 
4330 
(58.5%) 

 
 
 3078 
(41.6%) 
 
 4329 
(58.4%) 

 
 
<0.001 

Age at surgery 
(year) 
 
Mean (SD) 

 
 
 
64.7 
(SD 9.5) 

 
 
 
64.8 
(SD 9.5) 

 
  
 
 0.01 

 
 
 
64.6 
(SD 9.6) 

 
 
 
64.7 
(SD 9.5) 
 

 
 
 
0.003 

BMI (kg/m2)* 
 
Mean (SD) 

 
 
30.2 
(SD 5) 
(n=18,669) 

 
 
30.4 
(SD 5.2)    
(n=8,297) 

 
 
0.04 

 
 
30.2 
(SD 4.9) 
(n=5565) 

 
 
30.4  
(SD 5.2) 
(n=6236) 

 
 
0.05 
 
 
 

Primary 
diagnosis 
 
Primary OA 
 
 
Other 

 
 
 
30,474 
(98.9%) 
 
340 
(1.1%) 

 
 
 
9,585 
(98.7%) 
 
123 
(1.3%) 

 
 
 
0.02 

 
 
 
7,314 
(98.7%) 
 
93 
(1.3%) 

 
 
 
7,319 
(98.8%) 
 
88 
(1.2%) 
 

 
 
 
0.006 

Bilateral UKRs 
 
 

874 
(2.8%) 

451 
(4.6%) 
 

0.1 245 
(3.3%) 

248 
(3.4%) 

0.002 

ASA grade 
 
1 
 
 
2 
 
 
3 or above 
 
 

 
 
6321 
(20.5%) 
 
21,983 
(71.3%) 
 
2510 
(8.1%) 
 

 
 
2120 
(21.8%) 
 
6704 
(69.1%) 
 
884 
(9.1%) 
 
 

 
 
0.05 

 
 
1,536 
(20.7%) 
 
5,227 
(70.6%) 
 
644 
(8.7%) 
 
 
 

 
 
1,489 
(20.1%) 
 
5,272 
(71.2%) 
 
646 
(8.7%) 
 

 
 
0.02 
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VTE – chemical 
 
LMWH  
(+/-other) 
 
 
Aspirin only 
 
 
Other 
 
 
None 

 
 
17,561 
(57.0%) 
 
 
4,152 
(13.5%) 
 
5,496 
(17.8%) 
 
3,605 
(11.7%) 

 
 
6,228 
(64.2%) 
 
 
1006 
(10.4%) 
 
2,251 
(23.2%) 
 
223 
(2.3%) 
 

 
 
 
0.40 

 
 
4,624 
(62.4%) 
 
 
727 
(9.8%) 
 
1,851 
(25.0%) 
 
205 
(2.8%) 

 
 
4,687 
(63.3%) 
 
 
719 
(9.7%) 
 
1,790 
(24.2%) 
 
211 
(2.8%) 

 
 
0.02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VTE – 
mechanical 
 
Any 
 
 
None 

 
 
 
29,316 
(95.1%) 
 
1,498 
(4.9%) 

 
 
 
9,631 
(99.2%) 
 
77 
(0.8%) 

 
 
 
0.25 

 
 
 
7,332 
(99.0%) 
 
75 
(1.0%) 

 
 
 
7,330 
(99.0%) 
 
77 
(1.0%) 
 

 
 
 
0.003 

Year of surgery 
 
2005 
 
 
2006 
 
 
2007 
 
 
2008 
 
 
2009 
 
 
2010 
 
 
2011 
 
 
2012 
 
 
2013 
 
 

 
 
1100 
(3.6%) 
 
1889 
(6.1%) 
 
2702 
(8.8%) 
 
3344 
(10.9%) 
 
3460 
(11.2%) 
 
3256 
(10.6%) 
 
3013 
(9.8%) 
 
2962 
(9.6%) 
 
2622 
(8.5%) 
 

 
 
8 
(0.1%) 
 
40 
(0.4%) 
 
28 
(0.3%) 
 
82 
(0.8%) 
 
261 
(2.7%) 
 
404 
(4.2%) 
 
639 
(6.6%) 
 
718 
(7.4%) 
 
960 
(9.9%) 
 

 
 
1.32 

 
 
9  
(0.1%) 
 
38 
(0.5%) 
 
61  
(0.8%) 
 
147  
(2.0%) 
 
238  
(3.2%) 
 
349  
(4.7%) 
 
417  
(5.6%) 
 
695  
(9.4%) 
 
996  
(13.4%) 
 

 
 
8  
(0.1%) 
 
40  
(0.5%) 
 
28  
(0.4%) 
 
82  
(1.1%) 
 
261  
(3.5%) 
 
403  
(5.4%) 
 
637  
(8.6%) 
 
705  
(9.5%) 
 
864  
(11.7%) 
 

 
 
0.18 
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2014 
 
 
2015 
 
 
2016 
 
 
 

2637 
(8.6%) 
 
2112 
(6.9%) 
 
1717 
(5.6%) 

1545 
(15.9%) 
 
2191 
(22.6%) 
 
2832 
(29.2%) 

1500 
(20.3%) 
 
1528 
(20.6%) 
 
1429 
(19.3%) 

1,262  
(17.0%) 
 
1,555 
(21.0%) 
 
1,562 
(21.1%) 

Surgeon grade 
 
Consultant 
 
 
Other 

 
 
27,775 
(90.1%) 
 
3,039 
(9.9%) 

 
 
8,571 
(88.3%) 
 
1,137 
(11.7%) 

 
 
0.06 

 
 
6,688 
(90.3%) 
 
719 
(9.7%) 
 
 

 
 
6,622 
(89.4%) 
 
785 
(10.6%) 

 
 
0.03 

Surgeon 
caseload 
<10 cases/year 
 
 
10 to <30 
cases/year 
 
 
≥30 cases/year 
 

 
 
13,474 
(43.7%) 
 
12,685 
(41.2%) 
 
 
4,655 
(15.1%) 

 
 
2,656 
(27.4%) 
 
4,100 
(42.2%) 
 
 
2,952 
(30.4%) 

 
 
0.43 
 

 
 
2327 
(31.4%) 
 
3336 
(45.0%) 
 
 
1744 
(23.5%) 

 
 
2364  
(31.9%) 
 
3328 
(44.9%) 
 
 
1715 
(23.2%) 

 
 
0.01 
 
 
 
 
 
 
 
 
 

Surgical 
approach 
 
Medial 
parapatellar 
 
 
Other 
 

 
 
 
28,154 
(91.4%) 
 
 
2,660 
(8.6%) 

 
 
 
8,898 
(91.7%) 
 
 
810 
(8.3%) 

 
 
 
0.01 

 
 
 
6,827 
(92.2%) 
 
 
580 
(7.8%) 

 
 
 
6,822 
(92.1%) 
 
 
585 
(7.9%) 

 
 
 
0.003 

Minimally 
invasive 
surgery  
 
No 
 
 
Yes 
 
 

 
 
 
 
16,287 
(52.9%) 
 
14,527 
(47.1%) 

 
 
 
 
4,789 
(49.3%) 
 
4,919 
(50.7%) 

 
 
 
 
0.07 

 
 
 
 
3,796 
(51.3%) 
 
3,611 
(48.8%) 
 

 
 
 
 
3,804 
(51.4%) 
 
3,603 
(48.6%) 

 
 
 
 
0.002 
 
 
 
 
 
 
 
 
 
 



 108 

 
Femoral 
component size  
 
Ex small 
 
 
Small 
 
 
Medium 
 
 
Large 
 
 
Ex-Large 
 
 
 

 
 
 
 
47 
(0.2%) 
 
6904 
(22.4%) 
 
16,608 
(53.9%) 
 
7,171 
(23.3%) 
 
84 
(0.3%) 

 
 
 
 
42 
(0.4%) 
 
2504 
(25.8%) 
 
4,606 
(47.4%) 
 
2,529 
(26.1%) 
 
27 
(0.3%) 

 
 
 
 
0.14 

 
 
 
 
26 
(0.4%) 
 
1,752 
(23.7%) 
 
3,617 
(48.8%) 
 
1,990 
(26.9%) 
 
22 
(0.3%) 
 
 

 
 
 
 
21 
(0.3%) 
 
1,727  
(23.3%) 
 
3,663 
(49.5%) 
 
1,980 
(26.7%) 
 
16 
(0.2%) 
 
 

 
 
 
 
0.02 

 
Tibial 
component size 
 
AA 
 
 
A 
 
 
B 
 
 
C 
 
 
D 
 
 
E 
 
 
F 

 
 
 
 
93 
(0.3%) 
 
3453 
(11.2%) 
 
7288 
(23.7%) 
 
8769 
(28.5%) 
 
7098 
(23.0%) 
 
3216 
(10.4%) 
 
897 
(2.9%) 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
37 
(0.4%) 
 
352 
(3.6%) 
 
1870 
(19.3%) 
 
2807 
(28.9%) 
 
2570 
(26.5%) 
 
1537 
(15.8%) 
 
535 
(5.5%) 
 

 
 
 
 
0.37 

 
 
 
 
29 
(0.4%) 
 
336 
(4.5%) 
 
1,513 
(20.4%) 
 
2,137  
(28.9%) 
 
1,974 
(26.7%) 
 
1095 
(14.8%) 
 
323 
(4.4%) 
 
 

 
 
 
 
29 
(0.4%) 
 
343 
(4.6%) 
 
1,481  
(20.0%) 
 
2,147  
(29.0%) 
 
1,991  
(26.9%) 
 
1084 
(14.6%) 
 
332 
(4.5%) 

 
 
 
 
0.01 
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Table 4.2. Patient and surgical factors before and after propensity score matching. 

 
  

Bearing type  
 
Anatomic  
 
 
Symmetric  
 
 
 
 

 
 
23,301 
(75.6) 
 
7,513 
(24.4%) 

 
 
9,407 
(96.9%) 
 
301 
(3.1%) 
 
 
 

 
 
0.65 

 
 
7,092 
(95.8%) 
 
315 
(4.3%) 

 
 
7,106 
(95.9%) 
 
301 
(4.1%) 

 
 
0.009 

Bearing size 
 
3 
 
 
4 
 
 
5 
 
 
6 
 
 
7 
 
 
8 
 
 
9 
 

 
 
6226 
(20.3%) 
 
12,126 
(39.4%) 
 
6765 
(22.0%) 
 
3268 
(10.6%) 
 
1506 
(4.9%) 
 
563 
(1.8%) 
 
320 
(1.0%) 

 
 
3003 
(30.9%) 
 
4093 
(42.2%) 
 
1787 
(18.4%) 
 
578 
(6.0%) 
 
161 
(1.7%) 
 
57 
(0.6%) 
 
29 
(0.3%) 

 
 
0.37 

 
 
2056 
(27.8%) 
 
3128 
(42.2%) 
 
1459 
(19.7%) 
 
519 
(7.0%) 
 
150 
(2.0%) 
 
62 
(0.8%) 
 
33 
(0.4%) 

 
 
2000 
(27.0%) 
 
3160  
(42.7%) 
 
1483 
(20.0%) 
 
523 
(7.1%) 
 
156 
(2.1%) 
 
56 
(0.8%) 
 
29 
(0.4%) 

 
 
0.02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bone graft 
 
None 
 
 
Bone graft used 

 
 
30,745 
(99.8%) 
 
69 
(0.2%) 

 
 
9,629 
(99.2%) 
 
79 
(0.8%) 

 
 
0.08 

 
 
7,377 
(99.6%) 
 
30 
(0.4%) 

 
 
7,381 
(99.7%) 
 
26 
(0.4%) 

 
 
0.009 
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Figure 4.2. Kernel density plot of propensity scores of cemented and cementless UKRs before 

matching. 

 

 
Figure 4.3. Kernel density plot of propensity scores of cemented and cementless UKRs after 

matching.  
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4.1.3.2 Revision outcome 
 

For the primary outcome measure both the unmatched and matched results are presented to 

highlight the importance of matching to allow for fair comparison between fixation types by 

controlling for confounders which not can only influence the direction, but also magnitude of 

an effect size.  

 

4.1.3.2.1 Unmatched analysis 
 

The unmatched cohort included 40,522 UKR of which 30,814 were cemented and 9,708 were 

cementless. The mean age at surgery was 64.7 years (SD 9.5), with 18,775 females (46.3%) 

and 21,747 males (53.7%). The mean BMI was 30.2 kg/m2 (SD 5.0) with the primary indication 

for surgery being osteoarthritis in 40,059 knees (98.9%).   

 

In the unmatched cohort, the mean follow up for both cemented and cementless implants were 

6.4 years (SD 3.1) and 3.5 years (SD 2.1) respectively. In total 2,647 knees (258 cementless 

and 2,389 cemented) underwent revision surgery. The 10-year implant survival rates for 

unmatched cementless and cemented UKRs were 93.3% (CI 89.8 – 95.7) and 89.1% (CI 88.6 - 

89.6) respectively (Figure 4.4). Cementless UKRs had a significantly better implant survival 

compared with cemented UKRs (hazard ratio (HR) = 0.59, CI 0.52 - 0.68); p<0.001). However 

the baseline characteristics for unmatched cemented and cementless implants differed 

significantly (Table 4.2). Therefore in order to understand whether there is any true difference 

a matched comparison is required and will be presented in the next section.  
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Figure 4.4. Unmatched Kaplan Meier graph of cemented and cementless Oxford UKR 

implant survival.  

 
4.1.3.2.2 Matched analysis 
 

The matched cohort included 14,814 UKR with 7,407 cemented UKRs and 7,407 cementless 

UKRs. The mean age at surgery was 65 years (SD 9.5), with 6,155 females (42%) and 8659 

males (58%). The mean BMI was 30 kg/m2 (SD 5.0) with the primary indication for surgery 

being osteoarthritis in 14,633 knees (99%). Patient, surgical (including caseload) and implant 

characteristics became well balanced between the cemented and cementless groups after 

propensity score matching (Table 4.2). The only covariate with residual imbalance was year of 

primary surgery, which when adjusted for in the regression models did not change the results 

presented. Additionally the use of a multilevel frailty model controlling for patient clustering 
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within operating surgeons did not change the regression findings presented below.  

 

In the matched cohort, the mean follow up for both cemented and cementless implants was 4 

years (SD 2). 507 knees, 218 (2.9%) cementless and 289 (3.9%) cemented underwent revision 

surgery. The 10 year cumulative implant survival rates were 93.2% (CI 89.7 - 95.6) and 90.2% 

(CI 87.5 - 92.3) for cementless and cemented respectively (Figure 4.5). The corresponding 

cumulative revision rates were 6.8% (CI 4.4 – 10.3) and 9.8% (CI 7.7 – 12.5) at 10 years 

respectively. Cementless UKRs had a significantly reduced revision rate compared with 

cemented UKRs (HR=0.76, CI 0.64 - 0.91; p=0.002). The cumulative revision rates at 10 years 

have overlapping CIs given the limited numbers of UKRs available at this specific time point. 

This is well illustrated by the widening CIs in Figure 4.5 at 10 years. The HR on the other hand 

compares the risk of revision across the whole survival curve and is statistically significant.  

 
Figure 4.5. Matched Kaplan Meier graph of cemented and cementless Oxford UKR implant 

survival. 



 114 

4.1.3.3 Indications for revision surgery  
 

The most common reasons for revision in the cemented group (n= 7,407) were aseptic loosening 

(n=74, 1.00%), pain (n=55, 0.74%) and osteoarthritis progression (n=72, 0.97%) (Table 4.3). 

In the cementless group (n=7,407) the most common reasons for revision were osteoarthritis 

progression (n=55, 0.74%), pain (n=34, 0.46%) and aseptic loosening (n=31, 0.42%) (Table 

4.3).  

 

Four specific revision indications were significantly different between cemented and 

cementless groups (Figure 4.6): Aseptic loosening, which decreased from 1.0% to 0.42% 

(p<0.001), pain, which decreased from 0.74% to 0.46% (p=0.03) and lysis, which decreased 

from 0.15% to 0.04% (p=0.03). The risk of revision for periprosthetic fracture was significantly 

higher (p=0.01) in the cementless group (n=19, 0.26%) compared with the cemented (n=7, 

0.09%).  
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Revision 
indication 

Cemented 
UKRs  
(n=7,407) 

Mean time 
to revision 
indication 
for 
cemented 
UKRs 
(years) 

Cementless 
UKRs 
(n=7,407) 

Mean time 
to revision 
indication 
for 
cementless 
UKRs 
(years) 

Comparison 
between cemented 
and cementless 
revision indication 
frequencies 
(P value) 

 
 
Aseptic 
loosening* 
 
 
OA 
progression 
 
 
Pain* 
 
 
Other 
 
 
Dislocation 
subluxation 
revision 
 
 
Instability 
 
 
 
Component 
dissociation 
 
 
Malalignment 
 
 
 
Infection 
 
 
 
Periprosthetic 
fracture* 
 
 
 
Lysis* 
 
 
 
 
Wear 

 
 
 
74 (1.00%) 
 
 
 
72 (0.97%) 
 
 
55 (0.74%) 
 
 
41 (0.55%) 
 
 
 
28 (0.38%) 
 
 
 
13 (0.18%) 
 
 
 
13 (0.18%) 
 
 
 
13 (0.18%) 
 
 
 
15 (0.20%) 
 
 
 
7 (0.09%) 
 
 
 
 
11 (0.15%) 
 
 
 
 
7 (0.09%) 

 
 
 
1.5 (SD 2.1) 
 
 
 
3.5 (SD 2.5) 
 
 
2.8 (SD 2.1) 
 
 
2.5 (SD 2.0) 
 
 
 
1.6 (SD 1.6) 
 
 
 
2.9 (SD 1.3) 
 
 
 
1.4 (SD 1.1) 
 
 
 
1.2 (SD 0.9) 
 
 
 
1.9 (SD 2.1) 
 
 
 
1.0 (SD 0.9) 
 
 
 
 
2.5 (SD 1.4) 
 
 
 
 
4.0 (SD 2.8) 

 
 
 
31 (0.42%) 
 
 
 
55 (0.74%) 
 
 
34 (0.46%) 
 
 
29 (0.39%) 
 
 
 
21 (0.28%) 
 
 
 
20 (0.27%) 
 
 
 
16 (0.22%) 
 
 
 
24 (0.32%) 
 
 
 
13 (0.18%) 
 
 
 
19 (0.26%) 
 
 
 
 
3 (0.04%) 
 
 
 
 
7 (0.09%) 

 
 
 
2 (SD 2.0) 
 
 
 
3.7 (SD 2.0) 
 
 
2.0 (SD 1.5) 
 
 
2.0 (SD 1.3) 
 
 
 
1.2 (SD 1.2) 
 
 
 
1.9 (SD 1.9) 
 
 
 
2.2 (SD 2.1) 
 
 
 
1.8 (SD 1.4) 
 
 
 
1.8 (SD 1.8) 
 
 
 
1.0 (SD 2.4) 
 
 
 
 
1.6 (SD 1.0) 
 
 
 
 
3.5 (SD 2.9) 

 
 
 
P <0.001 
 
 
 
P=0.13 
 
 
P=0.03 
 
 
P=0.15 
 
 
 
P=0.40 
 
 
 
P=0.25 
 
 
 
P=0.59 
 
 
 
P=0.09 
 
 
 
P=0.78 
 
 
 
P=0.01 
 
 
 
 
P=0.03 
 
 
 
 
P=1.0 
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Stiffness 
 
 
Implant 
fracture 
 
 
Patellar wear 
 
 
Tibial wear 
 
 
Incorrect 
sizing 
 
 
Patella mal 
tracking 
 
 

 
 
 
5 (0.07%) 
 
 
 
1 (0.01%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
 
0 (0%) 

 
 
 
1.6 (SD 0.6) 
 
 
 
2.0 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
 
N/A 

 
 
 
7 (0.09%) 
 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
 
0 (0%) 
 

 
 
 
1.4 (SD 1.0) 
 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
 
N/A 

 
 
 
P=0.67 
 
 
 
No revisions 
 
 
No revisions 
 
 
No revisions 
 
 
No revisions 
 
 
 
No revisions 

 
 
Table 4.3. Comparison of revision indications between the matched cemented and cementless 

Oxford UKRs. The proportional Chi-squared test was used to compare the frequency of 

revisions for specific indications between groups. Significant differences between groups are 

marked *. 
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Figure 4.6. Bar chart showing significant differences in revision indications between 

cemented and cementless Oxford UKRs. 
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4.1.3.4 Patient survival  
 

In the matched cohort there were 517 (276 cementless and 241 cemented) patient deaths. 11 

deaths occurred within 90 days of surgery (seven cementless and four cemented). The 

cumulative 10 year patient survival rates for cementless UKR were 85.3% (CI 80.8 - 88.9) and 

87.6% (CI 84.5 - 90.0) for cemented UKR (Figure 4.7). This difference was not statistically 

significant (HR=1.16, CI 0.98 - 1.38; p=0.1). 

 

 
 

Figure 4.7. Kaplan Meier graph of patient survival of matched cemented and cementless 

Oxford UKRs.  

 
  



 119 

4.1.4 Discussion 
 
 
Early cementless UKRs had poor outcomes220-223, but over time the results have improved153 

given advancements in implant design including hydroxyapatite coatings, porous and 

trabecular metal224, 225. Unmatched data from the NZJR17, and now unmatched NJR data has 

shown that the revision rate of the cementless Oxford UKR is lower than the cemented.  

Given, this is raw unmatched data, one cannot be certain why, given many factors including 

more experienced surgeons using the cementless implant, may contribute to this effect. The 

analysis presented in this chapter of approximately 15,000 UKRs propensity matched to 

exclude other potential patient, surgical and implant factors, has shown the long term revision 

rate of the cementless Oxford UKR is 24% less (HR 0.76, p=0.002) than the cemented. These 

results suggest that the cementless Oxford UKR is a better performing implant. Therefore the 

introduction of the cementless Oxford UKR has achieved its objective in lowering UKR 

revision rates in the joint registries although the 10 year implant survival still lags behind that 

achieved from TKR (Table 1.1). Nonetheless this reduction in UKR revision rates should in 

time encourage more surgeons to use UKRs where clinically appropriate.  

 

The number of revisions for aseptic loosening, pain and lysis were all significantly lower in 

the cementless group. Indeed the combined revision rate from these causes was about half 

with cementless compared to cemented fixation. Previous randomised studies187, 202 have 

shown the incidence of tibial radiolucent lines are much lower with cementless rather than 

cemented fixation, suggesting improved fixation. This would explain why the revision rate for 

aseptic loosening and lysis has decreased. It is not clear why the revision rate for pain has 

decreased but may be related to the exothermic reaction of cement setting which may irritate 

surrounding soft tissues and nerves226. Alternatively in the presence of pain surgeons are more 
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likely to revise a component with radiolucent lines, which are more common in cemented 

UKRs, despite evidence that these radiolucent lines are poor predictors of loosening185.  

 

The only revision indication that occurred more with the cementless UKR than cemented was 

peri-prosthetic fracture, with the revision rates being 0.26% and 0.09% (p=0.01) respectively. 

This difference in 0.17% is however relatively small compared to the overall decrease in 

revision rate. The mean time to revision for peri-prosthetic fracture was one year, which is 

earlier than for most other revisions, so with time the proportion of revisions due to peri-

prosthetic fractures should reduce further. Information about the peri-prosthetic fracture site is 

not recorded by the NJR, but it is likely that the majority were tibial plateau fractures.  A 

cadaver study has shown that the load to fracture is lower with a cementless than a cemented 

tibial component199, suggesting this may relate to the interference fit required by cementless 

components. Given tibial plateau fractures are devastating complications, often requiring 

complex revisions to TKR with stems and wedges, surgeons should take care to avoid them 

when implanting cementless components. Specifically surgeons should avoid deep cuts, 

ensure the vertical cut is just medial to the tibial spine, protect the posterior cortex, insert the 

tibial trial with finger pressure alone and impact the tibial component with care. 

 

This is the first big data study of a knee replacement that has demonstrated the cementless 

version has lower revision rates than the cemented in the long term, and that the difference is 

likely from improved fixation. This may however relate to the design of the Oxford UKR. 

Given all ligamentous structures are preserved and there is an unconstrained mobile bearing, 

the loads transmitted to the bone implant interface are predominantly compressive with 

minimal shear or tension which is ideal for cementless fixation. These results may therefore 

not apply to all types of UKR or to TKR. Therefore in the next chapter a systematic review 
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comparing all types of cemented and cementless UKRs is presented to see whether these 

finding apply to other UKR types.  

 

The main limitation of this chapter is that it is all based on registry data and is therefore a 

study of revision and not re-operation or other clinical outcomes. However, many of these 

other outcomes have already been studied in RCTs. Additionally, the reasons for revision in 

the NJR, are those recorded at the time of surgery even if this subsequently changed due to 

histopathology and microbiology data. Registries can also underreport revisions109, 227  

although there is no reason to believe this would differ between the comparative groups, and 

it is not possible to confirm causality in registry based studies.  Another limitation is that, 

despite matching there is potential for residual confounding and matching can reduce the 

generalisability of the findings. The groups were not perfectly matched given there was 

imbalance in the year of primary surgery, as the cementless components were introduced after 

the cemented. This was mitigated as many of the early cemented cases were excluded as they 

had different shaped tibial components (numerical sizes). Although operating techniques 

improve with time, there were no differences in the findings when adjusted regression models 

for year of surgery were tested. A substantial proportion of BMI data was missing and 

therefore this was not used for matching although was well balanced between groups. The 

only way to achieve balance with respect to both known and unknown confounders is with a 

RCT. However to compare revision rates would require huge numbers and long follow up 

which would be impractical for an RCT. 

 

In conclusion, this chapter observed the risk of revision of the cementless Oxford UKR was 

24% less than that of the cemented version out to 10 years. This was primarily because the 

risk of revision for aseptic loosening, pain and lysis all decreased in the cementless, 

suggesting improved fixation.  
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However it is important to compare the findings of this chapter with non-registry data from 

studies across the world given the known limitations of registry data. Furthermore by looking 

at all UKR implants across the world, all types of cemented and cementless UKRs can be 

compared helping to validate the findings presented in the chapter globally.  
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4.2 Systematic review comparing cemented and cementless UKRs 

 
4.2.1 Introduction 
 
 
In Chapter 3 and Chapter 4.1 the concept of the two main fixation methods (cemented and 

cementless techniques) used to insert UKR components were introduced. Cemented 

components rely on the use of bone cement to fix the components to surrounding trabecular 

bone226 whereas cementless components rely on the principle of press fit fixation and 

osseointegration67, 228. The current gold standard for knee replacements is cemented fixation  

given the poor results of the first cementless knee replacements8, 228. 

 

However in recent years there has been increased interest in cementless fixation given new 

advances in cementless component design67, including hydroxyapatite coatings224 and 

trabecular metal225. Additionally given rising life expectancies, there is a need for a more 

natural biological fixation to last a patient’s lifetime229. Furthermore cementless fixation 

offers known merits from avoidance of cementation errors and a reduction in radiolucent lines 

from existing published work171, 187, 202. Indeed the registry propensity matched comparison200 

presented in the previous chapter has demonstrated reduced revision risk, rates of aseptic 

loosening and pain in the cementless Oxford UKRs compared to the cemented version.  

 

However it is important to compare the findings from the previous section with a review of 

non-registry data from studies all across the world. This offers the opportunity to compare all 

cemented and cementless UKR brands published in the literature. This chapter presents the 

first systematic review to compare the long term outcomes of all cemented and cementless 

UKRs by comparing published revision rates, revision indications and PROMs.  
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4.2.2 Methods 
 
 
This systematic review was prospectively registered on PROSPERO, CRD42019134315 and 

follows the PRISMA guidelines for systematic reviews151.  

 

4.2.2.1 Inclusion and exclusion criteria  
 

The inclusion criteria were any studies in the English language that reported the ≥ 10 year 

outcomes of any primary medial UKR in patients over the age of 18 years. Studies included 

were from 2009 onwards to assess the outcomes of implants published within the last 10 

years. This is given that the most commonly used cementless UKRs were introduced after 

cemented versions and first broadly used from 2009 onwards200. 

 

Exclusion criteria included any registry studies given they tend not to distinguish and 

subdivide implants according to fixation and whether the implant is medial/lateral and to 

prevent duplication of patients with existing studies in the literature. Additionally registries 

can under report revisions109, 227. Additional exclusion criteria were case reports, abstracts, 

hybrid UKRs and any studies in which lateral UKRs formed more than 10% of the whole 

cohort given the study was focusing on medial UKR outcomes. Studies of all polyethylene 

tibial components, bicompartmental replacements and those looking at only certain subgroups 

of the population were excluded given these contribute potential unnecessary confounders. 

Details of the number of articles actually excluded from the study based on the inclusion and 

exclusion criteria specified are summarised in Figure 4.8 in the results section.  
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4.2.2.2 Search strategy 
 

With an expert librarian the databases Medline, Embase and CENTRAL were searched from 

their inceptions to 23rd April 2019 for all studies reporting knee replacement outcomes.  

 

Key words used in the search strategy included “knee arthroplasty” and “fixation” with all 

synonyms, abbreviations and variations of these terms. The complete search strategies are 

summarised in Appendix 5. In addition reference lists of the included publications were also 

screened to identify any additional reports.  

 

First all study duplicates were removed followed by a title and abstract screening based on the 

eligibility criteria. All shortlisted papers had full texts extracted and were assessed for 

eligibility. In cases where the same cohort was published more than once, the most recent 

publication reporting the overall outcomes of the full cohort was included. There was 

complete agreement between both independent authors (Hasan Raza Mohammad and Garrett 

Bullock) who independently screened the studies.  

 

 

4.2.2.3 Outcomes of interest 
 

The primary outcome of interest was revision. This was measured from ; (1) revision rate and 

(2) 10 year survivals reported. Revision was defined as any removal/addition of any 

component to the knee joint as per the registries8, 16, 17. Secondary outcomes were PROMs. 

The a priori analysis was to first compare fixation groups (cementless vs cemented), and then 

compare bearing type (mobile vs fixed bearing) results within each fixation category.  

 



 126 

4.2.2.4 Data collection and risk of bias 
 

Two authors (Hasan Raza Mohammad and Garrett Bullock) independently extracted data 

from all included studies. Contact attempts were made for all authors to obtain any missing 

information as needed. In cases where a study reported results for both cemented and 

cementless fixation types, only UKR arms reporting long term outcomes were included in our 

review as per the specified inclusion criteria.  

 

All studies were assessed for risk of bias using the MINORs tool152 as a percentage and an 

additional system based on the reporting of the primary outcome (A=clearly reported, B=not 

reported/unclear) and the number of cases (A > 100 cases, B 51-99 and C <50)147, 153. Studies 

with a MINORS score over 80% were deemed at low risk of bias and those below 70% at 

high risk except those with three or more As in the primary outcomes.   

 

 

4.2.2.5 Data synthesis and analysis  
 

The unit of analysis in this chapter was the number of UKRs. The primary outcome, the 

revision rate was calculated per 100 component years which is equivalent to the annual rate 

(% pa) as per the Australian Joint Registry16 and previous reports. This involved dividing the 

total number of revisions by the total observed component years multiplied by 100. 95% CIs 

were generated using the Clopper Pearson method. To calculate the predicted 10 year survival 

this value was multiplied by 10 and then subtracted from 100. Each revision indication was 

also calculated per 100 component years using the same methodology. Revisions and their 

indications per 100 component years were compared between cemented and cementless 

implants and for fixed and mobile bearings using the chi squared proportional test.  
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From the included studies Campi et al. (2018A)148 reported the results for 1,000 UKRs, but of 

these, 318 UKRs were also used in Mohammad et al.’s171 more recent study. We were able to 

obtain the results of Campi et al.’s (2018A)148 unique 682 UKRs to prevent duplication of 

UKRs in our analysis. Therefore in our systematic review the number of UKRs reported for 

Campi et al. (2018A)148 is 682. This prevented overpowering the study and used the most up 

to date information for the cohort.  

 

All statistical analysis was performed using Stata (Version 15.1, Texas, USA). A p value of 

<0.05 was deemed statistically significant. 

 

 
4.2.3 Results 
 
 
The search identified 5,839 studies which after duplicate removal, title and abstract screening 

were reduced to 39 articles. Full texts analysis deemed 25 were deemed eligible for inclusion 

(Figure 4.8). The details of all full text articles excluded and the reasons for exclusion are 

summarised in Table 4.4.  

 

In total there were 21 studies82, 157, 158, 161, 163, 165, 167, 168, 170, 172, 230-240 reporting the long term 

outcomes of cemented UKRs and five148, 171, 234, 241, 242 reporting the outcomes of cementless 

UKRs (Table 4.5). All the identified studies were observational cohort studies with no long 

term comparative studies. All studies scored low risk of bias except Aly et al.157 (Table 4.6). 

The total number of UKRs in the cemented and cementless groups were 8,790 and 1,946. 
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Figure 4.8. PRISMA flowchart. 

  



 129 

Study Reason for exclusion 
Abdulkarim et al. (2013)243  Abstract only  
Ali et al. (2016)244  Same cohort as Pandit et al.82 but earlier results  
Bottomley et al. (2016)159  Does not report results of cemented or 

cementless UKRs separately  
Bray et al. (2017)245  Abstract only 
Campi et al. (2018B)172  
(cementless arm) 

Cementless arm only reports short to midterm 
follow up. Cemented arm included in our review 
as reports long term outcomes. 

Hamilton et al. (2016)246 Same cohort as Pandit et al.82 and only analyses 
subgroup of the cohort. 

Hamilton et al. (2017)247 Same cohort as Pandit et al.82 and only analyses 
subgroup of the cohort. 

Hamilton et al. (2017)248 Same cohort as Pandit et al.82 and only analyses 
subgroup of the cohort. 

Hamilton et al. (2017)249 Same cohort as Pandit et al.82 and only analyses 
subgroup of the cohort. 

Heyse et al. (2012)250  Only analyses patients under 60 years of age  
Kennedy et al. (2018)85  Same cohort as Pandit et al.82 and does not 

report overall results of the cohort. 
Kim et al. (2017)251  Only analyses patients under 60 years of age 
Noaur et al. (2016)252  Not available in English language and also only 

analyses patients under 60 years of age  
Parratte et al. (2009)253  Only analyses patients under 50 years of age 
Saragaglia et al. (2018)254  Exclude as over 10% of cohort are lateral UKRs 

 

Table 4.4. List of full texts excluded with reasons from the systematic review. 
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 UKR prosthesis Number of 
UKRs 

Number of 
surgical centres 

Cementless UKR studies 
 

 

Campi et al. (2018A)148  Oxford 682 2 
Hall et al. (2013)241  Unix 85 1 
Lecuire et al. (2014)242  Alpina 101 1 
Mohammad et al. (2019)171  Oxford 1,000 1 
Schlueter-Brust et al. (2014)234  
(cementless arm) 

Uniglide  78 1 

  Total: 1,946 Total: 6 
Cemented UKR studies 

 
 

Alnachoukati  et al. (2018)235  Oxford 825 4 
Aly et al. (2010)157  Oxford 45 1 
Argenson et al. (2013)231  Miller-Galante 70 1 
Campi et al. (2018B)172  
(cemented arm) 

Oxford 522 1 

Chattelard et al. (2013)232  Alegretto, Presevation, 
Genesis, Hermes, HLS, 
Lotus, Miller-Galante, 
Oxford 

559 13 

Edmonson et al. (2015)161  Oxford 364 1 
Emerson et al. (2016)158  Oxford 213 1 
Faour Martin et al. (2013)163  Oxford 511 1 
Foran et al. (2013)233  Miller-Galante 19 1 
Kim et al. (2015)165  Oxford 180 1 
Kristensen et al. (2013)167  Oxford 695 1 
Lim et al. (2018)237 Miller 

Galante/Preservation  
279 1 

Lisowiski et al. (2016)168  Oxford 138 1 
Pandit et al. (2015)82  Oxford 1,000 1 
Price et al (2011)230  Oxford 682 1 
Schlueter-Brust et al. (2014)234  
(cemented arm) 

Uniglide 152 1 

Song et al. (2016)240 Miller-Galante 68 1 
Venkatesh et al. (2016)239 Miller-Galante 175 1 
White et al. (2018)236  Oxford 554 2 
Winnock de Grave et al. (2018)238 Zimmer Unicondylar 

Knee 
460 1 

Yoshida et al. (2013)170  Oxford 1,279 2 
  Total: 8,790 Total: 38 

 
Table 4.5. Details of included studies and UKR implants used. 
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Study  MINORS 
(%)  

Size  Revisions 
reported 

Implant 
survival 
reported 

Mechanisms 
of failure 
reported 

Bias 
risk 
 
 
  

Cementless UKR studies 
Campi et al. (2018A)148  75 A A A A Low 
Hall et al. (2013)241  75 B A A A Low 
Lecuire et al. (2014)242  75 A A A A Low 
Mohammad et al. (2019)171 87.5 A A A A Low 
Schlueter-Brust et al. (2014)234  87.5 A A A A Low 
Cemented UKR studies  
Alnachoukati  et al. (2018)235  87.5 A A A A Low 
Aly et al. (2010)157  56.3 C A B A High 
Argenson et al. (2013)231  87.5 A A A A Low 
Campi et al. (2018B)172  87.5 A A A A Low 
Chattelard et al. (2013)232  62.5 A A B A Low 
Edmonson et al. (2015)161  68.8 A A A A Low 
Emerson et al. (2016)158  75 A A A A Low 
Faour Martin et al. (2013)163  87.5 A A A A Low 
Foran et al. (2013)233  75 B A A A Low 
Kim et al. (2015)165  75 A A A A Low 
Kristensen et al. (2013)167  81.3 A A A A Low 
Lim et al. (2018)237 87.5 A A A A Low 
Lisowiski et al. (2016)168  81.3 A A A A Low 
Pandit et al. (2015)82  81.3 A A A A Low 
Price et al. (2011)230  87.5 A A A A Low 
Schlueter-Brust et al. (2014)234  87.5 A A A A Low 
Song et al. (2016)240 87.5 B A A A Low 
Venkatesh et al. (2016)239 81.3 A A A A Low 
White et al. (2018)236  87.5 A A A A Low 
Winnock de Grave et al. (2018)238 81.3 A A A A Low 
Yoshida et al. (2013)170  81.3 A A A A Low 

 
Table 4.6. Risk of bias assessment of included studies. 
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4.2.3.1 Revision outcome by fixation type 
 

Twenty four out of 25 studies (n=10,054) reported the number of revisions during the study 

period and the mean follow up which allowed for quantitative analysis (Figure 4.9). The only 

exception to this was Price et al230 (n=682) which reported the median follow up. Table 4.7 

summarises this in detail for each study.  

 

The overall revision rate for the cemented and cementless groups were calculated separately. 

In the cemented group (n=8,108) there were 456 revisions out of 62,637 component years 

resulting in a revision rate of 0.73% pa (CI 0.66-0.80) revisions per 100 component years 

(Table 4.7). This equates to a 10 year survival of 92.7%. In the cementless group (n=1,946) 

there were 57 revisions out of 12,740 component years resulting in a revision rate of 0.45% pa 

(CI 0.34-0.58) revisions per 100 component years (Table 4.7). This equates to a 10 year 

implant survival of 95.5%. The differences between cementless and cemented revision rates 

were significant (p<0.001). The revision rates are plotted in Figure 4.9.  

 

There were 13 studies of the cemented Oxford UKR (n=6,326) and two studies of the 

cementless Oxford UKR (n=1,682). For the cemented Oxford, there were 381 revisions out of 

49,384 component years giving a revision rate of 0.77% pa (CI 0.70-0.85). The cementless 

Oxford studies reported 37 revisions out of 9,874 component years giving a revision rate of 

0.37% pa (CI 0.26-0.52). The difference between the revision rates was significant (p<0.001).  

 

There were 10 studies of non-Oxford UKRs, of which eight had cemented UKRs (n=1,782) 

and three had cementless UKRs (n=264). For the cemented UKRs, there were 75 revisions 

out of 13,253 component years giving a revision rate of 0.57% pa (CI 0.45-0.71). For the 

cementless UKRs, there were 20 revisions from 2,866 component years giving a revision rate 
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of 0.69% pa (CI 0.43-1.10). There were no significant differences in the cemented and 

cementless non Oxford UKR study’s revision rates (p=0.41). 
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Figure 4.9. Forest plot of revision rate per 100 component years of included cemented and cementless UKRs
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Study No of 

knees 

Mean 

follow up 

(years) 

Observed 

component 

years 

No of 

revisions  

Revision rate 

per 100 

component 

years (CI) 

Cementless UKRs 

Campi et al. (2018A)148  682 7 4774 19 0.40 
(CI 0.24-0.62) 

Mohammad et al. (2019)171  1,000 5.1 5100 18 0.35 
(CI 0.21-0.56) 

Schlueter-Brust et al. (2014)234 
(cementless arm) 

78 11.6 904.8 2 0.22 
(CI 0.03-0.80) 

Mobile bearing Cementless   10,779 39 0.36 

(CI 0.26-0.50) 

Hall et al. (2013)241  85 10 850 7 0.82 
(CI 0.33-1.69) 

Lecuire et al. (2014)242  101 11 1111 11 0.99 
(CI 0.50-1.76) 

Fixed bearing Cementless   1961 18 0.92 

(CI 0.54-1.45) 

CEMENTLESS OVERALL   12,740 57 0.45 

(CI 0.34-0.58) 

Cemented UKRs 

Alnachoukati et al. (2018)235 825 9.7 8002.5 93 1.16 
(CI 0.94-1.42) 

Aly et al. (2010)157  45 8.75 393.8 2 0.51 
(CI 0.06-1.82) 

Campi et al. (2018B)172  
(cemented arm) 

522 8.3 4332.6 40 0.92 
(CI 0.66-1.25) 

Edmonson et al. (2015)161  364 5.5 2002 26 1.30 
(CI 0.85-1.90) 

Emerson et al. (2016)158  213 10 2130 20 0.94 
(CI 0.57-1.45) 

Faour Martin et al. (2013)163  511 10.38 5304.2 29 0.55 
(CI 0.37-0.78) 

Kim et al. (2015)165  180 10 1800 16 0.89 
(CI 0.51-1.44) 

Kristensen et al. (2013)167  695 4.6 3197 51 1.60 
(CI 1.20-2.10) 

Lisowiski et al. (2016)168  138 11.7 1614.6 11 0.68 
(CI 0.34-1.22) 

Pandit et al. (2015)82  1,000 10.3 10300 52 0.50 
(CI 0.38-0.66) 

Schlueter-Brust et al. (2014)234 
(cemented arm) 

152 10.2 1550.4 7 0.45 
(CI 0.18-0.93) 

White et al. (2018)236  554 6.6 3656.4 16 0.44 
(CI 0.25-0.71) 

Yoshida et al. (2013)170  1,279 5.2 6650.8 25 0.38 
(CI 0.24-0.55) 

Mobile bearing cemented   50,934 388 0.76 

(CI 0.69-0.84) 

Argenson et al. (2013)231  70 20 1400 19 1.36 
(CI 0.82-2.11) 

Foran et al. (2013)233  19 19 361 3 0.83 
(CI 0.17-2.41) 



 136 

Lim et al. (2018)237 279 10.5 2929.5 11 0.38 
(CI 0.19-0.67) 

Song et al. (2016)240 68 9 612 3 0.49 
(CI 0.10-1.42) 

Venkatesh et al. (2016)239 175 5.6 980 7 0.71 
(CI 0.29-1.47) 

Winnock de Grave et al. (2018)238 460 5.5 2530 11 0.43 
(CI 0.22-0.78) 

Fixed bearing cemented   8,813 54 0.61 

(CI 0.46-0.80) 

Chattelard et al. (2013)232  
Mixture of mobile and fixed 

559 5.17 2890 14 0.48 
(CI 0.27-0.81) 

CEMENTED OVERALL 8,108  62,637 456 0.73 

(CI 0.66-0.80) 

 

Table 4.7. The calculated revision rates per 100 component years for each for the included 

studies. 
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4.2.3.2 Revisions by bearing type 

 

In the cemented group (n=8,108) there were 6,478 mobile bearing UKRs82, 157, 161, 163, 165, 167, 

168, 170, 172, 234-236 and 1,071 fixed bearing UKRs231, 233, 237-240 clearly indicated. Chatellard et 

al232 (n=559) had a mixture of mobile and fixed bearing UKRs and hence was not included in 

this analysis. There were 388 revisions out of 50,934 component years and 54 revisions out of 

8,813 component years for mobile and fixed bearing cemented UKRs respectively. This 

resulted in revision rates of 0.76% pa (CI 0.69-0.84) and 0.61% pa (CI 0.46-0.80) respectively 

(Figure 4.10, Table 4.7). The corresponding 10 year implant survival for mobile and fixed 

cemented UKRs were 92.4% and 93.9%. The differences in revision rates between mobile 

and fixed bearing cemented UKRs were not significant (p=0.13). 

 

In the cementless group (n=1,946) there were 1,760 mobile bearing UKRs148, 171, 234 and 186 

fixed bearing UKRs241, 242. There were 39 revisions out of 10,779 component years and 18 

revisions out of 1,961 component years. This resulted in revision rates of 0.36% pa (CI 0.26-

0.50) and 0.92% pa (CI 0.54-1.45) respectively (Figure 4.10, Table 4.7). The 10 year survival 

for mobile and fixed bearing cementless UKRs were 96.4% and 90.8% with this difference 

being significant (p=0.001). 
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Figure 4.10. Forest plot of revision rate per 100 component years of mobile and fixed bearing UKRs by fixation
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4.3.2.3 Survival  
 

Of the 21 cemented studies, 19 studies reported the long term survival. 15 studies reported the 

implant survivals at 10 years and ranged between 83.7 to 96.3% (Table 4.8). All five 

cementless studies reported long term implant survivals. Three studies reported the 10 year 

implant survival ranging between 96.6 to 97.5% (Table 4.8). 

 

Study Implant survival reported Time point  
Cementless UKR 
Campi et al. (2018A)148  96.6% 10 years 
Hall et al. (2013)241  76% (CI 60-97) 12 years 
Lecuire et al. (2014)242  88% (CI 81-95) 13 years 
Mohammad et al. (2019)171  97.5% (CI 95.7-98.5) 10 years 
Schlueter-Brust et al. (2014)234  
(cementless arm) 

97.4% 10 years 

Cemented UKR 
Alnachoukati et al. (2018)235  85.0% (CI 81.2-88.8) 10 years 
Aly et al. (2010)157  n.r 10 years 
Argenson et al. (2013)231  94.0% (CI 91.0-97.0) 10 years 
Campi et al. (2018B)172  
(cemented arm) 

n.r 10 years 

Chattelard et al. (2013)232  83.7% (CI 80.2-87.2) 10 years 
Edmonson et al. (2015)161  87.9% (CI 82.5-93.3) 11 years 
Emerson et al. (2016)158  88.0% (CI 82.4-93.6) 10 years 
Faour Martin et al. (2013)163  96.3% 10 years 
Foran et al. (2013)233  93.0% (CI 83-98) 15 years 
Kim et al. (2015)165  90.5% (CI 85.9-95) 10 years 
Kristensen et al. (2013)167  85.3% (CI 78.7-90) 10.7 years 
Lim et al. (2018)237 95.1% (CI 92.2-97.7) 10 years 
Lisowiski et al. (2016)168  90.6% (CI 85.2-96) 15 years 
Pandit et al. (2015)82  96.0% (CI 92.5-99.5) 10 years 
Price et al. (2011)230  93.6% (CI 90.6-96.6) 10 years 
Schlueter-Brust et al. (2014)234  
(cemented arm)  

95.4%  10 years 

Song et al. (2016)240 95.6% 10 years 
White et al. (2018)236  95.2% (CI 92.3-98.4) 12 years 
Winnock de Grave et al. (2018)238 94.2% (CI 86.8-97.5) 10 years 
Venkatesh et al. (2016)239 96.0% 10.9 years 
Yoshida et al. (2013)170  95.4% (CI 91.2-99.7) 10 years 

 

Table 4.8. Long term implant survivals reported by each of the included studies. 
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4.3.2.4 Mechanisms of failure  
 

All studies (23 studies, n=9,532; 7,586 cemented and 1,946 cementless) except Campi et al. 

(2018B)172 and Price et al.230, reported the mechanisms of failure by fixation type and mean 

follow up time. Appendix 6 shows the full breakdown of the reasons for revision for each 

individual study included in this analysis. 

 

In the cemented group leading causes for revision were disease progression (1.8%), aseptic 

loosening (1.1%), bearing dislocation (0.6%) and pain (0.6%) (Table 4.9). In the cementless 

group leading causes of revision were bearing dislocation (0.8%), disease progression (0.7%), 

aseptic loosening (0.4%) and polyethylene wear/fracture (0.4%) (Table 4.9).  

 

The revision rates per 100 component years for aseptic loosening and disease progression 

were significantly lower (p=0.02 and p=0.009 respectively) in the cementless group compared 

to the cemented group (0.06 vs 0.13% pa and 0.10 vs 0.21% pa respectively). The revision 

rate for polyethylene wear/impingement was significantly higher (p=0.03) in the cementless 

group (0.05 vs 0.02% pa). No other revision indication was significantly different between 

cementless and cemented UKRs (Table 4.9).  
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Indication for 
revision  

No of 
cemented 
cases 
(n=7,586) 

Percentage 
of cemented 
cases 

Revisions 
per 100 
component 
years  for 
each 
indication 
(% pa) 

No of 
cementless 
cases 
(n=1,946) 

Percentage 
of 
cementless 
cases 

Revisions 
per 100 
component 
years for 
each 
indication 
(%pa) 

Comparison 
between 
groups  
P value 

Disease 
progression* 

125 1.6% 0.21 13 0.7% 0.10 P=0.009 

Aseptic loosening* 76 1.0% 0.13 7 0.4% 0.06 P=0.02 
Bearing dislocation 41 0.5% 0.07 15 0.8% 0.12 P=0.08 
Pain 50 0.7% 0.09 5 0.3% 0.04 P=0.09 
Infection  34 0.4% 0.06 3 0.2% 0.02 P=0.14 
Other 15 0.2% 0.03 3 0.2% 0.02 P=1.0 
Unknown 16 0.2% 0.03 0 0% 0 P=0.09 
Instability 17 0.2% 0.03 0 0% 0 P=0.06 
Polyethylene 
wear/fracture*  

12 0.2% 0.02 7 0.4% 0.05 P=0.03 

Periprosthetic 
fracture 

10 0.1% 0.02 3 0.2% 0.02 P=0.72 

Hemarthrosis  6 0.1% 0.01 0 0% 0 P=0.60 
Malposition 16 0.2% 0.03 1 0.1% 0.008 P=0.34 

 

Table 4.9. Indications for revision surgery in the cemented and cementless cohorts. The Chi squared proportional test was utilised to compare 

each revision indication per 100 component years except when the expected frequency <5 where the fisher exact test was utilised.
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4.2.3.5 Patient reported outcome measures 
 

Thirteen out of 21 cemented studies and four out of five cementless studies reported the long 

term PROMS for the overall cohort studied. Studies reporting preoperative PROMs all 

showed an improvement at the ≥ 10 year scores. For the cemented UKRs the 10 year OKS 

reported ranged between 37 to 41.9 and for the cementless it ranged from 38 to 41.7 (Table 

4.10).  
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Study Patient reported outcome measure Time point  
Cementless UKR 
Campi et al. (2018A)148  OKS 41.7 (SD 6.8)  10 years 
Hall et al. (2013)241  OKS 38 (range 13-48),  

WOMAC 20 (range 0-72) 
10 years 

Lecuire et al. (2014)242  AKSS 171.4 (SD 25.3) 10 years 
Mohammad et al. (2019)171  OKS 41.2 (SD 9.8), Tegner 2.8 (SD 1.3),  

AKSS-0 89.1 (SD 13.0),  
AKSS-F 80.4 (SD 14.6) 

10 years 

Schlueter-Brust et al. (2014)234  
(cementless arm) 

n.r  n.r 

Cemented UKR 
Alnachoukati et al. (2018)235  AKSS-F 77 (SD 28), AKSS-O 90 (SD 18) 10 years 
Aly et al. (2010)157  HSS 177.6 (range 78-198)  10 years 
Argenson et al. (2013)231  KSS Clinical 91 (range 50-100) 

KSS Functional 88 (range 45-100) 
20 years 

Campi et al. (2018B)172  
(cemented arm) 

n.r  n.r 

Chattelard et al. (2013)232  n.r n.r 
Edmonson et al. (2015)161  AKSS-O 87, AKSS-F 73, OKS 37, HSS 

84 
10 years 

Emerson et al. (2016)158  AKSS-O 93, AKSS-F 78  8 years 
Faour Martin et al. (2013)163  AKSS-O 90.2 (SD 7.82), AKSS-F 88.6 

(SD 17.8) 
10 years 

Foran et al. (2013)233  39 knees HSS 85-100, 6 knees HSS 70-84 
and 4 knees had HSS 60-69 

10 years 

Kim et al. (2015)165  AKSS-O 85.4 (range 58-100),  
AKSS-F 80.5(range 50-100) 

10 years 

Kristensen et al. (2013)167  n.r n.r 
Lim et al. (2018)237 n.r for overall cohort n.r 
Lisowiski et al. (2016)168  OKS 41.9(SD 6.4), KSS 81(SD 20.7) 11.7 years 
Pandit et al. (2015)82  OKS 40 (SD 9), AKSS-O 80 (SD 15),  

AKSS-F 76 (SD 22), Tegner 2.7 (SD 1.3) 
10 years 

Price et al. (2011)230  n.r n.r 
Schlueter-Brust et al. (2014)234  
(cemented arm) 

n.r  n.r 

Song et al. (2016)240 n.r for overall cohort n.r 
Venkatesh et al. (2016)239 KSS Clinical 91.8 (range 51-100)  

KSS Functional 92 (range 55-100) 
Most recent 
follow up 

White et al. (2018)236  n.r n.r 
Winnock de Grave et al. (2018)238 OKS 43.3 (range 7-48) Most recent 

follow up 
Yoshida et al. (2013)170  OKS 38.1 (SD 6.8) 10 years 

 
Table 4.10. Patient reported outcomes reported at approximately 10 years. 
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4.2.4 Discussion 
 
 
This is the first systematic review comparing the long term outcomes of cemented and 

cementless UKRs in the literature and has shown the cementless UKR has a revision rate 

about one third less than that of the cemented. This difference primarily appears to be given 

the rates of revision for aseptic loosening more than halved. Interestingly the findings of this 

review are in agreement with those found for the registry based propensity matched 

comparison200 of cemented and cementless Oxford UKRs presented in Chapter 4.1 which 

found the revision rate of cementless was about one third of cemented given rates of aseptic 

loosening more than halved. Therefore although old cementless UKRs historically had a 

reputation for poor outcomes, the results from this chapter suggest that modern designs 

achieve better results than the current cemented implants. 

 

The fact that cementless UKRs had significantly lower revision rates only for the Oxford 

UKRs could be because of the limited numbers in the non-Oxford implant group making it 

more prone to type two error. However despite this, the revision rates of the non-Oxford UKR 

fixation groups were essentially equivalent. The other possibility is the design of the Oxford 

UKR, which is ligament preserving with a mobile bearing resulting in predominantly 

compressive loads with minimal shear, is ideal for cementless fixation. 

 

Randomised studies187, 202 comparing cemented and cementless UKRs showed a dramatic 

decrease in the incidence of radiolucent lines at the implant bone interface, which is indicative 

of improved fixation. This probably explains why the rates of revision for loosening reduced. 

The decrease in revision rate for arthritis progression with cementless fixation is more 

difficult to explain. Possible explanations include cement fragments causing direct damage to 

the lateral compartment or cementing errors causing medial overstuffing resulting in lateral 
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overload.  The cementless Oxford UKR femoral component, compared to the cemented, has 

an additional anterior peg to improve fixation67. To accommodate this more bone has to be 

removed anterior to the femoral component which may decrease the risk of the bone 

impinging on the bearing, which is known to increase the risk of disease progression255. 

Additionally the overall mean follow up, weighted on each studies sample size differed 

between fixation groups (Cemented group = 7.7 years, Cementless group = 6.5 years). 

Arthritis progression tends to occur late, so the longer follow-up in the cemented group will 

disproportionately increase its revision rate specifically for this indication.  

 

No obvious differences in long term PROMs were found between the cementless and 

cemented groups. However both groups had better PROMs than those commonly reported for 

TKR146.  

 

There are two fundamentally different design concepts for UKR; mobile and fixed bearings. 

The debate of which is better has been a contentious issue256. Theoretical advantages of a 

mobile bearing UKR include lower linear polyethylene wear, better long term knee 

kinematics, and a more even load distribution at the implant-bone interface257. However fixed 

bearings have the advantage of not dislocating. This study showed that mobile bearing UKRs 

had significantly lower revision rates than fixed bearing UKRs in the cementless but not 

cemented groups. Other reviews and clinical studies, which were predominantly based on 

cemented components also found no differences in their outcomes257-259.  

 

The main limitation of this review is that all included studies were observational cohorts with 

no comparative control arm. Although there has been a formal comparison of the overall 

revision rates of cemented and cementless UKRs from these studies using the proportional chi 
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squared test, the findings must be interpreted with caution. This comparison is made overall 

between studies, not from a pooled comparison within studies and does not account for 

confounding factors, nor selection bias related to the selection of patients included with 

different lengths of follow up. There is considerable heterogeneity between studies (Figure 

4.9) where the revision rate per 100 component years can be seen to vary between studies, 

particularly for the cemented studies. Additionally given the cementless studies are 

understandably from fewer centres this may introduce a possible expertise bias.  However it is 

encouraging that the results mirror those from the propensity matched registry comparison200 

presented in Chapter 4.1, which addresses many of the above limitations. Larger UKR 

numbers would cause the revision rate to fall, but this would not explain the lower revision 

rates in the cementless group as they had far fewer UKRs than the cemented group. Although 

all the studies in both groups reported the ≥10 year outcomes, the mean follow up weighted 

on each studies sample size differed between fixation groups (Cemented = 7.7 years, 

Cementless = 6.5 years). This can influence comparisons between indications for revision if 

the revisions tend to occur either early or late in the follow-up, such as lateral disease 

progression and bearing wear/fracture.  

 

In summary in Chapters 4.1 and 4.2 it has been highlighted that, compared to cemented, 

cementless UKRs appear to have lower revision rates and therefore superior long term 

implant survival with similar functional outcomes. One of the main reasons for this is that the 

rate of revision for aseptic loosening decreased, suggesting that cementless UKR provides 

better fixation.   
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5. THE EFFECT OF OTHER FACTORS ON UKR REVISION 
RATES 

 
 
 

In this chapter we assess the effect of surgeon caseload and two surgical interventions (new 

Microplasty instrumentation and the Twin Peg femoral component) on the Oxford UKR’s 

revision rates using NJR data.  The chapter is divided into three sections reflecting three main 

questions; 1) Does surgeon caseload effect revision rates of cemented and cementless UKRs, 

2) Does new Microplasty instrumentation effect revision rate and 3) Does a Twin Peg femoral 

component effect the revision rate. Each will be discussed in turn.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
     

* This chapter has been published as three publications260-262.  

1) Mohammad HR, Matharu GS, Judge A, Murray DW. The Effect of Surgeon Caseload on the Relative 
Revision Rate of Cemented and Cementless Unicompartmental Knee Replacements: An Analysis from the 
National Joint Registry for England, Wales, Northern Ireland and the Isle of Man. J Bone Joint Surg Am 
2020;102(8):644-53. (Appendix 1). 
 
2) Mohammad HR, Matharu GS, Judge A, Murray DW. New surgical instrumentation reduces the revision rate 
of unicompartmental knee replacement: A propensity score matched comparison of 15,906 knees from the 
National Joint Registry. Knee 2020; S0968-0160(20)30046-6. (Appendix 1). 
 
3) Mohammad HR, Matharu GS, Judge A, Murray DW. A matched comparison of revision rates of cemented 
Oxford Unicompartmental Knee Replacements with Single and Twin Peg femoral components, based on data 
from the National Joint Registry for England, Wales, Northern Ireland and the Isle of Man. Acta Orthop 2020;1-
6. (Appendix 1). 
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5.1 The effect of surgeon caseload on the revision rate of cemented 

and cementless Oxford UKRs 

 
5.1.1 Introduction 
 
 
Surgeon caseload or volume is defined as the number of operations that a surgeon performs 

per year. It has been previously demonstrated to effect implant revision rates, with low-

volume surgeons having much higher revision rates than high-volume surgeons. This 

relationship is particularly marked for UKR and is likely an important reason why UKR 

revision rates are so high in the joint registries (Figure 5.1). In the UK, the most common 

surgeon caseload for UKR is 1 case/year and the average is 5 cases/year, compared with an 

average of 34 cases/year for TKR21. 

 

There are concerns that cementless implants are less forgiving than cemented implants with 

regard to obtaining stable fixation. Therefore, low-volume surgeons actually might have 

worse results following UKR if they change to cementless fixation. It is not known whether 

the relative performance of cemented and cementless UKR implants is influenced by surgeon 

caseload. 

 

The NJR does not report UKR results by surgeon caseload and fixation type8. We analysed 

NJR data to assess the effect of surgeon caseload on all Oxford UKRs and then on the relative 

revision rates of cemented and cementless Oxford UKR implants.  
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Figure 5.1. Lowess curve showing the effect of surgeon caseload on implant revision rates. 

Taken with permission from Liddle et al.21.  
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5.1.2 Methods 
 

The same unmatched and matched NJR Oxford UKR cohort from section 4.1 was utilised for 

this analysis. For further details on the NJR data collection procedure, identification of 

potential confounders, NJR data extract used, data cleaning and propensity matching 

technique employed please refer to section 4.1.  

 
 
 
5.1.2.1 Outcome of interest 
 
 
The study outcome of interest was implant survival. The end point for implant survival was 

all-cause revision surgery (any component inserted, exchanged, or removed since primary 

surgery) for all indications. 

 
 
 
5.1.2.2 Statistical analysis 
 

The exposure of interest was surgeon caseload, defined as the mean number of UKR 

procedures performed per year. This was calculated as described in section 4.1.2.3. Each 

patient was allocated a value representing the caseload of the operating surgeon. Surgeon 

caseloads were grouped into 3 categories: low-volume (<10 cases/year), medium-volume (10 

to <30 cases/year), and high-volume (≥ 30 cases/year). These thresholds were described by 

Liddle et al.21 and are evidence-based, unlike other thresholds. Liddle et al.21 found that 

revision rates fell steeply with increasing caseload up 10 cases/year. Thereafter, revision rates 

decreased at a slower rate until they plateaued at ≥ 30 cases/year (Figure 5.1). 

 
 
Cumulative implant survival was calculated with use of Kaplan-Meier analysis. Cumulative 

implant survival rates of all UKRs (both cemented and cementless UKRs combined) across 
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different surgeon caseloads using the unmatched cohort outlined in section 4.1. Then using 

the matched cohort (from section 4.1) to allow fair comparison and prevent confounding, the 

cemented and cementless UKR implant survivals across different surgeon caseloads were 

compared using cox regression models. For clustering within the matched cohort, a robust 

variance estimator was utilised. Additionally as a sensitivity analysis a multi-level frailty 

model was tested to control for patient clustering within operating surgeons, but this did not 

alter the results presented. All analyses were performed with use of Stata software (version 

15.1, StataCorp, Texas, USA). 
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5.1.3 Results  
 
 
5.1.3.1 Unmatched cohort analysis  
 
 
The unmatched cohort included 40,522 UKR implants (30,814 cemented and 9,708 

cementless). The number of cementless implants used per year has been increasing, with 

2,832 cementless and 1,717 cemented Oxford UKRs implanted in 2016. The mean patient age 

at the time of implantation was 64.7 years (SD 9.5), with 21,747 (53.7%) of the patients being 

male. The mean BMI was 30.2 kg/m2 (SD 5.0), and osteoarthritis was the surgical indication 

for 40,059 knees (98.9%). 

 
 

The mean durations of follow-up for the cemented and cementless implants in the unmatched 

cohort were 6.4 (SD 3.1) and 3.5 (SD 2.1) years, respectively. In total, 2,647 implants (258 

cementless, 2,389 cemented) were revised. The 10-year survival rates for the unmatched 

cementless and cemented UKR implants were 93.3% (CI = 89.8 - 95.7) and 89.1% (CI = 88.6 

- 89.6), respectively. Cementless UKR implants had significantly better survival (HR = 0.59, 

CI = 0.52 - 0.68; p < 0.001).  

 

However, the baseline characteristics for unmatched cemented and cementless implants 

differed significantly (Section 4.1). The proportion of low-volume surgeons was significantly 

greater for cemented implants than for cementless implants (43.7% compared with 27.4%; p < 

0.001), whereas the proportion of high-volume surgeons was significantly greater for 

cementless implants than for cemented implants (30.4% compared with 15.1%; p < 0.001). 

 
 
 

Analysis of the effect of caseload on the whole unmatched cohort showed 10-year implant 

survival rates of 86.6% (CI = 85.8 - 87.3), 90.8% (CI = 90.1 - 91.5), and 94.1% (CI = 93.2 - 
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94.8) for low, medium, and high-volume surgeons (Figure 5.2). The revision rates for medium 

and high-volume surgeons were significantly lower than those for low-volume surgeons, with 

hazard ratios of 0.67 (CI = 0.62 - 0.73; p < 0.001) and 0.42 (CI = 0.37 - 0.48; p < 0.001), 

respectively. 

 
 
 
 
 

 
 

Figure 5.2. Oxford UKR implant survival by surgeon caseload in the unmatched cohort. 
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5.1.3.2 Matched cohort analysis  
 
 
The matched cohort included 14,814 UKR implants (7,407 cemented and 7,407 cementless). 

The mean patient age was 64.7 years (SD 9.5), and 8,659 implants (58.5%) were implanted in 

males. The mean BMI was 30.3 kg/m2 (SD 5.0), and osteoarthritis was the surgical indication 

for 14,633 knees (98.8%). 

 

Patient, surgical, and implant factors were balanced between fixation groups after propensity 

matching (Section 4.1). The mean duration of follow-up for both cemented and cementless 

implants was 4 years (SD 2.0). In total, 507 implants (218 cementless, 289 cemented) were 

revised. The 10-year survival rates were 93.2% (CI = 89.7 - 95.6) and 90.2% (CI = 87.5 - 

92.3) for the cementless and cemented implants, respectively. Cementless implants had a 

significantly lower revision rate (HR = 0.76, CI = 0.64 - 0.91; p = 0.002). 

 

In the matched cohort, the 10-year implant survival rates for the cementless and cemented 

implants were 86.8% (CI = 73.6 - 93.7) and 81.8% (CI = 73.0 - 88.0) for low-volume 

surgeons, 94.3% (CI = 92.2 - 95.9) and 92.5% (CI = 89.9 - 94.5) for medium-volume 

surgeons, and 97.5% (CI = 96.5 - 98.2) and 94.2% (CI = 90.8 - 96.4) for high-volume 

surgeons. The 10-year cumulative revision rates are presented in Figure 5.3. 

 

For all caseloads, cementless implants had a lower revision rate than cemented implants. The 

rate of revision of cementless implants was 26% lower than that of cemented implants among 

low-volume surgeons (HR = 0.74 [CI = 0.56 - 0.98]; p = 0.03), 21% lower among medium-

volume surgeons (HR = 0.79 [CI = 0.60 - 1.02]; p = 0.08), and 20% lower among high-

volume surgeons (HR = 0.80 [CI = 0.52 - 1.24]; p = 0.32). There was no significant 

interaction between fixation and caseload (p = 0.92). 
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The numbers of revisions per 100 component-years for the cementless and cemented implants 

were 1.12 (CI = 0.89 - 1.37) and 1.49 (CI = 1.24 - 1.78) for low-volume surgeons, 0.73 (CI = 

0.59 - 0.89) and 0.93 (CI = 0.77 - 1.11) for medium-volume surgeons, and 0.45 (CI = 0.31 - 

0.62) and 0.57 (CI = 0.42 - 0.76) for high-volume surgeons.  

 
 
 
 
 
 

 
 
Figure 5.3. 10 year cumulative revision rates for matched cemented and cementless Oxford 

UKRs across different caseload groups. 
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5.1.4 Discussion 
 
 

This chapter has shown that the numbers of cementless Oxford UKRs implanted has been 

rapidly increasing in the UK, with nearly twice as many cementless than cemented implants 

used in 2016200. Despite this the NJR has not published the results of the Oxford UKR by 

fixation type. The unmatched analysis showed a 10-year survival 93.3% for the cementless 

Oxford UKR and was 41% lower (HR=0.59, p<0.001) than the cemented version. These 

results are the same as those in the NZJR17, which reported a 10-year survival rate of 93% for 

the cementless Oxford. The 10-year survival rate for the cementless Oxford implant was 

better than or similar to other UKR implants reported in the NJR8. However, these 

comparisons are of little value given other surgeon or patient-related factors are likely to have 

had a greater influence on the revision than the implant design itself.  

 

Having matched for confounding variables, the revision rate for the cementless implant was, 

as previously demonstrated in Chapter 4.1, 24% less than that for the cemented implant. 

Therefore, the remaining difference, from 24% to 41%, is explained by other variables such 

as caseload. Increasing surgeon caseload was associated with a decrease in the revision rate. 

Additionally, more high-volume surgeons and less low-volume surgeons were using 

cementless implants than cemented implants, confirming that an unmatched comparison could 

provide misleading results. Importantly, there was no interaction between caseload and 

fixation, with cementless fixation being associated with a decrease in the revision rate by 

about a quarter for low, medium, and high-volume surgeons. This is the first time that a 

cementless knee replacement has been demonstrated to have lower revision rates than its 

cemented for both low and high-volume surgeons. 
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Cementless fixation is generally accepted as less forgiving, requiring better bone quality, 

implant designs, and surgical techniques263, 264. In particular, bone resections must be 

performed accurately, with care being taken to avoid any gaps between the host bone and the 

components in order to ensure primary stability67. It is surprising that low-volume UKR 

surgeons, who tend to be less experienced, had better results with cementless fixation than 

with cemented fixation. Additionally in Chapter 3, cementless UKRs did not have a high 

revision rate in patients with reduced bone mineral density183. This may be because the bone 

around the medial compartment has had increased loading, given the varus arthritis, and can 

adequately support the implant, even though the bone quality is generally poor. Furthermore 

given the design of the Oxford UKR, loads are predominantly compressive with minimal 

shear, which is ideal for cementless fixation67.  

 

The rates of revision of both cemented and cementless UKR implants reduced with increasing 

surgeon volume. Although this finding probably is partly related to improved surgical 

technique with increased volume, it also may be related to the indications for UKR. The 

primary indications are AMOA, full-thickness cartilage present laterally and functionally 

normal ligaments208. These criteria are assessed radiographically and confirmed 

intraoperatively, however this data is not collected by the NJR, which only reports the 

primary surgical indication. However research suggests that these indications are met in up to 

50% of presenting cases83. An insight into the indications can be determined from the usage 

of UKR, which is defined as the percentage of primary knee replacements that are UKR. 

Previous work265 has shown that surgeons with high usage (≥30%) tend to use the correct 

indications and achieve better results, whereas surgeons with low usage (<10%) often use 

UKR for early arthritis and achieve worse results. 

 



 158 

Low-volume UKR surgeons had high revision rates regardless of whether they used 

cementless or cemented UKR implants. These surgeons should consider focusing on their 

UKR practice rather than fixation type. Given their high revision rates, they should consider 

either stopping performing UKR or seeing if, by adhering to the recommended indications, 

they might increase their caseload to >10 cases/year13, 21, 265. In this chapter, between 80 to 

90% of surgeons were considered low volume, but it is likely that if they adhered to the 

recommended indications83 they could perform >10 UKR procedures per year. Medium and 

high-volume UKR surgeons using cemented components should consider changing to 

cementless fixation as doing so may improve their outcomes. High-volume surgeons using 

cementless components were found to achieve very good results, with a 10-year implant 

survival rate of 97.5%, which is similar to the best performing TKRs8, 16, 17. 

 

The main limitation of this chapter is that given registry data was used the only outcome 

which could be assessed was revision. Although registries can underreport revisions, this 

should not differ between comparative groups. Furthermore, propensity matching has 

limitations of potential residual confounding and can reduce the result generalisability. The 

only way to achieve perfect matching is with a randomised trial but this is impractical as large 

sample sizes across all surgeon volumes would be required. Therefore, propensity matching is 

most appropriate. 

 

In conclusion, surgeon caseload had a profound effect on the survival of both cemented and 

cementless UKR implants, with low caseload being associated with higher revision rates for 

both implant types. Surgeon caseload, however, did not affect the relative performance of 

cemented and cementless replacements. Cementless replacements had revisions rates 

approximately 25% less across all surgeon caseloads, suggesting superior implant 
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performance. Given low-volume UKR surgeons had high revision rates they should consider 

stopping or performing more UKRs. Medium and high-volume surgeons using cemented 

Oxford UKR components should consider changing to cementless fixation. High-volume 

surgeons using cementless UKR implants achieved particularly good results, with a 10-year 

survival of 97.5%, similar to the best performing TKRs.  
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5.2 The effect of new Microplasty instrumentation on UKR 

revision rates 

 
5.2.1 Introduction 
 
 

The high revision rate of UKR may, in part, be a result of poor positioning of the implant or 

other technical problems with the operation, which is made particularly difficult with 

minimally invasive approaches where intra-operative visualisation is restricted266, 267. This is 

relevant for the Oxford UKR, which is implanted using a minimally invasive approach67. 

Phase 3 instrumentation, which was introduced over 20 years ago, is difficult to use. The 

surgeon has to judge by eye the height of the tibial cut and the orientation of the femoral 

component, which is susceptible to errors. 

 

New instrumentation known as Microplasty (Zimmer Biomet, Swindon, UK) was introduced 

to make the operation simpler, more reproducible and reliable268. The use of Microplasty 

instrumentation has been steadily increasing. It consists of a stylus system for selecting tibial 

resection level, a femoral drill guide linked to an intramedullary rod to help femoral 

component positioning, slotted saw guides and instruments to protect the medial collateral 

ligament and avoid impingement (Figure 5.4). Although the Microplasty instrumentation can 

improve implant positioning269 it is currently unknown whether it makes any difference to the 

revision rate. Additionally, as Microplasty instrumentation is more complex than the Phase 3 

instrumentation (Non-Microplasty), there is a concern that the outcome might be worse when 

it is first used due to learning curve issues.  
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NJR data was utilised to compare the revision rates following Microplasty and Non-

Microplasty Oxford UKRs. To ensure that any difference in implant performance was due to 

the instrumentation rather than other factors, Microplasty and Non-Microplasty cases were 

matched on patient, surgeon and implant factors. 

 

 
 

 
 
 
 
Figure 5.4. Schematic of Microplasty instrumentation. Recreated from268. 
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5.2.2 Methods  
 
 
A retrospective observational study was performed using NJR records for all patients who had 

an Oxford UKR implanted. A formal application was submitted to the NJR Research Sub-

Committee to access the relevant data and perform the work described in this chapter at the 

Musculoskeletal Research Unit at the University of Bristol. This application was approved on 

5th July 2018 (Appendix 4). For further details on the NJR data collection procedure and 

identification of potential confounders please refer to section 4.1. 

 

5.2.2.1 NJR data extract 
 

The dates at which Microplasty Instrumentation (Zimmer Biomet, Swindon, UK) was 

introduced to each UK hospital (changeover date) were obtained from Zimmer Biomet and 

this information supplied to the NJR who link to their database. Prior to this date, or if there 

was no date, the hospital was assumed to be using the Non-Microplasty instrumentation. After 

this date, it was assumed that they were using Microplasty Instrumentation. During the first 

year after the changeover date, it was assumed that there was a transition period, which 

included the surgeons’ learning curve and the changeover between systems. In Oxford, 

prototype Microplasty instruments have been used for many years and there was no exact date 

of their changeover to Microplasty, so all UKRs conducted in Oxford were excluded.  

 
 
Anonymised patient data were extracted from the NJR database which included all primary 

Oxford UKRs implanted between 1st January 2012 and 31st December 2017 (n = 28,273). 

The starting date was chosen given Microplasty was first used outside Oxford in 2012 and the 

former the latest data available from the NJR.  Prior to obtaining the dataset the entire NJR 
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database was linked to the ONS database using unique patient identifiers for all cause patient 

mortality data. 

 

5.2.2.2 Data cleaning 
 

The data extract contained 28,273 Oxford UKRs and was loaded into Stata (Version 15.1, 

Texas, USA) and subsequently cleaned. Each continuous, categorical and string variable was 

systematically assessed for inconsistencies and implausible/missing data.  

 

Data cleaning involved the removal of all UKRs performed in Oxford centres, lateral UKRs, 

hybrids, complex primaries, old tibial sizes, symmetric bearings and missing component data. 

After data cleaning, there were 23,234 medial UKRs (11,024 Microplasty and 12,210 Non-

Microplasty UKRs) eligible for study inclusion (Figure 5.5). 

 

After data cleaning the only variable with any missing data was BMI. However this did not 

vary significantly between groups and was well balanced between comparative groups both 

before and after matching.  

 

Following data cleaning all numerical variables distributions were assessed graphically for 

normality, with the data subsequently summarised based on the respective distribution. Binary 

categorical variables, such as sex, were maintained in their format. Multi-level categorical 

variables were made binary where possible to aid data processing and analysis. The remaining 

multilevel categorical variables were groups retained to a minimum number of levels required 

to clinically differentiate them from each other. This method is described in additional detail 

in section 4.1.  
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Figure 5.5. Data cleaning of Microplasty NJR dataset. 
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5.2.2.3 Outcome of interest 
 

The primary outcome of interest for this comparative study was the five year implant survival 

of Microplasty and Non Microplasty UKRs. Additionally, an a priori decision was to perform 

a subgroup analysis of Microplasty UKRs, into those inserted within one year of centre 

introduction and those after one year of introduction to a centre. Secondary outcomes of 

interest were the indications for revision surgery.  

 

5.2.2.4 Propensity score matching  
 

The unmatched cohort consisted of 23,234 UKRs (12,210 Non microplasty UKRs and  

11,024 Microplasty UKRs). Given the potential for patient, surgical and implant factors other 

than Microplasty instrumentation (identified in section 4.1.2.4) to affect the revision rate 

Microplasty and Non Microplasty groups were matched for multiple known confounders 

using propensity scores. After matching there were 15,906 UKRs (7,953 Non Microplasty and 

7,953 Microplasty UKRs) included for analysis.  

 

Confounders were selected for the propensity score were known to affect the outcome of 

interest (Table 4.1) and not on the basis of being associated with the Microplasty exposure 

variable as per published recommendations for variable selection in propensity models. 
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5.2.2.5 Statistical analysis  
 

A multilevel logistic regression model was used to generate a propensity score representing 

the probability that a patient received a Microplasty-assisted UKR. This approach controlled 

for clustering at the hospital level. The specific variables patients were matched on were age, 

gender, primary diagnosis, unilateral/bilateral UKRs, ASA grade, chemical 

thromboprophylaxis, mechanical thromboprophylaxis, operating surgeon grade, surgeon 

caseload, surgical approach, operating technique and implant fixation. Component size was 

not used for matching, given Microplasty instrumentation is designed to improve component 

size selection. BMI was not used for matching given it had a large proportion of missing data 

but was well balanced between groups both before and after matching. 

 

By controlling these covariates using propensity score matching the true effect of Microplasty 

instrumentation on revision surgery could be accurately assessed. This a priori approach was 

supported by the significant differences in patient, surgical and implant factors between the 

unmatched Microplasty and Non Microplasty groups (Table 5.1). 

 

One-to-one matching on the logit of the propensity score with a 0.02-SD calliper width was 

utilised. Greedy matching without replacement was used given its superior performance for 

estimating treatment effects. Standardised mean differences (SMDs) were examined both 

before and after matching to assess for any covariate imbalance between the Microplasty and 

Non-Microplasty UKRs, with SMDs of 10% or more considered suggestive of covariate 

imbalance. After matching, 15,906 UKRs (7,953 Microplasty and 7,953 Non-Microplasty 

UKRs) were included for analysis. Microplasty UKRs for subgroup analyses were further 

divided into procedures conducted within the first year after Microplasty's introduction 
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(n=5,529) and after the first year (n=2,424) to explore for any adverse elevation in revision 

rates as part of the learning curve process of the operating surgeons. 

 

Cumulative implant survival was determined using the Kaplan–Meier method. The endpoint 

for implant survival was revision surgery (any component removed, exchanged or added). 

Cumulative implant revision rates were compared between groups, using Cox regression 

models. To account for clustering within the matched cohort, a robust variance estimator was 

used in regression models. Adjusted models were also assessed which included covariates 

with residual imbalance after matching (SMD of 10% or more). However these did not 

modify the results and are therefore not presented. 

 

A secondary analysis was undertaken based on the revision rate per 100 component years. 

This was calculated for both groups by dividing the number of revisions by the total number 

of observed component years (mean follow-up multiplied by number of knees). The 95% CI 

were calculated using the Clopper Pearson exact method. Revision rates between groups were 

compared using the chi-squared proportional test. 

 

To compare the indications for revision surgery, the revision rates per 100 component years 

for each revision indication were calculated. The proportional chi-squared test was used to 

test for differences between Microplasty and Non-Microplasty except when the expected 

frequencies were below five in which case the Fisher's Exact Test was utilised. All statistical 

analyses were performed using Stata (Version 15.1, Texas, USA) except propensity score 

matching that was performed using R (Version 3.4.0, R Foundation for Statistical Computing, 

Vienna, Austria). P-values of < 0.05 were considered significant, with 95% CIs presented. 
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5.2.3 Results  
 
 
5.2.3.1 Propensity score matching  
 
 
The unmatched cohort consisted of 23,234 UKRs (12,210 Non microplasty UKRs and  

11,024 Microplasty UKRs). Baseline characteristics differed between the Microplasty and 

Non microplasty UKR groups (Table 5.1). Specific covariates which differed significantly 

(SMD > 0.1) were thromboprophylaxis, surgeon grade, surgeon caseload, minimally invasive 

approach and fixation type used. These differences were clearly highlighted by the 

distribution of propensity scores before matching (Figure 5.6).  

 

The matching process improved the balance of covariates between Microplasty and Non 

Microplasty UKR groups (Table 5.1) and was confirmed on analysis of the distribution of 

propensity scores after matching (Figure 5.7). After matching there remained some residual 

imbalance of surgeon caseload and grade.  
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 Unmatched cohort (n=28,273) Matched cohort (n=15,906) 
 Non 

Microplasty 
UKRs  
(n=12,210) 

Microplasty 
assisted 
UKRs 
(n=11,024) 
 

SMD Non 
Microplasty 
UKRs 
(n=7,953) 

Microplasty 
assisted 
UKRs 
(n=7,953) 

SMD 

Covariate       
Gender 
 
Female 
 
 
Male 

 
 
5,484 
(44.9%) 
 
6,726 
(55.1%) 
 
 
 

 
 
4,969 
(45.1%) 
 
6,055 
(54.9%) 

 
 
0.003 

 
 
3623 
(45.6%) 
 
4330 
(54.4%) 

 
 
 3612 
(45.4%) 
 
 4341 
(54.6%) 

 
 
0.003 

Age at 
surgery (year) 
 
Mean (SD) 

 
 
 
64.3 
(SD 9.4) 

 
 
 
64.8 
(SD 9.3) 

 
  
 
 0.06 

 
 
 
64.6 
(SD 9.5) 

 
 
 
64.5 
(SD 9.4) 
 

 
 
 
0.007 

BMI (kg/m2)* 
 
Mean (SD) 

 
 
30.1 
(SD 4.9) 
(n=9,245) 

 
 
30.5 
(SD 5.1) 
(n=9,557) 

 
 
0.08 

 
 
30.1 
(SD 4.9) 
(n=6134) 

 
 
30.6 
(SD 5.1) 
(n=6831) 

 
 
0.08 
 
 
 

Primary 
diagnosis 
 
Primary OA 
 
 
Other 

 
 
 
12,092 
(99%) 
 
118 
(1%) 

 
 
 
10,922 
(99.1%) 
 
102 
(0.9%) 

 
 
 
0.004 

 
 
 
7,864 
(98.9%) 
 
89 
(1.1%) 

 
 
 
6,888  
(99.2%) 
 
65 
(0.8%) 
 

 
 
 
0.03 

Bilateral 
UKRs 
 
 

435 
(3.6%) 

304 
(2.8%) 
 

0.05 287 
(3.6%) 

197 
(2.5%) 

0.066 

ASA grade 
 
1 
 
 
2 
 
 
3 or above 
 
 

 
 
2395 
(19.6%) 
 
8,833 
(72.3%) 
 
982 
(8.0%) 
 

 
 
1985 
(18.0%) 
 
8024 
(72.8%) 
 
1015 
(9.2%) 
 
 

 
 
0.06 

 
 
1,575 
(19.8%) 
 
5,684 
(71.5%) 
 
694 
(8.7%) 
 
 

 
 
1,404 
(17.7%) 
 
5840 
(73.6%) 
 
699 
(8.8%) 
 

 
 
0.05 
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VTE – 
chemical 
 
LMWH  
(+/-other) 
 
 
Aspirin only 
 
 
Other 
 
 
None 

 
 
 
7,910 
(64.8%) 
 
 
676 
(5.6%) 
 
3,259 
(26.7%) 
 
362 
(3.0%) 

 
 
 
6,002 
(54.4%) 
 
 
664 
(6%) 
 
4,196 
(38.1%) 
 
162 
(1.5%) 
 

 
 
 
0.26 

 
 
 
5,081 
(63.9%) 
 
 
556 
(7.0%) 
 
2,160 
(27.2%) 
 
156 
(2.0%) 

 
 
 
5,224 
(65.7%) 
 
 
466 
(5.9%) 
 
2,126 
(26.7%) 
 
137 
(1.7%) 

 
 
 
0.05 

VTE – 
mechanical 
 
Any 
 
 
None 

 
 
 
12,065 
(98.8%) 
 
145 
(1.2%) 

 
 
 
10,908 
(99.0%) 
 
116 
(1.0%) 

 
 
 
0.01 

 
 
 
7,883 
(99.1%) 
 
70 
(0.9%) 

 
 
 
7,838 
(98.6%) 
 
115 
(1.5%) 
 

 
 
 
0.05 

Surgeon 
grade 
 
Consultant 
 
 
Other 

 
 
 
11,768 
(96.4%) 
 
442 
(3.6%) 

 
 
 
10,072 
(91.4%) 
 
952 
(8.6%) 

 
 
 
0.21 

 
 
 
7,676 
(96.5%) 
 
277 
(3.5%) 
 
 

 
 
 
7,312 
(91.9%) 
 
641 
(8.1%) 

 
 
 
0.19 
 
 
 
 
 
 
 

Surgeon 
caseload 
 
<10 cases/year 
 
 
 
10 to <30 
cases/year 
 
 
≥30 cases/year 
 
 
 
 
 

 
 
 
4780 
(39.1%) 
 
 
4776 
(39.1%) 
 
 
2654 
(21.7%) 

 
 
 
2666 
(24.2%) 
 
 
5336 
(48.4%) 
 
 
3022 
(27.4%) 

 
 
 
0.33 
 

 
 
 
2919 
(36.7%) 
 
 
3267 
(41.1%) 
 
 
1767 
(22.2%) 

 
 
 
2154  
(27.1%) 
 
 
3819 
(48.0%) 
 
 
1980 
(24.9%) 
 
 
 
 
 

 
 
 
0.21 
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Surgical 
approach 
 
Medial 
parapatellar 
 
 
Other 
 

 
 
 
11,219 
(91.9%) 
 
 
991 
(8.1%) 

 
 
 
9,902 
(89.8%) 
 
 
1,122 
(10.2%) 

 
 
 
0.07 

 
 
 
7,385 
(92.9%) 
 
 
568 
(7.1%) 

 
 
 
7,246 
(91.1%) 
 
 
707 
(8.9%) 

 
 
 
0.06 

Minimally 
invasive 
surgery  
 
No 
 
 
Yes 
 
 

 
 
 
 
6,141 
(50.3%) 
 
6,069 
(49.7%) 

 
 
 
 
6,184 
(56.1%) 
 
4,840 
(43.9%) 

 
 
 
 
0.12 

 
 
 
 
4,063 
(51.1%) 
 
3,890 
(48.9%) 
 

 
 
 
 
4,444 
(55.9%) 
 
3,509 
(44.1%) 

 
 
 
 
0.09 

Fixation 
 
Cemented 
 
 
Cementless 
 
 
 

 
 
8,570 
(70.2%) 
 
3,640 
(29.8%) 

 
 
4,369 
(39.6%) 
 
6,655 
(60.4%) 

 
 
0.65 

 
 
4,350 
(54.7%) 
 
3,603 
(45.3%) 

 
 
4,346 
(54.7%) 
 
3,607 
(45.4%) 

 
 
0.001 

Bone graft 
 
None 
 
 
Bone  
graft used 

 
 
12,157 
(99.6%) 
 
53 
(0.4%) 

 
 
10,989 
(99.6%) 
 
35 
(0.3%) 

 
 
0.02 

 
 
7,912 
(99.5%) 
 
41 
(0.5%) 

 
 
7,930 
(99.7%) 
 
23 
(0.3%) 
 

 
 
0.04 

 
 
Table 5.1. Patient and surgical factors before and after propensity score matching. 
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Figure 5.6. Kernel density plot of propensity scores before matching. 

 
 

 
Figure 5.7. Kernel density plot of propensity scores after matching. 
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5.2.3.2 Revision rates  
 
 
The matched cohort included 15,906 UKRs with 7,953 Microplasty UKRs and 7,953 Non-

Microplasty UKRs. The mean age at surgery was 64.5 years (SD 9.5), with 7,235 females 

(45.5%) and 8,671 males (54.5%). The mean BMI was 30.4 kg/m2 (SD 5.0) with the primary 

indication for surgery being osteoarthritis in 15,752 knees (99.0%).   

 

Patient, surgical and implant characteristics were well balanced between the Microplasty and 

Non Microplasty groups after propensity score matching (Table 5.1). The only covariates with 

some residual imbalance were surgeon grade and surgeon caseload, which, when adjusted for 

in the regression models, did not change the findings presented.  

 

In the matched cohort, the mean follow up for Microplasty and Non Microplasty UKRs were 

2.3 years (SD 1.3) and 3.3 years (SD 1.8) respectively. In total 451 knees underwent revision 

surgery. There were 160 (2.0%) revisions in the Microplasty group and 291 (3.7%) revisions in 

the Non Microplasty UKR group.  

 

The five year cumulative implant survival rates were 96.7% (CI 96.0 - 97.2) for Microplasty 

and 94.5% (CI 93.8 - 95.1) for Non-Microplasty UKRs (Figure 5.8). Microplasty UKRs had a 

significantly reduced revision rate compared with Non-Microplasty UKRs (HR=0.77, CI 0.64 

- 0.94; p=0.008).  

  



 174 

 

Figure 5.8. Kaplan Meier graph of matched Microplasty assisted UKRs and Non Microplasty 

UKR implant survival. 

 

Subgroup analysis of Microplasty UKR inserted within a year of its introduction (n=2,424) 

and those inserted more than a year after its introduction (n=5,529) had four year implant 

survival rates of 96.2% (CI 95.3 - 97.0) and 96.8% (CI 95.6 - 97.8) respectively (Figure 5.9). 

Microplasty UKRs inserted within one year of its introduction had non-significantly reduced 

revision rates when compared to Non-Microplasty UKRs (HR 0.86, CI 0.67 - 1.10, p=0.23). 

Microplasty UKRs inserted more than a year after its introduction had significantly reduced 

revision rates compared to Non-Microplasty (HR 0.69, CI 0.54 - 0.89, p=0.004).  
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The revisions per 100 component years for Microplasty UKR (0.87, CI 0.75 - 1.02) were 

significantly lower (p=0.02) than for Non Microplasty (1.11, CI 0.99 - 1.24). Microplasty 

UKRs inserted within a year of its introduction (n = 2,424) and those inserted more than a 

year and after its introduction (n = 5,529) had revision rates per 100 component years of 0.98 

(CI 0.78 - 1.22) and 0.79 (CI 0.63 - 0.99) respectively. When compared to the Non-

Microplasty group, the decrease in revision rates of Microplasty UKRs inserted within a year 

of its introduction was not significant (0.98 vs 1.11, p=0.34). Microplasty UKRs inserted 

more than a year after its introduction had significantly lower (0.79 vs 1.11, p=0.008) revision 

rates than Non-Microplasty.  

 
 
 

 
 
Figure 5.9. Kaplan Meier graph of matched Microplasty assisted UKRs inserted under one 

year, over one year and Non Microplasty UKR implant survival. 
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5.2.3.3 Indications for revision  
 

The indications for revision with the highest revision rates per 100 component years in Non-

Microplasty UKRs were osteoarthritis progression (0.31), aseptic loosening (0.26) and pain 

(0.19) (Table 5.2). In Microplasty UKRs the highest revision rates per 100 component years 

were osteoarthritis progression (0.21), aseptic loosening (0.19) and pain (0.12) (Table 5.2). 

Microplasty UKRs had a significantly reduced revision risk per 100 component years 

compared to Non-Microplasty UKRs for indications; osteoarthritis progression (p<0.05, 0.21 

vs 0.31) and other reasons (p=0.003, 0.08 vs 0.18). Microplasty assisted UKRs had a 

significantly increased risk of periprosthetic fracture (p=0.03, 0.09 vs 0.04). No other revision 

indications differed significantly between groups.  
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Reasons for revision 
 

Matched cohort 
Non 
Microplasty 
absolute 
number  
of revisions 

 

Mean time 
to revision 
(Years)  

Non 
Microplasty 
revisions per 
100 component 
years 
 

Microplasty 
absolute number 
of revisions  

Mean time 
to revision  
(Years) 

Microplasty 
revisions per 
100 component 
years 
 

Comparison of 
revisions per 100 
component years 
(P value) 

 
 
Aseptic loosening 
 
 
OA progression* 
 
 
Pain 
 
 
Other* 
 
 
Dislocation subluxation 
revision 
 
 
Instability 
 
 
Component dissociation 
 
 
Malalignment 
 

 
 
69 (0.87%) 
 
 
82 (1.03%) 
 
 
49 (0.62%) 
 
 
48 (0.60%) 
 
 
17 (0.21%) 
 
 
 
26 (0.33%) 
 
 
18 (0.23%) 
 
 
23 (0.29%) 
 

 
 
2.3 (SD 1.3) 
 
 
2.8 (SD 1.4) 
 
 
2.3 (SD 1.1) 
 
 
2.0 (SD 1.4) 
 
 
1.5 (SD 1.5) 
 
 
 
2.3 (SD 1.1) 
 
 
1.4 (SD 1.1) 
 
 
2.0 (SD 1.4) 
 

 
 
0.26 
 
 
0.31 
 
 
0.19 
 
 
0.18 
 
 
0.06 
 
 
 
0.10 
 
 
0.07 
 
 
0.09 
 

 
 
35 (0.44%) 
 
 
39 (0.49%) 
 
 
22 (0.28%) 
 
 
14 (0.18%) 
 
 
22 (0.28%) 
 
 
 
10 (0.13%) 
 
 
12 (0.15%) 
 
 
11 (0.14%) 
 

 
 
1.5 (SD 0.9) 
 
 
1.9 (SD 1.0) 
 
 
1.5 (SD 0.7) 
 
 
1.2 (SD 0.8) 
 
 
1.1 (SD 0.8) 
 
 
 
1.4 (SD 0.8) 
 
 
1.0 (SD 0.9) 
 
 
1.2 (SD 1.5) 
 

 
 
0.19 
 
 
0.21 
 
 
0.12 
 
 
0.08 
 
 
0.12 
 
 
 
0.05 
 
 
0.07 
 
 
0.06 
 

 
 
P=0.13 
 
 
P=0.048 
 
 
P=0.08 
 
 
P=0.003 
 
 
P=0.052 
 
 
 
P=0.11 
 
 
P=0.91 
 
 
P=0.30 
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Table 5.2 Reasons for revision in matched Microplasty and Non Microplasty UKR cohort. Comparisons between were Microplasty and Non-

Microplasty revisions per 100 component years were conducted using the Chi squared test. Significant differences are marked with *. 

 
Infection 
 
 
Periprosthetic fracture* 
 
 
Lysis 
 
 
Wear 
 
 
Stiffness 
 
 
Implant fracture 
 
 
Patellar wear 
 
 
Tibial wear 
 
 
Incorrect sizing 
 
 
Patella mal tracking 

 
12 (0.15%) 
 
 
10 (0.13%) 
 
 
8 (0.1%) 
 
 
7 (0.09%) 
 
 
5 (0.06%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 

 
0.9 (SD 1.0) 
 
 
0.5 (SD 0.3) 
 
 
2.7 (SD 0.9) 
 
 
2.9 (SD 1.4) 
 
 
2.4 (SD 1.3)  

 
0.05 
 
 
0.04 
 
 
0.03 
 
 
0.03 
 
 
0.02 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 

 
13 (0.16%) 
 
 
16 (0.20%) 
 
 
4 (0.05%) 
 
 
5 (0.06%) 
 
 
6 (0.08%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 

 
0.9 (SD 0.7) 
 
 
0.5 (SD 0.6) 
 
 
2.2 (SD 1.3) 
 
 
1.7 (SD 1.7) 
 
 
1.8 (SD 1.8) 

 
0.07 
 
 
0.09 
 
 
0.02 
 
 
0.03 
 
 
0.03 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 

 
P=0.27 
 
 
P=0.03 
 
 
P=0.77 
 
 
P=0.97 
 
 
P=0.36 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 



 179 

5.2.4 Discussion 
 
 
This chapter demonstrates that Microplasty instrumentation improved the five year implant 

survival of the Oxford UKR compared to traditional instrumentation (Non Microplasty) and 

decreased the overall revision rate by 23%. Although previous studies have demonstrated that 

Microplasty usage results in improved implant positioning270-272 and requirement for tibial 

recuts/bone preservation269, 272, this is the first study using big data which has investigated its 

effect on revision rates.  

 

There were different effects on revision rate with time from Microplasty’s introduction. 

Microplasty UKRs inserted less than a year after its introduction to a hospital decreased the 

revision rate compared to Non Microplasty UKRs by 14%. However the difference was not 

statistically significant, partly given the limited number of UKRs. Additionally there was a 

likely delay in surgeons within a hospital changing to use Microplasty after the instruments 

became available. Another factor could be from the learning curve, but it is encouraging that 

even early on, Microplasty did not increase the risk of revision relative to Non Microplasty 

suggesting no adverse effect. Microplasty UKRs inserted more than a year after its introduction 

reduced revision rates by a third compared to the Non-Microplasty group, which was significant 

and likely to represent the true advantage of the new instrumentation.   

 

It is difficult to interpret the results for the indications for revision given the mean follow-up of 

the Microplasty and Non-Microplasty UKR were different. A direct comparison of revision 

indication rates would be inappropriate because the numbers of revisions are related to the 

length of follow-up. Given the number of revisions under each revision indication is so low, 

Kaplan Meier and cox regression analysis are not appropriate for each indication. Another 
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approach is to use the revision rate per 100 component years155 but is based on the assumption 

that the annual revision rate is constant. This is a reasonable assumption for the overall revision 

rate and its results were the same as the Kaplan Meier and cox regression analysis in this 

chapter. However, although it is a reasonable assumption for many individual modes of failure 

it may not be for all. For example peri-prosthetic fractures tend to occur early262 so the group 

with a shorter follow up would be expected to have a higher revision rate. This may explain 

why Microplasty has a peri-prosthetic fracture rate that is just significantly higher than that of 

Non-Microplasty. Conversely arthritis progression tends to occur late82 so the group with a 

longer follow up would be expected to have a higher revision rate for this indication. This may 

explain why Non-Microplasty has an arthritis progression rate that is just significantly higher 

than that of Microplasty. The only other significant difference relates to “other reasons” for 

revision, which is unclear what these are. Therefore it is not clear exactly why Microplasty has 

a lower revision rate, but it is likely to be multifactorial.  

 

With the Non-Microplasty instrumentation, surgeons judged the position of the tibial 

component and the orientation of the femoral component by eye67. Microplasty includes a stylus 

system for selecting tibial resection level and a guide to control femoral component orientation. 

It has other advantages including slotted saw guides and instruments to protect the MCL and to 

avoid impingement. In addition, as the instrumentation guides component positioning the 

surgeon can focus on restoration of normal ligament balance, tension and function. Previous 

studies270-272 have shown that the use of Microplasty does result in better component 

positioning, bone preservation, thinner bearings, avoidance of tibial recuts and better 

PROMs269. Improved component position and avoiding impingement should decrease rates of 

loosening, pain and dislocation. Additionally protecting the MCL should prevent 
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overcorrection and lateral arthritis. Finally Microplasty has made the operation more simple, 

logical, reliable and repeatable270, 271.  

 

The main study strength of this chapter is that over 15,000 UKRs were analysed and is 

completely unbiased given the use of NJR data excluding data from the designer surgeons in 

Oxford. The study is long enough to report the five year revision rate and showed that it was 

significantly lower with Microplasty than Non-Microplasty instrumentation. Perhaps more 

importantly the 97% five-year survival of Microplasty UKR was not substantially worse than 

that achieved by TKR in the joint registries8, 16, 17. Therefore Microplasty instrumentation has 

helped to address the higher revision rates of UKRs, although this requires further investigation 

in the long term.  

 

The main limitation is that the exact date when individual surgeons changed from Non-

Microplasty to Microplasty instrumentation is not available and the duration of the learning 

curve is unknown. Therefore it was assumed that surgeons started using Microplasty as soon 

as it was introduced to their centre and that the transition period, which included the learning 

curve, lasted one year. Furthermore it is possible that some cases were done using other 

instrumentation, such as patient specific instrumentation. However if other instrumentation 

were used the numbers would have been too small to influence results. As mentioned 

previously in sections 4.1.4 and 5.1.4, the limitations of NJR analyses are that the only 

outcome assessed is revision, these can be underreported109, 227 and the indications can change 

postoperatively.  Despite propensity matching there is potential for residual confounding. The 

groups were not perfectly matched given there was imbalance in the operating surgeon grade 

and surgeon caseload. However there were no differences in findings when these were 
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adjusted for in the regression models. A substantial proportion of BMI data was missing so 

this was not used for matching but was well balanced between comparative groups.  

 

In summary, this chapter observed that the five year survival of Microplasty assisted Oxford 

UKRs was 97% and was significantly better than that of Non-Microplasty UKRs with no 

adverse learning curve effect observed. The advantages of Microplasty became greater after 

the one-year transition period, where its revision rate was about one third less than Non 

Microplasty UKRs. This is likely to represent its true benefit.  
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5.3 The effect of a Twin Peg cemented femoral component on 
revision rates  
 
 

 

5.3.1 Introduction  
 
 
 
The initial Phase 3 Oxford UKR femoral component, like its predecessors, was spherical and 

cemented. It had a single peg that was thought to be helpful as it allowed the component to 

seat optimally (Figure 5.10).  However given between 25-50% of aseptic loosening were from 

the femoral component17, 147, it was felt that the introduction of a Twin Peg component might 

improve fixation (Figure 5.10). During surgery a small hole is made in the femur anterior to 

the main peg hole to stabilise the femoral saw guide. A second peg, which would fit in the 

small hole, was therefore added, allowing the new component to be used with standard 

instrumentation. In order to support the peg, the spherical part of the component was extended 

about 15 degrees further anteriorly67. To accommodate this anterior extension more bone is 

removed in front, which reduces the risk of the bearing impinging on bone.  Given these 

modifications the femoral component could be implanted in increased knee flexion. 

 

The Twin Peg cemented femoral component was introduced in 2003 but has only been widely 

used since 2009273. A cementless version of the Twin Peg component was also introduced at a 

similar time. The Twin Peg cemented component is used with the same cemented tibial 

component and polyethylene bearing as the Single Peg component67. There have not been any 

direct comparative clinical studies of Single Peg and Twin Peg cemented femoral components 

to date. 
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In this chapter NJR data was used to compare the revision rate and mechanisms of implant 

failure, in particular femoral component aseptic loosening, following cemented medial Oxford 

UKRs using Single and Twin Peg femoral components.  

 
 
 
 
 
 

 
Figure 5.10. Single and Twin Peg femoral components used for the Oxford UKR. 
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5.3.2 Methods  
 
 

A retrospective observational study was performed using NJR records for all patients who had 

an Oxford UKR implanted. A formal application was submitted to the NJR Research Sub-

Committee to access the relevant data and perform the work described in this chapter at the 

Musculoskeletal Research Unit at the University of Bristol. This application was approved on 

5th July 2018 (Appendix 4). For further details on the NJR data collection procedure and 

identification of potential confounders please refer to section 4.1. 

 
 
 

5.3.2.1 NJR data extract 
 
 
An extract of data was received from the NJR containing details of all primary Oxford UKRs 

recorded in the NJR for any indication between 1st January 2009 to 31st December 2017 

(n=41,593). The former date was the first year the Twin Peg became widely available in the 

UK and the later date was the most recent data the NJR could supply. Prior to obtaining the 

dataset the entire NJR database was linked to the ONS database using unique patient 

identifiers for all cause patient mortality data.  

 
 
 

5.3.2.2 Data cleaning  
 
 
The data extract which contained 41,593 Oxford UKRs was loaded into Stata (Version 15.1, 

Texas, USA) and subsequently coded and cleaned. Each continuous, categorical and string 

variable was systematically assessed for inconsistencies and implausible/missing data.  
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Data cleaning involved the removal of the lateral UKRs, hybrids, complex primaries, old 

tibial sizes, symmetric bearings, missing component data and cementless UKRs. After data 

cleaning there were 20,692 medial cemented Oxford UKRs (17,855 Single Peg and 2,837 

Twin Peg) eligible for study inclusion (Figure 5.11). 

 

After data cleaning the only variable with any missing data was BMI. However this did not 

vary significantly between groups and was well balanced between comparative groups both 

before and after matching. Data cleaning is as described earlier in this chapter and in detail in 

section 4.1. 
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Figure 5.11. Data cleaning process for Peg study NJR dataset. 
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5.3.2.3 Outcome of interest 
 
 

The primary outcome of interest for this comparative study was the five year implant survival 

of Single and Twin Peg cemented UKRs. The secondary outcomes for this study were the 

indications for revision surgery.  

 
 
 
 

5.3.2.4 Propensity score matching 
 
 

The unmatched cohort consisted of 20,692 medial cemented Oxford UKRs (17,855 Single 

Peg and 2,837 Twin Peg). Given the potential for patient, surgical and implant factors other 

than femoral component peg number (identified in section 4.1) to affect the revision rate, a 

priori propensity score matching of comparative groups for multiple known confounders was 

conducted. After matching there were 5,668 UKRs (2,834 Single Peg and Twin Peg cemented 

UKRs) included for analysis.  

 

Confounders were selected for inclusion in the propensity score based on those known to 

affect the outcomes of interest (Table 4.1) and not on the basis of being associated with the 

femoral peg number exposure variable as per published recommendations for variable 

selection in propensity models. 
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5.3.2.5 Statistical analysis 
 
 

Logistic regression generated a propensity score representing the probability of receiving a 

Twin Peg UKR. These scores were generated from patient, surgical and implant factors.  

Specifically, factors used for matching were; age, sex, primary diagnosis, unilateral/bilateral 

UKRs, ASA grade, chemical thromboprophylaxis, mechanical thromboprophylaxis, year of 

surgery, operating surgeon grade, surgeon caseload, surgical approach, operating technique 

and implant component sizes. BMI was not used for matching given it had a significant 

proportion of missing data. However BMI was not problematic given it was well balanced in 

both the Single and Twin Peg groups both before and after matching. 

 

By controlling for these covariates the use of propensity score matching would allow the true 

effect of femoral peg number on revision surgery to be accurately assessed. This a priori 

approach was supported by the significant differences in patient, surgical and implant factors 

between the unmatched Single and Twin Peg groups (Table 5.3). 

 

The algorithm used matched on the logit of the propensity score with a 0.02-SD calliper 

width. Greedy matching without replacement was used with a one to one matching ratio. 

SMDs were examined both before and after matching to assess for any covariate imbalance 

between comparative groups, with SMDs of 10% or more considered suggestive of covariate 

imbalance.  

  

Outcomes of interest were: (1) implant survival, (2) indications for revision surgery. 

Cumulative survival was determined using the Kaplan-Meier method. The endpoint for 

implant survival was revision surgery (any implant component removed, exchanged or added) 

and the endpoint for patient survival was mortality. Implant and patient survival rates were 
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compared between the Single and Twin Peg UKR groups, using univariate cox regression 

models, with the proportional hazards assumptions assessed and satisfied in all analyses. To 

account for clustering within the matched cohort a robust variance estimator was used in the 

regression models. Regression analysis was repeated with adjustments made for covariates 

with residual imbalance after matching (SMD of 10% or more). Additionally a multi-level 

frailty model was tested in the regression models to control for patient clustering within 

surgeons. However both adjusted models and the multilevel models gave the same results as 

the univariate models and are therefore not presented.   

 

The NJR database allows for revisions for UKRs with any aseptic loosening to be analysed 

and also for aseptic loosening by each component involved (e.g femoral or tibial component). 

The primary analysis was of revision for aseptic femoral loosening. Aseptic tibial loosening 

and overall loosening rates were also analysed as there were some cases of combined tibial 

and femoral loosening.  

 

The proportional Chi-squared test with Yate’s correction or Fisher’s exact test was used to 

compare the indications for revision surgery between groups. The later was only used when 

either group had an expected frequency of under-five.  

 

All statistical analyses were performed using Stata (Version 15.1, Texas, USA) except 

propensity score matching which was performed using R (Version 3.4.0; R Foundation for 

Statistical Computing, Vienna, Austria). P-values of <0.05 were considered significant, with 

95% CIs presented.  
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5.3.3 Results  
 
 

5.3.3.1 Propensity score matching 
 

 

The unmatched cohort consisted of 20,692 medial cemented Oxford UKRs (17,855 Single 

Peg and 2,837 Twin Peg UKRs). Baseline characteristics differed between the Single Peg and 

Twin Peg groups (Table 5.3). Specific covariates which differed significantly (SMD > 0.1) 

were thromboprophylaxis, year of surgery, surgeon caseload, minimally invasive surgery, 

femoral component size and bearing size. These differences were clearly highlighted by the 

distribution of propensity scores before matching (Figure 5.12).  

 

The matching process improved the balance of covariates between Single Peg and Twin Peg 

groups (Table 5.3) and was confirmed on analysis of the distribution of propensity scores 

after matching (Figure 5.13). After matching their remained some residual imbalance of year 

of surgery. To account for this adjusted regression models were also tested but provided the 

same results.  
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 Unmatched cohort Matched cohort 
 Single peg 

(n=17,855) 
Twin peg 
(n=2,837) 
 

SMD Single peg 
(n=2,834) 

Twin peg 
(n=2,834) 

SMD 

Covariate       

Gender 
 
Female 
 
 
Male 

 
 
8,454 
(47%) 
 
9,401 
(53%) 

 
 
1,431 
(50%) 
 
1,406 
(50%) 

 
 
0.06 

 
 
1,441 
(51%) 
 
1,393 
(49%) 

 
 
 1,428 
(50%) 
 
 1,406 
(50%) 

 
 
0.009 

Age at surgery 
(year) 
 
Mean (SD) 

 
 
 
65 
(SD 10) 

 
 
 
65 
(SD 10) 

 
  
 
0.02 

 
 
 
65 
(SD 10) 

 
 
 
65 
(SD 10) 

 
 
 
0.01 

BMI (kg/m2)* 
 
Mean (SD) 

 
 
30 
(SD 5) 
(n=13,159) 

 
 
30 
(SD 5) 
(n=1,868) 

 
 
0.04 

 
 
30 
(SD 5) 
(n=2,165) 

 
 
30 
(SD 5) 
(n=1,865) 

 
 
0.03 
 
 

Primary 
diagnosis 
 
Primary OA 
 
 
Other 

 
 
17,676 
(99%) 
 
179 
(1%) 

 
 
2,797 
(99%) 
 
40 
(1%) 

 
 
0.04 

 
 
2,799 
(99%) 
 
35 
(1%) 

 
 
2,794  
(99%) 
 
40 
(1%) 

 
 
0.02 

Bilateral UKRs 
 

469 
(3%) 

44 
(2%) 

0.08 55 
(2%) 

44 
(2%) 

0.03 

ASA grade 
 
1 
 
 
2 
 
 
3 or above 
 

 
 
3,344 
(19%) 
 
13,024 
(73%) 
 
1,487 
(8%) 

 
 
488 
(17%) 
 
2,082 
(73%) 
 
267 
(10%) 

 
 
0.05 

 
 
483 
(17%) 
 
2,119 
(75%) 
 
232 
(8%) 

 
 
488 
(17%) 
 
2,079 
(73%) 
 
267 
(10%) 

 
 
0.05 

VTE – chemical 
 
LMWH (+/-other) 
 
 
Aspirin only 
 
 
Other 
 
 
None 

 
 
10,447 
(59%) 
 
1426 
(8%) 
 
4,731 
(26%) 
 
1,251 
(7.0%) 

 
 
2,020 
(71%) 
 
208 
(7%) 
 
590 
(21%) 
 
19 
(1%) 

 
 
0.4 

 
 
1,972  
(70%) 
 
240 
(8%) 
 
593 
(21%) 
 
29 
(1%) 

 
 
2,017  
(71%) 
 
208 
(7%) 
 
590 
(21%) 
 
19 
(1%) 

 
 
0.06 
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VTE – 
mechanical 
 
Any 
 
 
None 

 
 
17,430 
(98%) 
 
425 
(2%) 

 
 
2,800 
(99%) 
 
37 
(1%) 

 
 
0.08 

 
 
2,798 
(99%) 
 
36 
(1%) 

 
 
2,797 
(99%) 
 
37 
(1%) 

 
 
0.003 

Year of surgery 
 
2009 
 
 
2010 
 
 
2011 
 
 
2012 
 
 
2013 
 
 
2014 
 
 
2015 
 
 
2016 
 
 
2017 

 
 
2416 
(14%) 
 
2396 
(13%) 
 
2371 
(13%) 
 
2285 
(13%) 
 
2296 
(13%) 
 
2173 
(12%) 
 
1633 
(9%) 
 
1275 
(7%) 
 
1010 
(6%) 

 
 
133 
(5%) 
 
175 
(6%) 
 
178 
(6%) 
 
192 
(7%) 
 
276 
(10%) 
 
457 
(16%) 
 
475 
(17%) 
 
440 
(15%) 
 
511 
(18%) 

 
 
0.7 

 
 
74  
(3%) 
 
85 
(3%) 
 
167 
(6%) 
 
246  
(9%) 
 
366  
(13%) 
 
486  
(17%) 
 
520  
(18%) 
 
492  
(17%) 
 
398 
(14%) 

 
 
133 
(5%) 
 
175 
(6%) 
 
178  
(6%) 
 
192  
(7%) 
 
276  
(10%) 
 
457 
(16%) 
 
475 
(17%) 
 
440  
(15%) 
 
508 
(18%) 

 
 
0.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Surgeon grade 
 
Consultant 
 
 
Other 

 
 
16,462 
(92%) 
 
1,393 
(8%) 

 
 
2,656 
(94%) 
 
181 
(6%) 

 
 
0.06 

 
 
2,668 
(94%) 
 
166 
(6%) 

 
 
2,653 
(94%) 
 
181 
(6%) 

 
 
0.02 

Surgeon caseload 
 
<10 cases/year 
 
 
10 to <30 
cases/year 
 
 
≥30 cases/year 
 

 
 
7,266 
(41%) 
 
7,731 
(43%) 
 
2,858 
(16%) 

 
 
893 
(31%) 
 
1,104 
(39%) 
 
840 
(30%) 

 
 
0.3 

 
 
915 
(32%) 
 
1,131 
(40%) 
 
788 
(28%) 

 
 
892 
(31%) 
 
1,103 
(39%) 
 
839 
(30%) 

 
 
0.04 
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Surgical 
approach 
 
Medial 
parapatellar 
 
Other 
 

 
 
 
16,283 
(91%) 
 
1,572 
(9%) 

 
 
 
2,513 
(89%) 
 
324 
(11%) 

 
 
 
0.09 

 
 
 
2,536 
(89%) 
 
298 
(11%) 

 
 
 
2,511 
(89%) 
 
323 
(11%) 

 
 
 
0.03 

Minimally 
invasive surgery  
 
No 
 
 
Yes 
 
 

 
 
 
9,171 
(51%) 
 
8,684 
(49%) 

 
 
 
1,691 
(60%) 
 
1,146 
(40%) 

 
 
 
0.2 

 
 
 
1,675 
(59%) 
 
1,159 
(41%) 
 

 
 
 
1,689 
(60%) 
 
1,145 
(40%) 

 
 
 
0.01 

 
Femoral 
component size  
 
Ex small 
 
 
Small 
 
 
Medium 
 
 
Large 
 
 
Ex-Large 
 
 
 

 
 
 
 
43 
(0.2%) 
 
4,076 
(22.8%) 
 
9,536 
(53.4%) 
 
4,170 
(23.4%) 
 
30 
(0.2%) 

 
 
 
 
6 
(0.2%) 
 
796 
(28.0%) 
 
1,451 
(51.2%) 
 
582 
(20.5%) 
 
2 
(0.1%) 

 
 
 
 
0.1 

 
 
 
 
4 
(0.1%) 
 
788 
(27.8%) 
 
1,462 
(51.6%) 
 
577 
(20.4%) 
 
3 
(0.1%) 
 
 

 
 
 
 
6 
(0.2%) 
 
793 
(28.0%) 
 
1,451 
(51.2%) 
 
582 
(20.5%) 
 
2 
(0.1%) 
 
 
 

 
 
 
 
0.02 

 
Tibial 
component size 
 
AA 
 
 
A 
 
 
B 
 
 
C 
 
 
 

 
 
 
 
83 
(0.5%) 
 
2109 
(11.8%) 
 
4151 
(23.3%) 
 
5071 
(28.4%) 
 
 

 
 
 
 
11 
(0.4%) 
 
399 
(14.1%) 
 
607 
(21.4%) 
 
798 
(28.1%) 
 
 

 
 
 
 
0.09 

 
 
 
 
12 
(0.4%) 
 
382 
(13.5%) 
 
614 
(21.7%) 
 
809 
(28.5%) 
 
 

 
 
 
 
11 
(0.4%) 
 
397 
(14.0%) 
 
607  
(21.4%) 
 
798 
(28.2%) 
 
 

 
 
 
 
0.02 
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D 
 
 
E 
 
 
F 

4120 
(23.1%) 
 
1871 
(10.5%) 
 
450 
(2.5%) 
 

636 
(22.4%) 
 
294 
(10.4%) 
 
92 
(3.2%) 
 

642 
(22.7%) 
 
286 
(10.1%) 
 
89 
(3.1%) 
 
 

636 
(22.4%) 
 
293 
(10.3%) 
 
92 
(3.2%) 

Bearing size 
 
3 
 
 
4 
 
 
5 
 
 
6 
 
 
7 
 
 
8 
 
 
9 
 

 
 
3972 
(22.3%) 
 
7201 
(40.3%) 
 
3786 
(21.2%) 
 
1705 
(9.6%) 
 
760 
(4.3%) 
 
282 
(1.6%) 
 
149 
(0.8%) 

 
 
635 
(22.4%) 
 
1,163 
(41.0%) 
 
623 
(22.0%) 
 
282 
(9.9%) 
 
105 
(3.7%) 
 
16 
(0.6%) 
 
13 
(0.5%) 

 
 
0.1 

 
 
652 
(23.0%) 
 
1,128 
(39.8%) 
 
617 
(21.8%) 
 
286 
(10.1%) 
 
120 
(4.2%) 
 
15 
(0.5%) 
 
16 
(0.6%) 

 
 
635 
(22.4%) 
 
1,162 
(41.0%) 
 
622 
(21.9%) 
 
281 
(9.9%) 
 
105 
(3.7%) 
 
16 
(0.6%) 
 
13 
(0.5%) 

 
 
0.04 

Bone graft 
 
None 
 
 
Bone graft used 

 
 
17,810 
(99.7%) 
 
45 
(0.3%) 

 
 
2,833 
(99.9%) 
 
4 
(0.1%) 

 
 
0.03 

 
 
2,830 
(99.9%) 
 
4 
(0.1%) 

 
 
2,830 
(99.9%) 
 
4 
(0.1%) 

 
 
<0.001 

 

Table 5.3. Patient and surgical factors before and after propensity score matching. 
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Figure 5.12. Kernel density plot of propensity scores before matching. 

 
 

 

Figure 5.13. Kernel density plot of propensity scores after matching. 
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 5.3.3.2 Revision rate 
 
 

The matched cohort included 5,668 Oxford UKRs, with 2,834 Single Peg UKRs and 2,834 

Twin Peg UKRs. The mean age at surgery was 65 years (SD 10), with 51% of the cohort being 

female. The mean BMI was 30.0 (SD 5.0) with the primary indication for surgery being 

osteoarthritis in 99%.   

 

Patient, surgical and implant characteristics became well balanced between the Single Peg and 

Twin Peg groups after propensity score matching (Table 5.3). The only covariate with residual 

imbalance was year of primary surgery, which when adjusted for in the regression models, did 

not change the findings and is presented below. 

 

In the matched cohort, the mean follow up for both Single and Twin Peg UKRs was 3.3 (SD 

2.0) and 3.4 years (SD 2.0) respectively. In total 176 knees underwent revision surgery; 102 

(3.6%) Single Peg UKRs and 74 (2.6%) Twin Peg UKRs. The five year cumulative all-cause 

implant survival rates were 94.8% (CI 93.6 - 95.8) for Single Peg UKRs and 96.2% (CI 95.1 - 

97.1) for Twin Peg UKRs (Figure 5.14).  The difference in cumulative revision rates between 

Twin Peg and Single Peg UKRs was statistically significant (HR=0.74, CI 0.55 - 0.99, p=0.04). 
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Figure 5.14. Kaplan Meier graph of matched Single Peg and Twin Peg UKR implant survival. 

 
 
 

5.3.3.3 Indications for revision   
 
 
The most common reasons for revision in the Single Peg group were osteoarthritis progression 

(n=26, 0.9%), pain (n=23, 0.8%) and aseptic loosening (n=18, 0.6%) (Table 5.4). In the Twin 

Peg UKR group the most common reasons for revision were osteoarthritis progression (n=25, 

0.9%), aseptic loosening (n=14, 0.5%) and pain (n=9, 0.3%) (Table 5.4). There was a 

statistically significant (p=0.01) difference in the revision rate for pain between the Single Peg 

(n=23, 0.8%) and the Twin Peg (n=9, 0.3%). The revision rate for femoral component aseptic 

loosening was significantly lower (p=0.03) in the Twin Peg group (n=3, 0.1%) compared to the 

Single Peg group (n=11, 0.4%).  However there was no statistically significant change in the 

revision rate for aseptic loosening overall (Twin Peg n=14, 0.5%; Single Peg n=18, 0.6%; 

p=0.5) or tibial component loosening (Twin Peg n=12, 0.4%; Single Peg n=10, 0.4%; p=0.7). 
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Reasons for revision 
 

Single  
Peg UKRs  
(n=2,834) 

Mean time to 
revision 
indication 
Single Peg  
(Years) 

Twin  
Peg UKRs 
(n=2,834) 

Mean time to 
revision 
indication 
Dual Peg 
(Years) 

Comparison 
between 
Single and 
Twin peg 
(P value) 

 
Aseptic loosening 
(Any component)  
 
 
Femoral component 
aseptic loosening* 
 
 
Tibial component 
aseptic loosening  
 
 
Lysis  
 
 
OA progression 
 
 
Pain* 
 
 
Other 
 
 
Dislocation 
subluxation revision 
 
Instability 
 
 
Component 
dissociation 
 
 
Malalignment 
 
 
Infection 
 
 
Periprosthetic 
fracture 
 
 
Wear 
 
 
 
Stiffness 

 
18 (0.6%) 
 
 
 
11 (0.4%) 
 
 
 
10 (0.4%) 
 
 
 
3 (0.1%) 
 
 
26 (0.9%) 
 
 
23 (0.8%) 
 
 
19 (0.7%) 
 
 
8 (0.3%) 
 
 
6 (0.2%) 
 
 
4 (0.1%) 
 
 
 
8 (0.3%) 
 
 
7 (0.2%) 
 
 
3 (0.1%) 
 
 
 
3 (0.1%) 
 
 
 
2 (0.1%) 

 
2.0 (SD 1.1) 
 
 
 
1.8 (SD 0.8) 
 
 
 
2.1 (SD 1.4) 
 
 
 
1.8 (SD 0.6) 
 
 
2.6 (SD 1.4) 
 
 
2.1 (SD 1.0) 
 
 
2.7 (SD 1.9)  
 
 
1.5 (SD 1.0) 
 
 
1.9 (SD 1.0) 
 
 
2.1 (SD 0.4) 
 
 
 
1.5 (SD 0.7) 
 
 
1.2 (SD 1.1) 
 
 
2.3 (SD 3.0) 
 
 
 
3.4 (SD 1.9) 
 
 
 
2.2 (SD 0.2) 

 
14 (0.5%) 
 
 
 
3 (0.1%) 
 
 
 
12 (0.4%) 
 
 
 
4 (0.1%) 
 
 
25 (0.9%) 
 
 
9 (0.3%) 
 
 
14 (0.5%) 
 
 
4 (0.1%) 
 
 
7 (0.2%) 
 
 
3 (0.1%) 
 
 
 
2 (0.1%) 
 
 
5 (0.2%) 
 
 
3 (0.1%) 
 
 
 
4 (0.1%) 
 
 
 
5 (0.2%) 

 
2.9 (SD 2.4)  
 
 
 
3.3 (SD 2.9) 
 
 
 
3.1 (SD 2.6) 
 
 
 
3.3 (SD 2.9) 
 
 
3.1 (SD 2.0) 
 
 
2.6 (SD 2.1) 
 
 
2.7 (SD 1.8) 
 
 
0.9 (SD 0.6) 
 
 
3.2 (SD 2.9) 
 
 
2.9 (SD 2.6) 
 
 
 
2.1 (SD 2.9) 
 
 
1.1 (SD 0.8) 
 
 
1.0 (SD 1.0) 
 
 
 
5.7 (SD 2.7) 
 
 
 
2.1 (SD 1.6) 

 
0.5 
 
 
 
0.03 
 
 
 
0.7 
 
 
 
1.0 
 
 
0.9 
 
 
0.01 
 
 
0.4 
 
 
0.3 
 
 
0.8 
 
 
1.0 
 
 
 
0.1 
 
 
0.6 
 
 
1.0 
 
 
 
1.0 
 
 
 
0.5 
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Implant fracture 
 
 
Patellar wear 
 
 
Tibial wear 
 
 
Incorrect sizing 
 
 
Patella mal- tracking 
 

 
 
1 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 

 
 
2.0  
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 

 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 
0 (0%) 
 
 

 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 
 
 
N/A 

 
 
N/A 
 
 
No revisions 
 
 
No revisions 
 
 
No revisions 
 
 
No revisions 
 

 
Table 5.4. Indications for revisions in the matched Peg NJR cohort. Comparisons between 

groups were conducted using the Chi squared test or the Fisher’s exact test when either group 

had an expected frequency of under-five. Significant differences between groups are marked 

*. 
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5.3.4 Discussion  
 
 

This is the first comparative study of Single and Twin Peg cemented medial Oxford UKRs. The 

five year implant survival improved from 94.8% with the Single Peg to 96.2% with the Twin 

Peg group (HR=0.74, p=0.04). The revision rate for femoral component aseptic loosening 

(0.4% to 0.1%) and pain (0.8% to 0.3%) more than halved with the Twin Peg compared to the 

Single Peg design. The Twin Peg was not associated with an increase in any revision indication.  

 

The Twin Peg femoral component was introduced to reduce the rate of femoral loosening and 

with this chapter showing a reduction from 11 out of 2834 cases with the Single Peg to three 

out of 2834 cases with the Twin Peg. Although the rates of loosening are very low, limiting 

information on the size of the reduction, it is definitely not elevated with the Twin Peg UKR.   

 

The Twin Peg component halved the number of revisions for pain which could be for multiple 

reasons. Surgeons are able to record more than one revision indication, so some cases may have 

been painful aseptic loosening where surgeons recorded both femoral loosening and pain.  As 

femoral loosening is usually obvious at revision it is possible, that cases of painful early femoral 

loosening were just recorded as pain.  Another explanation is that with the Twin Peg there is a 

reduction in the incidence of anterior bearing impingement on bone, which is a potential cause 

of pain. Normally the distal femur is prepared with a mill and this removes just enough bone to 

accommodate the Single Peg femoral component. However additional bone needs to be 

removed in front of the milled surface to accommodate the anterior part of the bearing in full 

extension67. The Twin Peg component has some anterior extension to support the additional 

peg which therefore cannot be inserted if this anterior bone is not removed67. Therefore with 

the Twin Peg component, surgeons cannot forget to remove this bone.  
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No revision indication increased significantly with the Twin Peg group which suggests that the 

use of the Twin Peg UKR has no downside, which is perhaps not surprising as the same 

operative technique, instrumentation, tibial component and bearing are used.  Before this study 

there were no clinical studies comparing Single Peg and Twin Peg UKR designs, with the only 

direct comparative studies in the literature being cadaveric274, 275. Reiner et al.275 found that that 

the pull out force from cadaveric bone, which was used as a measure of fixation quality, was 

substantially higher for the Twin Peg. In another study Reiner et al.274  observed a trend towards 

less subsidence in the Twin Peg design in cadaveric bone although this did not reach 

significance. White et al.273 reported the five year implant survival of Twin Peg UKRs as 98%, 

but this study did not have a Single Peg UKR comparative arm, so the authors compared the 

findings to other well-known Single Peg cohorts195, 276 finding no differences in outcomes. 

However, the study273 was limited by a small sample size with only five revisions for analysis.  

 

The main limitation of this study is the short follow up of the Twin Peg component. 

Additionally as discussed in earlier in this chapter and in 4.1.4, registry data is limited to the 

outcome of revision and the revision reasons can change postoperatively. However studies of 

Single195, 276 and Twin Peg273, 277 cohorts appear to report equivalent functional outcomes. 

Another limitation is that, despite matching potential residual confounding can affect results. 

Following matching the only variable with appreciable imbalance was the year of primary 

surgery, which is important as technique and instrumentation improves with time. However 

there were no differences in the findings presented when the models were adjusted for year of 

surgery. There was a substantial proportion of missing BMI data so this was not used for 

matching although this variable was well balanced between comparative groups. Given 

virtually all Twin Peg cases were matched greatly improves the generalisability of this study. 
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In summary, this chapter found the risk of revision of the cemented Oxford UKR was 26% 

lower with the Twin Peg femoral component compared to the Single Peg. This is likely 

secondary to the rates for femoral component loosening and pain more than halving. 

Importantly the Twin Peg was not associated with a significant increase in revision rate for 

any reason. This suggests that the cemented Twin Peg femoral component should be used 

instead of the Single Peg design to help reduce revision rates.  
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6. A RADIOSTEREOMETRIC ANALYSIS TO ASSESS 

BEARING WEAR IN THREE DIFFERENT 

POLYETHYLENE TYPES  

 

6.1 Introduction  

 
Polyethylene bearing wear is an important failure mechanism for fixed-bearing UKR given 

the small contact area and high contact stress from incongruent surfaces278-280. To minimise 

wear and allow normal kinematics, the Oxford UKR has a fully congruent and mobile 

polyethylene bearing67 (Figure 6.1). Despite this, there are anecdotal reports of wear resulting 

in bearing fracture for the Phase 3 Oxford281, with Chapter 2 identifying bearing related 

revisions as an issue147. In addition preliminary analysis of five year wear data from a 

previously published RCT202 showed higher wear rates in the Phase 3 compared to the Phase 

2 Oxford. Therefore it is important to investigate wear at 10 years and seek explanations.  

 

Figure 6.1. Schematic of mobile bearing Oxford UKR. Adapted from282.  

 
    

* This chapter has been published283. Mohammad HR, Campi S, Kennedy JA, Judge A, Murray DW, Mellon SJ. 
Long-term in vivo wear of different bearing types used for the Oxford Unicompartmental Knee Replacement. 
Bone Joint Res 2019; 8(11): 535. (Appendix 1). 
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Polyethylene wear can be quantified by either volumetric loss or the linear penetration of the 

femoral component into the polyethylene relative to the tibial component. Linear wear is more 

relevant for UKR, given failure from wear is usually from polyethylene failure or fracture 

from linear wear rather than particulate debris-induced osteolysis from volumetric 

wear281. Linear wear of the Oxford UKR bearings has been assessed using various 

methodologies including wear simulation79, retrieval analysis182, 255, and RSA77, 284, 285. Only 

RSA quantifies wear in functioning knees. 

 

RSA was first developed by Selvik et al.286 in Sweden and is a powerful imaging technique 

that provides accurate three dimensional measurements of objects’ relative displacements 

using sequential radiographic images. This makes it the ideal tool to measure component wear 

or migration287. During the procedure two separate radiographs are taken from two different 

views whilst the subject stands in a calibration frame. The frame provides a unique 

coordination system that can be used to calculate movement in three planes287.  

 

As discussed in Chapter 1, there have been three iterations of the Oxford UKR. The Phase 1 

was used between 1976 and 1987, Phase 2 between 1987 and 1998, and Phase 3 from 1998 

onwards67. An RSA study77 of the Phase 1 with 20 years’ follow-up found a mean linear 

bearing wear rate of 70 µm/year. Similar studies77, 285 of Phase 2 bearings at ten and 20 years 

found mean linear wear rates of 20 µm/year. Although there are small design differences 

between Phase 2 and 3 bearings, such as the plan shape of the tibial component (i.e. the shape 

as seen in the transverse plane), the main difference was that the Phase 2 bearing was 

implanted using a TKR approach, whereas the Phase 3 bearing is implanted using a minimally 

invasive technique67. 
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Since the introduction of the Phase 3 bearing in 2005, there was a change in polyethylene 

resin used to manufacture the bearing from Hi-Fax 1900 (Montell Polyolefins, Wilmington, 

Delaware) to GUR 1050 (Ticona, Oberhausen, Germany), as the manufacture of the 1900 

resin was discontinued288. The main difference between the resins is the molecular weight, 

which is 4.4 × 106 g/mol - 4.9 × 106 g/mol for the 1900 resin and 5.5 × 106 g/mol - 6.0 × 

106 g/mol for the 1050 resin. Although wear simulations289 in TKR have shown no difference 

between these resins, they have never been tested clinically. In addition, although the Oxford 

bearings are usually manufactured by a direct compression moulding process (DCM), some 

bearings were machined from bar stock around the time of the transition from 1900 to 1050 

resin, which may have consequences288.  

 

The objective of this chapter was to determine the wear rate of the Phase 3 Oxford UKR 

bearings using an accurate and validated RSA technique for UKRs284, 290, 291. In addition, 

subgroup analyses were planned to compare of the wear rates of bearings made from different 

resin types (1900 vs 1050) and manufacturing techniques (moulding vs machining).  
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6.2 Methods  

 
 

6.2.1 Ethical approval  
 
 

Ethical approval for this study was obtained from the local ethics committee, South Central – 

Oxford B Research Ethics Committee (REC), REC reference 16/SC/0456. For additional 

details of ethics and participant information sheets sent please refer to Appendix 7.  

 
 
 

6.2.2 Patient recruitment  
 
 
All patients gave informed consent for participation in the study (Appendix 7). Bearing code 

numbers from patients with follow-up of ten years or greater were identified from the 

database of medial Phase 3 Oxford UKRs performed by Professor David Murray and Mr 

Christopher Dodd171, 195. Three types of polyethylene bearings were identified; (1) 1900 

machined, (2) 1050 machined and (3) 1050 moulded. A power calculation revealed that 18 

bearings were required in each of the groups for an appropriate comparison to be made. For 

additional details on the power calculation please refer to section 6.2.4.  

 

An appropriate number of 1900 machined (n=19), 1050 machined (n=21), and 1050 moulded 

bearings (n=23) were successfully recruited for the study and attended clinic. All patients had 

their primary Oxford UKR performed between 3rd October 2002 and 14th July 2008. All 

procedures were within the recommended indications described by Goodfellow et al.67.   
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6.2.3 Measuring polyethylene bearing wear  
 
 

Patients attended a research clinic where their OKS was recorded by research physiotherapists 

independent of the clinical teams taking care of the patients. Subsequently patients were 

assessed by independent research radiographers who took simultaneous stereo pairs of 

anteroposterior radiographs obliquely at 30° whilst each patient was fully weight-bearing, as 

has previously been described77, 285. Each patient stood within a calibration frame with 0.8 

mm tantalum markers embedded at known locations (Figure 6.2). The fiducial and control 

markers in front and behind the frame, respectively, allowed for image calibration of the 

stereo images taken. Previously validated model-based RSA284 software version 3.21 (Medis 

Specials, Leiden, The Netherlands) was then used to estimate the position of the tibial and 

femoral component based on each implant’s outline using a Canny detection algorithm292. For 

each component, a virtual silhouette could be created from the photogrammetric relationship 

from the calibration and the computer-aided design (CAD) models. This allowed virtual 

representation of the components in three dimensional space (Figure 6.3). 
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Figure 6.2. Calibration frame in which stereo radiographs were taken. Adapted from293.  

 

 

Figure 6.3. CAD models representing the components in three dimensional space. 
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Once the implants were posed, their coordinates were inputted into Matlab (Version 

7.0.4.287; The MathWorks, Natick, Massachusetts, USA), which allowed for the closest 

linear distance between the femoral component and tibial tray to be calculated and taken as 

the bearing thickness at follow-up77, 284, 285.  

 

As the bearing has fully congruous contact on both upper and lower surfaces, the overall 

bearing linear wear was calculated by subtracting the closest linear distance at follow-up 

between femoral component and tibial tray from the estimated thickness of the bearing at 

implantation. The estimated bearing thickness was determined by adding 0.5 mm to the 

nominal bearing thickness and then adding a further 0.05 mm for manufacturer tolerance, as 

previously described and validated77, 285. This additional thickness had previously been 

determined from measurement of unused bearings285. The overall bearing wear was then 

divided by the time between the date of primary surgery and the RSA clinic appointment to 

determine the annual linear wear rate. The accuracy of the RSA system is approximately 0.1 

mm77, 284, 285, meaning that linear wear rate can be accurately assessed using RSA, particularly 

when follow-up exceeds ten years.  
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6.2.4 Statistical analysis 
 

A power calculation was conducted using a power of 0.8, significance of 0.05, a SD of 0.02 

from data from the Phase 2 Oxford UKR, and an important clinical difference of 0.02 

mm/year285. This study required at least 18 bearings per group to allow for a meaningful 

comparison. 

 

To determine if resin type affected wear rate, we compared the wear rate of 1900 machined 

and 1050 machined bearings. To determine if the manufacturing process affected wear rate, 

we compared the wear rate of 1050 machined and 1050 moulded bearings. Given that the 

annual wear rate data were normally distributed, we used the unpaired t-test to conduct these 

comparisons. 

 

To compare baseline characteristics between groups, the one-way analysis of variance (anova) 

was used for age, BMI, and OKS. Sex and femoral and tibial component sizes between groups 

were compared with the Fisher’s exact test. To analyse the relationship of each factor with 

annual wear rate, each factor was correlated using the Spearman’s rank test and plotted 

graphically. If a linear relationship was evident, a linear regression model was utilised with 

95% CIs reported. The effect of bearing type on the linear relationship was evaluated using an 

interaction term. Subgroup analyses comparing wear rates for different sex, age, BMIs and 

OKS groups were performed using the unpaired t test. 

 

All statistical tests were conducted using Stata (Version 13.1; Texas, USA). A p value of ⩽ 

0.05 was deemed as statistically significant. 
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6.3 Results  

 

6.3.1 Baseline demographics 
 
 
The number of UKRs recruited were 19, 23, and 21 for the 1900 machined, 1050 moulded, 

and 1050 machined bearings groups, respectively. The mean BMI at final follow-up was 28.2 

kg/m2 (SD 4.0) and the mean age at primary surgery was 62.6 years (SD 8.7). The mean OKS 

recorded at the time of RSA was 42.6 (SD 6.1), corresponding to excellent long-term 

functional outcomes189. 

 
 
There were no significant differences in the baseline demographics and most recent OKS of 

the three comparative groups (Table 6.1). However the mean age of the 1050 machined group 

was few years younger than the other two groups. As anticipated, given the different dates in 

which each bearing type were introduced there were significant differences in mean follow up 

(p<0.001). Mean follow-up was 14.1 years (SD 0.4), 12.1 years (SD 1.1), and 10.0 years 

(SD 0.5) for the 1900 machined bearings, 1050 machined bearings, and 1050 moulded 

bearings, respectively. Long-term OKS (10 years or more) were 42.7 (SD 5) in 1900 

machined, 42.6 (SD 6.4) in 1050 machined, and 42.4 (SD 6.7) in 1050 moulded groups with 

no significant differences between groups (p = 0.98).  
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Baseline parameter 1900 machined 
bearing (n = 19) 

1050 machined 
bearing (n = 21) 

1050 moulded 
bearing (n = 23) 

p-value 

Mean age (year) 65.2  (9.1 SD) 58.8 (8.6 SD) 63.9 (7.6 SD) 0.06* 
Mean BMI (kg/m2)  28.4 (3.8 SD) 28.3 (3.5 SD) 27.8 (4.5 SD) 0.88* 

Sex (n)    0.54† 

Male 9 (47%) 12 (57%) 15 (65%)  

Female 10 (53%) 9 (43%) 8 (35%) 
 

OKS at most recent 
follow up at RSA clinic  

42.7 (SD 5.0) 42.6 (SD 6.4) 42.4 (SD 6.7) 0.98* 

Femoral component 
sizes (n) 

   0.28† 

Small 7 (37%) 7 (33%) 4 (17%)  
Medium 6 (32%) 4 (19%) 10 (43%) 

 

Large 5 (26%) 10 (48%) 9 (39%) 
 

Extra-large 1 (5%) 0 (0%) 0 (0%) 
 

Tibial component sizes 
(n)  

   0.52† 

A 1 (5%) 0 (0%) 0 (0%)  

B 2 (11%) 2 (10%) 1 (4%) 
 

C 7 (37%) 6 (29%) 7 (30%) 
 

D 3 (16%) 4 (19%) 6 (26%) 
 

E 5 (26%) 2 (10%) 4 (17%) 
 

F 1 (5%) 7 (33%) 5 (22%) 
 

Bearing sizes (n)    0.91† 

3 6 (32%) 6 (29%) 5 (22%)  

4 9 (47%) 9 (43%) 12 (52%) 
 

5 3 (16%) 5 (24%) 6 (26%) 
 

6 1 (5%) 1 (5%) 0 (0%) 
 

 

Table 6.1. The baseline characteristics in the three bearing types. No significant differences 

were detected between groups * anova †Fisher’s exact test. 

 
 
 
 
  



 214 

6.3.2 Comparison of wear between groups 
 
 

The mean linear penetration rate was 60 µm/year (SD 42) for the 1900 machined group, 76 

µm/year (SD 32) for the 1050 machined group and 57 µm/year (SD 30) for the 1050 moulded 

group (Table 6.2). There was one outlier in the 1050 moulded group, which had an annual 

wear rate of 151 µm/year. On inspection of this UKRs’ radiographs, there was a large 

posterior osteophyte that would have impinged on the bearing, perhaps explaining this wear 

rate elevation (Figure 6.4). 

 

When analysing the effect of resin type by comparing the two machined bearings, there was 

no significant difference in the wear rate of the 1900 resin or the 1050 resin (60 µm/year and 

76 µm/year, respectively; p = 0.20). When analysing the effect of manufacturing process by 

comparing the two 1050 resins, the wear rate for the moulded bearings was significantly 

lower than for the machined bearings (57 µm/year and 76 µm/year, respectively; p = 0.05). 

 
When data from all bearings (n = 63) were combined, the mean wear rate was 64 µm/year 

(SD 35) at a mean follow-up of 12 years (SD 1.9). 
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Group Mean follow-up, 

years (SD) 
Mean linear penetration, 
µm (SD) 

Mean bearing 
wear rate, 
µm/year (SD) 

1900 machined (n = 19) 14.1 (SD 0.4) 847 (SD 589) 60 (SD 42) 

1050 machined (n = 21) 12.1 (SD 1.1) 908 (SD 353) 76 (SD 32) 
1050 moulded (n = 23) 10.0 (SD 0.5) 563 (SD 290) 57 (SD 30) 

 
Table 6.2. The total wear and bearing wear rates for each bearing type. 

 
 
 

 
 

Figure 6.4. a) Anteroposterior and b) lateral radiographs of a wear outlier patient in the 1050 

moulded group. Note that there is a posterior osteophyte, marked by an arrow, that would 

impinge on the bearing in flexion and cause increased wear. 
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6.3.3 The influence of femoral component size on wear 
 
 
When all bearing types were combined, the wear rate was 44 µm/year (SD 32) for small 

femoral components (n = 18), 59 µm/year (SD 22) for medium femoral components (n = 20), 

79 µm/year (SD 32) for large femoral components (n = 24), and 178 µm/year (n = 1) for 

extra-large femoral components. Spearman’s coefficient of femoral component size and 

bearing wear rates was 0.53 (p < 0.001). 

 

Using a linear regression model, there was a significant linear relationship between femoral 

component size and bearing wear; for each increase in femoral component size, the wear rate 

increased by 21 µm/year (CI 12 to 30; p < 0.001). The strength of this relationship was 

influenced by bearing type (p = 0.01). For both machined bearings, there was increased wear 

with increased femoral component size; the wear increased by 35 µm/year (CI 21 to 49) in the 

1900 machined bearings (p < 0.001), and by 23 µm/year (CI 10 to 35) in the 1050 machined 

bearings (p = 0.001). However, with the moulded bearings there was no significant increase in 

wear with increased size, at -0.5 µm/year (CI -19 to 18; p = 0.96) (Figure 6.5). 
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Figure 6.5. The relationship between femoral component size and polyethylene wear rate.
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6.3.4 The influence of tibial component size on wear  
 
 

When all bearing types were combined, the mean wear rate was 22 µm/year for tibia A size 

components (n = 1), 46 µm/year (SD 5) for tibia size B components (n = 5), 52 µm/year 

(SD 32) for tibia size C components (n = 20), 57 µm/year (SD 25) for tibia size D 

components (n = 13), 83 µm/year (SD 32) for tibia size E components (n = 11), and 84 

µm/year (SD 43) for tibia size F components (n = 13). Spearman’s coefficient of tibial 

component size and bearing wear rates was 0.46 (p < 0.001). 

 

Using a linear regression model, there was found to be a significant linear relationship 

between tibial component size and bearing wear; for each increase in tibial component size, 

the wear rate increased by 12 µm/year (CI 6 to 18; p < 0.001). The strength of this 

relationship was influenced by bearing type (p = 0.003). For both machined bearings, there 

was increased wear with increased tibial component size; the wear increased by 23 µm/year 

(CI 12 to 35) in the 1900 machined bearings (p = 0.001) and increased by 14 µm/year (CI 6 to 

22) in the 1050 machined bearings (p = 0.002). However, with the moulded bearings, there 

was no significant increase in wear with increased size, at -2 µm/year (CI -13 to 9; p = 0.72) 

(Figure 6.6). 
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Figure 6.6. The relationship between tibial component size and polyethylene wear rate. 
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6.3.5 Other factors related to polyethylene wear 
 
 

6.3.5.1 Sex and polyethylene wear 
 

The mean age of males and females was 63.0 (SD 8.2) and 62.1 years (SD 9.4), respectively, 

with no significant differences (p = 0.69). The mean BMIs of males and females were 28.4 

kg/m2 (SD 3.5) and 27.9 kg/m2 (SD 4.6), respectively, with no significant differences (p = 

0.69). 

 

The annual wear rate for males (n=36) was 75 µm/year (SD 36) and was significantly higher 

(p=0.004) than the wear rate for females (n=27) which was 50 µm/year (SD 29). Male sex 

was associated with significantly higher wear rates in the 1900 and 1050 machined groups, 

but not in the 1050 moulded groups (Table 6.3). These findings are likely explained by the 

observation that males had larger component sizes (Table 6.4) and that the wear rate increases 

with increased size with machined bearings but does not with moulded bearings. 
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Bearing type Bearing wear rate µm/year 
 Males Females p-value 
1900 machined 84 (SD 46); n=9 38 (SD 24); n=10 0.01 
1050 machined 93 (SD 31); n=12 53 (SD 12); n=9 0.002 
1050 moulded 55 (SD 21); n=15 60 (SD 43); n=8 0.72 

 

Table 6.3. A comparison of wear rates between sex within each bearing group. Groups were 

compared using the unpaired t test.  

 

 

Component size Males (n = 36) Females (n = 27) 
Femoral    
Small 0 (0%) 18 (67%) 
Medium 11 (31%) 9 (33%) 
Large 24 (67%) 0 (0%) 
Extra-large 1 (3%) 0 (0%) 
Tibial   
A 0 (0%) 1 (4%) 
B 0 (0%) 5 (19%) 
C 4 (11%) 16 (59%) 
D 8 (22%) 5 (19%) 
E 11 (31%) 0 (0%) 
F 13 (36%) 0 (0%) 

 

Table 6.4. The sizes of UKR components stratified by sex. 
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6.3.5.2 Oxford knee score and polyethylene wear 
 
 
There was no significant correlation between OKS and annual wear rate. Spearman’s 

coefficient was 0.15 (p = 0.23). This is illustrated graphically in Figure 6.7.  

 

 

 

Figure 6.7. Scatterplot of bearing wear rate against OKS. 
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6.3.5.3 Age and polyethylene wear 
 
 
No significant relationship existed between wear rate and age, although there was a trend 

towards increased wear in younger patients (Figure 6.8). At the time the RSA radiographs 

were taken, patients under 70 years of age (n = 53) had a wear rate of 68 µm/year (SD 34), 

while those over 70 years of age (n = 10) had a wear rate of 46 µm/year (SD 35). Spearman’s 

correlation coefficient was -0.22 (p = 0.08). 

 
 

 
 
Figure 6.8. Scatter plot of bearing wear rate against age 
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6.3.5.4 Body mass index and polyethylene wear  
 
 
Furthermore, no significant relationship between wear rate and BMI was observed (Figure 

6.9). Patients with BMIs under 25 kg/m2 (mean 23.3 kg/m2) had wear rates of 71 µm/year 

(SD 33, n = 11) and those with BMIs of 30 kg/m2 or greater (mean 33.8 kg/m2) had wear rates 

of 72 µm/year (SD 40, n = 16). Spearman’s coefficient was 0.05 (p = 0.69). 

 

 
 

 
 
Figure 6.9. Scatterplot of bearing wear rate against BMI 
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6.3.5.5 Bearing thickness and polyethylene wear 
 
 
The nominal bearing thickness varied from 3 mm to 6 mm. The mean linear wear rates of the 

thin (3 mm; n = 17) and thick (5 mm to 6 mm; n = 16) bearings were 59 µm/year (SD 28) and 

56 µm/year (SD 27), respectively, with no significant difference between them (p = 0.76). 

Direct correlation analyses between thickness and wear rate showed a Spearman’s correlation 

coefficient of 0.02 (p = 0.87), showing no correlation (Figure 6.10). 

 

 
Figure 6.10. Scatterplot of bearing wear rate against nominal bearing thickness 
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6.4 Discussion 

 

This chapter presents the first RSA wear study of the Phase 3 Oxford UKR and is the first to 

compare different polyethylene resin materials and manufacturing processes. The current 

wear rates in the Phase 3 Oxford UKR (1050 moulded resin) is 57 µm/year and is much 

higher than the 20 µm/year reported for the previous Phase 2 Oxford77. No significant 

differences in wear rate of the 1900 and 1050 resins made with the same manufacturing 

process were observed. However the manufacturing processes did influence wear rates, with 

the moulded bearings having significantly lower wear rates than the machined. Wear rate 

increased with component size for machined but not moulded bearings.  

 

The polyethylene resin used for the Phase 3 bearings changed from the 1900 to 1050 resin 

about 10 years ago288. Both 1900 and 1050 resin bearings have been manufactured using 

direct compression moulding but during the transition phase some were produced from 

machining bar stock288.  With the same resin, the wear rate of the machined bearings were 

significantly higher than that of the moulded bearings and this is also suggested from studies 

of polyethylene wear in hip replacements294. There was no significant difference between the 

wear rates of the 1900 and 1050 machined resins and is the first time this has been shown in 

vivo. This is important, given all the current bearings are now made of 1050 resin, whereas 

the Phase 2 Oxford UKR used the 1900 resin. 

 

Overall the wear rate increased with increasing component size, with the largest sizes having 

over twice the wear rate of the smallest. Larger patients tend to be heavier so apply larger 

loads, have larger components with larger surface areas and sliding distances for the same 
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amount of knee flexion. These factors are known to increase wear295, 296. Subgroup analysis of 

bearing types yielded interesting results. For both machined bearings the wear rate increased 

with both tibial and femoral component size, but this was not observed for the moulded 

bearing. This explains why males who tend to be larger than females, have greater wear with 

machined bearings than females, whereas with moulded bearings there were no differences. 

Therefore the moulding process produces a material with different tribological properties to 

the machined process, perhaps because a surface skin is produced that reduces wear and 

oxidation. This requires further investigation.   

 

The study found no significant relationship between wear rate and age, similar to the findings 

of Kendrick et al.77. There was no relationship between wear rate and OKS or BMI. The 

findings relating to age and OKS are difficult to explain. Wear is related to the number of 

cycles and load with young and active patients expected to use their knees more often with 

greater loads. On the other hand, although obese patients apply greater loads, they are 

generally less active. It is likely that age and activity do in fact influence wear rates, but their 

effect is masked by other variables. Indeed, there was a trend towards increasing wear in 

younger patients and those with a higher OKS. 

 

This RSA study has shown that the mean linear wear rate of the currently used 1050 resin-

moulded bearings is 57 µm/year and is independent of bearing thickness. This is lower than 

other knee replacements, whether partial or total297-299. Therefore the Oxford UKR can safely 

use thinner bearings, which helps to preserve bone stock. 
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The mean linear wear rate of the current Phase 3 bearings (57 µm/year) is higher than that 

reported for Phase 2 bearings (20 µm/year) but lower than the Phase 1 bearings (70 

µm/year)77.  Bearing impingement on bone anterior to the femoral component was common in 

Phase 1 but less common in Phase 2, given surgeons were aware of the issue67. Impingement 

is known to increase wear. Given the introduction of the minimally invasive approach with 

the Phase 3 Oxford, surgical errors that could contribute to wear, such as impingement may 

be more likely given the more difficult intraoperative visualisation. This could possibly 

contribute to the higher wear of Phase 3 than Phase 2. Although the Phase 2 used 1900 

moulded bearings this study has shown that polyethylene resin type used has no effect on 

wear rates.  

 

Although the Phase 3 bearing and tibial plateau shape are more anatomically shaped than the 

Phase 2, the difference is small, and unlikely to be the explanation. Given the minimally 

invasive approach with the Phase 3, patients tend to have higher levels of function and a 

better range of movement than those with Phase 2. The higher function (mean OKS in this 

study 42.6 (SD 6.1)) is likely to increase activity levels and therefore wear. Further study is 

needed to understand why the wear rates are higher with Phase 3. 

 

Bearing fractures rarely occur with the Oxford UKR. Studies of the Phase 1 Oxford281 found 

they most commonly occur in the third decade postoperatively. They can be easily revised by 

inserting a new bearing. A detailed study of ten fractured bearings found that fracture 

aetiology was multifactorial281, but evidence of impingement with abnormally high wear and 

oxidation were observed in all cases281.  The 1050 moulded outlier presented in this chapter is 

a good example of how impingement from an osteophyte caused accelerated polyethylene 
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wear (Figure 6.4). New Microplasty instrumentation, introduced in Chapter 5,  is now 

routinely used and is designed to prevent impingement67. A finite element 

study300 demonstrated that thinner bearings were more likely to fracture, and approximately 

half of the retrieved fractured bearings in a study by Pegg et al.281 were less than 2 mm thick. 

For the current Phase 3 bearings with a mean wear rate of 57 µm/year, this equates to 1.1 mm 

wear at 20 years. Therefore, the thinnest bearings available, which are size 3 with a minimum 

thickness of 3.5 mm, should be on average 2.4 mm thick at 20 years. Some of these will be 

substantially thinner than 2 mm and with marked oxidation and would be at risk of fracture. 

In contrast, if the bearing was initially 4.5 mm thick (size 4), it would be very unlikely to be 

worn thinner than 2 mm. Therefore, surgeons should aim to implant a size 4 bearing rather 

than a size 3 bearing in young active patients, unless they are small and require conservative 

resections. This can easily be guided with Microplasty instrumentation. Additionally it would 

also be sensible to consider having bearings made with highly crosslinked polyethylene to 

further reduce wear301, 302 and vitamin E to decrease oxidation303, 304.  

 

An important limitation of this chapter’s work is that the change in bearing thickness between 

implantation and RSA is assumed to only be from bearing wear, whereas in reality it is due to 

both wear and creep. A single RSA measurement does not allow the contributions of creep 

and wear to be calculated.  However creep mainly occurs in the first three months and 

therefore has minimal effect in long term wear studies305-307. Furthermore, had there been 

considerable creep, this would have resulted in overestimating, rather than underestimating 

wear. The precise bearing thickness at implantation was not known but previous work has 

found that measured bearing thickness with RSA postoperatively is virtually the same as that 

estimated from the bearing size using the methodology used in this study for both 1900 and 

1050 bearings182, 283, 285. Given the accuracy of the RSA system is 100 µm, at ten years, the 
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accuracy for measuring the wear rate would be about 10 µm/year76. This is substantially less 

than the SD of the wear rate measurements, suggesting most of the variability in 

measurements was due to differences between the patients rather than the measurement 

accuracy. Another limit is that because there was difficulty identifying patients with bearing 

codes to allow the bearing type to be categorised, it was not possible to match patients in the 

three groups. As a result there were slight differences in age and gender across groups. 

However, there were no significant differences between the three groups in baseline 

characteristics. Additionally, given the three bearing types were used at slightly different time 

periods, this resulted in an inevitable difference of mean follow-up. However, given that all 

exceeded ten years and the annual wear rate was analysed, this should not have influenced the 

results. There was one outlier with high wear from the 1050 moulded group and the data from 

this may have influenced results. Therefore a sensitivity analysis was performed in which this 

case was excluded but the results and conclusions remained the same. 

 

Therefore in conclusion, the Oxford UKR polyethylene bearing linear wear rate is similar 

with 1050 and 1900 resin but lower with direct compression-moulded rather than machined 

manufacturing processes. The wear rate of the Phase 3 bearings in current use is low (1050 

resin moulded) but higher than those reported for the Phase 2 bearings (1900 resin moulded). 

Therefore, the fracture rate of Phase 3 bearings may be higher than that of Phase 2 bearings. It 

is not clear why the wear rate of Phase 3 is higher than Phase 2, but this may relate to the 

minimally invasive approach, which improves function and increases activity levels, but may 

also increase the risk of surgical errors, such as impingement, which can increase wear.  
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However, with the new Microplasty instrumentation introduced in Chapter 5, these errors 

should be avoided. In addition, it is simpler to select an appropriate bearing thickness and 

would be sensible to aim for 4 mm bearings rather than 3 mm bearings in young active 

patients, in all but small patients who need conservative bone cuts. 
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7. EXPERIMENTAL ASSESSMENT OF NEW SURGICAL 

INSTRUMENTATION ON RISK OF TIBIAL FRACTURES 

 

7.1 Introduction  

 
 
The cemented and cementless Oxford UKR components are similar except that the surfaces of 

cementless components in contact with bone are coated with porous titanium 

and hydroxyapatite to encourage bone ingrowth. Although clear advantages of cementless 

fixation have been highlighted in Chapters 3 and 4, they are reported to have more than twice 

the rate of tibial plateau fractures which are devastating complications often requiring 

complex revision surgery. 

 

Primary fixation of the cementless UKR is dependent upon an interference fit between the 

prosthetic components and bony surfaces given there is no cement to support fixation. A keel 

slot is produced in the proximal tibia during surgery (Figure 7.1A) using a specially designed 

keel cut saw blade (Figure 7.1B). The cementless tibial component achieves its primary 

stability from the interference fit which is defined as the difference in thickness between the 

keel and keel slot it inserts into (Figure 7.2). 

 

 

    

* This chapter has been published308.  Mohammad HR, Campi S, Murray D, Mellon S. Instruments to reduce the 
risk of tibial fracture following cementless unicompartmental knee replacement. Knee 2018; 25(6): 988. 
(Appendix 1). 
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Figure 7.1. A) Tibial preparation during UKR surgery. Adapted from309 B) Keel saw blade. 

 

 

 

 

 

Figure 7.2. Interference fit of tibial component into proximal tibial bone. 

  

 A  B 
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Fractures of the tibial plateau usually present in the early postoperative period (Figure 7.3). 

Although the published incidence of tibial plateau fractures after the cementless Oxford UKR 

is low200 (<1%), it is believed to be underreported given that they are often treated by internal 

fixation and hence not recorded as a revision in the joint registries67, 310. Additionally there are 

a number of anecdotal reports from surgeons having a higher incidence311-315, particularly in 

patients with cementless implants190, 196, 310, inexperienced hands316 or in the Asian 

population67. The incidence with cementless fixation appears higher than cemented with a 

cadaveric study199 showing that reduced loads are required to fracture the tibial plateau with 

cementless compared to cemented UKRs. Given the tibial preparation is similar for both 

cemented and cementless fixation, it is likely that the higher rates of fracture with the 

cementless are due, at least in part, to the interference fit between the keel and the keel slot264.  

 

The interference fit is established by pressing the tibial component into the tibia until it seats. 

The difference in width between the slot and the keel has consequences for the amount of 

force required to ‘seat’ the component i.e. the narrower the slot, the greater the amount of 

force required to seat the component. The amount of force used to seat the component is 

proportional to the normal forces on the walls of the slot317. During surgery the keel impaction 

within the walls of the slot probably creates a normal force in the proximal tibia which can 

initiate a crack which later in the early post-operative period when the patient weight bears 

(Figure 7.4). This subsequently propagates resulting in a fracture. 

 



 235 

 

Figure 7.3. Anteroposterior and lateral radiographs showing a tibial plateau fracture. 

 

 
Figure 7.4. Schematic showing how push in forces are related to a splitting perpendicular 

normal force in the slot. 
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Campi et al.264 studied the relationship between interference, and the forces required to push-

in and pull-out the tibial component into sawbones. Their assumption was that the maximum 

push-in force, which causes the splitting force in the tibia, was related to the risk of fracture 

and the maximum pull-out force was a surrogate of primary fixation and stability. Although 

overall both push-in and pull-out force increased with increasing interference, the 

relationships were non-linear with an optimal window with relatively low push-in force and 

high pull-out force (Figure 7.5). This optimal interference (between 0.5 to 0.7 mm) was less 

than that currently achieved using conventional Oxford UKR instrumentation (0.9 to 1.3 mm). 

Therefore the results of this study suggest that if the slot was further widened to reduce the 

interference, this may reduce the fracture risk without compromising the quality of fixation 

achieved.  

 
 

 
 
Figure 7.5. Mean push in and pull out forces across different interference fits using 

solid polyurethane foam observed by Campi et al. Taken from264. 
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Options to slightly widen the slot, which have been used by different surgeons, include the 

use of a pick, which was originally designed for cemented fixation, a rasp, or a new saw 

blade309. The advantages and disadvantages of these options on the risk of fracture and quality 

of fixation achieved have not previously been studied. 

 

The aim of this sawbone study was to determine which of the various instrumentation options 

for preparing the keel slot for the cementless Oxford UKR tibial component was most 

effective in reducing the risk of fracture without compromising primary fixation. To do this 

the push in and pull out forces would be measured, which in turn would inform of the risk of 

fracture and primary fixation quality respectively as per the work of Campi et al.264.  
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7.2 Methods  

 
7.2.1 Surgical instruments used in the study 
 
 
 
The keel slot in the proximal tibia is prepared with a keel cut saw blade, which has two 

parallel blades (Standard blade, Zimmer Biomet, Swindon, UK, Figure 7.6). The slot can be 

widened by using a pick (Zimmer Biomet, Swindon, UK, Figure 7.6), which was originally 

designed for use with the cemented Oxford UKR. This pick has smooth sides and a sharp end. 

A prototype rasp (Figure 7.6) has also been developed which has teeth on its side and bottom 

designed to widen the slot and smooth its bottom. Alternatively, a new wider and deeper saw 

blade (New Blade, Zimmer Biomet, Swindon, UK, Figure 7.6) is available. 

 

 

Figure 7.6. Surgical instrumentation for creating and widening the tibial slot 
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The dimensions of the tibial component implanted and each instrument type were measured 

using a digital calliper (Mitutoyo, UK) using a previously established method described by 

Campi et al.318. All surgical instrumentation was measured by two independent observers 

(Hasan Raza Mohammad and Stefano Campi) with reproducibility assessed (section 7.2.5 for 

additional details).  

 

The tibial keel width of five size C components were all measured in 10 different positions on 

the keel with the use of a digital calliper and averaged to take into consideration the 

irregularity and non-homogeneity of the hydroxyapatite coating. Additionally the depth was 

measured in two places for each component to ensure that all the surgical instrumentation 

depths used in the study exceeded this depth to prevent impingement from influencing the 

implantation forces.  

 

Five standard and new saw blades had their width measured at the proximal, middle and distal 

aspects of the blade and the maximum depth measured. The averages of these measurements 

were used to determine the instruments dimensions at each point. The most important width 

was the distal segment given this section of the blade is narrowest and comes into contact 

with all the bone cut. Therefore the mean of the distal blade width is the one reported for both 

the standard and new sawblades in the results. Additionally the maximum width and depth of 

the pick and rasp were measured.  
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7.2.2 Slot preparation for mechanical testing 

 
Slots were cut into solid polyurethane foam (20 PCF, Sawbones, Malmo, Sweden), which are 

widely used as the analogue for trabecular bone, using the operating technique for the Oxford 

UKR309. Solid polyurethane foam 20 PCF has similar material properties (density 0.32 g/cm3, 

compressive modulus 210 MPa) to tibial bone (0.3 g/cm3, range 14–345 MPa)319-321.  

Slots were prepared using standard and new blades and with the adjunctive use of either the 

cemented pick or the prototype rasp. Therefore there were six comparative groups in this 

study; (1) Standard Sawblade, (2) Standard Sawblade plus Pick, (3) Standard Sawblade plus 

Rasp, (4) New Sawblade, (5) New Sawblade plus Pick and (6) New Sawblade plus Rasp. Ten 

slots were cut for each comparative group given a power calculation revealed nine slots were 

required in each group (section 7.2.5 for additional details). Therefore in total there were 60 

slots cut for mechanical testing.  

A size C tibial template was clamped to the underlying sawbone blocks and the sawblades 

were used to cut a slot through the template using the same technique as is used clinically. 

Afterwards the template was removed and for the groups involving the pick or the rasp these 

instruments were subsequently used in the slot. A new blade was used for each study group to 

prevent wear of the blades having an effect on the results. However, one pick and rasp were 

used for all their respective groups given both instruments are designed for reuse309 and did 

not expect wear to change their dimensions for the number of slots on which they were used. 

Additionally this minimised any confounding factors from using different instruments 

unnecessarily.  

 

 



 241 

7.2.3 Measuring push in and pull out forces 

A custom-made boss was welded to the upper surface of standard cementless size C Oxford 

UKR components (Figure 7.7) by Zimmer Biomet (Swindon, UK), which allowed them to 

securely fasten to the materials testing machine. A Dartec materials testing machine (HC10) 

was used to implant and extract one component, at 0.01 mm/s, while measuring the push-in 

and pull-out forces at 250 Hz (Figure 7.8). Prior to push-in the starting position was 

determined by measuring the position of the tibial component when the bottom of the tibial 

keel was touching the upper surface of the sawbone block when offset so the keel was not 

above the slot. The height at which implantation was halted before the component was 

withdrawn was determined by bringing the under surface of the tibial tray into contact with 

the upper surface of the sawbone block. The vertical difference in position was calculated and 

used to calculate implantation distance. 

 

 

Figure 7.7. Custom made boss welded onto superior surface of the tibial component.  
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Figure 7.8. Dartec machine testing tibial components into cut slots. 

 

An increase in the push-in load was noted in all experiments just before implantation was 

halted. The push-in value used as the maximum was obtained by determining the 

displacement at which zero load was registered during the pull-out phase of the experiment 

and finding the push-in load that was recorded at this level of displacement height. Maximum 

pull-out forces were also recorded. This can be illustrated using force displacement graphs of 

the average results of the standard (n=10) and new blade slots (n=10) in Figure 7.9. Although 

it is important to note that we this was performed for each individual slot tested rather than 

using average plots illustrated.  
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Figure 7.9. Force displacement curve for standard and new blade slots and how maximum 

push in and pull out forces were determined for each individual slot tested. 

 

In between testing each slot the tibial component was cleaned with an air duster (Office 

Depot, Leicester, UK) to prevent debris influencing the push in and pull out forces of the 

subsequent slot to be tested.  
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7.2.4  Testing the effect of implant variation  

 
To eliminate the chances that any differences found between the groups were specific to the 

dimensions of the keel of the tibial component used, 20 additional slots were made; 10 with 

the standard sawblade and 10 with the new sawblade. Ten different size C tibial components 

were randomly implanted and withdrawn from a standard sawblade slot or new sawblade slot 

while the maximum push-in and pull-out forces were recorded. 

 

7.2.5 Slot dimension measurements of the standard and new blades  

Three further slots were cut with the standard blade and three slots were cut with the new 

blade. Each of the six slots was cut into two mm slices. An image of each slice was captured 

with a digital camera against a dark background with a calibration object to provide scaling. 

The edge of each slice was detected with a custom routine in Matlab (Version 7.0.4.287; The 

MathWorks, Natick, Massachusetts, USA). All slots cut with the same blade were 

superimposed and the minimum slot width was then calculated for depths of 0.5, 2, 4, 6 and 8 

mm. 
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7.2.5 Statistical analysis 

 

A power calculation for the comparative groups with a power of 0.8, significance of 0.05 to 

detect a clinically meaningful difference of 250 N with a SD of 140 N from provisional data 

indicated that nine slots would be required in each group322.  

 

The intra class correlation coefficient was utilised to assess for both inter-rater and intra-rater 

reliability for the calliper measurements made on surgical instruments by two independent 

observers (Hasan Raza Mohammad and Stefano Campi). 

 

Anova with the post hoc bonferroni procedure was performed to compare the maximum push-

in forces and pull-out forces between groups. The paired t test was used to compare the push-

in and pull-out forces to assess for the effect of implant variation. Statistical significance was 

defined as p < 0.05 for all tests. All statistical analyses were conducted using Stata (Version 

14.2, Texas, USA). 
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7.3 Results  

 
7.3.1 Instrumentation measurements  
 
 
The inter-rater and intra-rater reliability for digital calliper measurements was 0.84 (p=0.002) 

and 0.92 (p<0.001) respectively showing excellent reproducibility, consistent with Campi et 

al.’s work318. 

 
 
The average width of the tibial components was 3.87 mm (SD 0.04) and depth was 9.7 mm 

(SD 0.16). The details of the width of the different surgical instruments are summarised in 

Table 7.1. The new blade was 0.2 mm wider than the standard blade at its distal tip although 

proximally there were no differences in width. The pick and rasp were respectively about 

0.5 mm and 0.2 mm wider than the standard blade. The depth of all surgical instrumentation 

exceeded that of the tibial components used in this study. For full details of all the 

measurements taken please refer to Appendix 8. 

 

Surgical instrument  Mean width (mm) 

Standard blade tip 2.7 (SD 0.04) 

New blade tip 2.9 (SD 0.04) 

Pick 3.3 (SD 0.01) 

Rasp 3.0 (SD 0.01) 

 
Table 7.1. Width of surgical instruments used in the study. 
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7.3.2 Measured push in forces   
 
 
The standard sawblade produced slots which had the highest maximum push-in loads 

averaging 1411 N (SD 180). The new sawblade slots had a lower average maximum push-in 

load that was almost half that of the standard sawblade at 789 N (SD 131) and this difference 

was statistically significant (P < 0.001).  

 

Adjunctive use of the pick with the standard sawblade slots significantly reduced the push-in 

forces (p < 0.001) to 818 N (SD 388) compared to the standard sawblade alone. The use of the 

standard blade with the pick showed no significant difference in push-in force when 

compared to the slots made with the new sawblade alone. Adjunctive use of the rasp had no 

significant effect on the push-in forces for the standard sawblade group (Table 7.2). 

 

Adjunctive use of the pick with slots made with the new sawblade did not significantly affect 

the push-in forces. Rasp usage with the new blades created a significant increase (p < 0.001) 

in the push-in forces to 1390 N (SD 202) (Table 7.2). 

 

No significant differences in push-in forces were observed between the standard blade with 

adjunctive pick use and the new blade with adjunctive pick use. Similarly, no differences 

were observed between the standard blade with rasp and the new blade with rasp groups 

(Table 7.2). The average force displacement curves of the standard and new blades were 

previously illustrated in Figure 7.9. Figure 7.10 illustrates the different push-in forces 

between the groups. 
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 Standard blade 

 
 

1441 N 
(SD 180) 

Standard blade & 
pick 

 
818 N 

(SD 388.2) 
 

Standard blade & 
rasp 

 
1368 N 

(SD 309) 

New blade 
 
 

789 N 
(SD 131) 

New blade & pick 
 
 

1001 N, 
(SD 156) 

New blade & rasp 
 
 

1390 N 
(SD 202) 

Standard 
blade 

 
1441 N 

  
623 N 

(P < 0.001) 
 

 
73 N 

(P > 0.9) 
 

 
652 N 

(P < 0.001) 

 
440 N 

(P < 0.05) 

 
51 N 

(P > 0.9) 

Standard 
blade & pick 

 
818 N 

 
623 N 

(P < 0.001) 
 

  
550 N 

(P < 0.001) 

 
29 N 

(P > 0.9) 

 
183 N 

(P > 0.9) 

 
572 N 

(P < 0.001) 

Standard 
blade & rasp 

 
1368 N 

 
73 N 

(P >0.9) 
 

 
550 N 

(P < 0.001) 

  
579 N 

(P < 0.001) 

 
367 N 

(P < 0.05) 

 
22 N 

(P > 0.9) 

New blade 
 

789 N 

 
652 N 

(P < 0.001) 
 

 
29 N 

(P > 0.9) 

 
579 N 

(P < 0.001) 

  
212 N 

(P > 0.9) 

 
601 N 

(P < 0.001) 

New blade & 
pick 

 
1001 N 

 
440 N 

(P < 0.05) 
 

 
183 N 

(P > 0.9) 

 
367 N 

(P < 0.05) 

 
212 N 

(P > 0.9) 

  
389 N 

(P < 0.05) 

New blade & 
rasp 

 
1390 N 

 
51 N 

(P >0.9) 

 
572 N 

(P < 0.001) 

 
22 N 

(P > 0.9) 

 
601 N 

(P < 0.001) 

 
389 N 

(P < 0.05) 

 

 
 
Table 7.2. The results of the mean push in force differences between groups. P values refer to the anova results with bonferroni adjustment.  
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Figure 7.10. Bar chart of push in and pull forces. 
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7.3.3 Measured pull out forces   
 

There were no significant differences in pull-out forces between the slots made with the 

standard and new blades. The highest pull-out force was the new saw blade group at 240 N 

(SD 47) and the second highest was the standard blade group at 230 N (SD 56) (Table 7.3). 

 

For the standard blade the adjunctive use of the cemented pick significantly reduced the pull-

out force to 128 N (SD 58). The rasp had no significant effect on the pull-out force (Table 

7.3). In the new blade adjunctive use of the cemented pick or rasp had no significant effect on 

the pull-out forces when compared to the new blade alone (Table 7.3). 

 

The pull-out forces for slots with the standard blade and pick were significantly lower 

(P < 0.001) 128 N (SD 58) than the new blade and pick 214 N (SD 48). No significant 

differences in pull-out load existed between the new blade with rasp and the standard blade 

with rasp (Table 7.3). See Figure 7.10 for graphical display of pull-out forces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 251 

 

 
Table 7.3. The results of the mean pull in force differences between groups. P values refer to the anova results with bonferroni adjustment. 

 Standard blade 
 
 

230 N 
(SD 56) 

 

Standard blade & 
pick 

 
128 N 

(SD 58) 

Standard blade & 
rasp 

 
197 N, 
(SD 33) 

 

New blade 
 
 

240 N 
(SD 47) 

New blade & pick 
 
 

214 N 
(SD 48) 

New blade & rasp 
 
 

190 N, 
(SD 39) 

Standard blade 
230 N 

  
102 N 

(P < 0.001) 
 

 
33 N 

(P > 0.9) 

 
10 N 

(P > 0.9) 
 

 
16 N 

(P > 0.9) 

 
40 N 

(P > 0.9) 

Standard blade & 
pick 

128 N  

 
102 N 

(P < 0.001) 
 

  
69 N 

(P < 0.05) 

 
112 N 

(P < 0.001) 

 
86 N 

(P < 0.05) 

 
62 N 

(P = 0.1) 

Standard blade & 
rasp 

197 N  

 
33 N 

(P > 0.9) 
 

 
69 N 

(P < 0.05) 

  
43 N 

(P > 0.9) 

 
17 N 

(P > 0.9) 

 
7 N 

(P > 0.9) 

New blade 
240 N 

 
10 N 

(P > 0.9) 
 

 
112 N 

(P < 0.001) 

 
43 N 

(P > 0.9) 
 

  
26 N 

(P > 0.9) 

 
50 N 

(P = 0.5) 

New blade & pick 
214 N  

 

 
16 N 

(P > 0.9) 
 

 
84 N 

(P < 0.05) 

 
17 N 

(P > 0.9) 

 
26 N 

(P > 0.9) 

  
24 N 

(P > 0.9) 

New blade & rasp 
190 N 

 
40 N 

(P > 0.9) 
 

 
62 N 

(P = 0.1) 

 
7 N 

(P > 0.9) 

 
50 N 

(P = 0.5) 

 
24 N 

(P > 0.9) 
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7.3.4 The effect of different implants 
 

 
Using 10 different tibial size C components the mean maximum push-in force with the new 

blade was 905 N (SD 245) and was significantly lower (P = 0.002) than the standard blade at 

1343 N (SD 219). There were no significant differences (P = 0.37) between the pull-out forces 

of the new blade 168 N (SD 67) and standard blade 195 N (SD 36). 

 

 

 

7.3.5 Slot measurements 
 

 

Figure 7.11 shows the difference between the minimum widths for slots cut with the standard 

blade and the new blade. At a depth of 0.5 mm the widths are approximately equal but at 

every subsequent depth (2, 4, 6 & 8 mm) the standard blade width decreased and was smaller 

than the corresponding width for the new blade. The widths for the new blade were generally 

more uniform throughout the depth of the slot. The slots were deeper with the new blade than 

the standard blade. 
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Figure 7.11. Three standard blade slots and three new blade slots were sectioned into two mm 

slices. The edges of the slots were superimposed, and the minimum slot width was 

determined. 
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7.4 Discussion 

 

This chapter demonstrates that the push-in force is almost halved in the new blade compared 

to the standard sawblade, but the pull-out force is very similar. No combination of blade, pick 

or rasp significantly lowered the push-in force or increased the pull-out force compared to the 

new sawblade. Therefore the new blade should be used instead of the standard one without 

adjuvant instruments to minimise fracture risk whilst not compromising fixation. Saw blade 

usage is relatively straightforward for surgeons given they are completely guided by a tibial 

template. Adjuvant pick and rasp use are more susceptible to surgical errors given they have 

no such template and therefore rely completely on the judgement of the operating surgeon. 

This may be problematic for low volume surgeons (< 10 cases/year) as identified in Chapter 

5, who tend to have much higher revision rates260. Given the results of this experiment, the 

new blade is now the only keel-cut blade available for surgeons. 

 

When the keel is inserted into the cut slot, perpendicular forces to the keel act on the cavity 

walls (Figure 7.4). Bishop et al.323  demonstrate these perpendicular normal forces are 

proportional to the vertical push-in forces. If these normal forces are excessive, they can split 

the bone creating fractures317, 324. This study suggests surgeons apply a force of 1400 N to seat 

the tibial component into slots cut by the standard blade. Although periprosthetic tibial 

fractures generally present a few weeks postoperatively rather than intraoperatively, the 

loading impact may initiate a crack below the keel which, can later propagate during 

physiological loading325. 

 

The force displacement graph in Figure 7.9, provides a detailed insight into why the new 

blade is better than the standard. The load during the push-in phase for the standard and new 

blade slots remains similar until a depth of approximately four mm where the push in load 
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with standard blade slots increases at a steeper gradient than the new blade slots (Figure 7.9). 

This trend likely occurs because the new saw blade is wider at the tip (0.2 mm) than the 

standard saw and produces wider slots of a more consistent width (Figure 7.11). 

 

Slot depth is likely to have an influence on the fracture risk given during the last millimetre of 

insertion the push-in force increased markedly for both blade slots (Figure 7.9). This increase 

was about twice as large with the standard blade slot compared to the new blade slot and may 

relate to the new blade being about 0.5 mm deeper. Even though the keel cut saws are deeper 

than the tibial keel, they have two blades meaning a segment of bone can remain in the slot 

centre which can impact the keel (Figure 7.11). It is important to note deeper slots may further 

weaken the tibia, but this would likely insignificant compared to the increased forces required 

to seat the tibial component, particularly for an increase in slot depth of only 0.5 mm. Another 

factor which could explain the rise in push in forces observed is the build-up of porous 

coating at the junction of the keel and underside of tibial tray. If this coating comes into 

contact with the slot edges at the final implantation stages, this could steeply elevate seating 

loads.  

 

The results of this chapter suggest the pick should be used with caution. Although it reduced 

push-in forces when used with the standard blade, it also reduced the pull-out force thereby 

compromising fixation. The prototype rasp did not reduce push-in forces when used with the 

standard blade and in fact increased them with the new blade. This may be given it forced 

debris into the walls or the bottom of the slot increasing the push-in force. The rasp had no 

effect on pull-out loads and hence fixation achieved. 
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Tibial plateau fractures are devastating complications and likely multifactorial67. During the 

preparation of the tibia, the subchondral bone plate has to be removed weakening the tibial 

plateau. Factors which unnecessarily further weaken the plateau and therefore need to be 

avoided include198;  (1) deep resection, (2) deep vertical saw cuts, (3)  damage to the posterior 

cortex during keel preparation and (4) a too medial resection. The keel cut saw should be used 

carefully such that it reaches the ends in the anteroposterior direction and the inferior aspect 

of the slot whilst within the boundaries of the template tool. The blade and should also be 

lifted up and down to remove all the bone from the slot. It is important to ensure that no 

retained bone is present within the keel slot. After slot preparation a trial tibial component 

should be inserted, but if it cannot be inserted with finger pressure alone, this suggests that 

there is retained bone which can be removed by reusing the keel cut blade or pulsatile lavage. 

All factors discussed need addressing to help to reduce the incidence of tibial plateau 

fractures.  

 

This study is limited given it was performed on polyurethane foam which acted as a 

cancellous bone analogue. Although this material is well established for usage in orthopaedic 

fixation studies326-328, it is unclear how well the polyurethane foam can replicate bone during 

surgery where blood and fat likely affects friction. Additionally there is evidence that the 

friction coefficient for sawbones is significantly less than human bone329, although this would 

not affect comparisons made given the same polyurethane material was used. This chapter 

makes the assumption that the pull out force is a measure of primary stability. This is an 

oversimplification given in the knee joint the tibial component experiences both compressive 

and toggle forces which were not replicated in this study.  However this limitation applies to 

all comparative groups in this study and is unlikely to affect their relative performances and 

hence the conclusions of this study. Bone remodelling and biology cannot be reproduced with 
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an inert testing material. The tibial components were implanted with a continuous force at 

0.01 mm/s, whereas clinically they are impacted with a hammer at variable speeds depending 

on the operating surgeons’ technique. Another limitation is that only size C tibial components 

were studied, which is the most commonly used size from NJR data (Chapter 4.1). Although 

the study was repeated with 10 different size C tibial components to test for any variability 

within each size, one cannot be certain that the results are completely generalisable to all 

sizes. However, given all tibial component sizes use the same instruments to prepare the keel 

slot and the keels have the same width and depth regardless of component size, the 

interference should be equivalent. As both push-in and pull-out forces are related to 

interference264 the results are likely to be generalisable to all sizes. 

 

This experimental study suggests that the risk of tibial plateau fractures will reduce with the 

new keel cut saw blades compared to the standard blades without affecting the quality of 

fixation. With the new blade the cemented pick should not routinely be used given it probably 

will not reduce the risk of fracture and may in fact compromise fixation. Before the 

component is impacted it should be possible to insert the tibial trial with finger pressure alone 

and if this is difficult any retained bone probably preventing this should be removed. 
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8. CONCLUSIONS AND FUTURE WORK 
 
 
8.1 Summary of the problem and thesis aims 
 
 
Over 100,000 primary knee replacements are performed every year in the UK8, with the two 

main surgical treatment options for end stage medial compartment osteoarthritis being TKR 

and UKR. Previous work has shown that UKR offers significant advantages over TKR 

including faster recovery, reduced complications, improved function and lower mortality10-12.  

 

However the major issue with UKRs are their higher revision rates, which are reported to be 

several times higher than TKRs in various joint registries8, 16, 17. Additionally there is 

significant variability in UKR results reported, secondary to inconsistent selection criteria, 

variable surgeon caseloads and different thresholds for revision surgery. Given this, UKR is 

only used in approximately 10% of primary knee replacements despite eligibility studies 

suggesting it can be used in up to 50% of cases83.  

 

In the UK, each operating surgeons’ practice is audited by the NJR to monitor their joint 

replacement revision rates, with outliers detected at an early stage and forced to change their 

practice. Therefore it is logical for surgeons to avoid an implant with higher reported revision 

rates, given this can potentially adversely affect their orthopaedic practice. This is however 

problematic as many patients may not be presented with the benefits of UKR when 

considering treatment for their knee arthritis, both from when they initially present to their 

general practitioners and later when referred to an orthopaedic specialist. Therefore the only 

way to help to resolve this, is to identify modifiable factors that can lower UKR revision rates.  

This thesis studied the most commonly used UKR implant which is the Oxford UKR8.  The 

main objectives of this thesis were to study the Oxford UKR’s long term revision rates, 
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factors which influence revision and to develop new strategies to help improve the implants 

performance.    

 

 
 
8.2 Summary of findings  
 

 

This thesis has first allowed a consensus of the long term outcomes of the Oxford UKR to be 

achieved from Chapter 2, a systematic review of studies from all across the world. Using the 

endpoint revision, the 10 year implant survival was 93% (CI 91.9 - 93.3) which slightly lags 

behind those reported for TKR (usually between 94 - 97%). However using the endpoint 

reoperation, the 10 year implant survival was 91.1% (CI 89.8 - 92.3) which is better than 

those reported for TKR (86.7%146). In terms of functional outcomes, the long term OKS was 

found to be 40 on average, which is much better than those reported for TKRs. However 

despite this, the issue remains that Oxford UKR revision rates were identified as being higher 

than TKR. Leading causes for revision included aseptic loosening which raised the question 

of whether cementless fixation could lower revision rates.   

 

Given only a single cementless study was identified in Chapter 2, in Chapter 3 a prospective 

Oxford cohort of 1,000 consecutive cementless Oxford UKRs were studied. Using various 

endpoints; reoperation, revision, revision to TKR and major revisions, the respective 10 year 

implant survivals were 96.6%, 97.5%, 98.9% and 99.6%. These results were at least if not 

better than those reported for TKRs. However these results are from two operating surgeons 

in Oxford who were both involved in the design of the implant limiting its generalisability. 

However the study indicates the achievable results if the recommended indications and 

surgical technique are adhered to. 
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Given the promising results of the cementless Oxford UKR in Oxford, for Chapter 4.1, a 

propensity matched comparison of 14,814 cemented and cementless UKRs performed all 

across the UK was undertaken, using NJR data. Groups were matched for various patient, 

surgical and implant confounders to allow fair comparison. The 10-year cumulative implant 

survival rates were 93.2% (CI 89.7 - 95.6) and 90.2% (CI 87.5 - 92.3) for cementless and 

cemented groups respectively. Cementless UKRs had a significantly reduced revision rate 

compared with cemented UKRs (HR=0.76, p=0.002) given the rates for aseptic loosening, 

pain and lysis halved.  These results were mirrored by the systematic review presented in 

Chapter 4.2 of all long term cemented and cementless UKRs which again found that 

cementless UKRs had significantly better implant survival (95.5% vs 92.7%, p<0.001), with 

rates of aseptic loosening significantly decreasing (p=0.02) for the cementless UKRs.  

 

In Chapter 5.1, the analysis of the effect of surgeon caseload on UKR data (n=40,522) 

showed 10-year implant survival rates of 86.6% (CI 85.8 - 87.3), 90.8% (CI 90.1 - 91.5), and 

94.1% (CI 93.2 - 94.8) for low, medium, and high-volume surgeons. The revision rates for 

medium and high-volume surgeons were significantly lower than those for low-volume 

surgeons, with hazard ratios of 0.67 (p<0.001) and 0.42 (p<0.001) respectively. High volume 

surgeons achieved outcomes similar to those reported for TKR and for cementless implants 

reached as high as 97.5% at 10 years. Additionally the propensity matched cemented and 

cementless UKRs (n=14,814) were used to determine the effect of surgeon caseload on the 

relative performances of cemented and cementless UKRs. For all caseloads, cementless 

implants had a lower revision rate than cemented implants. The rate of revision of cementless 

implants was 26% lower than that of cemented implants among low-volume surgeons 

(HR=0.74), 21% lower among medium-volume surgeons (HR=0.79) and 20% lower among 

high-volume surgeons (HR=0.80).  
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In Chapter 5.2, a matched comparison of Microplasty assisted and Non Microplasty UKRs 

(n=15,906) found five year cumulative implant survival rates were 96.7% (CI 96.0% - 97.2%) 

and 94.5% (CI 93.8 - 95.1%) respectively. The revision rates for Microplasty UKRs were 

significantly lower (HR=0.77, p=0.008). Additionally when the revision rates of Microplasty 

UKRs performed after one year of the instruments introduction, were compared to Non 

Microplasty UKRs the reduction in revision rate was even greater (HR 0.69, p=0.004). No 

adverse learning effect was observed with the Microplasty instrumentation when the results 

within the first year of its introduction were compared to Non Microplasty UKRs. 

Microplasty instrumentation has now replaced the conventional Phase 3 instruments (Non 

Microplasty instrumentation).  

 

In Chapter 5.3, a matched comparison of Single and Twin Peg cemented Oxford UKRs 

(n=5,668) found that the five year cumulative all-cause implant survival rates were 94.8% (CI 

93.6 - 95.8) for Single Peg UKRs and 96.2% (CI 95.1 - 97.1) for Twin Peg UKRs. The 

difference in cumulative revision rates between Twin Peg and Single Peg UKRs was 

statistically significant (HR=0.74, p=0.04). The revision rate for femoral component aseptic 

loosening was significantly lower (p=0.03) in the Twin Peg group compared to the Single Peg 

group. The Twin Peg has now replaced the Single Peg UKR. 

 

Given anecdotal reports of bearing fracture and that bearing related revisions were listed 

amongst the most common causes for revision surgery in Chapter 2, for Chapter 6 a 

radiostereometric analysis study investigating long term polyethylene wear of the Phase 3 

Oxford in three different bearing types (1900 resin machined, 1050 machined, 1050 moulded 

bearings) was performed (n=63). The wear rate of currently used Oxford UKR bearings, 

which are moulded from 1050 resin, is very low (0.06 mm/year) but is higher than that of the 
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previous Phase 2 bearings (0.02 mm/year). This may relate to the minimally invasive 

approach of the Phase 3 design making surgical errors, such as impingement, more likely.  

 

Although cementless fixation offers clear advantages as identified from Chapters 3 and 4, a 

number of tibial plateau fractures have been reported, and deemed more common than in 

cemented fixation given cementless implant’s reliance on interference fit for primary 

stability262. In Chapter 7 an experimental study was performed to reduce the risk of tibial 

plateau fractures by modifying the width of the slot cut in the proximal tibia for the tibial 

component. A standard keel blade, a wider new blade and the adjuvant use of a rasp or pick to 

widen the slot further were assessed (n=60). The new blade almost halved the push in forces 

required to seat the component compared to the standard blade (1441 N vs 789 N, p<0.001) 

with no significant differences in pull out forces (230 N vs 240 N, p>0.9) suggesting no 

compromise in fixation. No advantages of the adjuvant use of a pick or rasp with either blade 

was detected, with in fact only evidence of adverse effects on the push in or pull out forces. 

These results suggest that the new blade should significantly reduce the risk of tibial plateau 

fractures and is supported from anecdotal evidence.   

 

 

 

8.3 Limitations 
 

 

There are important limitations from this thesis which require discussion. The systematic 

reviews of Chapter 2 and 4.2, have summarised all published UKR studies across the world. 

However, given only published studies are included, there is publication bias present which 

may influence the results. Additionally high volume centres are more likely to publish their 

positive results of an implant which may skew the results. However the systematic review 
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results of Chapter 4.2 presented the same findings as the NJR study which used knee 

replacement data from all across the UK.  

 

Chapter 3 was performed on a consecutive series performed by surgeons involved in the 

design of the implant. This cohort was selected given it is the largest cohort available strictly 

using the recommended indications and operative techniques along with intraoperative, 

radiographic and outcome data independently assessed. Additionally this cohort represents the 

outcomes of two experienced surgeons, and therefore may result in less variability in 

outcomes from differing operative technique between cases than other series. However the 

inherent limitation of this is that the results may not be generalisable across the world, but 

rather inform of what results can be achieved if the recommended indications and techniques 

are used.  

 

Chapters 4.1 and 5 used registry data to investigate the effect of cementless fixation, surgeon 

caseload, Microplasty instrumentation and femoral peg number on revision rates. Although 

registry data allows for large numbers of UKRs to be analysed which cannot be supplied from 

individual cohort studies, it does have limitations. First it only records the outcome revision 

when there is exchange, addition or removal of the primary procedure components and 

therefore does not collect information on reoperations such as MUAs, arthroscopies and 

internal fixation. Additionally no data on PROMs or radiographic outcomes are collected. As 

a result it does not comprehensively study all outcome measures which may be important for 

patients.  Additionally, the reasons for revision in the NJR are those recorded at the time of 

surgery even if this subsequently changed from histopathology and microbiology data later 

available. Registries can underreport revisions although there is no reason to believe this 

would differ between comparative groups. Another limitation is that, despite matching, there 
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is potential for residual confounding. The only way to achieve true balance with respect to 

both known and unknown confounders is a randomised trial, but to compare revision rates 

would require very large numbers and long follow-up which is impractical. 

 

Chapter 6 used RSA to compare long term polyethylene wear in three bearing types. A 

significant limitation is that patients from the three comparative groups were not matched, 

given it was difficult to find patients with available bearing codes in their notes, so that the 

bearing type could be identified. Given the three bearing types were used at slightly different 

time periods, this resulted in an inevitable difference in mean follow-up for each group. 

However, given that all groups exceeded 10 year follow up and annual wear rate was 

analysed, this should not have influenced the results. In this study there was an assumption 

that the change in bearing thickness between implantation and RSA was due to bearing wear, 

when it was actually due to both wear and creep. With a single RSA measurement, one cannot 

calculate the relative contributions of creep and wear. However creep mainly occurs in the 

first three months and has minimal effect in the long term and therefore, it is not unreasonable 

to assume, over a ten-year period, that the change in thickness was due to wear. Furthermore, 

had there been marked creep, this would have resulted in overestimating, rather than 

underestimating wear. 

 

In Chapter 7 an experimental study testing the quality of fixation achieved with different 

surgical instruments was performed using solid polyurethane foam which acted as 

a cancellous bone analogue. Although the use of polyurethane foam for measuring push-in 

and pull-out forces is well established in orthopaedic fixation studies, it is unclear how well 

polyurethane foam can replicate bone during an operation where the presence of blood and fat 

is likely to affect the friction. Additionally, bone modelling cannot be reproduced. Another 
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issue is that the tibial components were implanted with a continuous force at 0.01 mm/s, 

whereas clinically they are impacted with a hammer.  

 

8.4 Future work  
 
 

This thesis has reported several novel findings, some of which require further investigation. In 

Chapter 2 and 4.2 most of the studies in these reviews were cemented in nature, with only a 

few being cementless. There is a need for more long term cohort studies of the cementless 

UKRs across the world to understand whether results vary significantly between surgical 

centres and countries where patient demographics may differ. Additionally from the work 

presented in Chapter 4.2 there is clearly a lack of non-Oxford UKR long term studies and 

these need to be encouraged so that the outcomes of all types of UKR can be understood.  

 

Patient demographics undergoing knee replacement surgery are changing with more obese or 

younger and active patients requiring surgery229, 330. These new demographics have created 

new challenges given cemented implants have higher failure rates in these groups331, 332 with 

the under 65 age group expected to represent the majority of cases by 2030229. Additionally, 

given the rise in life expectancy there is an increasing need for implants to provide a more 

physiological long-term fixation with current concerns that cemented implants will not last. In 

Chapter 3, although the long term outcomes were studied, the next steps would be to 

investigate long term outcomes stratified by different patient demographics such as age and 

BMI. Unfortunately currently too few patients were at risk at 10 years to be able to do this, 

but when more patients reach their 10 year follow up mark, this analysis will be performed.  

 

The work in Chapter 4.1 comparing fixation types can also be expanded to compare fixation 

results in different subgroups of the population such as different age and BMI groups. 
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Additionally NJR data does not collect complete information on tibial plateau fractures, given 

that most tibial plateau fractures are treated by internal fixation, they are not documented as 

revisions in the NJR. However HES data may offer insight into this as well as allowing 

assessment of reoperations and PROMs which are not possible using NJR data alone. I have 

successfully obtained ethical approval, data linkage permissions and NHS Digital approval for 

this to be performed as a future study.  

 

Chapter 5.1 investigated the effect of surgeon technical skills through assessing surgeons’ 

caseload for all UKRs and its effect on the relative performances of cemented and cementless 

UKRs. However work published by Hamilton et al.265 suggest that non-technical skills 

associated with patient selection and the surgeons’ decision making between TKR and UKR 

can also influence UKR revision rates. The decision of which implant to use (UKR or TKR) 

relates to the individual surgeons’ indications and is reflected by the proportions of a 

surgeons’ practice which is UKR and TKR. The proportion of UKRs which form a surgeons 

primary knee replacement practice has been defined as UKR usage265. Usage is particularly 

important given a surgeon can often not practically change their overall volume of practice 

but can change the percentage of knees which are UKRs. Although this could not be assessed 

in this thesis given, I did not have TKR registry data permissions. However, I have applied for 

and received NJR and ethical approvals to investigate the effect of UKR usage on revision 

rates in a future study.   

 

Chapter 5.2 and 5.3 investigated the effect of Microplasty and a Twin Peg cemented femoral 

component on revision rates. A significant limitation of this work was that we were only able 

to assess the five year outcomes, given the relatively recent introduction of both interventions. 



 267 

With time more patients will reach long term follow up and this will warrant more registry 

studies of their effects on the long term outcomes of the Oxford UKR.   

 

The RSA study in Chapter 6 showed a wear rate of 0.06 mm/year which is much higher than 

those achieved by the Phase 2 Oxford UKR (0.02 mm/year). This wear rate will result in 1.2 

mm of wear at 20 years follow up, making 3 mm thick bearings prone to fracture. Future 

work should use RSA to investigate the wear of vitamin E highly crosslinked polyethylene 

which will hopefully reduce the wear rate.  

 

Finally in Chapter 7, the wider new blade significantly reduced the push in forces and did not 

affect quality of fixation compared to the standard blade by reducing the interference fit. The 

introduction of the new blade has already anecdotally reduced the incidence of fracture, but 

this needs to be studied using the last six months of available NJR and HES data.  

Additionally the effect of depth and impingement of the tibial keel at the bottom of the slot 

may also have a role to play which requires further experimental slot testing which is 

currently under way.   
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8.5 Thesis conclusions 
 
 

The aim of this thesis was to investigate methods of reducing the revision rate of the Oxford 

UKR. The data analyses have shown that surgeon caseload is a critical factor and ideally 

needs to be ≥ 30 cases/year which can be achieved by sticking to the recommended surgical 

indications. Additionally cementless fixation (all Twin Peg) has proven to lower revision rates 

independently of surgeon caseload. Using Microplasty instrumentation can help to further 

improve these results. Therefore the conclusion of this thesis is that surgeons should adhere to 

the recommended indications thereby achieving a high caseload and should use cementless 

fixation with Microplasty instrumentation. This should allow 10 year implant survivals 

similar to TKR and allow more patients benefit from the known advantages of UKRs 

including reduced mortality and better functional outcomes. 

 

 

Two problems relating to bearing fracture and tibial plateau fractures from the analyses were 

identified and studied in detail. This thesis has shown that with a minimally invasive 

technique, higher levels of polyethylene wear occur, which may lead to bearing fracture. A 

definite reason for this higher wear has not been identified and therefore suggest the use of 

highly crosslinked polyethylene with vitamin E to address this. However an RSA study will 

be needed to investigate these bearing’s wear rates. New surgical instrumentation (New 

blade) was developed to address tibial plateau fractures by reducing the forces required to seat 

the tibial component without compromising fixation. This instrumentation has been 

introduced clinically and has anecdotally reduced the fracture rate.  
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APPENDIX 2 
 

A2.1 Ovid Medline search strategy 
 
1     exp knee arthroplasty/  
2     "knee replace*".ti,ab.  
3     "knee arthroplasty".ti,ab.  
4     "knee reconstruction".ti,ab.  
5     1 or 2 or 3 or 4  
6     partial.ti,ab.  
7     unicompartmental.ti,ab.  
8     unicondylar.ti,ab.  
9     uni.ti,ab.  
10     UKA.ti,ab.  
11     UKR.ti,ab.  
12     UCA.ti,ab.  
13     UCR.ti,ab.  
14     PKA.ti,ab.  
15     PKR.ti,ab.  
16     PCA.ti,ab.  
17     Oxford.ti,ab.  
18     meniscal.ti,ab.  
19     mobile.ti,ab.  
20     6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19  
21     5 and 20  
22     1 and 20  
23     21  
24     limit 23 to yr="2008 -Current"  
25     exp treatment outcome/  
26     exp follow up/  
27     (ten or "10-year" or "10 year" or "10year").ti,ab.  
28     (fifteen or "15-year" or "15 year" or "15year").ti,ab.  
29     long*.ti,ab.  
30     25 or 26 or 27 or 28 or 29  
31     5 and 20 and 30  
32     31  
33     limit 32 to yr="2008 -Current"  
34     33  
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35     medial.mp. [mp=title, abstract, original title, name of substance word, subject heading word, 
keyword heading word, protocol supplementary concept word, rare disease supplementary concept 
word, unique identifier]  
36     34 and 35  
37     exp Cohort Studies/  
38     25 or 27 or 28 or 29 or 37  
39     5 and 20 and 35 and 38  
40     39  
41     limit 40 to yr="2008 -Current"  

 
 
 

 
A2.2 EMBASE search strategy 
 
1     exp knee arthroplasty/  
2     "knee replace*".ti,ab.  
3     "knee arthroplasty".ti,ab.  
4     "knee reconstruction".ti,ab.  
5     1 or 2 or 3 or 4  
6     partial.ti,ab.  
7     unicompartmental.ti,ab.  
8     unicondylar.ti,ab.  
9     uni.ti,ab.  
10     UKA.ti,ab.  
11     UKR.ti,ab.  
12     UCA.ti,ab.  
13     UCR.ti,ab.  
14     PKA.ti,ab.  
15     PKR.ti,ab.  
16     PCA.ti,ab.  
17     Oxford.ti,ab.  
18     meniscal.ti,ab.  
19     mobile.ti,ab. 
20     6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18 or 19  
21     5 and 20  
22     1 and 20  
23     21  
24     limit 23 to yr="2008 -Current"  
25     exp treatment outcome/  
26     exp follow up/  
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27     (ten or "10-year" or "10 year" or "10year").ti,ab.  
28     (fifteen or "15-year" or "15 year" or "15year").ti,ab.  
29     long*.ti,ab.  
30     25 or 26 or 27 or 28 or 29  
31     5 and 20 and 30  
32     31  
33     limit 32 to yr="2008 -Current"  
34     33  
35     medial.mp. [mp=title, abstract, heading word, drug trade name, original title, device 
manufacturer, drug manufacturer, device trade name, keyword, floating subheading] (144350) 
36     33 and 35  
 
 
 
A2.3 CENTRAL search strategy 
 
 
ID Search Hits 

#1 MeSH descriptor: [Arthroplasty, Replacement, Knee] explode all trees  

#2 "knee replace*"   

#3 "knee arthroplasty"   

#4 "knee reconstruction"  

#5 #2 or #3 or #4 or #1   

#6 partial or unicompartmental or unicondylar or uni or UKA or UKR or UCA or UCR or 

PKA or PCR or Oxford or meniscal or mobile  

#7 medial   

#8 #5 and #6 and #7  
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A2.4 Abstracts from Oxford Partial Knee 40 Year Symposium 
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A2.5 Additional tables for Chapter 2 

 

 

Table A1. List of excluded studies from systematic review with reasons. 

 

 

 

 

 

 

 

 

 

  

Study  Year Country Reason for exclusion 

Kumar et al.333 2015 United Kingdom Uses subgroup of cohort 

completely used in Pandit et 

al.82. 

Hamilton et al.249 2016 United Kingdom Uses subgroup of cohort 

completely used in Pandit et 

al.82. 

Mercier et al.334 2010 France Study using the Oxford phase 

2 prosthesis. 

Price et al.230 2011 Sweden/United 

Kingdom 

Uses cohort of Oxford phase 

1,2 and 3. Reports results of 

all implants combined. 

Faour-Martin et al.335 2015 Spain Uses subgroup previous cohort 

from Faour-Martin et al.163.  

Emerson et al.336 2008 USA Cohort using the Oxford Phase 

2 implant 

Pandit et al.337 2010 United Kingdom  Uses same cohort as more 

recent paper published247. 

Jones et al.338 2012 United Kingdom Uses same cohort as paper 

published by Bottomley et 

al.159. 
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Study No of 

revisions 

Causes of revisions No of 

reoperations 

Causes of 

reoperations 

No of non-

revision 

reoperations  

Alnachoukati et al.158 93 19 tibial loosening  

5 tibial and femoral 

loosening  

6 tibial collapse  

22 arthritic 

progression 

2 tibial overload  

1 loose body 

removal  

7 femoral loosening   

13 unknown  

5 bearing 

dislocation  

1 tibial fracture 

1 instability  

1 car accident   

1 infection   

3 pain   

1 RA  

3 chronic 

haemarthrosis  

2 polywear 

impingement 

n.r n.r n.r 

Aly et al.157 2 2 revisions to TKR 

(1 fracture of 

medial tibial 

plateau after fall, 1 

aseptic lossening) 

n.r n.r n.r 

Bottomley et al.159 46 12 aseptic 

loosening  

13 lateral 

progression 

7 infection 

5 unexplained pain  

7 bearing 

dislocation 

1 tibial fracture  

1 unknown 

69 Same as 

revisions. 

Additionally:  

15 

exploratory 

arthroscopy 

3 washout of 

wound and 

evac of 

haematoma 

3 MUA 

1 excision 

wound 

neuroma 

1 open 

exploration 

impingement 

23 

Campi et al.160 25 11 progression of 

arthritis in lateral 

compartment 

7 bearing 

dislocation 

2 tibial fractures 

29 Revisions 

plus; 

2 washout 

1 MUA 

1 

Arthroscopy 

4 
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2 tibial component 

loosening 

1 persistent pain  

1 impingement  

1 ACL tear 

Edmonson et al.161 26 9 Lateral 

compartment OA 

5 Combination of 

lateral and 

patellofemoral OA 

6 Aseptic loosening  

4 Dislocated 

bearing  

2 Unexplained 

medial pain   

29 Revisions 

plus  

1 washout 

2 MUA 

3 

Emerson et al.158 20 3 chronic 

haemarthrosis 

2 loose femoral 

components 

2 loose tibial 

components 

9 progression of 

OA in lateral 

compartment  

1 bearing 

dislocation 

1 polyethylene 

wear 

2 unknown 

n.r n.r n.r 

Faour-Martin et al.163 29 15 infection  

2 bearing exchange  

8 persistent pain  

4 aseptic loosening 

tibial component 

31 Revisions 

plus  

2 MUA 

2 

Kendall et al.164 29 6 unexplained pain  

5 lateral OA 

5 tibial component 

loosening  

3 tibial and femoral 

component 

loosening  

1 Femoral 

loosening  

1 Infection 

2 single stage 

bearing exchange 

with debridement 

for infection 

6 arthrotomy with 

bearing exchange 

38 Revisions 

plus  

1 femoral 

reimplantatio

n for 

dislocation 

5 MUA 

3 wound 

revisions 

9 

Kornilov et al.166 19 8 loosening of tibial 

component,  

3 Periprosthetic 

joint infection, 

2 OA progression, 

21 Revisions 

plus 

1 lateral 

meniscus 

tear 

2 
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3 fracture of medial 

tibial/femoral 

condyle, 

2 bearing 

dislocation with 

ACL and MCL 

rupture 

1 complete rupture 

ACL and MCL  

1 loose body 

formation 

Kim et al.165 16 7 bearing 

dislocations 

1 bearing wear and 

breakage  

1 MCL rupture 

with bearing 

dislocation  

3 Femoral 

component 

loosening 

1 Femoral and 

tibial component 

loosening  

1 Component 

loosening with 

bearing dislocation 

1 Tibial condylar 

fracture  

1 Infection 

n.r n.r n.r 

Kristensen et al.167 51 8 aseptic loosening 

of tibial component  

1 aseptic loosening 

of femoral 

component  

2 aseptic loosening 

of both components 

14 Progressive OA 

in lateral 

compartment 

2 Progression of 

retropatellar OA 

10 Pain without 

loosening  

4 Deep infection 

2 Periprosthetic 

fracture  

2 Malposition  

4 Instability  

2 Other 

n.r n.r n.r 

Lisowski et al.168 11 4 pain  

6 disease 

progression 

laterally 

1 bearing 

dislocation 

n.r n.r n.r 
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Pandit et al.82 52 25 Progressive OA 

in lateral 

compartment 

7 bearing 

dislocation 

7 unexplained pain 

1 unknown 

6 infection 

1 ACL injury 

1 ANV lateral 

femoral condyle  

1 Tibial 

malposition 

1 aseptic loosening 

femur 

1 aseptic loosening 

tibia 

1 instability 

n.r n.r n.r 

White et al.169 16 6 progressive 

arthritis 

4 instability 

3 unexplained pain  

1 aseptic loosening  

1 infection  

1 periprosthetic 

fracture 

n.r n.r n.r 

Yoshida et al.170 25 1 bearing rotation,  

2 periprosthetic 

fracture tibia,  

9 bearing 

dislocation,  

12 tibial subsidence 

of component,  

1 progression 

lateral OA 

n.r n.r n.r 

TOTAL: 460 

revisions 

out of 

8658 

cases 

(5.3%) 

 217 

reoperations 

out of 3734 

cases 

(5.8%) 

 43 non 

revision 

reoperations 

out of 3734 

cases (1.2%) 

 

Table A2. Specific reasons for revision and reoperations in all included studies for systematic 

review.  
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APPENDIX 3 
 

A3.1 Operation proforma collected for each patient  
 

 



 297 

A3.2 PROMs questionnaires used for study 

Oxford Knee Score questionnaire 
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American Knee Society Score questionnaire 
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Tegner Activity Score questionnaire  
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A3.3 Letter from Research Ethics Committee 
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APPENDIX 4 
 

A4.1 NJR approval letter 
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A4.2 NJR patient consent form  

 

 

 



 305 

 
 
 
 
 
 



 306 

A4.3 NJR data collection form 
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APPENDIX 5  
 
 
A5.1 Ovid Medline search strategy  
 

1     Knee/ or exp Knee Joint/ or Osteoarthritis, Knee/  

2     knee*.tw.  

3     1 or 2  

4     Knee Prosthesis/ or Arthroplasty, Replacement, Knee/ 

5     (knee* and (arthroplast* or implant* or replace* or prosthe* or endoprosthe*)).tw. 

6     4 or 5  

7     "Prostheses and Implants"/  

8     3 and 7  

9     6 or 8  

10     Cementation/  

11     Bone Cements/  

12     exp Hydroxyapatites/  

13     (cement* or uncement* or hydroxyapatite or durapatite or hybrid or porous* or coat* or 

press-fit* or fixation or implant*).tw.  

14     10 or 11 or 12 or 13  

15     9 and 14  

16     15  

17     limit 16 to english language  

18     Osteoarthritis, Knee/  

19     osteoarthr*.tw.  

20     18 or 19  

21     17 and 20 

 

 

A5.2 Embase search strategy 
 

1     knee/  

2     knee*.tw.  

3     1 or 2  

4     exp knee arthroplasty/  

5     exp knee prosthesis/  

6     (knee* adj2 (arthroplast* or implant* or replace* or prosthe* or endoprosthe*)).tw.  

7     4 or 5 or 6  

8     exp implantation/  

9     3 and 8  

10     7 or 9  

11     cementation/  

12     hydroxyapatite/  

13     (cement* or uncement* or hydroxyapatite or durapatite or hybrid or porous* or coat* or 

press-fit* or fixation or implant*).tw.  

14     11 or 12 or 13  

15     knee osteoarthritis/  

16     (knee and osteoarthr*).ti,ab.  

17     15 or 16  

18     10 and 14 and 17  
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19     18  

20     limit 19 to english language  

 

 

 

A5.3 Central search strategy  
 

ID Search Hits 

#1 MeSH descriptor: [Knee] explode all trees  

#2 MeSH descriptor: [Knee Joint] explode all trees  

#3 knee*  

#4 #1 OR #2 OR #3  

#5 MeSH descriptor: [Arthroplasty, Replacement, Knee] explode all trees  

#6 MeSH descriptor: [Knee Prosthesis] explode all trees 

#7 (knee* and (arthroplast* or implant* or replace* or prosthe* or endoprosthe*)) 

#8 #5 OR #6 OR #7 

#9 MeSH descriptor: [Prostheses and Implants] explode all trees 

#10 #4 AND #9 

#11 #8 OR #10 

#12 MeSH descriptor: [Cementation] explode all trees 

#13 MeSH descriptor: [Bone Cements] explode all trees 

#14 MeSH descriptor: [Durapatite] explode all trees 

#15 (cement* or uncement* or hydroxyapatite or durapatite or hybrid or porous* or coat* 

or press-fit* or fixation or implant*) 

#16 #12 OR #13 OR #14 OR #15 

#17 osteoarthr* 

#18 #11 AND #16 AND #17 
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APPENDIX 6 
 

A6.1 Additional tables for Chapter 4.2  
 

Study No of 
revisions  

Details of revisions  

Cemented studies 
 

Alnachoukati et al. (2018)235  93 19 tibial loosening, 5 tibial and femoral loosening, 6 tibial 

collapse, 22 arthritis progression, 2 tibial overload, 1 loose 

body removal, 7 femoral loosening, 13 unknown, 5 

bearing dislocation, 1 tibial fracture, 1 instability, 1 car 

accident, 1 infection, 3 pain, 1 RA, 3 chronic 

haemarthrosis, 2 polywear impingement 

Aly et al. (2010)157  2 1 fracture of medial tibial plateau, 1 aseptic loosening 

Argenson et al. (2013)231  19 9 OA progression, 2 aseptic loosening, 3 patellafemoral 

prosthesis because of OA progression, 5 polyethylene 

wear 

Chattelard et al. (2013)232  14 5 loosening, 5 tibial component wear, 2 lateral OA, 2 

infection 

Edmonson et al. (2015)161  26 9 Lateral compartment OA 

5 Combination of lateral and patellofemoral OA 

6 Aseptic loosening  

4 Dislocated bearing  

2 Unexplained medial pain   

Emerson et al. (2016)158  20 3 chronic haemarthrosis 

2 loose femoral components 

2 loose tibial components 

9 progression of OA in lateral compartment  

1 bearing dislocation 

1 polyethylene wear 

2 unknown 

Faour Martin et al. (2013)163  29 15 infection  

2 bearing exchange for dislocation 

8 persistent pain  

4 aseptic loosening tibial component 

Foran et al. (2013)233  3 2 patellofemoral and lateral OA, 1 lateral OA 

Kim et al. (2015)165  16 7 bearing dislocations 

1 bearing wear and breakage  

1 MCL rupture with bearing dislocation  

3 Femoral component loosening 

1 Femoral and tibial component loosening  

1 Component loosening with bearing dislocation 

1 Tibial condylar fracture  

1 Infection 

Kristensen et al. (2013)167  51 8 aseptic loosening of tibial component  

1 aseptic loosening of femoral component  

2 aseptic loosening of both components 

14 Progressive OA in lateral compartment 

2 Progression of retropatellar OA 

10 Pain without loosening  

4 Deep infection 

2 Periprosthetic fracture  

2 Malposition  
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4 Instability  

2 Other 

Lim et al. (2018)237 11 2 aseptic loosening, 6 OA progression, 1 poly fracure, 1 

poly wear and progressive arthritis, 1 medial condylar 

fracture 

Lisowiski et al. (2016)168  11 4 pain  

6 disease progression  

1 bearing dislocation 

Pandit et al. (2015)82  52 25 Progressive OA in lateral compartment 

7 bearing dislocation 

7 unexplained pain 

1 unknown 

6 infection 

1 ACL injury 

1 ANV lateral femoral condyle  

1 Tibial malposition 

1 aseptic loosening femur 

1 aseptic loosening tibia 

1 instability 

 

Schlueter-Brust et al. 

(2014)234  

(cemented arm) 

7 4 pain, 3 bearing dislocation 

Song et al. (2016)240 3 1 tibial plateau fracture, 1 tibial plateau collapse, 1 pain 

Venkatesh et al. (2016)239 7 4 unexplained pain, 2 aseptic loosening, 1 poly wear 

White et al. (2018)236  16 6 progressive arthritis, 4 instability, 3 unexplained pain, 1 

aseptic loosening of tibia, 1 infection, 1 periprosthetic 

fracture 

Winnock de Grave et al. 

(2018)238 

11 4 infection, 2 lateral pain and overload, 2 pain and patellar 

chondropathy, 2 lateral OA, 1 synovitis 

Yoshida et al. (2013)170  25 1 bearing rotation, 2 periprosthetic fracture tibia, 9 bearing 

dislocation, 12 tibial subsidence of component, 1 

progression lateral OA 

Cementless studies 
 

Campi et al. (2018A)148  19 1 Pain, 2 tibial loosening, 5 lateral disease progression, 1 

patellofemoral dx, 2 tibial plateau fractures, 1 tibial 

overhang/impingement, 7 bearing dislocation 

Hall et al. (2013)241  7 4 aseptic loosening, 1 sepsis, 2 OA progression 

Lecuire et al. (2014)242  11 1 knee rheumatoid degeneration, 1 OA in lateral 

compartment, 1 increased pain, 1 ACL rupture, 3 

polyethylene fracture, 4 bearing exchange for wear 

Mohammad et al. (2019)171  18 7 bearing dislocation, 4 disease progression, 2 pain, 2 

infections, 1 AVN, 1 femoral component loosening, 1 

tibial plateau fracture 

Schlueter-Brust et al. 

(2014)234  

(cementless arm) 

2 1 pain, 1 bearing dislocation 

 
Table A3. The specific revision indications for the included studies for the mechanisms of 

failure analysis. 
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APPENDIX 7 
 
A7.1 Research ethics approval for RSA study  
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A7.2 Participant consent form for RSA study  
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A7.3 Participant information sheet for RSA study  
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A7.4 Participant invitation letter for RSA study  
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APPENDIX 8  
 

A8.1 Raw instrumentation measurements taken for Chapter 7 
 
 

Tibial component measured Mean width (mm)  Mean depth (mm) 
1 3.88  9.68 

2 3.83  9.65 

3 3.88  9.97 

4 3.83 9.84 

5 3.92  9.56 

Average 3.9mm (SD 0.03) 9.7mm (SD 0.16) 
 
Table A4. Tibial component measurements taken. 

 
Standard 
saw blade 
no 

Mean proximal 
blade width 

Mean middle blade 
width 

Mean distal blade 
width 

Mean blade depth 

1 2.91 2.84 2.71 11.22 

2 2.91 2.90 2.77 11.81 

3 3.0 2.81 2.68 11.82 

4 2.91 2.82 2.77 11.80 

5 2.92 2.81 2.69 11.90 

Average 2.9mm (SD 0.04) 2.8mm (SD 0.04) 2.7mm (SD 0.04) 11.7mm (SD 0.28) 
 
Table A5. Standard keel blade measurements taken. 

 
New saw 
blade no 

Mean proximal 
blade width 

Mean middle blade 
width 

Mean distal blade 
width 

Mean blade depth 

1 2.92 2.90 2.81 12.32 

2 2.93 2.90 2.83 12.42 

3 2.93 2.91 2.90 12.46 

4 2.96 2.93 2.89 12.40 

5 2.89 2.88 2.86 12.46 

Average 2.9mm (SD 0.03) 2.9mm (SD 0.02) 2.9mm (SD 0.04) 12.4mm (SD 0.06) 
 
Table A6. New keel blade measurements taken.  

 
Surgical adjunct tool Mean width Mean depth 
Pick  3.3 mm (SD 0.01) 11.4 mm (SD 0.09) 

Rasp 3.0 mm (SD 0.01) 10.0 (SD 0.2) 

 
Table A7. Pick and Rasp measurements taken. 
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