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Abstract

Over 2.5 million primary hip and knee replacements have been performed in England and Wales since
the inception of the National Joint Registry (NJR) in 2003. These common procedures provide a cost-
effective means of treating end-stage osteoarthritis. However, implant constructs are susceptible to
failure, which often requires revision surgery. The revision-free survival of a joint replacement is a
commonly used measure of surgical performance.

Hip and knee replacements are performed by surgeons of different grades with varying levels of
supervision. It is not known if total hip replacements (THRs), total knee replacements (TKRs), or
unicompartmental knee replacements (UKRs) performed by trainees last as long as those performed
by consultants. The primary aim of this thesis was to investigate the association between surgeon
grade (trainee or consultant) and implant survival following THR, TKR, and UKR.

A preliminary study using methods of evidence synthesis, found no strong evidence in the existing
literature that trainees achieve worse outcomes compared to consultants, in terms of the net survival
or crude revision rate of hip and knee replacements with 5 to 10 years follow-up. Three studies using
NJR data were conducted to investigate the association between surgeon grade, the supervision of
trainees, and the risk of all-cause revision following THR, TKR, and UKR. The indication for revision
was explored as a secondary outcome measure. A combination of statistical methods including
Kaplan-Meier, Cox regression, and flexible parametric survival analysis were employed. A final study
using a local database explored the association between surgeon grade and a range of clinical,
functional, and radiological outcome measures.

In general, the findings of this thesis support the conclusion that trainees in England and Wales
achieve comparable all-cause implant survival to consultants following THR, TKR, and UKR.
However, trainees should ideally be supervised by a scrubbed consultant when performing these
procedures.
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"In a speciality as vast as that of orthopaedics, surgeons yearn for an easy hip operation, or, if a good
operation is difficult, they hope that having mastered its performance through trial and tribulation it
should be universally applicable. The only type of operation that could ever be universal would be an
arthroplasty because this is the reconstruction of a normal joint. This type of surgery demands training
in mechanical techniques which, though elementary in practical engineering, are as yet unknown in

the training of a surgeon."

Sir John Charnley, 1959



Chapter 1 Introduction

1.1 Context of the thesis

Hip and knee replacements are common surgical interventions, primarily for the treatment of painful
degenerative conditions affecting the hip and knee, such as osteoarthritis (OA). The burden of disease
and the demand for these interventions is increasing (Ferguson et al., 2018, Price et al., 2018). This
represents a significant challenge for healthcare systems, which rely on a highly-trained surgical

workforce to meet this demand.

Surgical training programmes must train a sufficient number of surgeons to meet evolving workforce
requirements (Centre for Workforce Intelligence, 2014). The UK Trauma and Orthopaedic Surgery
curriculum mandates that trainees perform a minimum of 80 major joint replacement procedures
before specialist certification (ISCP, 2021). In this context, hip and knee replacements are performed
by surgeons of different grades, with varying levels of supervision. However, we do not know if this

is a safe practice or whether trainees achieve comparable outcomes to fully-trained consultants.

There are challenges when quantifying the safety and efficacy of surgical interventions, but objective
clinical endpoints can be useful measures of success. Hip and knee replacements are susceptible to
failure and may require revision surgery. The revision-free survival of a joint replacement is a
commonly used objective surgical outcome measure, calculated using statistical methods of survival
analysis, such as Kaplan-Meier (KM). Joint replacement registries, such as the National Joint Registry

(NJR), are a valuable source of implant survival data.

The body of work presented in this thesis concerns the outcomes of trainee-performed hip and knee
replacements. The aim is to investigate the association between surgeon grade (consultant or trainee),
the supervision of trainees, and implant survival following primary hip and knee replacement. This
introductory chapter gives a comprehensive background of the key themes of this thesis, provides an

overview of the existing literature on this subject, and establishes the aims and objectives.



1.2 Total hip replacement

Total hip replacement (THR) is a cost-effective surgical intervention for the treatment of painful
degenerative conditions of the hip joint (Daigle et al., 2012). It is estimated that over one million
THRs are performed worldwide per year (OECD, 2021), which reflects the effectiveness of THR to

improve pain, function, and quality of life in the majority of patients (Ferguson et al., 2018).

1.2.1 Epidemiology

OA is a degenerative condition that causes progressive damage to articular cartilage and the
surrounding anatomical structures, resulting in pain and disability. It affects over 250 million people
worldwide and its prevalence is increasing, which represents a worsening health and socioeconomic
burden (Hunter and Bierma-Zeinstra, 2019). The underlying aetiology of hip OA is multifactorial and
represents an interaction between biological and environmental risk factors. Major risk factors include
age, female sex, obesity, genetics, high impact activities, and conditions of joint incongruity (Hunter

and Bierma-Zeinstra, 2019).

OA accounts for over 90% of primary THRs performed in England and Wales (The National Joint
Registry, 2021a). Other indications include neck of femur fracture, avascular necrosis, and
inflammatory arthritis. The median age of patients who undergo primary THR in England and Wales
is 69 years (interquartile range [IQR] 61 to 76), and 60% of patients are female (The National Joint

Registry, 2021a).

More than 98,000 primary THRs were performed in England and Wales in 2019, and over 1.25
million have been recorded in the NJR since its inception in 2003. The number of THRs performed
per year in the UK rose by over 40% between 2009 and 2019 (The National Joint Registry, 2021a). A
recent NJR study predicts that demand for THR in the UK will rise by a further 40% by 2060
(Matharu et al., 2021). Over 500,000 primary THRs were performed in the USA in 2018 (Agency for
Healthcare Research and Quality, 2018), suggesting that the number of cases performed annually has

been rising faster than previously predicted (Kurtz et al., 2014). This reflects the growing burden of



disease and the improved provision of arthroplasty services. However, the trajectory of recovery of

these services in the wake of the COVID-19 pandemic is uncertain.

1.2.2  Historical context

The evolution of modern hip arthroplasty began in the 20™ century with pioneering attempts attributed
to Smith-Peterson, Wiles, and Charnley (Smith-Petersen, 2006, Wiles, 1958, Charnley, 1961). Sir
John Charnley’s low frictional torque arthroplasty, which was developed during the early 1960s, was
a revolutionary innovation that set the standard for the modern era of THR. Among Charnley’s
significant contributions to implant design were the use of polymethylmethacrylate (PMMA) cement
for component fixation, and the use of high-density polyethylene as a bearing material (Learmonth et
al., 2007). Robin Ling and Clive Lee built on these principles in their design of the Exeter Hip (1970).
Their collarless, polished, double-tapered stem relies on the viscoelastic properties of cement and
established the taper slip theory that is central to the design of contemporary cemented femoral
components (Fowler et al., 1988). The Exeter V40 stem (Stryker, Newbury, UK), an evolution of the
original Exeter stem, is the most commonly used femoral component in several countries, including
the UK, Australia, and New Zealand (The National Joint Registry, 2021a, AOANJRR, 2020, The

New Zealand Joint Registry, 2020).

1.2.3 Implant components

Six decades of innovation has left surgeons with a significant catalogue of THR components to
choose from. Recent evidence suggests that over 4,400 different implant construct combinations were

used for primary THR in England and Wales between 2003 and 2016 (Deere et al., 2019).

The basic components of a contemporary THR include: 1) a metal femoral stem, which is fixed within
the proximal femur and attaches to a modular head through a tapered trunnion; and 2) an acetabular
cup (with or without modular liner), which is fixed into the prepared acetabulum and articulates with
the prosthetic head. Component fixation is either cemented (cemented stem/cemented cup),
uncemented (uncemented stem/uncemented cup), hybrid (cemented stem/uncemented cup), or reverse

hybrid (uncemented stem/cemented cup). Cemented implants use PMMA for fixation, whereas



uncemented implants typically rely on initial press-fit fixation and subsequent osseointegration. A
combination of head and cup/liner materials defines the bearing surface. Metal-on-polyethylene,
ceramic-on-polyethylene, and ceramic-on-ceramic are the most commonly used bearing surfaces in

the UK (The National Joint Registry, 2021a).

Incremental developments have refined the components that we use today in an attempt to improve
longevity by mitigating the risk of failure due to loosening, lysis, wear, and instability. However,
some innovations, such as the use of metal-on-metal bearing surfaces on stemmed prostheses, have
had catastrophic consequences. These designs gained popularity due to perceived tribological
advantages that allowed larger head sizes to be used, thereby reducing dislocation rates. However,
registry analyses identified strong associations between the use of stemmed metal-on-metal implants

and high failure rates (Smith et al., 2012b, Hunt et al., 2018).

A network meta-analysis has suggested that newer implant combinations are no better than a
reference implant combination (small head (<36mm) cemented metal-on-polyethylene), in terms of
risk of revision or Harris hip score (HHS) following primary THR (Lopez-Lopez et al., 2017). Fawsitt
et al. conducted a cost-effectiveness analysis using NJR and Swedish Hip Arthroplasty Register
(SHAR) data to compare the cost-effectiveness of various implants against small head (<36mm)
cemented metal-on-polyethylene implants. They found that the cheapest implants (small head
cemented metal-on-polyethylene) were the most cost-effective for patients over the age of 65. In
contrast, small head cemented ceramic-on-polyethylene implants were the most cost-effective for

patients under the age of 65 (Fawsitt et al., 2019).

1.3 Knee replacement

Over 100,000 knee replacements are performed per year in the UK alone, owing to the reduced pain
and improved function experienced by the majority of patients (Price et al., 2018, The National Joint
Registry, 2021a). The two main types of knee replacement include total knee replacement (TKR) and
unicompartmental knee replacement (UKR); the use of each is typically dependent on the pattern of

disease, surgeon expertise, and patient choice.



1.3.1 Epidemiology

It is estimated that knee OA accounts for approximately 85% of the burden of OA worldwide (Hunter
and Bierma-Zeinstra, 2019). The underlying aetiology is multifactorial and represents an interaction
between biological and environmental risk factors. Moderate to strong risk factors include increasing
age, female sex, obesity, high-impact sports, and previous trauma (Hunter and Bierma-Zeinstra,
2019). OA is the indication for more than 95% of knee replacements performed in the UK (The
National Joint Registry, 2021a). Estimates using data from the UK Clinical Research Practice
Datalink (CRPD) suggest that the lifetime risk of TKR in men and women over the age of 50 is 7.7%

and 10.6%, respectively (Culliford et al., 2012).

The number of primary TKRs performed in England and Wales increased from 61,000 in 2009 to
90,000 in 2019 (The National Joint Registry, 2021a). Conservative estimates suggest that this will
increase to 118,000 by 2035 (Culliford et al., 2015), but these do not consider the recent impact of
COVID-19 (The National Joint Registry, 2021a). Perhaps the most striking trend is the increased
utilisation rates in younger patients, which is of particular concern given the increased risk of revision

in patients who undergo primary TKR at a younger age (Pabinger et al., 2015, Bayliss et al., 2017).

Using CRPD data, Bayliss et al. demonstrated that patients aged <60 years at primary surgery have a
significantly increased lifetime risk of revision. This effect is particularly pronounced for men who
undergo TKR aged 50-55 years, who have an estimated lifetime risk of revision of 24%. This
observation, combined with the increasing number of knee replacements performed per year, poses a

significant and increasing burden for healthcare systems (Bayliss et al., 2017).

1.3.2 Historical context

Gunston is credited with establishing the concept of condylar TKR. His polycentric knee replacement
established the following basic principles: 1) a metal femoral component that articulates with a
polyethylene tibial component; 2) PMMA cemented fixation; 3) minimal bone resection; 4) stability
primarily provided by native soft tissue balance; and 5) preservation of a physiological range of

movement (Gunston, 1971). The evolution of TKR technology throughout the 1970s produced



implants with varying levels of constraint, different methods of fixation, and the option for patellar
resurfacing. Continued incremental advances in design have led to the development of contemporary

TKR constructs with excellent long-term survivorship (Evans et al., 2019b).

The concept of UKR was introduced in the 1950s with medial tibial plateau resurfacing designs
(McKeever, 2005, Maclntosh and Hunter, 1972). Early UKR designs, including the Marmor and the
St. Georg sled, were introduced in the 1970s and utilised fixed bearing tibial components (Marmor,
1979, Engelbrecht et al., 1976). Goodfellow and O’Connor subsequently developed the Oxford Partial
Knee, which uses a mobile sliding bearing to provide a large contact area and facilitate efficient load

transmission through a physiological range of movement (Goodfellow and O'Connor, 1978).

1.3.3 Implant components
1.3.3.1 Total knee replacement

The basic components of a contemporary primary TKR include: 1) a metal femoral component; 2) a
tibial component, which is either modular with a metal baseplate and polyethylene insert, or
monobloc polyethylene; and 3) an optional polyethylene patellar resurfacing. Variations in implant
design allow surgeons to specify the method of fixation (cemented, uncemented, or hybrid), the level

of constraint, bearing mobility (fixed or mobile), and whether or not the patella is resurfaced.

Constraint is a spectrum, which describes the level of stability and the freedom of movement
conferred by the articulation between the tibial and femoral components. For example, the level of
constraint varies depending on whether the posterior cruciate ligament is preserved (cruciate-
retaining) or sacrificed (posterior-stabilised) during the operation. Cruciate-retaining and posterior-
stabilised implants are the most commonly used TKR designs in England and Wales (The National
Joint Registry, 2021a). Bearing mobility describes whether the polyethylene tibial insert is mobile or
fixed within the baseplate. The patella may be selectively resurfaced during TKR. However, recent
evidence suggests that performing TKR without patellar resurfacing is associated with an increased
risk of revision, and secondary resurfacing is associated with a high risk of re-revision (Hunt et al.,

2021b).



1.3.3.2  Unicompartmental knee replacement

The majority of UKRs performed in the UK involve the medial compartment, 5 to 10% involve the
lateral compartment, and 1% involve the patellofemoral joint (The National Joint Registry, 2021a,
Scott, 2005). In this thesis, the term UKR refers to arthroplasty of the medial or lateral compartment;
alternative terms used in the literature include partial knee replacement and unicondylar knee
replacement. The basic components of a UKR include: 1) a metal femoral component; and 2) a tibial
component, which is typically modular with a metal baseplate and polyethylene insert. The main
variations in implant design include the method of fixation (cemented, uncemented, or hybrid),
bearing mobility (fixed or mobile), and laterality (medial or lateral). There is an ongoing debate on the
relative merits of different UKR designs, particularly with regards to fixation and bearing mobility

(Mohammad et al., 2021, Abu Al-Rub et al., 2020).

End-stage medial compartment OA can be treated with either TKR or UKR. While fewer than 10% of
knee replacements in the UK are unicompartmental, it is estimated that up to 47% of patients have
isolated medial compartment disease and may be eligible for either implant (Beard et al., 2019).
Reported advantages of UKR over TKR include superior functional outcomes, reduced length of stay,
fewer medical complications, greater cost-effectiveness, and lower mortality (Wilson et al., 2019,
Beard et al., 2019). However, UKR revision rates are considerably higher than primary TKR revision
rates and may have a higher risk of revision if performed by low-volume surgeons (Baker et al., 2013,

Liddle et al., 2016).

1.4 Surgical training

The aim of surgical training is to develop competent surgeons who are capable of safe independent
practice. Contemporary surgical training programmes aim to achieve this by ensuring an appropriate
balance between service provision and training, by professionalising trainers, and by providing a
learning environment that supports trainees to meet the requirements of a competency-based
curriculum (The Royal College of Surgeons of England, 2015). Furthermore, they must ensure that a

sufficient number of surgeons are trained in order to meet projected workforce requirements (The



British Orthopaedic Association, 2021, Centre for Workforce Intelligence, 2014). This section gives
an overview of the current practice and regulatory structure of orthopaedic training in the UK. It aims
to give insight into the learning environment in which surgeons in the UK are trained to perform hip

and knee replacements.

1.4.1 Orthopaedic training in the United Kingdom
1.4.1.1 Recent historical context

Surgical training in the UK before the 1990s typically relied on an apprenticeship-based model.
Progression through the traditional hierarchy of grades was generally based on local service provision
requirements and the informal reports of supervising consultants (Hurreiz, 2019). Concerns about
protracted training programmes, which consisted “of mainly unsupervised service; and unstructured,
unreliable, and invalid feedback on the grapevine” (Hunter and McLaren, 1993), and reports of
unacceptably low levels of supervision were commonplace (Collins, 1999, Lourie, 1999, Lourie,
1998, Wilson, 1997). Significant reforms to the structure of postgraduate surgical training in the UK
were prompted by a growing concern for patient safety, the need to meet evolving workforce
demands, and limitations to working hours introduced by the European Working Time Directive

(EWTD) (Kelly and Canter, 2007, Purcell Jackson and Tarpley, 2009, Carr et al., 2002).

The 1993 Calman report recommended the introduction of a Certificate of Completion of Training
(CCT) as a definitive educational endpoint, clearly defined curricula, and greater emphasis on
assessment and feedback (Calman et al., 1999, Hurreiz, 2019). The Modernising Medical Careers
(MMC) initiative (2005) saw the introduction of the Foundation Programme, Specialty Training, and
new competency-based methods of assessment (Health et al., 2003, Kelly and Canter, 2007). The
Shape of Training Review (2013) has continued the evolution of surgical training in the UK into its

current form (Greenaway, 2013).

1.4.1.2  Current practice

On graduating from medical school, newly qualified doctors commence the 2-year Foundation

Programme (F1-F2), in which they rotate through placements in a variety of medical and surgical



specialties. During this time, aspiring surgeons build a portfolio to support their application to Core
Surgical Training (CST); a 2-year basic surgical training programme. Admittance to CST is by a
competitive national selection process. Applicants are selected based on interview performance and
achievement in the following areas: higher degrees; teaching qualifications; presentations and
publications; involvement in quality improvement projects; and professional examinations (Health

Education England, 2021).

Second-year CSTs who have completed the Membership of the Royal College of Surgeons (MRCS)
examination are eligible to apply to Specialty Training, admittance to which is based on a further
national selection process. Successful applicants are issued a National Training Number (NTN) and
allocated to a regional training deanery based on preference and interview ranking. Specialty Training
in Trauma and Orthopaedic Surgery (T&O) is typically a 6-year programme (ST3-ST8), during which
trainees rotate through subspecialty placements on a 6-monthly basis. T&O trainees who have
completed ST6 are eligible to sit the examination for Fellowship of the Royal College of Surgeons
(FRCS), which is mandatory for subsequent CCT. A schematic summary of the stages of training in

the UK is illustrated in Figure 1 (Fitzgerald et al., 2012).

Figure 1 - Schematic overview of surgical training in the UK. Adapted from: Fitzgerald JEF et al. (2012).
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The UK curriculum is produced by the Specialty Advisory Committee (SAC) and implemented
through the Intercollegiate Surgical Curriculum Programme (ISCP) (JCST, 2020). It provides a
framework for training up to the expected level of a “day-one consultant”. The current T&O
curriculum assesses nine Generic Professional Capabilities (GPCs) and five Capabilities in Practice

(CiPs), which are summarised in Appendix 1 (ISCP, 2021).

A trainee’s competence is assessed continuously through the completion of workplace-based
assessments (WBASs), which take three main forms: case-based discussion (CBD); clinical evaluation
exercise (CEX); and procedure-based assessment (PBA). For each WBA, the trainee is awarded a
score from level 1-4, based on the supervising consultant’s judgement of the trainee’s competence in

the corresponding area of the curriculum.

PBAs were developed by the British Orthopaedic Association and the T&O SAC as part of the
Orthopaedic Competence Assessment Project (Howells et al., 2008). They form an integral part of the
T&O curriculum for the assessment of operative competence and have been adapted for use in all
surgical specialties. An example of a PBA for primary THR is included in Appendix 2, along with a
detailed summary of the rating system. The T&O curriculum defines an indicative number of 1,800
operations that trainees must perform before CCT. This includes 13 index procedures, including hip
and knee replacements, for which trainees must achieve an indicative number and demonstrate level 4

competency (Appendix 3).

Training progress is formally assessed at the Annual Review of Competence Progression (ARCP),
where trainees are required to demonstrate to a panel of experienced trainers that they have met their
annual training requirements. On completion of Specialty Training, T&O trainees are recommended
to the General Medical Council (GMC) for CCT based on minimum requirements for certification.
Orthopaedic training in the UK is longer in duration and has the highest standards in terms of
minimum operative experience compared to other countries, including the USA, Canada, Australia,

and the European Union (Tahir et al., 2021).
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1.4.1.3  Regulation of training

The regulatory structure of surgical training in the UK involves several key stakeholders. The GMC is
the regulatory body for postgraduate medical training in the UK. It is responsible for setting the
standards for postgraduate curricula and admitting clinicians to the Specialist Register; a register of
doctors with a CCT who are eligible for consultant practice in the National Health Service (NHS)

(General Medical Council, 2021a).

The Joint Committee on Surgical Training (JCST) acts on behalf of the four surgical Royal Colleges
of the UK and Ireland. It is the parent organisation for the ten SACs, which work with the JCST to
determine the content, structure, and implementation of training programmes. Through the SACs, the
JCST develops curricula and is responsible for recommending appropriately qualified candidates for

admission to the GMC Specialist Register (General Medical Council, 2021b).

The curriculum is implemented through the ISCP; an online portal through which trainees document
their progress throughout the training programme (JCST, 2020). Implementation of the curriculum is
delivered at a regional level by the Schools of Surgery, which are managed by Local Education
Training Boards under the umbrella of NHS Health Education England (or equivalent in the devolved

nations).

1.4.1.4  Surgical skills training

Purcell Jackson estimated that it takes 20,000 hours to train a surgeon (Purcell Jackson and Tarpley,
2009). The reduction of time in training due to MMC and the EWTD was met with concerns that
trainees were completing training having performed significantly fewer operations, including hip and
knee replacements, than their predecessors (Nzeako and Back, 2016, Sher et al., 2005). Lord Darzi
has suggested that “It is no longer acceptable, or appropriate, for students at any level of training to
practice new skills on patients, even if they have a patient's explicit consent (Aggarwal and Darzi,
2006).” Such factors have driven reforms to training programmes and advances in alternative methods

used to train inexperienced surgeons (e.g. simulation and virtual reality technology).
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The UK T&O curriculum outlines how surgical skills training within clinical practice should progress
according to the following framework: 1) trainee observes trainer; 2) trainee assists trainer; 3) trainee
is supervised by trainer; and 4) trainee operates independently with easy access to trainer. It states that
trainees should have the opportunity for increased autonomy without compromising safe and effective
patient care. There should be a gradual reduction in the level of supervision and an increase in case
complexity until the level of competence for independent practice is acquired. It emphasises the
fundamental role of supervision in the delivery of safe and effective training, and that the ultimate
responsibility for the quality of patient care lies with the supervising consultant (ISCP, 2021, General
Medical Council, 2021b). Trainees in the UK are required to record the level of supervision for
operations they have performed using the following codes: supervised — trainer scrubbed (S-TS);
supervised — trainer unscrubbed (S-TU); performed (P); and training more junior trainee (T). Full

descriptions of these supervision codes are included in Appendix 4.

Simulation training is recommended as an adjunct to supervised clinical training in the UK (ISCP,
2021). This encompasses several formats, including Sawbone models, cadaveric workshops,
arthroscopic simulators, and virtual reality training. Evidence from randomised controlled trials
(RCTs) supports the efficacy of arthroscopic simulation, which has been shown to improve the
technical performance of trainees in the operating theatre (Polce et al., 2020, Howells et al., 2008).
Furthermore, recent studies have demonstrated that virtual reality simulation can improve trainee

performance in THR (Logishetty et al., 2019, Logishetty et al., 2020).

1.4.2 Defining a surgeon’s level of experience: clarification of terminology

Surgical experience is a broad term which encompasses several definitions. This thesis focuses on the
specific exposure variable ‘surgeon grade’. Therefore, it is important to distinguish between the

alternative measures of surgical experience that have been used in the orthopaedic literature.

1.4.2.1 Surgeon grade

The term ‘surgeon grade’ is a commonly used measure of surgical experience, which is used to define

a surgeon’s designated level of training (e.g. trainee or consultant). In the UK, consultants have been
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awarded a CCT and appointed to a senior clinical position in which they can be responsible for the
supervision of trainees. The term ‘consultant’ is equivalent to ‘attending’, which is used in several
healthcare settings, including North America. In the context of surgical training, the term ‘trainee’
refers to a postgraduate surgical trainee, who practices under the supervision of a consultant (or

international equivalent).

In the existing orthopaedic literature, ‘surgeon grade’ has been used as a binary variable to describe
whether a procedure has been performed by a trainee or a consultant (Bottomley et al., 2016, Palan et
al., 2009, Faulkner et al., 2018, Jain et al., 2018, Reidy et al., 2016). It is also established practice for
trainee-performed procedures to be subcategorised according to whether or not a trainee was
supervised by a consultant (Inglis et al., 2013, Storey et al., 2018). Throughout this thesis, the term
‘surgeon grade’ is used as a binary variable to describe whether a procedure was performed by a

trainee or a consultant.

1.4.2.2  Surgeon volume

The term ‘surgeon volume’, which is often used interchangeably with ‘surgeon caseload’, is typically
used to describe the number of operations performed by an individual surgeon in a calendar year. In
the arthroplasty literature, it has been used to describe a surgeon’s mean annual volume (Liddle et al.,
2016, Mohammad et al., 2020), or a surgeon’s volume in the 365 days preceding an index procedure
(Sayers et al., 2020a, Ravi et al., 2014, Jolbick et al., 2019). Researchers have used several different
methodological approaches to investigate the association between surgeon volume and the risk of
revision following hip and knee replacement (Liddle et al., 2016, Sayers et al., 2020a, Ravi et al.,

2014, Baker et al., 2013).

1.4.2.3  Duration of clinical practice

Jolbéck et al. used SHAR data to define surgical experience according to a surgeon’s duration of
clinical practice. In an analysis of patient-reported outcome measures (PROMs), the authors compared

THRs performed by trainees to three other surgeon groups, defined according to the number of years
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between specialist certification and an index procedure (<8 years, 8-15 years, or >15 years) (Jolbéck

et al., 2018).

1.4.2.4 Learning curve

The term ‘learning curve’ is generally used to describe a surgeon’s rate of skills acquisition during an
early period of practice, or the minimum number of cases required for a surgeon to become
“competent” in a specific procedure. The term has been widely used in the orthopaedic literature,
including in the context of training in hip and knee replacement (Nzeako and Back, 2016, McCulloch

et al., 2021, de Steiger et al., 2015, Alvand et al., 2021).

1.5 Outcomes of hip and knee replacement

There are challenges when quantifying the safety and efficacy of a joint replacement, but implant
survival and patient-reported outcomes can be useful metrics of success. These commonly used
outcome measures can facilitate the comparative analysis of interventions, e.g. whether a joint
replacement was performed by a trainee or a consultant. In this section, implant survival and PROMs
are discussed, with the aim of introducing these common methods of measuring orthopaedic

outcomes.

1.5.1 Implant survival

Implant survival is an objective outcome measure, defined according to the absence of revision
surgery over time. This measure of implant longevity is the principal measure used in the current
benchmarking strategies for implant components and is a commonly used measure of surgical
performance. It is estimated using methods of survival analysis, which are discussed in Section 1.6 of

this introduction.

The NJR defines revision as “any operation where one or more components are added to, removed
from, or modified in a joint replacement (The National Joint Registry, 2021a).” The revision of hip
and knee replacements poses an increasingly significant clinical and economic burden. It is estimated

that by 2030 the number of revision THRs and TKRs performed in the USA will have increased by
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137% and 601%, respectively, compared to 2005 (Kurtz et al., 2007). A similar analysis of NJR data
has suggested that the volume of revision THRs and TKRs in England and Wales will have increased
by 31% and 332%, respectively, between 2012 and 2030 (Patel et al., 2015). It is predicted that the
annual cost of revision knee replacement in the USA alone will exceed $13 billion by 2030 (Bhandari

et al., 2012). These estimates emphasise the importance of implant survival as a clinical outcome.

It has been suggested that all-cause revision of any component of the construct should be the primary
endpoint of any analysis reporting joint replacement survival (Evans et al., 2019a). However,
alternative endpoints, such as the selective revision of an individual component within a construct, are
often used. Component-specific survival may be useful for manufacturers and medical device
regulators, but it assumes that the failure of one component is independent of the construct as a whole.
It can therefore give a misleading underestimate of the overall revision burden (Wylde and Blom,

2011).

There are limitations to the use of implant survival as an outcome, particularly when success is
defined by survivorship alone. It does not account for variations in the threshold for revision between
surgeons and in different healthcare settings. Furthermore, potentially eligible patients with poorly
functioning joint replacements may not be offered or may choose not to undergo revision surgery.
Thus, this outcome will not capture a proportion of patients with symptomatic joint replacements

and/or radiographic evidence of failure (Wylde and Blom, 2011).

In a study using PROMs, Wylde et al. identified that 15% of TKR patients and 6% of THR patients
reported severe-extreme persistent postsurgical pain (Wylde et al., 2011). Subsequent results of
evidence synthesis suggest that 10-34% of TKR patients and 7-23% of THR patients experience an
unfavourable long-term pain outcome (Beswick et al., 2012). Studies that use implant survival alone
will fail to capture a proportion of this subgroup of patients who experience severe persistent pain and
may feel that their joint replacement has been a failure (Murray and Frost, 1998, Bullens et al., 2001).
Therefore, additional patient-centred outcome measures are valuable and should be reported alongside

implant survival when available.
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1.5.2  Patient-reported outcome measures

Validated patient-reported outcome questionnaires offer a cost-effective, minimally intrusive means
of assessing patient-centred outcomes relating to various health-related quality of life (HRQoL)
domains. These subjective instruments can be categorised according to whether they assess generic
health, disease-specific, or joint-specific measures (Wylde and Blom, 2009). Generic measures are
designed to give a global assessment of a patient’s HRQoL. In contrast, joint-specific measures are
typically designed to be sensitive to the outcomes of joint replacement and reduce the influence of

other factors (Murray et al., 2007).

The EuroQol-5-dimension score (EQ-5D) is an example of a generic instrument, which facilitates the
assessment of general health status using five domains (mobility, self-care, usual activities, pain and
discomfort, and anxiety and depression). The EQ-5D is the most commonly used generic PROM
instrument among joint replacement registries (Bohm et al., 2021). Generic instruments are
particularly valuable in the economic evaluation of interventions, but their sensitivity can be limited

as they can fail to capture HRQoL domains relating to specific interventions.

Disease-specific measures, such as the Western Ontario and McMaster University Osteoarthritis
Index (WOMAC), are more responsive to change following hip and knee replacement compared to
generic measures such as the SF-36 (Bachmeier et al., 2001). Joint-specific measures, such as the Hip
Disability and Osteoarthritis Outcome Score (HOOS) and the Knee Injury and Osteoarthritis Outcome
Score (KOOS), have additional advantages in terms of responsiveness compared to the WOMAC
(Roos and Toksvig-Larsen, 2003, Nilsdotter et al., 2003). The Oxford Hip Score (OHS) and the
Oxford Knee Score (OKS) are additional examples of extensively used joint-specific measures

(Murray et al., 2007).

PROMs have been routinely collected by the NHS England PROM programme since 2009 (Devlin et
al., 2010). In the context of hip and knee replacement, the NHS uses a combination of generic and
joint-specific measures, including the EQ-5D, the OHS, and the OKS. PROMs are not routinely

reported by the NJR (The National Joint Registry, 2018), but it is possible to link NHS PROM records
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to the NJR. However, complete preoperative and postoperative PROMs are only linkable for a
relatively small proportion of NJR records, which is a potential source of selection bias (Sayers et al.,
2020b, Liddle et al., 2015). An important limitation of patient-reported outcome questionnaires in
general, is their susceptibility to floor and ceiling effects, which relates to the possibility for patients

to report minimum or maximum scores (Lim et al., 2015, Harris et al., 2017).

1.6  Methods of survival analysis
1.6.1 Overview

As discussed in Section 1.5, implant survival is an important and commonly used objective measure
of joint replacement outcome. Estimates of survival are calculated using statistical methods, which
consider the time taken for a well-defined failure event (e.g. revision) to occur and account for
censored data that arise due to administrative censoring, incomplete follow-up, or death (Sayers et al.,
2018). The basic statistical principles and commonly used methods of survival analysis are discussed

in more detail, with particular attention to the methods used in this thesis.

Survival analyses are characterised by the following properties: 1) they measure the occurrence of a
clearly defined binary event (e.g. revision), which may only occur in a small proportion of
participants during the study period; 2) they measure the length of time for the event to occur among
participants who may enter or exit the study at different time points; and 3) they account for censoring
due to incomplete observations, such as patients who are lost to follow-up or exit the study due to an
unrelated event (e.g. death). These methods of analysis are well suited to joint registry studies, in
which patients undergo clearly defined interventions (e.g. primary and revision procedures) at
recordable timepoints. The population of interest is predominantly elderly; therefore, in longer-term

studies, a relatively high proportion of patients will die with an unrevised prosthesis.

The KM method is the methodological workhorse of the NJR and has been commonly used for the
survival analysis of joint replacements since the late 1980s (Kaplan and Meier, 1958, Murray et al.,
1993, The National Joint Registry, 2021a). It is a non-parametric method, which estimates the net

survival function (or failure function in a one minus KM analysis) (Lambert et al., 2010). In other
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words, it estimates the probability that the event of interest has not occurred by a specified timepoint.
Confidence intervals for this estimate can be calculated using various methods (Murray et al., 1993,

Greenwood, 1926, Peto et al., 1977). The use of KM in the context of joint replacement relies on the
assumption that mortality is independent of whether or not implants are revised (i.e. the failure event

and death are non-informative).

Competing risk (CR) models are an alternative to KM in the context of joint replacement survival
analysis (Fennema and Lubsen, 2010). The use of KM has drawn criticism from proponents of CR
models (Lampropoulou-Adamidou et al., 2018, Lacny et al., 2015). However, Sayers et al. use a
simple simulation to illustrate the differences between KM and CR methods, which estimate net
survival and crude survival, respectively. Sayers emphasises that each method estimates a different

quantity, and the appropriate use of each method depends on the application (Sayers et al., 2018).

KM is useful for describing the failure rate of an implant, or comparing the failure rates between two
groups, but does not facilitate adjustment for confounding variables. A commonly used method of
adjusted survival analysis is the Cox proportional hazards (PH) model (Cox, 1972). PH models
estimate the hazard function, which represents the instantaneous risk of an event (e.g. revision) at any
time during follow-up. The exponentiated output of a PH model is the hazard ratio (HR), which is the
ratio of the hazard functions between two intervention groups. While the hazard function for either
intervention group may vary throughout follow-up, PH models assume that the ratio of hazard
functions is constant (Sedgwick and Joekes, 2015). In the context of this thesis, the HR represents the

risk of revision in one group compared to another group at any time during the study period.

If the PH assumption is not satisfied (i.e. the ratio of hazard functions varies with time) then a HR will
either overestimate or underestimate the risk of revision. Royston and Lambert describe how this
limitation of the Cox model relates to its semiparametric nature by which, “we make parametric
assumptions about the effects of covariates on the hazard function, but not about the shape of the
hazard function itself.” This limitation of the Cox model can be overcome by using alternative

methods, such as flexible parametric survival modelling (FPM), which uses restricted cubic spline
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functions to model the baseline hazard function and account for the time-dependent effects of
specified covariates (Royston and Lambert, 2011, Lambert and Royston, 2009b). This method has
been used in a number of previous NJR studies (Blom et al., 2020, Blom et al., 2021, Smith et al.,

2012b, Hunt et al., 2018).

1.6.2 Rationale for the use of net estimates of failure

Throughout this thesis, unadjusted estimates of implant failure are calculated using the KM method,
and the association between surgeon grade and the risk of revision is modelled using Cox regression
and/or FPM. These methods estimate net failure and are based solely on the hazard profile of the
event of interest (i.e. revision). An alternative approach would be to use competing risk (CR) methods
(e.g. the cumulative incidence method, or Fine and Gray models), which produce estimates of crude
failure and are based on both the hazard profile of the event of interest (i.e. revision) and the hazard of
a competing event (i.e. death). Our use of KM, Cox regression and FPM is based on the understanding
that net estimates of failure are favourable in the context of this thesis, in which we investigate the
relative risk of revision of hip and knee replacements performed by different groups of surgeons. This
notion is explored in detail in two articles on this subject, which are discussed throughout this section

(Sayers et al., 2018, Ranstam and Robertsson, 2017).

Estimates of net failure represent the risk of revision in a hypothetical immortal cohort, in which all
patients live until they experience revision. Ranstam et al. explain that “Competing risks are simply
assumed to be eliminated. An estimate of the 10-year revision risk corresponds to the risk that a
patient can expect if he or she lives that long (Ranstam and Robertsson, 2017).” Estimates of crude
failure represent the likely number of revision events that will be observed in practice, where a
proportion of patients will die during the follow-up period without undergoing revision. Sayers states
that such estimates are “a composite of both the failure of implants and the mortality process (Sayers
et al., 2018).” A key distinction between these two approaches depends on the assumptions that are

made in the censoring process.
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The use of KM in the context of joint replacement relies on the assumption that mortality is
independent of whether or not implants are revised (i.e. the failure event and death are non-
informative). The KM method was developed to account for incomplete observations due to non-
informative right censoring, e.g. death (Kaplan and Meier, 1958). Sayers et al. state that “Individuals
cease to be at risk of failure but have not failed where the reason that they cease to be at risk of failure
is completely independent of the cause of failure... Our belief in this assumption is based on the
observation that even when an implant or group of implants fail in a large number of patients, e.g.
metal-on-metal, this is not associated with any increase in pathologies, in the short term, such as
cancer that in turn may lead to an excess of mortality (Sayers et al., 2018, Smith et al., 2012a).” The
Cox method relies on independent censoring, which is less restrictive compared to non-informative
censoring, and assumes that censored patients are representative of those under observation (Ranstam

and Robertsson, 2017).

Sayers et al. present a simple simulation of implant failure, which compares the estimates of KM and
CR models in hypothetical cohorts of mortal and immortal patients. KM and CR produce statistically
unbiased estimates of net and crude failure, respectively. However, the simulation demonstrates that
the CR estimate is a biased underestimate of net failure (Sayers et al., 2018). In their article entitled
‘The Cox model is better than the Fine and Gray model when estimating relative revision risks from
arthroplasty register data’, Ranstam et al. discuss the relative merits of these two approaches. In a
simulated analysis of relative revision risk using Swedish Knee Arthroplasty Register data, they
compare the estimates of Cox models with the estimates of a Fine and Gray model. The results of this
simulation demonstrate that the Fine and Gray model underestimates the risk of revision in male
patients; an effect which is explained by the way the model accounts for the competing risk of death.
The authors conclude that the estimates of Fine and Gray models can be misleading when estimating
relative revision risks using registry data, and thus recommend using the Cox model in this context

(Ranstam and Robertsson, 2017).

Non-competing risk and competing risk methods estimate different quantities (net and crude failure,

respectively), and the method used should depend on the application and study design. Crude
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estimates of failure are useful for health system resource planning and economic projections, whereas
net estimates of failure from non-competing risk methods are preferable when estimating relative
revision risks (Sayers et al., 2018). Throughout this thesis, in which we aim to compare the risk of
revision for joint replacements performed by trainees compared to joint replacements performed by

consultants, estimates of net failure are preferable.

1.7 Joint replacement registries

Joint replacement registries, many of which operate at a national level, are the principal sources of
implant survival data. They collect patient, operation, and unit-level data for patients undergoing joint
replacement and act as an early warning system for issues relating to patient safety. NJR data are used
extensively throughout this thesis. Therefore, an introductory overview of the NJR is given here,

along with a brief discussion of the advantages and disadvantages of registry data.

1.7.1  The National Joint Registry

The NJR was established by the Department of Health in 2002 on the recommendation of the Royal
College of Surgeons of England, in response to an investigation of the high early failure rate of the
3M Cemented Capital Hip (Muirhead-Allwood, 1998, Riordan et al., 1998). The report recommended
that the primary objectives of a UK national joint registry should be to detect poorly performing
implants at an early stage, improve the quality of practice and outcomes, and restrict the uptake of

unevaluated prostheses (The Royal College of Surgeons of England, 2001).

The NJR began data collection in England and Wales in April 2003 with the following goals: to
monitor outcomes at brand, hospital, and surgeon-levels; to support quality and cost-effectiveness;
and to provide post-market implant surveillance. The NJR now collects data for England, Wales,
Northern Ireland, The Isle of Man, and The States of Guernsey. It has been managed by the
Healthcare Quality Improvement Partnership since 2008 and submission of records has been

mandatory for eligible procedures since 2011.
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The NJR links primary procedures to episodes of revision and the date of death. This process of
linkage produces time-to-event data that facilitate survival analysis. Outputs of the NJR include an
annual report of implant performance, surgeon and hospital-level reports, outlier analyses, and peer-

reviewed publications based on external research.

1.7.2  Strengths and limitations of registry data

National registry studies have several advantages (Thygesen and Ersboll, 2014). Registry data already
exist, which is economical in terms of time and financial cost. The most recent NJR annual report
contains records of over 2.6 million linked primary joint replacements with up to 17.8 years of follow-
up (The National Joint Registry, 2021a). Such large datasets give statistical power to identify rare
outcomes over a long period of follow-up. The range of patient, operation, and unit-level data
recorded by the NJR makes it possible to adjust for multiple confounding variables. Mandatory data
submission reduces the proportion of missing records. The quality of NJR data has been automatically
audited on a rolling monthly basis since 2019. In August 2021, over 97% of primary hip and knee
replacements and 95% of revision procedures were recorded in the NJR (The National Joint Registry,
2021a). This high level of compliance means that data are largely complete for the target population,

which limits selection bias and increases the generalisability of results.

Despite these strengths, registry studies have several limitations. Registry data are observational and
can identify associations but not causation. Data quality is limited by compliance and the accuracy of
input, which can result in missing records. Systematically missing data, where the absence of a record
is “not at random” and related to its value (e.g. revision), are a potential source of bias that may lead
to an underestimation of the risk of revision (Little and Rubin, 1987). However, missing NJR records
are generally considered “missing completely at random” (i.e. there is no difference between records
with missing data and records with complete data). The pattern of missingness of NJR data is
discussed in more detail in Section 1.7.3. An additional limitation is that while the process of linking
primary and revision procedures is audited, there is no robust system in place to audit the quality of

confounding data within the NJR (Konan and Haddad, 2013). Registry studies offer a valuable
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contribution to the literature and have had significant implications for clinical practice. However,

caution must be taken to interpret findings in the context of these limitations.

1.7.3  Missing data

Missing data are commonplace in epidemiological studies and improper handling can impair the
validity of results. Records may be completely missing, missing information on a specific
confounding variable, or missing outcome data (e.g. due to a failure to link primary and revision
procedures). The risk of bias due to missing data depends on the pattern of missingness, which is
described using commonly used nomenclature: missing completely at random (MCAR), missing at
random (MAR), and missing not at random (MNAR) (Sterne et al., 2009). Data which are MNAR,
where the missingness of a record is associated with its value, are a potential source of selection bias.
For example, records that are systematically missing due to a high failure rate will lead to a biased
underestimation of the risk of revision. Data that are MCAR, or MAR are less problematic as the

missingness of records is not associated with observed values.

The pattern of missingness of NJR data is discussed in the introductory section of the NJR annual
report, where the authors state the following: “Analysis of data which is missing in either a random
fashion (MCAR) or random within known strata (MAR), e.g. method of fixation, is known to yield
unbiased results. We believe that a coordinated systematic agreement of individuals across the
registry to under-report the failure of a specific implant is exceedingly unlikely — We believe that
missing data within the registry can be considered MCAR. We propose that this missing data
mechanism will ensure that the quality assurance process of implants entered into the registry,

consultant and units is statistically valid (The National Joint Registry, 2021a).”

Body mass index (BMI) is missing in a large proportion of NJR records. BMI was not recorded on the
NJR Minimum Data Set (MDS) Form Version 1. It has been reported that approximately 40% of
patients did not have a BMI recorded in the NJR in 2009, compared to approximately 18% in 2016
(Sayers et al., 2020b). Previous NJR studies have dealt with missing BMI data using different

approaches, including complete-case primary analysis without BMI as a confounding variable (Sayers
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et al., 2020a), complete-case sensitivity analysis with BMI as a confounding variable (Evans et al.,
2020), and completion of missing values using multiple imputation (Liddle et al., 2014). Due to the
large fraction of records with missing values, BMI was not included as a confounding variable in the

analyses used in this thesis.

The preferred method of dealing with missing data throughout the studies included in this thesis was
to use complete-case analysis with the exclusion of records with missing data in confounding variable
fields used in the statistical models. This is based on the assumption that the pattern of missingness of
NJR data is independent of the primary exposure and the outcome. Considering the large datasets, the
small fraction of incomplete cases (at least 95% of all eligible records were included in the analyses),
and the assumed pattern of missingness, any potential improvement in efficiency from using multiple
imputation compared to complete-case analysis is likely to be negligible (White and Carlin, 2010,

Sayers et al., 2020a).

1.8 Review of the existing literature

The following narrative review gives an overview of the existing literature on the outcomes of trainee-
performed hip and knee replacements. The primary outcome of interest of this thesis is implant
survival, which is systematically reviewed in Chapter 2. However, a range of outcomes are discussed

here in order to give a broad overview of our current understanding of this subject.

1.8.1 Total hip replacement
1.8.1.1 Implant survival & revision rate

Palan and colleagues conducted a multicentre cohort study of 1,501 primary THRs performed in
seven units between 1999 and 2002. Cases were categorised according to surgeon grade (trainee or
consultant). They found no significant difference in the revision rate at 5 years for THRs performed
by trainees (1.3%) and consultants (1.4%). Limitations of this study include the lack of data on

supervision and the absence of an adjusted survival analysis (Palan et al., 2009).
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In a smaller observational study, Reidy et al. included 879 patients who underwent primary THR in
three centres between 2003 and 2004. Junior and senior trainees performed 138 (15.7%) and 148
(16.8%) procedures, respectively. Trainees were directly supervised by a consultant in 85% of cases,
with the highest rates of supervision observed in the junior trainee group (93.5%). The net survival of
THRs at 10 years was 95.9% for consultants, 96.7% for junior trainees, and 97.8% for senior trainees.
Using an adjusted Cox analysis, the authors found no evidence of an association between surgeon

grade or supervision and implant survival up to 10 years (Reidy et al., 2016).

Inglis et al. used New Zealand Joint Registry (NZJR) data for 35,415 primary THRs with up to 6
years of follow-up. Records were categorised according to whether the operation was performed by a
consultant (n=30,344), a supervised trainee (n=2,982), or an unsupervised trainee (n=1,067). The
authors found no significant difference between the revision rate per 100 component years for THRs
performed by consultants (0.75, 95% CI 0.68 to 0.82) compared to supervised trainees (0.97, 95% CI
0.72 to 1.28), and unsupervised trainees (0.70, 95% CI 0.36 to 1.22). There was no significant
difference in the indication for revision (including dislocation, infection, periprosthetic fracture,
loosening and pain) between the three groups. Strengths of this study include the use of generalisable
registry data and the inclusion of PROMs data, which is discussed in the following subsection.
However, the author’s description of their statistical methods is limited, and it is not clear if they used
a formal adjusted survival analysis. Furthermore, the period of follow-up gives no insight into the
survival of trainee-performed THRs beyond 6 years. Excluding this thesis, this is the only other
registry study that has examined the association between trainee-performed THR and revision, which

leaves scope for further investigation (Inglis et al., 2013).

1.8.1.2  Patient-reported outcome measures

Inglis et al. used NZJR data to analyse the 6-month postoperative OHS according to surgeon grade
and supervision. They found significant differences in the OHS for consultants (OHS 40.70, 95% CI
40.51 to 40.88) compared to supervised trainees (OHS 38.95, 95% CI 38.29 to 39.62; p<0.001), and

unsupervised trainees (OHS 38.27, 95% CI 37.10 to 39.44; p=0.001). The authors acknowledge that
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their study is limited by the absence of preoperative scores and question the significance of these
findings with reference to a minimal clinically important difference (MCID) in OHS of 3 to 5 points
(Inglis et al., 2013, Murray et al., 2007). Preoperative scores and longer-term functional outcomes

have been reported by other authors (Palan et al., 2009, Reidy et al., 2016, Moran et al., 2004).

A SHAR study of 6,713 cases examined the association between surgical experience and a range of
PROMs at preoperative assessment and 1-year follow-up (Jolbéck et al., 2018). Surgeons were
categorised into four groups: orthopaedic trainees, or specialists with <8 years, 8-15 years, or >15
years clinical practice after specialist certification. Linear regression models were adjusted for several
patient-level factors. The authors found no association between surgeon experience and EQ-5D, EQ-
Visual Analogue Scale (VAS), or Pain VAS. Patients operated on by trainees reported lower
satisfaction on a VAS at 1-year compared to patients operated on by the most experienced specialists

(those with >15 years practice).

The functional outcomes of trainee- compared to consultant-performed THRs are summarised in a
recent systematic review and meta-analysis of observational studies. Singh et al. conducted separate
meta-analyses according to the quality of included studies. In their overall analysis (three studies),
there was no significant difference in HHS between consultants and trainees at 6 months follow-up.
However, in their analysis of high-quality studies (two studies), consultant-performed THR was
associated with a small improvement in in HHS compared to trainee-performed THR (Singh et al.,

2019).

1.8.1.3 Complication rates

National joint registries, such as the NJR, do not typically record postoperative complications other
than revision. Therefore, our understanding of the incidence of postoperative complications is based
on cohort studies and case series. In their systematic review and meta-analysis on this subject, Singh
et al. included six studies for dislocation and five studies for deep infection. They found no evidence
of an association between trainee-performed THR and an increased risk of dislocation, or deep

infection compared to consultant-performed THR (Singh et al., 2019).
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1.8.1.4 Other outcomes

Additional outcomes explored in the literature include operative duration and radiological outcomes.
Palan et al. found a significant difference in mean operation time for trainees compared to consultants
(104 mins; range 40 to 240 vs. 85 mins; range 28 to 254; p<0.001) (Palan et al., 2009). Similar
findings were observed by Weber et al. who found that the mean operative duration was 9 minutes
longer for trainees compared to senior surgeons (78.1 mins; SD 25.4 vs. 69.3 mins; SD 2.8; p<0.001)
(Weber et al., 2017). The finding that trainees take longer than consultants to perform a THR is

consistent throughout the literature (Singh et al., 2019).

The radiological outcomes of trainee-performed THR are poorly understood. Moran et al. conducted a
comparative analysis of 228 matched trainee and consultant radiographs. Trainees demonstrated
inconsistent acetabular component alignment and positioned the cup with less anteversion compared
to consultants (Moran et al., 2004). A more recent study of THRs performed in the context of hip
fracture, reported that supervised trainees achieved equivalent radiological outcomes in terms of

acetabular inclination, leg length, and cementation quality (MacDonald et al., 2020).

1.8.2  Total knee replacement
1.8.2.1 Implant survival & revision rate

In a multicentre observational study, Faulkner et al. included 686 patients who underwent primary
TKR in three units between 2003 and 2004. Trainees performed 236 TKRs (34.4%) and 450 (65.6%)
were performed by consultants. The level of supervision was not reported. The net survival of TKRs
at 10 years was 94.6% for consultants and 96.3% for trainees (confidence intervals not available).
Using an adjusted Cox regression analysis, the authors found no evidence of an association between
surgeon grade and implant survival up to 10 years. This study also reported PROMs and complication

rates but is limited by the low number of patients included (Faulkner et al., 2018).

Storey et al. conducted a registry study using NZJR data, including 79,671 primary TKRs with up to 9
years of follow-up. Cases were categorised according to whether the operation was performed by a

consultant (n=71,519), a supervised senior trainee (n=5,073), a supervised junior trainee (n=1,770), or

28



an unsupervised senior trainee (n=1,309). The authors found no significant difference between the
revision rate per 100 component years for TKRs performed by consultants (0.49, 95% CI 0.47 to
0.51) compared to supervised senior trainees (0.48, 95% CI 0.40 to 0.57), supervised junior trainees
(0.22, 95% CI1 0.14 to 0.32), and unsupervised senior trainees (0.46, 95% CI 0.31 to 0.66) (Storey et

al., 2018).

Strengths of this study include the large number of patients, the use of generalisable national registry
data, and the inclusion of PROMs data, which is discussed in the following subsection. However, the
author’s description of their statistical methodology is limited and the indication for revision was not
reported. Other than this thesis, this is the only other registry study that has investigated the

association between trainee-performed knee replacement and revision, which leaves scope for further

investigation with robust statistical methodology.

1.8.2.2  Patient-reported outcome measures

In their NZJR study, Storey et al. analysed the 6-month postoperative OKS for 22,155 patients who
had undergone TKR. They found a significant difference in the mean OKS for consultants compared
to supervised senior trainees (Consultant: 37.70; SD 8.0 vs. Trainee: 36.30; SD 8.4; p<0.001) and
supervised junior trainees (Consultant: 37.70; SD 8.0 vs. Trainee: 36.80; SD 7.9; p=0.02). However,
the authors acknowledge that their study is limited by the lack of preoperative scores and question the
significance of these findings with reference to a minimal clinically important difference (MCID) in

OKS of 1 to 5 points (Storey et al., 2018, Clement et al., 2014).

The functional outcomes of trainee- compared to consultant-performed TKRs are summarised in a
recent systematic review and meta-analysis of 92,309 knee replacements, of which 11,654 were
performed by trainees (Madanipour et al., 2021). Madanipour et al. included seven studies in their
meta-analysis of PROMs at 6-18 months follow-up. They found evidence of an association between
consultant-performed surgery and superior patient-reported outcome scores compared to trainees

(weighted mean difference: -1.26; 95% CI -1.44 to -1.07; p<0.01). However, multiple different
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PROM instruments (OKS, KSS, AKSK, EQ-5D, WOMAC) were compared on the same scale and

preoperative scores were not included. The clinical significance of this finding is unclear.

1.8.2.3  Complication rates

In their recent systematic review on this subject, Madanipour et al. found no evidence of an
association between trainee-performed TKR and an increased risk of neurological deficit, VTE, or
blood transfusion compared to consultant-performed TKR (Singh et al., 2019). However, trainee-
performed surgery was associated with lower odds of infection compared to consultant-performed

surgery (OR 0.75; 95% CI 0.58 to 0.97; p=0.03) (Madanipour et al., 2021).

1.8.2.4  Other outcomes

In an analysis of operative duration for 76,472 TKRs, Storey et al. found that consultants were
significantly faster than trainees when performing TKR (82 mins vs. 105 mins) (Storey et al., 2018).
In contrast, a recent meta-analysis, which did not include the aforementioned NZJR study, found no
evidence of an association between surgeon grade and operative duration (Madanipour et al., 2021).
Studies of radiologically evaluated implant alignment have suggested that trainees can achieve
comparable TKR alignment to consultants using both traditional techniques and computer navigated

technology (Mahaluxmivala et al., 2001, Theelen et al., 2018, Khakha et al., 2015).

1.8.3  Unicompartmental knee replacement
1.8.3.1 Overview

The published literature on the outcomes of trainee-performed UKR is limited. Bottomley et al.
conducted a single-centre cohort study of 1,084 UKRs, of which 673 (62.1%) were performed by
trainees. Trainees were supervised by a scrubbed consultant in 48% of trainee-performed cases. They
reported no significant difference in implant survival between the groups, with 9-year cumulative
survival estimates of 93.9% (95% CI 90.2 to 97.6) and 93.0% (95% CI 90.3 to 95.7) for consultants

and trainees, respectively (Bottomley et al., 2016).
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Storey et al. included 8,854 UKRs, of which 304 (3.4%) were performed by trainees. They found no
significant difference between the revision rate per 100 component years for UKRs performed by
consultants (1.19, 95% CI 1.10 to 1.28) compared to supervised senior trainees (1.20, 95% CI 0.74 to
1.86). Furthermore, supervised senior trainees achieved comparable functional outcomes (OKS) to
consultants at 6 months. The authors state that they had insufficient data for meaningful interpretation

of their results for junior and unsupervised trainees (Storey et al., 2018).

1.9 Aims and objectives

1.9.1 Aims

The aim of this thesis is to investigate the association between surgeon grade, the supervision of
trainees and implant survival following primary THR, TKR, and UKR. An additional aim was to
explore the association between surgeon grade and the number of THRs, TKRs, and UKRs revised for
different indications. Surgeon grade was treated as a binary exposure variable, where the operating

surgeon was either a trainee or a consultant.

1.9.2  Objectives

1) To conduct a preliminary study using methods of evidence synthesis to explore the existing
literature on the association between surgeon grade and implant survival outcomes following
primary hip and knee replacement.

2) To use NJR data for England and Wales to investigate the association between surgeon grade,
the supervision of trainees, and the risk of revision following primary THR, TKR, and UKR.

3) To use local single-centre observational data to investigate the association between surgeon

grade and a range of clinical, functional, and radiological outcome measures.
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Chapter 2 Association between surgeon grade and implant survival
following hip and knee replacement: a systematic review and

meta-analysis

2.1 Overview

Building on the narrative review of exiting literature in Chapter 1, the aim of this chapter was to
conduct evidence synthesis using openly available published data to explore the association between
surgeon grade (trainee vs. consultant) and implant survival following hip and knee replacement. This
chapter establishes the baseline of evidence on this subject prior to this thesis. This article has been
published in BMJ Open (Fowler et al., 2021) and included in this thesis according to the University’s

guidance on the integration of publications as chapters within a dissertation.

2.1.1 Contributors

TF, AB, AS and MW conceived and designed the study; TF and AA independently screened the
articles and performed the data extraction; TF and AS were responsible for data analysis; all authors
were responsible for interpreting the data; TF drafted the manuscript; AB, AA, AS and MW revised
the article critically for important intellectual content; all authors reviewed the final version of the
manuscript and gave approval for submission for publication. The corresponding author attests that all

listed authors meet authorship criteria and that no others meeting the criteria have been omitted.

2.1.2  Declaration of conflicts of interest

TF has no conflicts of interest to declare. AB and MW report a contract held by the University of
Bristol for membership of HQIP Lot 2 Statistical Analysis team for the National Joint Registry, and
royalties from Taylor & Francis. AA reports a part-time employment contract for Virti Ltd, and
royalties from BPP Holdings Ltd. MW also reports an independently conducted research grant held by
the University of Bristol with CeramTec, teaching payments from Heraeus, and research committee

membership on the British Orthopaedic Association and the British Hip Society.
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2.2  Abstract

2.2.1 Background

The association between the surgeon grade and the survival of hip and knee replacements is poorly
understood and there is limited evidence in the existing literature. Our aim was to investigate the
association between surgeon grade (trainee vs. consultant) and implant survival following primary hip

and knee replacement.

2.2.2  Methods

We searched MEDLINE and Embase from inception until 6 October 2021. The participants were
adult patients undergoing either a primary hip or knee replacement, predominantly for osteoarthritis.
The intervention was whether the surgeon recorded as performing the procedure was a trainee or not.
The primary outcome was net implant survival reported as a Kaplan-Meier survival estimate, and the
secondary outcome was crude revision rate. Both outcomes were reported according to surgeon grade.
Two independent reviewers screened 1,812 citations and identified 57 articles for full text review.

Data were independently extracted in duplicate and fixed effects models were used for meta-analysis.

2.2.3 Results

Nine cohort studies capturing 4,066 total hip replacements (THRs), 936 total knee replacements
(TKRs), and 1,357 unicompartmental knee replacements (UKRs) were included (five THR studies,
two TKR studies, and two UKR studies). The pooled net implant survival estimates for THRs at 5
years were 97.9% (95% CI 96.6 to 99.2) for trainees and 98.1% (95% CI 97.1 to 99.2) for consultants.
The relative risk of revision of THRs at 5 and 10 years was 0.88 (95% CI 0.46 to 1.70) and 0.68 (95%
CI 0.37 to 1.26), respectively. For TKRs, the net implant survival estimates at 10 years were 96.2%
(95% CI 94.0 to 98.4) for trainees and 95.1% (95% CI 93.0 to 97.2) for consultants. We report a

narrative summary of UKR outcomes.
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2.2.4  Conclusions

There is no strong evidence in the existing literature that trainee surgeons have worse outcomes
compared to consultants, in terms of the net survival or crude revision rate of hip and knee
replacements at 5 to 10 years follow-up. These findings are limited by the quality of the existing

published data and are applicable to countries with established orthopaedic training programmes.
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2.3 Background

Hip and knee replacements are effective surgical interventions for the treatment of end-stage
degenerative conditions of the hip and knee (Ferguson et al., 2018, Price et al., 2018). More than
200,000 are performed per year in the United Kingdom alone (The National Joint Registry, 2020).
These procedures are performed by surgeons at various stages in their training, with varying levels of
senior supervision. Contemporary training practices must ensure a balance between protecting
development opportunities for the next generation of surgeons, while limiting the exposure of patients

to unnecessary risk during the training process.

Implant survival, which is determined by the absence of revision surgery, is an important and
commonly used measure of surgical performance (Evans et al., 2019a, Evans et al., 2019b). Net
survival estimates are calculated using statistical methods of survival analysis (e.g. Kaplan-Meier
analysis), which look at time to a defined failure ‘event’ (e.g. revision) and account for censored data
that arise due to incomplete follow-up, or death (Sayers et al., 2018). Another commonly reported
metric is crude revision rate, which is defined as the observed number of failure events in a specified

period of time.

The survival of hip and knee replacements according to surgeon grade is poorly understood. Higher
rates of complications and longer operative times have been identified in orthopaedic procedures
performed by trainees (Hedlundh et al., 1996, Schoenfeld et al., 2013). Radiographic studies
comparing trainee and consultant joint replacement have identified differences in acetabular
anteversion (Moran et al., 2004), hip centre of rotation (Kim et al., 2017), and various measures of
knee replacement component positioning (Kazarian et al., 2019). However, the relative impact of
these findings on implant survival has not been established. It has been suggested that when trainees
are appropriately supervised, they can obtain comparable functional outcomes and implant
survivorship to their consultant colleagues when performing total hip replacement (THR) (Palan et al.,
2009, Reidy et al., 2016, Beattie et al., 2018), total knee replacement (TKR) (Faulkner et al., 2018),

and unicompartmental knee replacement (UKR) (Bottomley et al., 2016).
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The aim of this study was to conduct a systematic review and meta-analysis using the existing
literature on the association between surgeon grade (trainee vs. consultant) and implant survival
outcomes in hip and knee replacement surgery. We aimed to answer the question: do trainees achieve
equivalent implant survival outcomes to consultants when performing primary hip and knee

replacement?

2.4 Methods

This review was conducted using methods described in the Cochrane Handbook for Systematic
Reviews of Interventions, with reporting in accordance with the Meta-analyses Of Observational
Studies in Epidemiology (MOOSE) checklist, which is included in Appendix 5 (Higgins et al., 2008,
Stroup et al., 2000). The study was registered with the PROSPERO database at inception

(CRD42019150494).

2.4.1 Data sources and search strategy

We searched for cohort studies reporting implant survival estimates and/or revision rates for hip and
knee replacements, according to surgeon grade. Separate searches were performed for hips and knees.
We conducted searches of MEDLINE and Embase from inception until 6 October 2021. Searches
used keywords and Medical Subject Headings (MeSH) terms relating to hip and knee replacement,
implant survival, revision surgery and surgeon grade (see Appendix 6 for full search strategy). There
were no language restrictions. Titles and abstracts of potentially relevant non-English language
citations were translated. We manually screened the bibliographies of full text articles and used Web

of Science citation tracking to identify additional relevant studies.

2.4.2  Eligibility criteria

We included studies if they involved predominantly unselected adult patients (> 18 years old)
undergoing primary hip or knee replacement (including THR, TKR, UKR and hip resurfacing),
predominantly for the treatment of osteoarthritis. Included articles needed to report the primary and/or

secondary outcome measure for two different groups of surgeons defined according to their grade
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(e.g. trainee vs. consultant). We defined a minimum follow-up of 5 years and articles that did not
clearly define the length of follow-up were excluded. For example, we excluded studies reporting the
revision rate ‘per 100 component years’, as these did not explicitly define the length of follow-up. We
excluded studies in which the index operation was performed prior to 1990; thereby, including studies
that are representative of contemporary training practices, but also allowing for inclusion of studies

reporting in excess of 30 years of follow-up (Appendix 7).

2.4.3  Primary exposure

The primary exposure was whether the surgeon recorded as performing the procedure was a trainee or
not. Surgeon grade is a measure of the designated level of surgical experience and seniority, which we
considered to be a binary variable: either ‘trainee’, or ‘consultant’. Consultant surgeons have
completed their formal training in orthopaedic surgery and have been appointed to a senior position in
which they can practice independently and supervise trainee surgeons. The term ‘consultant’ is used
synonymously with ‘attending surgeon’ in many healthcare settings including the USA. Additional
terms used to describe this variable were deemed eligible during screening (e.g. Trainee: registrar;

resident; junior/young surgeon; fellow. Consultant: attending; senior surgeon; trainer).

2.4.4 Outcome measures

The primary outcome was net implant survival, reported as a Kaplan-Meier survival estimate. The
secondary outcome measure was crude revision rate, which was defined as the observed number of

revision events in a specified period of time.

2.4.5 Screening and data extraction

Two authors (TF and AA) independently screened all titles and abstracts of journal articles using
Rayyan (Rayyan QCRI, Doha) (Ouzzani et al., 2016). Studies were initially screened for relevance
according to information contained within the title and abstract. Cases of disagreement were resolved
through re-review and consensus. Full texts of potentially relevant studies were reviewed in detail and

disagreements on final inclusion were resolved through discussion with a senior author (MW).

37



Specific indications for exclusion were documented following full text review (Figure 2 and

Appendix 8).

Data were extracted in duplicate using a standardised proforma. We recorded data on the following:
healthcare setting, study period, implant type, age, sex, indication, level of supervision, crude revision
rate, and net implant survival estimates (including confidence intervals [CIs]). Life tables were
reviewed, and estimates were extracted for all available 5-year intervals of follow-up. Discrepancies
in data collection were resolved through re-review and consensus. Where survival estimates, Cls and
revision rates were incompletely reported, we contacted corresponding authors to request missing

data.

2.4.6  Risk of bias and quality of evidence assessment

The risk of bias was assessed using the Cochrane ROBINS-I tool for the risk of bias in non-
randomised cohort studies (Sterne et al., 2016). We assessed the quality of evidence for each outcome
using the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
approach, which considers the imprecision, inconsistency, indirectness, and risk of bias in a body of

evidence (Atkins et al., 2004).

2.4.7 Statistical analysis

Statistical analysis was performed using Stata (Version SE 15.1; StataCorp LP, USA). For the primary
outcome measure of net implant survival, we performed separate meta-analyses for each implant type,
by surgeon grade and length of follow-up. We pooled survival estimates, assuming that survivorship
approximated risk, with fixed effects meta-analysis weighting each study on the overall pooled
estimate according to its standard error, which was calculated from published Cls; an established
method for the meta-analysis of implant survival estimates described by Evans et al. (Evans et al.,
2019a, Evans et al., 2019b). The effect size (survival) for trainees and consultants was compared
using a Wald test. For the secondary outcome measure, we derived and meta-analysed the relative risk
(RR) of revision for each implant type by surgeon grade and length of follow-up. We used a fixed
effects model using the Mantel-Haenszel method (Mantel and Haenszel, 1959). Heterogeneity was
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assessed with chi-squared tests, with /2 used to quantify inconsistency (Higgins and Thompson, 2002).

Publication bias was assessed by inspecting funnel plot symmetry (Egger et al., 1997).

2.4.8 Patient and public involvement

There was no direct patient or public involvement in the design or conduct of this review.

2.5 Results

Separate searches for hip and knee replacements identified 1,178 and 634 articles, respectively. After
removal of duplicates and abstract screening, 30 hip papers and 27 knee papers remained. Through
review of full text articles, we identified five hip and four knee studies eligible for inclusion. This
process of review is summarised as a flow diagram in Figure 2 and the characteristics of included
studies are summarised in Table 1. Six studies were conducted in the UK, with the remaining three

studies originating from France, Switzerland, and Japan.

Figure 2 - Study flow diagram (Chapter 2).

Hip Replacement Knee Replacement
Identification
1178 potentially eligible 634 potentially eligible
records identified through records identified through
electronic searches database searches
l . Screening l
. 1177 records after 633 records after removal q
—1 —»
1duplicate 1« removal of duplicates of duplicates pOticats ‘
11457 excluded basedon |, | 1177 records screened 633 records screened > 60.6 excluded based on
title and/or abstract title and/or abstract
l Eligibility l
25 articles excluded: 30 full-text articles review 27 full-text articles review 23 articles excluded:
- 8 studies of surgeon/hospital volume for eligibility for eligibility - 9 no revision rates/survival by surgeon grade
- 8 no revision rates/survival by surgeon grade - 4 studies of surgeon‘hospital volume
- 4 no reporting of outcomes by surgeon grade i Inclusion l -2 no reporting of outcomes by surgeon grade
- 2 hip fracture cohort - 2 study of implant positioning
- 1 study of implant positioning 5 studies included (all 4 studies included: 2 TKR; - 2 insufficient reporting of follow-up
- 1 study operations prior to 1990 THR) 2 UKR - 1 irrelevant systematic review

- 1 insufficient reporting of follow-up - 1 single surgeon series

- 1 study of learning curve
- 1 study cost-analysis
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Table I - Characteristics of included studies.

Study [Study Surgeon grade  |Rollow-up [Number of |Implant brand |Sey (%  [Mean age (SD|Indication [Supervision [Survival ~ [Revision |[ROBINS-I
Source, Year Country ; -on (TMP1aNteminolo cases (stem/cup if ; rates overall risk of
period |design nology (years) up 1 female) |or range) (% OA) |reported [|analysis Vv 1

(exposure) (trainee) hip) reported |bias®

Hasegawa, 2015 |Japan 2006-10 |PC THR  [Trainee vs. 5 483 (259)  [Multiple - 61.3 (SD 11.6) |- No Yes No Serious
instructor

Jain, 2018 UK 2005-12 [RC  |[THR  ([Trainee vs. 5,10 1082 (348) |Corail/multiple [61.3 69.2 (21-94) 91.0 No Yes (Add.) |Yes Moderate
consultant

Muller, 2013 Switzerland|2005-06 [RC ~ |THR  |Junior vs. senior (5 130 (43) Quadra-H 52.0 64 (SD 12.36) (86.0 No Yes Yes Serious

/Versafit-CC

Palan, 2009 UK 1999-02 RC  |[THR [Trainee vs. 5 1501 (528) |Exeter/multiple |- 68.4 (21-94) |- No No Yes Moderate
consultant trainer

Reidy, 2016 UK 2003-04 [RC  [THR  [Trainee vs. 10 870 (286)  [Multiple 60.5 69.5(37-94) |94.8 Yes Yes (no Cls) [Yes Moderate
consultant

Faulkner, 2018 UK 2003-04 RC  [TKR [Trainee vs. 5,10 686 (236)  [Multiple - 69.9 (30-94) [93.1 No Yes (Add.) |Yes Moderate
consultant

Hernigou, 2009  |France 1990-95 RC |[TKR [Young (<30)vs. |10, 15 250 (150)  [Ceraver Hermes [69.7 73 (46-88) - No Yes No Serious
senior

Bottomley, 2016 |UK 1998-08 [RC  |UKR  (Trainee vs. 10 1084 (673) |Oxford 514 66.5 (SD 9.6) (100 Yes Yes Yes Moderate
consultant

Alvand, 2021 UK 2009-15 RC  |[UKR ([Trainee vs. 5 273 (118)  |Oxford 49.5 67.8 (SD 10.1)[98.2 Yes No Yes Moderate
consultant

T See Appendix 9 for full risk of bias assessment. Add., additional data provided by author; OA, Osteoarthritis; PC, prospective cohort; RC, retrospective cohort; ROBINS-I, Risk of Bias in Non-randomised Studies —
of Interventions; THR, total hip replacement; TKR, total knee replacement; UKR, unicompartmental knee replacement.
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2.5.1 Risk of bias assessment

Appendix 9 provides a summary of the ROBINS-I assessment, which indicates a moderate to severe
risk of bias in all studies. Funnel plot asymmetry and statistical tests for funnel plot asymmetry as a
means of assessing publication bias were not applicable due to the small number of studies (Sterne et

al., 2011).

2.5.2  Hip replacement

The five included hip studies represent 1,464 THRs performed by trainees and 2,602 THRs performed
by consultants, with follow-up ranging from 5 to 10 years. Four studies were retrospective cohort
studies (Reidy et al., 2016, Muller et al., 2014, Jain et al., 2018, Palan et al., 2009); one was a non-
randomised prospective cohort study (Hasegawa and Amano, 2015). No articles on hip resurfacing
met the inclusion criteria. One author provided additional unpublished data in the form of net survival
estimates (Jain et al., 2018). Reidy et al. reported survival estimates, but no Cls (Reidy et al., 2016).
Net survival estimates and corresponding Cls were thus extracted from three studies at 5 years and
one study at 10 years. Crude revision rates were reported in three studies at 5 years and two studies at

10 years.

2.5.3  Primary outcome: Net implant survival (THR)

Meta-analysis showed net survivorship of 97.9% (95% CI 96.6 to 99.2) at 5 years for THRs
performed by trainees, compared to 98.1% (95% CI 97.1 to 99.2) for THRs performed by consultants
(Figure 3). There was no strong evidence of an association between surgeon grade and net implant

survival at this interval of follow-up (Wald test: p=0.74).

Meta-analysis was not possible for the 10-year data given the availability of only one study for this
timepoint. In a cohort of 1,082 reverse hybrid THRs, Jain et al. demonstrated overall 97.2% implant
survival at 10 years. Additional data provided by the author indicate that they found no evidence of a
difference in implant survival according to surgeon grade (Trainee: 98.1%, 95% CI 95.9 to 99.1;

Consultant: 96.7%, 95% C1 94.7 to 97.9) (Jain et al., 2018).
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Figure 3 - Meta-analysis of net implant survival of THRs at 5 years according to surgeon grade.

Study Survival (95% CI) Weight,
%
Trainee
Muller —& 07.70 (93.10, 100.00) 14.15
Jain = 98.10 (95.90, 99.10) 65.81
Hasegawa = 97.20 (94.20, 100.00) 20.03
Heterogeneity x2 = 0.29 (p = 0.86), I = 0.0% o 97.86 (96.57, 99.16) 100.00
Consultant
Muller —— 96.30 (92.10, 100.00) 6.76
Jain 1% 98.00 (96.70, 99.10)  73.29
Hasegawa -* 99.30 (95.40, 100.00) 19.95
Heterogeneity x2 = 1.86 (p = 0.39), I2= 0.0% 0 98.14(97.12,99.17) 100.00

Wald test: 0.28; 95% Cl -1.37 10 1.93; p =0.74

0 20 40 60 80 100
Survival estimate (%)
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2.5.4 Secondary outcome: Crude revision rate (THR)

Meta-analysis showed no strong evidence of an association between surgeon grade and the crude
revision rate at 5, or 10 years. The RR of revision at 5 and 10 years was 0.88 (95% CI 0.46 to 1.70)

and 0.68 (95% CI 0.37 to 1.26), respectively (Figure 4).

Figure 4 - Meta-analysis of the relative risk of revision of THRs at 5 and 10 years according to surgeon grade.

Source RR (95% CI) Weight,
%
5years Favours Trainees : Favours Consultants
Muller + 068 (0.07,6.37) 1012
Palan —_— 0.99(040,2.47) 47.00
Jain — 0.81(0.28, 2.27) 42.88

Heterogeneity x=0.14 (p=0.83), >=0.0% <> 0.88(0.46,1.70)  100.00

Test for overall effect: Z=0.37 (p=0.71)

10 years
Reidy _0_ 0.69 (0.30, 1.60) 53.00
Jain _0—-— 0.67 (0.27, 1.67) 47.00
Heterogeneity x°=0.00 (p=0.97), I>=0.0% <> 0.68 (0.37, 1.26) 100.00
Test for overall effect: Z=1.22 (p=0.22) .

I I | I I I I I
05 1 2 5 1 2 5 10
Relative risk (RR) of revision (95% Cl)

2.5.5 Knee replacement

The four knee studies represent 1,177 knee replacements (TKR n=386; UKR n=791) performed by
trainees and 1,116 knee replacements (TKR n=550; UKR n=566) performed by consultants, with
follow-up ranging from 5 to 15 years. All four were retrospective cohort studies (Bottomley et al.,
2016, Faulkner et al., 2018, Hernigou et al., 2009, Alvand et al., 2021). Two studies reported on TKRs
(Hernigou et al., 2009, Faulkner et al., 2018), and two studies reported on UKRs (Bottomley et al.,

2016, Alvand et al., 2021).

With regards to the two TKR studies, Faulkner et al. provided additional unpublished survival data

from which we calculated corresponding CIs for their published survival estimates (Faulkner et al.,
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2018). Net survival estimates and Cls were thus extracted from both TKR studies at 10 years, which
permitted meta-analysis of this primary outcome measure. Crude revision rates were only available

from one TKR study at each 5-year interval of follow-up.

With regards to the two UKR papers, net survival estimates were only available from one study
(Bottomley et al., 2016). Crude revision rates were available from one study at 5 years and one study
at 10 years (Alvand et al., 2021, Bottomley et al., 2016). Meta-analysis was not feasible; thus we

provide a narrative summary of UKR outcomes.

2.5.6  Primary outcome: Net implant survival (TKR)

Meta-analysis showed net survivorship of 96.2% (95% CI 94.0 to 98.4) at 10 years for TKRs
performed by trainees, compared to 95.1% (95% CI 93.0 to 97.2) for TKRs performed by consultants
(Figure 5). There was no strong evidence of an association between surgeon grade and net implant

survival at this interval of follow-up (Wald test: p=0.49).

Figure 5 - Meta-analysis of net implant survival of TKRs at 10 years according to surgeon grade.

Source Survival (95% CI) Weight,
%

Trainee
Hernigou -+— 06.00 (93.00, 100.00) 38.17
Faulkner -+ 06.30 (92.60, 98.10) 61.83
Heterogeneity x2=0.02 (p=0.90), 12=0.0% <> 96.19 (94.02, 98.35) 100.00
Consultant
Hernigou -+— 06.00 (93.00, 100.00) 36.44
Faulkner -+ 94.60(91.10, 96.40) 63.56
Heterogeneity x?=0.39 (p=0.53), 1°=0.0% O 95.11 (93.00, 97.22) 100.00

Wald test: 1.08; 95% CI -1.95 t0 4.10; p=0.49

T T T T T T
0 20 40 60 80 100
Survival estimate (%)
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2.5.7 Secondary outcome: Crude revision rate (TKR)

Two studies reported crude revision rates according to surgeon grade; however, with data from only
one study available at each interval of follow-up, meta-analysis was not feasible. Instead, we provide
a narrative summary. Faulkner et al. provided additional unpublished data, which indicated crude
revision rates at 5 years for trainees and consultants of 2.1% and 4.4%, respectively (Faulkner et al.,
2018). This rises to 3.4% (trainees) and 5.8% (consultants) at 10 years. These data represent a RR of
revision of 0.49 (95% CI 0.19 to 1.28) at 5 years and 0.60 (95% CI 0.28 to 1.31) at 10 years. Hernigou
published crude revision rates at 15 years of 2.7% for junior surgeons and 4.0% for senior surgeons,

which represents a RR of revision of 0.68 (95% CI 0.17 to 2.64) (Hernigou et al., 2009).

2.5.8  Unicompartmental knee replacement (UKR)

Both UKR studies were conducted in the same centre but capture separate cohorts of patients
(Bottomley et al., 2016, Alvand et al., 2021). Bottomley et al. conducted a retrospective cohort study
of 1,084 consecutive UKRs performed between 1998 and 2008. They demonstrated that consultants
and trainees had cumulative 9-year survival estimates of 93.9% and 93.0%, respectively. They found
no strong evidence of a difference in implant survival between the groups (log rank: p=0.30)
(Bottomley et al., 2016). These data represent crude revision rates at 10 years of 4.6% and 3.6% for
trainees and consultants, respectively (RR 1.26, 95% CI 0.69 to 2.31). Trainees were supervised by a
scrubbed consultant in 48% of cases. Alvand et al. reported a series of 273 UKRs performed between
2009 and 2015. They did not report net survival estimates according to surgeon grade. However, they
reported crude revision rates at 5 years of 0.8% and 2.6% for trainees and consultants, respectively.
These data represent a RR of revision of 0.33 (95% CI 0.04 to 2.90). Trainees were supervised by a

scrubbed consultant in 100% of cases.

2.5.9 Assessment of the quality of evidence

The GRADE assessment of the quality of evidence for each outcome indicates a low, or very low

quality of evidence for all outcomes (Table 2).
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Table 2 - GRADE Summary of Findings Table.

Outcomes Follow-up Tra'n'lee " COl'IS'll Itant + Net survival/relative risk (95% CI) Partl'clpants Qu.allty of Comments
(years) revision/cases’, n | revisions/cases’, n (studies), n Evidence
NS: Trainee 97.9% (96.6 to 99.2) Serious ROB, indirectness,
THR: net imblant survival 3 630 1,045 NS: Consultant 98.1% (97.1 10 99.2) | 169> () Very low and imprecision
: net implant surviva - ———
NS: Trainee 98.1% (95.9 to 99.1) Serious indirectness and
10 348 734 NS: Consultant 96.7% (94.7 to 97.9) 1,082 (1) Low imprecision
5 13/919 29/1794 RR: 0.88 (0.46 to 1.70) 2,713 (3) Very low Sj{i“i’r‘l‘f Fe(;l;’oﬁ‘d“wness’
THR: crude revision rate Seri p. direct q
10 13/634 40/1318 RR: 0.68 (0.37 to 1.26) 1,952 (2) Low Serious ICITECess an
imprecision
NS: Trainee 97.9% (95.0 to 99.2) . . ..
5 236 450 NS: Consultant 95.4% (93.0 to 97.0) 686 (1) Low Serious imprecision
. . . NS: Trainee 96.2% (94.0 to 98.4) Serious inconsistency and
TKR: net implant survival | 10 386 330 NS: Consultant 95.1% (93.0 t0 97.2) | 236 () Verylow |4 precision
NS: Trainee 91.0% (85.0 to 97.0) Serious inconsistency and
15 150 100 NS: Consultant 92.0% (90.0 to 94.0) 250(1) Very low very serious imprecision
5 5/236 20/450 RR:0.47 (0.18 to 1.25) 686 (1) Low Serious imprecision
TKR: crude revision rate 10 8/236 26/450 RR: 0.58 (0.27 to 1.27) 686 (1) Low Serious imprecision
15 4/150 4/100 RR: 0.67 (0.17 to 2.60) 250 (1) Very low Serious inconsistency and
very serious imprecision
) . . NS: Trainee 93.0% (90.3 to 95.7) . . ..
UKR: net implant survival 10 673 411 NS: Consultant 93.9% (90.2 to 97.6) 1,084 (1) Low Serious imprecision
5 1/118 4/155 RR: 0.33 (0.04 to 2.90) 273 (1) Low Serious imprecision
UKR: crude revision rate
10 31/673 15/411 RR: 1.26 (0.69 to 2.31) 1,084 (1) Low Serious imprecision

GRADE, Grading of Recommendations Assessment, Development and Evaluation; CI, confidence interval; NS, net survival; RR, relative risk; T, number of revisions not reported for net
implant survival; ROB, risk of bias
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2.6 Discussion

The results of this study suggest that, in the context of contemporary practice, trainees do not achieve
worse hip and knee replacement survival outcomes compared to their consultant colleagues at 5 to 10
years follow-up. We found no strong evidence of an association between surgeon grade and the net
survival of THRs at 5 years (trainees: 97.9% vs. consultants: 98.1%). There was no association
between surgeon grade and the crude revision rate of THRs at either 5-, or 10-years follow-up.
Furthermore, we found no strong evidence of an association between surgeon grade and the net
survival of TKRs at 10 years (trainees: 96.2% vs. consultants: 95.1%). Our narrative summary of two
studies highlights that there is no evidence in the existing literature of an association between trainee-

performed UKR and an increased risk of revision.

2.6.1  Strengths and limitations

This review has a number of strengths. We conducted a comprehensive systematic review with an
exhaustive search according to current best practice guidelines and published the protocol for the
methodology at inception. However, the data captured by this review have several limitations, which
we have attempted to address through quality of evidence assessment and risk of bias analysis. The
GRADE assessment indicates a low to very low quality of evidence for each outcome. Furthermore,
the ROBINS-I assessment indicates a moderate to severe risk of bias in the included studies. These
findings are generally consistent with the predominantly retrospective design of the included studies.
The conclusions of this review are therefore limited by the strength and quality of the existing

published data, which originate from a relatively small number of observational studies.

Meta-analysis of outcome measures was only possible at 5 and 10 years for THRs and 10 years for
TKRs, which limits the generalisability of our findings to these short and medium-term intervals of
follow-up. Therefore, this review does not capture any differences in early failure rates that might
exist between trainee and consultant cohorts before 5 years. The included studies originated from the
UK, France, Switzerland, and Japan, which limits the generalisability of the findings to countries with

established orthopaedic training programmes.

47



Formal orthopaedic training is a long process (lasting up to 10 years in some countries); therefore,
individual trainees have varying levels of experience, which are not captured by the binary variables
used in this study, or in the existing literature. The included studies did not provide sufficient data to
perform meaningful adjustment or sensitivity analysis according to specific training grade, or the level
of senior supervision. Furthermore, our study captures cases performed between 1990 and 2015
(Table 1) and we were unable to adjust for variations in training practice (such as the level of senior

supervision) that may have occurred over this 25-year period.

Implant survival is a key determinant of good outcome in joint replacement surgery and is the sole
variable considered in the current benchmarking strategies for the assessment of implant components.
However, this review did not consider other factors that may be important when evaluating surgical
outcomes, such as patient-reported outcome measures, or complications other than failure, which have
previously been found to occur in higher rates when joint replacements are performed by less

experienced surgeons (Hedlundh et al., 1996, Schoenfeld et al., 2013).

Published literature did not consistently report age, sex, comorbidities, implant design, or the level of
senior supervision; making it very difficult to adjust for these variables. Methods of categorising the
procedural complexity of a hip or knee replacement are not widely used in the orthopaedic literature
and were not reported by any of the studies included in this review. Therefore, it was not possible to
adjust for this factor. It is reasonable to suggest that the predominantly superior survival outcomes
observed in the trainee cohorts are a product of patient selection and close senior supervision, with

good trainers selecting appropriately complex cases for their trainees.

Our conclusion for UKRs is limited by the strength and quality of existing evidence, which is based
on a relatively small number of cases. The two UKR studies included in this review represent separate
cohorts originating from the same designer centre, which is a potential source of bias (Alvand et al.,
2021, Bottomley et al., 2016). A total of 1,357 UKRs were included, of which 58% (n=791) were
performed by trainees. This high proportion of trainee-performed UKRs is not representative of wider

practice in England and Wales, where only 4% of UKRs are performed by trainees (see Chapter 5).
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The outcomes of this single institution may not be generalisable to wider practice and lower volume

centres, which may have less experience in training surgeons to perform UKR.

2.6.2 Comparison with other studies

A single study was excluded because the THRs under follow-up were performed prior to 1990
(Marston et al., 1996); thus not considered representative of contemporary training practices. The
authors of this 10-year study of 413 THRs reported a significantly higher rate of revision for trainees,
with 15 of 16 revised hips performed by trainees. Inclusion of this study in our meta-analysis of 10-
year THR crude revision rates increases the RR of revision to 1.12 (95% CI 0.66 to 1.92), in favour of
THRs performed by consultants. One explanation for this is that the model of training in the UK at the

time differed, with trainees more often operating without appropriate senior supervision.

Our findings are consistent with those of the New Zealand Joint Registry (Storey et al., 2018, Inglis et
al., 2013). In a cohort of 35,415 THRs, of which 4,049 were performed by trainees, the authors
reported no significant difference in the revision rate between surgeon groups (Inglis et al., 2013). In a
further cohort of 79,671 TKRs and 8,854 UKRs, of which approximately 10% were performed by
trainees, they reported no significant difference in the revision rates of knee replacements performed
by trainees and consultants (Storey et al., 2018). These studies were not included in this meta-analysis
because the authors did not report net survival estimates and revision rates were reported ‘per 100
component years’, rather than for clearly defined periods of follow-up, which cannot be calculated

from the data presented.

2.6.3  Implications

There is a delicate balance between ensuring optimal outcomes for patients and the necessity to train
the next generation of surgeons. Reidy et al. suggest that the availability of surgeon level registry data
as a means of benchmarking performance, may lead to a desire to avoid perceived poor performance
and thus a reluctance among consultants to let trainees operate (Reidy et al., 2016, Faulkner et al.,
2018). However, the findings of this review are encouraging and support the notion that in the context
of contemporary practice, in countries with established and regulated orthopaedic training
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programmes, trainees can achieve implant survival outcomes equivalent to their consultant colleagues.
The senior supervision of trainees was inconsistently reported in the studies included in this review
but is likely to play an important role in the successful outcome of trainee-performed hip and knee

replacements.

An adequately powered non-inferiority RCT with 10 years follow-up assuming an acceptable revision
rate of 5% and a 1% absolute non-inferiority delta (¢=0.05; power=0.80; 1:1 allocation ratio), would
require a sample size of 6,400 patients (Sayers et al., 2017). However, factors inherent to the training
process, such as variation amongst trainees, the need for case selection according to complexity and
varying levels of supervision based on a trainee’s experience, may preclude an inclusive and therefore
generalisable RCT. Further investigation should focus on the associations between surgeon grade, the
senior supervision of trainees, and the risk of revision following trainee-performed hip and knee
replacements. Future work should also investigate the risk of early revision and the specific
indications for revision following trainee-performed procedures. The analysis of patient data recorded
in a mandatory national joint replacement registry would be an appropriate means of further

investigation.

2.6.4 Conclusion

In conclusion, there is no strong evidence in the existing literature that trainee surgeons have worse
outcomes than their consultant surgeon colleagues, in terms of the net survival, or crude revision rate
of hip and knee replacements at 5 to 10 years follow-up. This may mean that there is no difference, or
that appropriate case mix selection and supervision of trainees is currently employed and is safe to
continue. Our results are concordant with published registry data and represent the best available

evidence but are limited by the quality of the existing published studies.
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Chapter 3 The association between surgeon grade and risk of
revision following total hip replacement: an analysis of National

Joint Registry data

3.1 Overview

Building on the findings of Chapter 2, this chapter seeks to overcome some of the limitations of the
existing literature. The aim of this chapter was to use NJR data for England and Wales to examine the
association between surgeon grade, the supervision of trainees, and the risk of revision following
THR. This study benefits from the use of generalisable NJR data and is significantly larger than any
previous study on this subject. This study has been published in The Bone & Joint Journal (Fowler et
al., 2021) and included in this thesis according to the University’s guidance on the integration of

publications as chapters within a dissertation.

3.1.1 Contributors

TF was responsible for study concept, design, literature review, data analysis, interpretation of the
results, and writing the manuscript. AA contributed to the literature review and was responsible for
interpretation of the results and review of the manuscript. AB, MR and MW were responsible for
study concept, design, interpretation of the results, and review of the manuscript. AS was responsible

for study concept, design, data analysis, interpretation of the results, and review of the manuscript.
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Bristol for membership of HQIP Lot 2 Statistical Analysis team for the National Joint Registry, and
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3.2 Abstract

3.2.1 Background

Total hip replacements (THRs) are performed by surgeons at various stages in training with varying
levels of supervision, but we do not know if this is safe practice with comparable outcomes to
consultant-performed THR. Our aim was to examine the association between surgeon grade, the

senior supervision of trainees, and the risk of revision following THR.

3.2.2 Methods

We performed an observational study using National Joint Registry (NJR) data. We included adult
patients who underwent primary THR for osteoarthritis (OA), recorded in the NJR between 2003 and
2016. Exposures were operating surgeon grade (consultant or trainee) and whether or not trainees
were directly supervised by a scrubbed consultant. Outcomes were all-cause revision and the
indication for revision up to 10 years. We used methods of survival analysis, adjusted for patient,

operation, and healthcare setting factors.

3.2.3 Results

We included 603,474 THRs, of which 58,137 (9.6%) procedures were performed by a trainee. There
was no association between surgeon grade and all-cause revision up to 10 years (crude hazard ratio
(HR) 1.00, 95% CI 0.94 to 1.07; p=0.966); a finding which persisted with adjusted analysis. Fully
adjusted analysis demonstrated an association between trainees operating without scrubbed consultant
supervision and an increased risk of all-cause revision (HR 1.10, 95% CI 1.00 to 1.21; p=0.045).
There was an association between trainee-performed THR and revision for instability (HR 1.14, 95%
CI 1.01 to 1.30; p=0.039). However, this was not observed in adjusted models, or when trainees were

supervised by a scrubbed consultant.

3.2.4 Conclusion

Within the current training system in England and Wales, appropriately supervised trainees achieve

comparable THR survival to consultants. Trainees who are supervised by a scrubbed consultant
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achieve superior outcomes compared to trainees who are not supervised by a scrubbed consultant,

particularly in terms of revision for instability.
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3.3  Background

Total hip replacement (THR) is a common, effective intervention for the treatment of arthritic
conditions of the hip (Ferguson et al., 2018). Surgeons undergo extensive training to acquire the skills
to perform THR safely and independently. These procedures are performed by surgeons at various
stages in their training, with varying levels of senior supervision. There is a balance between
protecting training opportunities in order to develop a competent future generation of surgeons and

limiting the exposure of patients to undue risk during the training process.

The survival of a joint replacement, defined by the absence of revision surgery, is the principal
measure used for comparing the longevity of implant components and is a commonly used measure of
surgical performance (Evans et al., 2019a). Revision is defined as any operation to add, remove, or
modify one or more components of an implant construct (The National Joint Registry, 2020). Net
survival estimates are calculated using statistical methods of survival analysis (e.g. Kaplan-Meier),
which look at time to a defined failure event (e.g. revision) and account for censored data that arise

due to administrative conveyance, incomplete follow-up, or death (Sayers et al., 2018).

A recent meta-analysis of observational studies found that there is no strong evidence in the existing
literature that trainees achieve worse implant survival compared to consultants at 5 to 10 years follow-
up (Fowler et al., 2021). This study is based on low quality evidence, a low number of patients, and
gives limited insight into the importance of scrubbed consultant supervision. A New Zealand Joint
Registry (NZJR) study of 35,415 primary THRs found no significant difference in the revision rates,
or indication for revision of THRs performed by consultants, supervised trainees, and unsupervised
trainees (Inglis et al., 2013). However, this study did not report survival estimates and the overall
number of trainee cases in the cohort was relatively low (n=4,049). The survival of THRs according

to surgeon grade and supervision remains poorly understood.

We aimed to use a national mandated prospective registry to investigate the association between

surgeon grade, the senior supervision of trainees, and the risk of all-cause revision following THR. An
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additional aim of this study was to investigate the association between surgeon grade and the

indication for revision.

3.4 Methods

3.4.1 Patients and data sources

We performed an observational study using prospectively collected data from the National Joint
Registry (NJR). The base dataset was 1,230,989 linked hip procedures performed in England and
Wales between 1 April 2003, and 31 December 2016. We included primary THRs in adult patients
(aged >18 years) undertaken to treat osteoarthritis (OA), performed by either a trainee or a consultant
surgeon. The indication for surgery is an important source of case complexity. Primary THRs
performed for indications other than OA (e.g. inflammatory arthropathy, dysplasia, malignancy, or
multiple indications) are generally considered to be more technically challenging and may be more
likely to be performed by a consultant than a trainee. In an attempt to standardise variations in case
complexity relating to the indication for surgery, our analyses were restricted to procedures performed

for OA only. This approach and its limitations are discussed in more detail in Section 7.3.2.4.

Procedures were included in the primary analyses if the operating surgeon grade was recorded as any
of the following: Foundation Year 1 (F1) to Specialty Trainee Year 2 (ST2); ST3-ST8 (i.e. registrar);
fellow; or consultant. Surgeons of all grades (F1-ST2, ST3-ST8, SAS, consultant, and ‘other”) were

included for sensitivity analysis. The process of mapping grade classifications to account for different

versions of the NJR Minimum Data Set (MDS) form is detailed in Appendix 10.

Resurfacing procedures were excluded. Procedures with a metal-on-metal bearing combination were
also excluded, as such prosthesis constructs are known to have a high failure rate and their use no
longer reflects contemporary practice (Smith et al., 2012b). Cases were not selected according to the
funding source or type of hospital (e.g. NHS, treatment centre, or private). This approach means that
the cohort is representative and generalisable to consultant practice in all healthcare settings in
England and Wales. However, private sector cases may be considered a separate group of patients,

with no exposure to trainee-performed surgery. An alternative approach would be to exclude
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privately-funded cases and base the analsyses on NHS-funded cases performed in NHS hospitals,
which is the primary setting for orthopaedic training in England and Wales. However, the results of

this approach would not be generalisable to wider consultant practice.

Due to the use of existing permissions for data access and linkage, it was not feasible to link NJR data
to Hospital Episode Statistics (HES) or the National Health Service (NHS) England Patient-Reported
Outcome Measure (PROM) database. The HES database captures additional patient-level information,
including comorbidity data. It also provides additional operation-level data that are not recorded in the
NJR, including the length of admission, postoperative medical complications, blood transfusion,
readmission, and reoperations other than revision. Linkage to HES would have provided additional
variables for confounding adjustment, which may have reduced residual confounding relating to
unobserved differences in patient characteristics between the consultant and trainee groups. It would
also provide additional outcome data, that were not included in the current study. Since 2009, the
NHS PROM database has collected preoperative and 6-month postoperative PROM data (OHS and
EQ-5D) for all NHS-funded hip replacements performed in England. However, complete data are
only available for a relatively small proportion of NJR records (Sayers et al., 2020b, Liddle et al.,
2015, Baker et al., 2012). Linkage to the NHS PROM database would have provided additional

outcome data for a proportion of the cases included in this study.

3.4.2 Data access and processing

Access to the data was facilitated under existing NJR permissions for the study of training and volume
in the context of hip and knee replacement, which are held by a supervisor of this thesis and senior
author of this study (AS) (The National Joint Registry, 2022a). The base dataset used in the current
study is based on the same cut of NJR data used in a previous NJR study (Sayers et al., 2020a). The
steps taken in data processing are summarised in the flow diagram in Figure 6 and illustrated in
greater detail in Figure 7. Figure 7 gives details of sequential exclusions from the base dataset, some
of which were performed by AS prior to the initiation of the current study. All exclusions are

consistent with the exclusion criteria of this study and the stage at which these occurred is clearly
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denoted. Complete-case analysis was used in all analyses and records with missing data in any
confounding variable field used in subsequent statistical models were excluded from the relevant
model. Details of missing data, the number of cases excluded, and the reasons for exclusion are
summarised in Figure 6 and illustrated in greater detail in Figure 8. The demographic characteristics

of included cases and cases excluded due to missing data are summarised in Appendix 11.

3.4.3 Ethics

This study was approved by the NJR Research Committee (The National Joint Registry, 2022a). The
NIJR supports public health surveillance and wider clinical decision making and holds data that are
anonymous to the researchers who use it. NHS Health Research Authority guidance dictates that the
secondary use of such data for research does not require approval by a research ethics committee
(Health Research Authority, 2022). Therefore, separate research ethics committee approval was not
required for the NJR studies included in this thesis. Patients are consented for inclusion in the NJR
according to standard practice, with permission under the Health Service (Control of Patient
Information) Regulations, otherwise referred to as Section 251 support (The National Joint Registry,

2022b).
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Figure 6 - Study flow diagram (Chapter 3).

Hip procedure records submitted to NJR Sequential Exclusions
between 01/04/2003 & 31/12/2016 No consent N=232 371
N=1,230,989 ;

Duplicates/inconsistent/edits N=11,012
First procedure was a revision N=69,995

Implausible dates N=47
Not a primary THR N=48,226
Inclusions & exclusions Revision hip replacements N=29,099

Indication for primary not OA  N=94,424
Ambiguous implant combination N=30,989
Metal-on-Metal (MoM) bearing N=26,756

y

Primary THR performed by either a ‘trainee’ Not adl_"t’ ar anplausible ?gg |N=2KSS ,
(F1-ST2; ST3-ST8; fellow), or a ‘consultant’ Operating surgeon not a ‘trainee’ or ‘consultant
surgeon Specialty Doctor/SAS N=36,582
N=626,947 Other N=24,286
Subtotal exit N=604,042
Failure defined and censoring
Data administratively censored at 31/12/2016
N=626,947
Missing data
Patient factors N=1,665*
Accounting for missing data Operation factors N=9,448*
Healthcare setting factors N=15,284*
v Subtotal exit N=23,473*
Records with complete survival data
N=603,474 THRs in 534,830 patients *Reasons for exclusion of missing data not
mutually exclusive. Some cases were excluded
Cohort with complete survival data for missing data in more than one field.
Operation performed by an Operation performed by a
Consultant Trainee
N=545,337 (90.4%) N=58,137 (9.6%)
!
| |
Supervised by a Not supervised by a
scrubbed consultant scrubbed consultant
N=33,230 (57.2%) N=24,907 (42.8%)
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Hip procedure records submitted to the
NJR between 01/04/2003 & 31/12/2016
N=1,230,989

Figure 7 - Detailed study flow diagram showing sequential exclusions (Chapter 3).

Consenting procedures
N=998,618

*1) No consent: N=232,371

v

Unique & consistent hip procedures
N=987,606

*2) Duplicates/inconsistent/edits: N=11,012

[

v

Sequence starting with a primary operation
N=917,611

*3) First procedure is a revision: N=69,995
(In such cases the revised primary procedure pre-
dated and was therefore not recorded in the NJR)

v

Plausible dates
N=917,564

*4) Implausible dates (zombies; ghosts;

foetuses; records prior to 2003): N=47
(Implausible dates of birth and death)

v

Primary total hip replacement (THR)
N=840,239

*5) Not a primary THR: N=48,226
(E.g., Hip resurfacings)
*6) Revision procedures: N=29,099

v

Primary indication osteoarthritis (OA)
N=745,815

*7) Indication for primary not exclusively
OA: N=94,424

[

v

Unique prosthesis combinations
N=714,826

*8) Ambiguous prosthesis combinations:
N=30,989
(E.g., Incompatible prosthesis construct
combinations)

v

Not “Metal-on-Metal” bearing
N=688,070

*9) “Metal-on-Metal” bearing: N=26,756

[

v

Adult patients (218 & <105)
N=687,815

10) Not adult or implausible age (=18 &
<105): N=255

.

Operating surgeon was either a ‘trainee’
(F1-ST2; ST3-ST8; fellow), or a ‘consultant’
N=626,947

11) Not performed by a ‘trainee’ or
‘consultant’:
Specialty Doctor/SAS: N=36,582
Other: N=24,286

*NB: Sequential exclusions 1 to 9 had already been applied to the base dataset by AS, prior to
the initiation of this study. Steps 10 and 11 were completed by TF.




Figure 8 - Detailed study flow diagram showing exclusion of missing data (Chapter 3).

Primary THRs performed by either a
‘trainee’ (F1-ST2; ST3-ST8; fellow), or a
‘consultant’

N=626,947

Patient factors
Age missing
Sex missing
ASA missing
IMD missing

ZZLZZZ

Operation factors
Fixation missing
Approach missing
— Anaesthetic missing
Bearing missing
Head size missing

| Subtotal exit N=23,473*
488"

ZZZEZ
TN
o Oo®OoOo

Healthcare setting factors
— Funding source missing N=15,284* =
Year of operation missing N=0

y

Records with complete survival data
N=603,474 THRs in 534,830 patients

*Reasons for exclusion of missing data not
mutually exclusive. Some cases were excluded
for missing data in more than one field.
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3.4.4  Exposures

The primary exposure (exposure A) was surgeon grade, which was categorised into two groups
according to the grade of the operating surgeon: 1) consultant, or 2) trainee. Procedures performed by
surgeons of the following grades were categorised under the variable ‘trainee’: F1-ST2; ST3-ST8; and
fellow. Consultant surgeons have completed their formal training in orthopaedic surgery and have
been appointed to a senior position in which they can practice independently and supervise trainees.
The term ‘consultant’ is synonymous with ‘attending’, and the term ‘registrar’ synonymous with

‘resident’ in many healthcare settings including the USA.

We were interested in a secondary exposure (exposure B), which was whether or not the trainee was
directly supervised by a scrubbed consultant during the procedure. Therefore, trainee cases were
subcategorised as follows: 1) trainee supervised by a scrubbed consultant; 2) trainee not supervised by

a scrubbed consultant.

Given the variability in the level of experience among surgical trainees, we performed a sensitivity
analysis through recategorising procedures according to the specific training grade of the operating
surgeon (exposure C: consultant; F1-ST2; ST3-STS; SAS; other), with further subcategorisation

according to level of scrubbed consultant supervision.

3.4.5 Outcomes of interest

The primary outcome was all-cause revision up to 10 years (i.e. any procedure to add, remove, or
modify one or more components of an implant construct for any reason). We were also interested in
the following indications for revision surgery (up to 10 years): infection; periprosthetic fracture;
aseptic loosening; instability; and revision for ‘other’ causes. This follow-up period is consistent with
the revision rate standard at 10 years set out by National Institute for Health and Care Excellence
(NICE) guidance (Kandala et al., 2015, National Institute of Health and Care Excellence, 2021), as
well as the analysis period used by the NJR (The National Joint Registry, 2021b). An additional
outcome of interest was the temporal variation in the risk of revision (i.e. were THRs performed by

trainees more likely to fail earlier than those performed by consultants?).
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3.4.6 Statistical analysis
3.4.6.1 Overview

Frequencies and percentages were used to describe categorical variables. The mean, standard
deviation (SD), and interquartile range (IQR) were used to describe continuous variables. We used
methods of survival analysis to account for censoring due to incomplete follow-up, or death. Episodes
were either administratively censored on 31 December 2016, or the date of death, whichever was

earliest. Unadjusted net implant failure was estimated using the Kaplan-Meier (KM) method.

For the primary analyses, the associations between surgeon grade, supervision, and implant failure
were modelled using Cox regression, with incremental adjustment for patient-, operation-, and
healthcare setting-level confounding variables. A detailed description of the confounding variables
included in the models and levels of adjustment is documented in Section 3.4.6.2. We performed
separate analyses for each indication for revision, which were examined as separate survival
endpoints. We tested and satisfied the proportional hazards (PH) assumption using likelihood ratio
testing to compare proportional and non-proportional hazards models, which justified the use of Cox
models for the primary and sensitivity analyses. The process of model selection, construction and

justification is described in more detail in Section 3.4.6.3.

In a secondary analysis, we used flexible parametric survival modelling (FPM), described by Lambert
and Royston and previously used in NJR analyses (Lambert and Royston, 2009b, Smith et al., 2012b,
Hunt et al., 2018, Blom et al., 2020), to explore any temporal variation in the hazard ratio (HR) for
revision. We used restricted cubic spline functions to model the baseline cumulative hazard of the
primary effect and confirmed the superiority of our final model to preceding iterations through
likelihood ratio testing. Our final FPM was fully adjusted for patient-, operation-, and healthcare
setting-level confounding variables (Model 4: see Section 3.4.6.2). We repeated the analysis with the
sequential exclusion of revisions for specific indications in order to examine the contribution of each
mode of failure to the baseline hazard. Statistical analysis was performed using Stata (Version SE

15.1; StataCorp LP, USA).
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3.4.6.2 Confounding variables

The analyses were incrementally adjusted for the following confounding variables. Model 1 was
unadjusted. Model 2 was adjusted for patient-level factors (age, sex, American Society of
Anaesthesiologists [ASA] grade, and index of multiple deprivation [IMD] decile). Model 3 was
further adjusted for operation-level factors (anaesthetic, surgical approach, fixation, bearing surface,
and head size). Model 4 was further adjusted for healthcare setting factors (funding source, and year
of operation). In each case, the baseline category was the most frequently occurring (as detailed in

Appendix 12).

Patient factors included age, sex, ASA grade, and IMD decile. All confounding variables were
categorical, other than age which was continuous. ASA grade is a five-category system for the
assessment of a patient’s preoperative fitness according to the severity of medical comorbidities
(Dripps et al., 1961). Patients are categorised according to the following definitions. ASA I — a normal
healthy patient; ASA II — a patient with mild systemic disease; ASA III — a patient with severe
systemic disease; ASA IV — a patient with severe systemic disease that is a constant threat to life;
ASA V —a moribund patient who is not expected to survive without the operation. In this study, we
used the following three categories: ASA I, ASA Il and ASA >III. The index of multiple deprivation
(IMD) is a geographical area-based measure of relative social deprivation. In England and Wales,
small areas are ranked according to seven domains of deprivation (income, employment, education,
health, crime, housing and services, and living environment). Our models were adjusted for IMD

decile (1 being the most deprived, 10 being the least deprived) (Noble et al., 2019).

Operation-level factors included anaesthetic, surgical approach, fixation, bearing surface, and head
size. Cases were categorised according to the primary method of anaesthesia used: general
anaesthetic, spinal, epidural, nerve block, or ‘other’. The surgical approach reflects the anatomical
approach through which a joint is replaced. This was treated as a binary variable according to whether
or not the procedure was performed via a posterior approach. Fixation describes the method by which

the femoral and acetabular components are fixed within bone, and cases were categorised as follows:
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cemented, uncemented, hybrid, or reverse hybrid. The bearing surface is defined by the materials used
in the articulation between the femoral head and acetabular component. Cases were categorised as
follows: metal-on-polyethylene, ceramic-on-polyethylene, ceramic-on-ceramic, or ‘other’. The size of
the femoral head used in each case was categorised as follows: <32mm, 32mm, or >36mm. These

operative confounding factors are described in more detail in Section 1.2.3.

Healthcare setting factors included the funding source and year of operation. Cases were categorised
according to whether the procedure was privately funded or funded by the NHS. Finally, cases were

categorised according to the year of operation: either 2003-2012, or 2013-2016.

3.4.6.3 Model selection, construction and justification

The structured approach to model selection and construction used in this study was based around an
in-depth assessment of the proportionality of hazard functions. Where data satisfied the PH
assumption (i.e. the ratio of hazard functions was constant) or further analysis demonstrated that there
was no significant advantage to be gained from using FPM analysis, the Cox model was preferred for

primary analysis. This approach is summarised here:

Step 1: Schoenfeld residuals tests and were applied to incrementally adjusted Cox models for

‘surgeon grade’ to assess the PH assumption at each level of adjustment.

1) Cox PH model for surgeon grade (Model 1: unadjusted)
a. Schoenfeld residual test: p=0.01
2) Cox PH model for surgeon grade (Model 2: adjusted for patient factors)
a. Schoenfeld residual test: p<0.01
3) Cox PH model for surgeon grade (Model 3: adjusted for patient & operation factors)
a. Schoenfeld residual test: p<0.01
4) Cox PH model for surgeon grade (Model 4: adjusted for patient, operation & healthcare
setting factors)

a. Schoenfeld residual test: p<0.01
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The Schoenfeld residuals tests suggested that ‘surgeon grade’ may have a time-dependent effect and
may not satisfy the PH assumption. FPM was used to investigate this further. FPM uses restricted
cubic spline functions to model the baseline hazard function and account for time-dependent effects of
specified variables (Royston and Lambert, 2011, Lambert and Royston, 2009b). This allows
researchers to overcome limitations of the Cox model relating to its semiparametric nature (see

Section 1.6.1).

Step 2: FPMs were constructed according to the methods described by Royston and Lambert

(Royston and Lambert, 2011). We constructed the following two models:

1) A non-proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare

factors)

a. A non-PH model using the stpm2 command with ‘surgeon grade’ treated as having a
time-dependent effect.

b. Graphical assessment, Akaike information criteria (AIC), and Bayes information
criteria (BIC) were used to optimise the fit and complexity of the model. These
methods were used to determine the degrees of freedom with which to model hazard
functions, as well as the optimal number and location of knots.

c. We confirmed the superiority of our final model to preceding iterations using
likelihood ratio testing.

d. The final model was as follows: The baseline hazard was modelled with 7 degrees of
freedom. Surgeon grade had a time-dependent effect and was modelled with 6
degrees of freedom. Confounding variables were modelled with fixed effects.

2) A proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare factors)

a. A PH model using the stpm2 command, equivalent to the Cox model.
b. This model is identical to the non-PH FPM model described above, but time-

dependent effects were not included.
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Step 3: Likelihood ratio tests were used to compare PH and non-PH models at each level of

adjustment:

1) PH FPM compared to non-PH FPM (Model 1): p=0.10
2) PH FPM compared to non-PH FPM (Model 2): p=0.09
3) PH FPM compared to non-PH FPM (Model 3): p=0.10

4) PH FPM compared to non-PH FPM (Model 4): p=0.07

Summary: The PH (i.e. Cox) and non-PH models were parsimonious in this context. There was no
significant advantage to using FPM with time-dependent effects. In view of these findings, the Cox
model was used for the primary analysis of the association between surgeon grade and the risk of
THR revision. The non-PH FPM model described in Step 2 was used in a secondary analysis to

examine the temporal variation in the risk of revision.

3.5 Results

We included 603,474 THR procedures in 534,830 patients, of which 58,137 (9.6%) procedures were
performed by a trainee. Trainees were supervised by a scrubbed consultant in 57.2% (n=33,230) of
trainee-performed cases (Figure 6). Mean follow-up was 4.5 years (SD 3.0; IQR 1.9 to 6.8 years) and

10,194 hips were revised at a mean of 2.5 years (SD 2.6; IQR 0.3 to 3.9 years).

The mean age of patients operated on by trainees was 2.2 years older than patients operated on by
consultants (71.7 vs. 69.5 years). Trainees operated on a lower proportion of ASA I patients (10.3%
vs. 15.6%) and a higher proportion of ASA >III patients (19.6% vs. 14.3%). A higher proportion of
trainee procedures used cemented fixation (46.8% vs. 35.2%), a metal-on-polyethylene bearing

(74.3% vs. 63.3%), and a <32mm head (55.9% vs. 47.7%). Absolute numbers are reported in Table 3.
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Table 3 - Descriptive statistics for patient, operation, and healthcare setting factors for included THRs.

Surgeon grade and supervision

Trainee supervised

Trainee not supervised

Variable (Cno:nss‘:lslt;l;l’;) ;I;ll:;ge: 3(70)verall) by consultant by consultant
’ ’ (n=33,230) (n=24,907)
Mean (SD) age (years) 69.5 (10.3) 71.7(9.5) 71.3(9.7) 72.1(9.2)
Female (%) 331,440 (60.8) 36,306 (62.5) 20,624 (62.1) 15,682 (63.0)
Side (%)
Right 302,473 (55.5) 32,276 (55.5) 18,430 (55.5) 13,846 (55.6)
Body Mass Index (kg/m?)
Mean (SD) 28.7(5.2) 28.8(5.2) 28.8(5.2) 28.7(5.2)
ASA grade (%)
ASA 1 84,793 (15.6) 5,989 (10.3) 3,544 (10.7) 2,445 (9.8)
ASA 11 382,525 (70) 40,779 (70) 23,012 (69.3) 17,767 (71.1)
ASA >III 78,019 (14.3) 11,369 (19.6) 6,674 (20.1) 4,695 (18.9)
Index of multiple deprivation
decile (%)
1 29,700 (5.5) 3,451 (5.9) 2,221 (6.7) 1,230 (4.9)
2 33,099 (6.1) 4,052 (7.0) 2,451 (7.4) 1,601 (6.4)
3 38,749 (7.1) 4,550 (7.8) 2,626 (7.9) 1,924 (7.7)
4 47,706 (8.8) 5,393 (9.3) 3,026 (9.1) 2,367 (9.5)
5 56,671 (10.4) 6,128 (10.5) 3,417 (10.3) 2,711 (10.9)
6 63,610 (11.7) 6,763 (11.6) 3,881 (11.7) 2,882 (11.6)
7 66,686 (12.2) 6,841 (11.8) 3,859 (11.6) 2,982 (12.0)
8 68,016 (12.5) 6,809 (11.7) 3,849 (11.6) 2,960 (11.9)
9 69,627 (12.8) 7,070 (12.2) 3,920 (11.8) 3,150 (12.7)
10 71,472 (13.1) 7,080 (12.2) 3,980 (12.0) 3,100 (12.5)

Anaesthetic (%)

Spinal 278,270 (51) 28,224 (48.6) 17,652 (53.1) 10,572 (42.5)

General 230,153 (42.2) 24,842 (42.7) 12,860 (38.7) 11,982 (48.1)

Epidural 20,296 (3.7) 2,714 (4.7) 1,587 (4.8) 1,127 (4.5)

Nerve block 16,036 (2.9) 2,293 (3.9) 1,096 (3.3) 1,197 (4.8)

Other 582 (0.1) 64 (0.1) 35(0.1) 29 (0.1)
Approach (%)

Posterior 325,822 (59.8) 35,229 (60.6) 19,270 (58.0) 15,959 (64.1)

Other 219,515 (40.3) 22,908 (39.4) 13,960 (42.0) 8,948 (35.9)
Fixation (%)

Cemented 191,736 (35.2) 27,182 (46.8) 15,302 (46.1) 11,880 (47.7)

Uncemented 229,040 (42) 15,349 (26.4) 9,345 (28.1) 6,004 (24.1)

Hybrid 108,501 (19.9) 14,108 (24.3) 7,561 (22.8) 6,547 (26.3)

Reverse hybrid 16,060 (2.9) 1,498 (2.6) 1,022 (3.1) 476 (1.9)
Bearing (%)

Metal-on-polyethylene 345,157 (63.3) 43,218 (74.3) 23,939 (72.0) 19,279 (77.4)

Ceramic-on-polyethylene 101,748 (18.7) 7,889 (13.6) 4,889 (14.7) 3,000 (12.0)

Ceramic-on-ceramic 96,477 (17.7) 6,883 (11.8) 4,337 (13.1) 2,546 (10.2)

Other 1955 (0.3) 147 (0.3) 65 (0.2) 82 (0.4)
Head size (%)

<32mm 259,879 (47.7) 32,511 (55.9) 18,638 (56.1) 13,873 (55.7)

32mm 164,354 (30.1) 16,273 (28.0) 9,095 (27.4) 7,178 (28.8)

>36mm 121,104 (22.2) 9,353 (16.1) 5,497 (16.5) 3,856 (15.5)
Funding source (%)

NHS 455,550 (83.5) 58,035 (99.8) 33,191 (99.9) 24,844 (99.8)

Private 89,787 (16.5) 102 (0.2) 39 (0.1) 63 (0.2)
Year of operation (%)

2003-2012 300,459 (55.1) 35,233 (60.6) 18,446 (55.5) 16,787 (67.4)

2013-2016 244,878 (44.9) 22,904 (39.4) 14,784 (44.5) 8,120 (32.6)

ASA, American Society of Anaesthesiologists; NHS, National Health Service. Data are n (%) or mean (SD)
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Figure 9 - Kaplan-Meier plot (one minus survival) demonstrating the cumulative probability of THR failure (i.e.
all-cause revision) according to surgeon grade (exposure A).

6_

Cumulative probability of failure (%)

I I
0 2 4 6 8 10
Years since primary procedure

Number at risk

Consultant 545337 403091 275970 168775 88056 38252
Trainee 58137 45243 31791 20094 11033 4592
95% CI 95% CI
Consultant — Trainee

Reference line is the ODEP A* benchmark at 3, 5, 7, and 10 years.
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Table 4 - The unadjusted cumulative probability of all-cause failure of THRs according to surgeon grade and supervision.

Trainee supervised by a scrubbed

Trainee not supervised by a scrubbed

Consultant Trainee (overall) consultant consultant
Follow- Number Number Number Number
up ODEP Number | of Number | of Number | of Number | of
(years) A* (%) | atrisk** | revisions % Failure (95% CI) | at risk** | revisions % Failure (95% CI) | at risk** | revisions % Failure (95% CI) | atrisk** | revisions % Failure (95% CI)
1 n/a 545,337 | 3,651 0.72 (0.69 to 0.74) 58,137 423 0.77 (0.70 to 0.85) 33,230 240 0.77 (0.68 to 0.88) 24,907 183 0.76 (0.66 to 0.88)
3 3 403,091 | 2,526 1.33 (1.30 to 1.36) 45,243 274 1.37 (1.27 to 1.47) 24,656 140 1.33 (1.20 to 1.47) 20,587 134 1.41 (1.26 to 1.57)
5 3.5 275,970 | 1,354 1.81 (1.77 to 1.86) 31,791 145 1.81 (1.69 to 1.94) 16,639 82 1.81 (1.65 to 1.98) 15,152 63 1.82 (1.64 to 2.01)
7 4.0 168,775 | 863 2.31 (2.26 t0 2.36) 20,094 112 2.36 (2.21 t0 2.53) 9,905 52 2.33 (2.12t0 2.56) 10,189 60 2.40 (2.18 to 2.65)
10 5.0 58,564 774 3.34 (3.25t03.43) 7,460 72 3.10 (2.85t0 3.32) 3,744 30 2.95(2.65t03.29) 3,716 42 3.21 (2.88 t0 3.57)

Data are the number at risk, the number of revision events, the unadjusted cumulative probability of failure and the 95% CI. The Orthopaedic Data Evaluation Panel (ODEP) A* benchmark is documented alongside
for comparison. **Number at risk at the beginning of interval.
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3.5.1 All-cause revision

The unadjusted cumulative probability of failure at 10 years was 3.34% (95% CI 3.25 to 3.43) for
consultants, 3.10% (95% CI 2.85 to 3.32) for trainees overall, 2.95% (95% CI 2.65 to 3.29) for
trainees supervised by a scrubbed consultant, and 3.21% (95% CI 2.88 to 3.57) for trainees who were
not supervised by a scrubbed consultant (Table 4). The cumulative probability of failure according to

surgeon grade is graphically displayed in Figure 9.

In the unadjusted Cox regression analysis comparing THRs performed by consultants and trainees,
surgeon grade (exposure A) was not associated with all-cause revision (HR 1.00, 95% CI 0.94 to 1.07;
p=0.966). This finding persisted despite incremental adjustment for patient, operation, and healthcare

setting factors (Table 5).

Further analysis was performed according to the level of senior supervision (exposure B). Unadjusted
analysis indicated no association between the supervision of trainees and all-cause revision. However,
the fully adjusted analysis (Model 4) demonstrated an association between trainees operating without
scrubbed consultant supervision and an increased risk of all-cause revision (HR 1.10, 95% CI 1.00 to
1.21; p=0.045), in contrast to trainees who were supervised by a scrubbed consultant (HR 1.03, 95%

CI10.95to 1.13; p=0.451) (Table 5).

Sensitivity analysis was performed following further subcategorisation of procedures according to
specific training grade (exposure C) and consultant supervision. We found no evidence of an
association between any specific training grade and an increased risk of all-cause revision, regardless

of the level of supervision (Table 6).
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Table 5 - Results of Cox models according to surgeon grade (exposure A) and supervision (exposure B).

Exposure Model 1 (unadjusted) Model 2 (adjusted for ) Model 3 (adjusted for ¥, 1) Model 4 (adjusted for ¥, 1, §)
Outcome sulf) rou Exposure n=603,474 n=603,474 n=603,474 n=603,474
sroup HR | 95% CI p-value | HR | 95% CI p-value | HR | 95% CI p-value | HR | 95% CI p-value

A Consultant 1.00 1.00 1.00 1.00
All cause Trainee (overall) 1.00 | 0.94t01.07 | 0.966 1.02 | 0.96t01.09 | 0.544 1.05 | 0.99t01.13 | 0.108 1.06 | 1.00to 1.14 | 0.065

(10 lgivif:,’i‘s‘ions) Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 0.98 | 0.90t01.07 | 0.616 0.99 | 0.91t01.08 | 0.838 1.02 | 0.94t01.12 | 0.588 1.03 | 0.95t01.13 | 0.451
Trainee not supervised | 1.02 | 0.93t0 1.12 | 0.629 1.06 | 0.96t01.16 | 0.249 1.09 | 1.00to 1.20 | 0.062 1.10 | 1.00to 1.21 | 0.045

B A Consultant 1.00 1.00 1.00 1.00
R?V;S“:fl for Trainee (overall) 1.10 | 0.95t01.27 | 0.209 1.10 | 0.95t01.28 | 0.192 1.08 | 0.94t01.26 | 0.263 1.09 | 0.94t01.26 | 0.275

(18 0 :ecvil:il(l)ns)* Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 1.12 | 0.93t01.36 | 0.239 1.11 | 0.92t01.35 | 0.273 1.10 | 0.90t0 1.33 | 0.350 1.09 | 0.90t01.32 | 0.372
Trainee not supervised | 1.07 | 0.86t0 1.32 | 0.533 1.09 | 0.88t01.35 | 0.429 1.08 | 0.87t0 1.34 | 0.494 1.08 | 0.87t01.34 | 0.488

B A Consultant 1.00 1.00 1.00 1.00
Ref“s‘;’“ for Trainee (overall) 098 | 0.83t01.15 | 0.812 0.91 | 0.78t0 1.07 | 0.281 0.97 | 0.83t01.15 | 0.750 0.98 | 0.83t01.16 | 0.813

a 613 ’;gv‘i‘sri‘;ns)* Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 0.94 | 0.75t01.17 | 0.591 0.88 | 0.71t0 1.10 | 0.266 0.94 | 0.76t0 1.18 | 0.605 0.94 | 0.76t01.18 | 0.613
Trainee not supervised | 1.03 | 0.82t0 1.29 | 0.820 0.95 | 0.76t0 1.20 | 0.672 1.00 | 0.80t0 1.27 | 0.938 1.02 | 0.81t01.29 | 0.848

. A Consultant 1.00 1.00 1.00 1.00
R‘;,V‘sl“’“ for Trainee (overall) 0.93 | 0.82t01.06 | 0.277 1.01 | 0.88t0o 1.15 | 0.931 1.07 | 0.94t01.22 | 0.307 1.08 | 0.95t0 1.24 | 0.236

?;%%Screz‘i’:i';‘:;% Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 094 | 0.79t0 1.12 | 0.487 1.00 | 0.84t01.19 | 0.974 1.04 | 0.88t01.24 | 0.622 1.06 | 0.89t01.27 | 0.488
Trainee not supervised | 0.92 | 0.76to 1.11 | 0.374 1.02 | 0.84t01.23 | 0.866 1.10 | 0.91t0 1.33 | 0.307 1.11 | 0.92t01.34 | 0.289

. A Consultant 1.00 1.00 1.00 1.00
1‘_“?‘;:_‘;_{‘" Trainee (overall) 1.14 | 1.01t0 1.30 | 0.039 1.11 | 0.98t0 1.26 | 0.099 1.09 | 0.96t0 1.24 | 0.189 1.10 | 0.97t0 1.25 | 0.151

@ 378 rzv;sligns)* Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 1.07 | 0.90t0 1.27 | 0.446 1.04 | 0.88t01.24 | 0.625 1.05 | 0.88t0 1.24 | 0.611 1.06 | 0.89t01.26 | 0.547
Trainee not supervised | 1.23 | 1.03to 1.47 | 0.021 120 | 1.00to 1.43 | 0.047 1.14 | 0.95t01.36 | 0.149 1.15 | 0.96t01.38 | 0.123

o A Consultant 1.00 1.00 1.00 1.00
Rt;“s“’“ for Trainee (overall) 0.84 | 0.72t00.98 | 0.022 0.92 | 0.79to 1.07 | 0.261 1.00 | 0.86t0 1.16 | 0.993 1.01 | 0.87t01.18 | 0.867

@ ‘;99“':;?;2‘;55)* Consultant 1.00 1.00 1.00 1.00
’ B Trainee supervised 0.79 | 0.64t00.97 | 0.022 0.85 | 0.69t01.04 | 0.108 091 | 0.74t0 1.12 | 0.374 0.92 | 0.75t0 1.14 | 0.473
Trainee not supervised | 0.90 | 0.73to 1.11 | 0.335 1.01 | 0.82t01.24 | 0.948 1.11 | 0.90t0 1.37 | 0.310 1.12 | 0.91t01.38 | 0.287

Data are number of revisions for each indication, hazard ratio, 95% CI, or p-value. fPatient factors: age; sex; ASA grade; index of multiple deprivation decile. *Operation factors: bearing material;
fixation; head size; approach; anaesthetic. SHealthcare setting factors: funding; year of operation. *Some cases revised for more than one indication.

72




Table 6 - Sensitivity analysis: Results of Cox models for all-cause revision according to specific training grade

(exposure C) and supervision.

Number of Number of | Complete cases (n=661,276) *
Exposure cases revisions HR | 95% CI p-value
Model 1 (unadjusted)
Consultant 545,337 9,168 1.00
F1-ST2 supervised by scrubbed consultant 332 3 049 | 0.16to 1.51 | 0.212
F1-ST2 not supervised by scrubbed consultant 312 6 0.95 | 0.43t02.11 | 0.891
ST3-ST8 supervised by scrubbed consultant 32,258 526 0.99 | 091t01.08 | 0.817
ST3-ST8 not supervised by scrubbed consultant 22,118 403 1.02 | 0.92to 1.13 | 0.689
SAS supervised by scrubbed consultant 7,128 108 0.95 | 0.78to 1.14 | 0.562
SAS not supervised by scrubbed consultant 31,512 545 0.93 | 0.85t01.01 | 0.091
Other supervised by scrubbed consultant 4,827 69 0.76 | 0.60t0 0.97 | 0.025
Other not supervised by scrubbed consultant 17,452 356 1.01 | 091to1.12 | 0.847
Model 2 (adjusted for 1)
Consultant 545,337 9,168 1.00
F1-ST2 supervised by scrubbed consultant 332 3 0.51 | 0.16t0 1.57 | 0.237
F1-ST2 not supervised by scrubbed consultant 312 6 097 | 0.44t02.17 | 0.944
ST3-ST8 supervised by scrubbed consultant 32,258 526 1.01 | 0.92t01.10 | 0.906
ST3-ST8 not supervised by scrubbed consultant 22,118 403 1.05 [ 095t01.16 | 0.314
SAS supervised by scrubbed consultant 7,128 108 0.97 | 0.80to 1.17 | 0.747
SAS not supervised by scrubbed consultant 31,512 545 0.96 | 0.88t01.05 | 0.365
Other supervised by scrubbed consultant 4,827 69 0.77 | 0.61t00.98 | 0.031
Other not supervised by scrubbed consultant 17,452 356 1.05 | 0.95t0 1.17 | 0.369
Model 3 (adjusted for t, 1)
Consultant 545,337 9,168 1.00
F1-ST2 supervised by scrubbed consultant 332 3 0.50 | 0.16to 1.55 | 0.229
F1-ST2 not supervised by scrubbed consultant 312 6 0.96 | 0.43t02.14 | 0.927
ST3-ST8 supervised by scrubbed consultant 32,258 526 1.04 | 0.95t0 1.13 | 0.422
ST3-ST8 not supervised by scrubbed consultant 22,118 403 1.08 | 0.98to 1.19 | 0.136
SAS supervised by scrubbed consultant 7,128 108 0.96 | 0.79t0 1.16 | 0.669
SAS not supervised by scrubbed consultant 31,512 545 0.94 | 0.87t01.03 | 0.202
Other supervised by scrubbed consultant 4,827 69 0.79 | 0.62t0 1.00 | 0.052
Other not supervised by scrubbed consultant 17,452 356 1.07 | 0.96to0 1.19 | 0.227
Model 4 (adjusted for 1, 1, §)
Consultant 545,337 9,168 1.00
F1-ST2 supervised by scrubbed consultant 332 3 0.51 | 0.16t0 1.57 | 0.236
F1-ST2 not supervised by scrubbed consultant 312 6 0.97 | 0.44t02.16 | 0.941
ST3-ST8 supervised by scrubbed consultant 32,258 526 1.05 | 0.96to 1.14 | 0.322
ST3-ST8 not supervised by scrubbed consultant 22,118 403 1.09 | 0.98t0 1.20 | 0.103
SAS supervised by scrubbed consultant 7,128 108 0.97 | 0.80to 1.17 | 0.741
SAS not supervised by scrubbed consultant 31,512 545 095 | 0.87t01.04 | 0.274
Other supervised by scrubbed consultant 4,827 69 0.80 | 0.63t0 1.01 | 0.060
Other not supervised by scrubbed consultant 17,452 356 1.07 | 097t01.20 | 0.188

"Patient factors: age; sex; ASA grade; index of multiple deprivation decile. *Operation factors: bearing
material, mode of fixation; head size; approach, anaesthetic. SHealthcare setting factors: funding; year of
operation. *Greater number of complete cases due to the re-inclusion of cases performed by surgeons of the

following grades.: SAS, and 'other’.
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3.5.2 Indication for revision

Unadjusted analyses demonstrated associations between trainee-performed procedures (exposure A)
and an increased risk of revision for instability (HR 1.14, 95% CI 1.01 to 1.30; p=0.039), as well as a
reduced risk of revision for ‘other’ causes (HR 0.84, 95% CI 0.72 to 0.98; p=0.022). However,
adjusted analyses demonstrated no evidence of an association between surgeon grade (exposure A)
and any specific indication for revision (including infection, periprosthetic fracture, aseptic loosening,

instability, and other causes) (Table 5).

Further analysis was performed according to the level of supervision (exposure B). For procedures
performed by trainees supervised by a scrubbed consultant, we found no evidence of an increased risk
of revision for any indication. However, crude analysis demonstrated that procedures performed by
trainees without scrubbed consultant supervision were associated with an increased risk of revision for
instability (HR 1.23, 95% CI 1.03 to 1.47; p=0.021). This association was not observed in the fully

adjusted model (Table 5).

3.5.3 Temporal variation in risk of revision

Our FPM analysis suggests that there may be a higher risk of failure within the first 6 months
following THR performed by a trainee. There was no evidence of a higher risk of failure beyond 6
months. This is displayed in the form of a HR plot (Figure 10A), in which the lower 95% CI is above
the baseline of 1.00 (for consultant-performed procedures) up to, but not exceeding, 6 months
following the primary procedure. We see this effect disappear when cases that failed due to instability
are excluded from the analysis (Figure 10B); a finding that was not clearly replicated following the
exclusion of procedures that failed due to other early indications for revision, such as infection and

periprosthetic fracture (Figure 10C-D).
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Figure 10 - Results of flexible parametric survival models (FPMs) displayed as hazard ratio plots.
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A) Overall model illustrating the hazard ratio for the all-cause revision of THRs performed by trainees
compared to a baseline of consultant-performed THR. B) Excluding cases (n=2,378) revised for instability. C)
Excluding cases (n=1,613) revised for periprosthetic fracture. D) Excluding cases (n=1,863) revised for
infection. Plots B-D represent the sequential rather than cumulative exclusion of cases for each indication.
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3.6 Discussion

We have demonstrated that when comparing THRs performed by consultants and trainees, there was
no evidence of an association between the surgeon grade (exposure A) and all-cause revision; this was
the case in both crude and adjusted models. However, further analysis indicated that THRs performed
by trainees who were not supervised by a scrubbed consultant (exposure B), were associated with an
increased risk of all-cause revision in the fully adjusted model only (adjusted for age, sex, ASA grade,
index of multiple deprivation, anaesthetic, surgical approach, fixation, bearing surface, head size,

funding source, and year of operation).

There was no evidence that trainees supervised by a scrubbed consultant conferred an increased risk
of revision for any specific indication (including infection, periprosthetic fracture, aseptic loosening,
instability, and other causes). However, procedures performed by trainees without scrubbed
consultant supervision were associated with an increased risk of revision for instability in crude

analysis; an association which was not observed in the fully adjusted model.

We have also demonstrated that there may be an increased risk of early revision up to, but not
exceeding, 6 months following THR performed by trainees. Further analysis demonstrated that this

effect may be attributable to early failures due to instability (Figure 10B).

The Orthopaedic Data Evaluation Panel (ODEP) is responsible for benchmarking implant components
according to their revision rates at intervals of follow-up ranging from 3 to 15 years (Kandala et al.,
2015). The A* benchmark is the highest at each interval and represents an internationally recognised
acceptable limit. THR components with an A* rating at 10 years (revision rate of 5% or less) are
recommended for use in end-stage arthritis by NICE (National Institute of Health and Care
Excellence, 2021). The unadjusted KM analysis demonstrates that the cumulative probability of
failure of THRs performed by both supervised and unsupervised trainees is below the ODEP A*
threshold at all intervals of follow-up (Table 4), which indicates safe and acceptable implant survival
for THRs performed by trainees in England and Wales. This is consistent with the results of the

unadjusted Cox regression analysis, which shows no difference in the risk of all-cause revision for
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THRs performed by both supervised and unsupervised trainees compared to consultants (Table 5).
However, the results of our adjusted analyses suggest that improvements can be made through higher
levels of supervision. The comparison of implant survival according to surgeon grade to the ODEP

A* threshold represents a novel application of this benchmark.

3.6.1 Strengths and limitations

Our study has notable strengths. We analysed data for more than half a million patients recorded in
the world’s largest arthroplasty registry which, to our knowledge, makes this the largest study of the
association between surgical training and hip replacement outcomes. We analysed patient data
recorded in a mandatory, nationwide prospective database. This reduces sampling bias and improves
the external validity and generalisability of our findings. We used a range of comprehensively

adjusted statistical models, which have identified previously unknown associations.

Our study has limitations. Registry data are observational, and patients are not randomly allocated to
intervention groups, thus causation cannot be attributed. Implant survival is a key determinant of
successful operative outcome and is the sole outcome considered in the current benchmarking
strategies for the assessment of implant components (Orthopaedic Data Evaluation Panel, 2021a).
However, as they are not currently reported by the NJR and linkage to HES or the NHS England
PROMs database was not feasible, we did not consider other factors that are important when

evaluating surgical outcomes, such as PROMSs, or postoperative complications other than failure.

The binary term ‘trainee’ does not account for the variability in the level of experience of individual
trainees. We have attempted to account for this through sensitivity analysis by subcategorising
procedures according to the specific training grade of the surgeon (exposure C); however, further
work is required to stratify procedures according to individual surgeon experience. Similarly,
supervision is recorded as a binary variable, which does not account for the spectrum of supervision
that is inherent to the training process. For example, a consultant may vary the level of supervision
based on their judgement of an individual trainee’s level of experience and competence. Furthermore,

a trainee may be indirectly supervised (e.g. by an unscrubbed consultant in the operating theatre). NJR
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data entry are regularly audited to ensure the quality of data capture (The National Joint Registry,
2020). However, there are limitations to the accuracy and reliability with which surgeon grade and
supervision are recorded. For example, operating surgeon grade is a categorical variable and does not

account for procedures that may have been part-performed by a trainee.

3.6.2 Comparison with other studies

Our literature review identified no randomised controlled trials (RCTs) on this topic (Fowler et al.,
2021). A study of 35,415 THRs using data from the NZJR reported no significant difference in the
revision rate of THRs performed by consultants compared to those performed by supervised and
unsupervised trainees (Inglis et al., 2013). They also found no significant difference in the indication
for revision between the groups (including infection, fracture, aseptic loosening, instability and pain).
This study reported crude revision rate (per 100 component years) rather than a formal survival
analysis and their model was only adjusted for age and ASA grade. While they found no evidence of
an association between unsupervised trainees and an increased risk of all-cause revision or revision
for instability, this may reflect the weakness of the true effects, which were only identified in our
study due to the high number of cases and comprehensive adjustment for confounding variables. It is
encouraging to note the overall similarity of their findings to our own, which supports the
generalisability of our findings to other countries with established orthopaedic training programmes.
In particular, they found no evidence of an association between surgeon grade and revision for
infection, facture, or aseptic loosening, which is consistent with our own findings. The remaining
published literature on this topic is limited to a small number of retrospective studies, none of which
have reported a negative association between THRs performed by trainees and implant failure (Reidy

et al., 2016, Jain et al., 2018, Hasegawa and Amano, 2015, Palan et al., 2009).

The relationship between surgical experience and the dislocation of THRs has been the focus of
previous investigation. Individual cohort studies (Hedlundh et al., 1996, Moran et al., 2004, Kim et
al., 2017), and meta-analyses have drawn contradictory conclusions (Kunutsor et al., 2019, Singh et

al., 2019). A recent meta-analysis found that procedures performed by surgeons with a ‘higher level
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of experience’ are associated with a lower risk of dislocation (Kunutsor et al., 2019). However,
another recent meta-analysis that directly compared trainee and consultant procedures found no
overall difference in the rates of dislocation, or deep infection according to surgeon grade (Singh et
al., 2019). These results should be interpreted with caution as the terminology used to describe the

exposures ‘surgical experience’ and ‘surgeon grade’ is inconsistent and often used interchangeably.

In our own study, we observed an association between THRs performed by trainees overall and
revision for instability (in an unadjusted analysis only). With subcategorisation of trainee cases
according to supervision, this was observed in the unsupervised trainee group, but not in the
supervised trainee group (Table 5). Furthermore, we found that trainee-performed THRs may have an
increased risk of revision for instability in the first 6 months (Figure 10B). Possible explanations for
this observation are: 1) trainees are more likely to use a smaller head size (Table 3); and 2) trainees
lack consistency in acetabular component positioning (Kim et al., 2017, Moran et al., 2004). Both are
established risk factors for dislocation (Kunutsor et al., 2019, Lewinnek et al., 1978, Lopez-Lopez et
al., 2017). Moran et al. found evidence of inconsistent cup positioning and reduced acetabular
anteversion in THRs performed by trainees (Moran et al., 2004). Registry data are observational, and
causation cannot be attributed. However, given the importance of these parameters to achieving
optimal functional acetabular component alignment (Halawi and Haddad, 2018), component
malposition may explain the failures due to instability that were observed when trainees were not
supervised by a scrubbed consultant. We propose that scrubbed consultant supervision may reduce the

risk of instability by helping trainees to choose appropriate implants and position them correctly.

3.6.3 Implications

Our findings have implications for clinical practice. In general, trainers appear to select appropriately
complex cases for their trainees. While there was no overall difference in the survival of THRs
performed by trainees and consultants, implant survival outcomes were superior when trainees were
supervised by a scrubbed consultant. Nearly 43% of trainee-performed THRs recorded in the NJR

were performed by trainees who were not directly supervised by a scrubbed consultant during the
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procedure. We propose that trainees should be supervised by a scrubbed consultant when performing
primary THR, particularly during the early years of training and during critical stages of the
procedure, such as implant selection and when positioning implant components. The primary aim of
training is to develop surgeons who are capable of safe independent practice. Therefore, it would
seem prudent that when senior trainees operate unsupervised that careful case selection is undertaken,

and that scrubbed consultant supervision is readily available if required.

3.6.4 Conclusion

This nationwide study of THRs with up to 10 years follow-up found that appropriately supervised
trainees achieve comparable implant survival to consultants. However, there is some evidence that
trainees who are not supervised by a scrubbed consultant achieve inferior results to consultants,
particularly in terms of revision for instability. Our findings support the safety of the current methods
by which surgeons are trained to perform THRs in England and Wales and may be generalisable to
other countries with comparable orthopaedic training programmes. However, trainees achieve their

best outcomes when supervised by a scrubbed consultant.
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Chapter 4 The association between surgeon grade and risk of
revision following total knee replacement: an analysis of National

Joint Registry data

4.1 Overview

Building on the findings of the preceding chapters, this chapter seeks to extend this work to TKRs.
The aim of this chapter was to use NJR data for England and Wales to examine the association
between surgeon grade, the supervision of trainees, and the risk of revision following TKR. A more
recent and thus larger NJR dataset was used compared to Chapter 3. While similar modelling
techniques have been employed, inherent differences in the data dictate the need for an alternative

approach to presenting the results.

4.1.1 Contributors

TF was responsible for study concept, design, literature review, data analysis, interpretation of the
results, and writing the manuscript. AB, and MW were responsible for study concept, design,
interpretation of the results, and review of the manuscript. AS was responsible for study concept,

design, data analysis, interpretation of the results, and review of the manuscript.

4.1.2 Declaration of conflicts of interest

TF and AS have no conflicts of interest to declare. AB and MW report a contract held by the
University of Bristol for membership of HQIP Lot 2 Statistical Analysis team for the National Joint
Registry, and royalties from Taylor & Francis. MW also reports an independently conducted research
grant held by the University of Bristol with CeramTec, teaching payments from Heraeus, and research

committee membership on the British Orthopaedic Association and the British Hip Society.
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4.2  Abstract

4.2.1 Background

Total knee replacements (TKRs) are performed by surgeons at different stages in training with
varying levels of supervision, but we do not know if this is a safe practice or whether trainees achieve
equivalent outcomes to consultant-performed TKR. This study aimed to investigate the association

between surgeon grade, the supervision of trainees, and the risk of revision following TKR.

4.2.2 Methods

We included 953,081 cases in 788,288 adult patients who underwent primary TKR for osteoarthritis
(OA), recorded in the National Joint Registry (NJR) between 2003 and 2019. Exposures were surgeon
grade (consultant or trainee) and the level of scrubbed consultant supervision of trainees. The primary
outcome was all-cause revision, and the secondary outcome was the number of procedures revised for
the following indications: aseptic loosening/lysis, infection, progression of OA, unexplained pain, and
instability. Flexible parametric survival models (FPM) were incrementally adjusted for patient,

operation, and healthcare setting factors.

4.2.3 Results

Trainees performed 96,544 (10.1%) TKRs and were directly supervised by a scrubbed consultant in
63.2% of trainee-performed cases. Trainees achieved comparable outcomes to consultants in terms of
the unadjusted cumulative probability of all-cause failure. Adjusted FPM analysis indicated evidence
of an association between trainee-performed TKR and a small increased risk of early all-cause
revision up to, but not exceeding, 4 years follow-up. This effect was not explained by the level of
supervision. Further analysis suggested that this effect may be attributable to revisions for aseptic

loosening/lysis, infection, and progression of OA (i.e. subsequent patellar resurfacing).

4.2.4 Conclusion

Trainees in England and Wales achieve safe and acceptable all-cause TKR implant survival, with

comparable outcomes to consultants. However, adjusted analyses suggest an association between
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trainee-performed TKR and a small transient increase in the risk of all-cause revision. This effect may
be attributable to factors including aseptic loosening, infection, and progression of OA. Current
training practices for TKR in England and Wales are safe in terms of equivalence of all-cause implant
survival to consultant-performed TKR, but we have identified areas for potential improvement in

trainee outcomes.
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4.3 Background

Total knee replacement (TKR) is a clinically and cost-effective treatment for end-stage osteoarthritis
(OA). It is one of the most common elective surgical procedures worldwide with over 100,000
performed annually in the UK, and over 700,000 performed annually in the USA (Price et al., 2018).
TKRs are performed by surgeons at different stages in training, with varying levels of supervision.
There is a balance between ensuring that trainees get adequate operative experience to develop the
skills required for independent consultant practice, while ensuring safe and acceptable outcomes for
patients. This is particularly relevant in the recovery of elective orthopaedic services in the wake of

the COVID-19 pandemic (The Royal College of Surgeons of England, 2022).

There are challenges when quantifying the safety and efficacy of surgical interventions, but objective
clinical outcomes can be useful metrics of success. The revision-free survival of a joint replacement is
a commonly used objective clinical outcome measure. Our current understanding of the survival of

TKRs in the context of surgical training is limited.

Studies of TKR outcomes have shown that trainees can achieve comparable results to consultants in
terms of implant alignment (Mahaluxmivala et al., 2001, Kazarian et al., 2019, Khakha et al., 2015),
patient-reported outcome measures (PROMs) (Beattie et al., 2018, Khakha et al., 2015, Faulkner et
al., 2018, Storey et al., 2018), and complication rates (Theelen et al., 2018, Haughom et al., 2014). A
recent meta-analysis, which included 936 TKRs, found no strong evidence of an association between
surgeon grade and the net survival of TKRs at 10 years (Fowler et al., 2021). Furthermore, New
Zealand Joint Registry (NZJR) evidence has suggested that implant survival is not compromised in
trainee-performed TKR (Storey et al., 2018). However, this study did not investigate the indication for

revision, and limitations in the statistical modelling employed leave scope for further investigation.

The aim of this study was to use National Joint Registry (NJR) data, to investigate the association
between surgeon grade (consultant or trainee), the supervision of trainees, and the risk of revision
following TKR. An additional aim of this study was to investigate the association between surgeon

grade and the risk of revision for specific indications.
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4.4 Methods

4.4.1 Patients and data sources

The base dataset was 1,502,564 linked knee procedures recorded in the NJR between 1 April 2003
and 31 December 2019. The study end date was limited to predate the anomalous period of elective
orthopaedic practice during the COVID-19 pandemic (The National Joint Registry, 2021a). Patients
were consented for inclusion in the NJR according to standard practice (The National Joint Registry,

2021¢). We included primary TKRs in adult patients (>18 years) performed in England and Wales.

The dataset used in this study was based on the analysis cohort used for the for the NJR 17% Annual
Report. While the NJR records data for procedures performed in Northern Ireland, the States of
Guernsey and the Isle of Man, these records are not currently included in the analysis cohort for the
Annual Report. Cases from Northern Ireland and the States of Guernsey are excluded due to issues
relating to tracing mortality, and cases from the Isle of Man are excluded as it is not possible to audit

them against local hospital data (The National Joint Registry, 2020).

In the interest of relative standardisation of procedural complexity, we included cases with an
indication of OA only. Cases were included if the operating surgeon grade was recorded as any of the
following: Foundation Year 1 (F1) to Specialty Trainee Year 2 (ST2); ST3-ST8; fellow; or consultant.
F1-ST2 is the most junior training category recorded in the NJR, followed by ST3-ST8. The process
of mapping grade classifications to account for variations in terminology used in different versions of

the Minimum Data Set (MDS) form is detailed in Appendix 10.

4.4.2 Data access and processing

Access to the data was facilitated under existing NJR permissions for the study of training and volume
in the context of hip and knee replacement, which are held by a supervisor of this thesis and senior
author of this study (AS) (The National Joint Registry, 2022a). The base dataset used in the current
study is based on the same cut of NJR data that is used in the 17" Annual Report (The National Joint
Registry, 2020). The steps taken in data processing and are summarised in the study flow diagram in
Figure 11 and illustrated in greater detail in Figure 12. Figure 12 gives details of sequential exclusions
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from the base dataset, some of which were performed by the authors of the 17" Annual Report prior
to the initiation of the current study. All exclusions are consistent with the exclusion criteria of this
study and the stage at which these occurred is clearly documented. Complete-case analysis was used
in all analyses and records with missing data in any confounding variable field used in subsequent
statistical models were excluded from the relevant model. Details of missing data, the number of cases
excluded, and the reasons for exclusion are documented in Figure 13. The demographic characteristics

of included cases and cases excluded due to missing data are summarised in Appendix 13.
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Figure 11 - Study flow diagram (Chapter 4).

Knees procedures recorded by the NJR
between 01/04/2003 & 31/12/2019
N=1,502,564

Inclusions & exclusions

A

Primary TKRs performed by either a ‘trainee’
(F1-ST2; ST3-ST8; fellow), or a ‘consultant’

Sequential Exclusions
Reoperation/non-consenting/non-traced

N=99,358
Non-concordant dates/age N=87
Non-concordant sex data N=6
Performed in Northern Ireland/Isle of Man

N=13,250
Duplicates N=1,260
Inconsistent operative pattern N=4,669
Revision procedures N=83,042
Not a TKR N=155,845

Indication not osteoarthritis N=40,727
Operating surgeon not a ‘trainee’ or ‘consultant’

surgeon
N=998,753 Specialty Doctor/SAS N=77,064
Other N=28,503
Failure defined and censoring Subtotal exit N=503,811
Data administratively censored at 31/12/2019 L
N= 998,753 Missing data
Patient factors N=17,356*
Operation factors N=11,337*
Accounting for missing data Healthcare setting factors N=21,709
Subtotal exit N=45,672*

v

Records with complete survival data
N=953,081 TKRs in 788,288 patients

Cohort with complete survival data

*Reasons for exclusion of missing data not
mutually exclusive. Some cases were
excluded for missing data in more than one
field.

Operation performed by an
Consultant
N=856,537 (89.9%)

87

Operation performed by a
Trainee
N=96,544 (10.1%)

l
] |

Supervised by a Not supervised by a
scrubbed scrubbed
consultant consultant

N=61,048 (63.2%) N=35,496 (36.77%)




Knees procedures recorded by the NJR
between 01/04/2003 & 31/12/2019
N=1,502,564

Figure 12 - Detailed study flow diagram showing sequential exclusions (Chapter 4).
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Figure 13 - Detailed study flow diagram showing exclusion of missing data (Chapter 4).
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4.43 Exposures

The primary exposure (exposure A) was surgeon grade, which was categorised into two groups
according to the grade of the operating surgeon: 1) consultant, or 2) trainee. Procedures performed by
surgeons of the following grades were categorised under the variable ‘trainee’: F1-ST2; ST3-ST8; and
fellow. Consultant surgeons have been awarded a Certificate of Completion of Training (CCT) in
orthopaedic surgery and have been appointed to a senior position in which they can supervise trainees.
The term ‘consultant’ is synonymous with ‘attending’ in several healthcare settings including the

USA.

The secondary exposure was whether or not trainees were directly supervised by a scrubbed
consultant during the procedure (exposure B). Trainee cases were subcategorised accordingly: 1)
trainee supervised by a scrubbed consultant, or 2) trainee not supervised by a scrubbed consultant. A
trainee was deemed to have been ‘supervised by a scrubbed consultant’ if a consultant was recorded
as the first assistant. To account for variations in the level of experience between surgical trainees, we
performed an additional analysis in which procedures were categorised according to the specific

training grade of the operating surgeon (exposure C: consultant, F1-ST2, ST3-STS, or fellow).

4.4.4 Outcomes of interest

The primary outcome measure was all-cause revision, which is defined by the NJR as any procedure
to add, remove, or modify one or more components of an implant construct for any reason (The
National Joint Registry, 2021a). The secondary outcome measure was the number of primary
procedures revised for specific indications. We considered the following indications, which are listed
as the five most common indications for knee replacement revision by the NJR: aseptic
loosening/lysis, infection, progression of OA, unexplained pain, and instability (The National Joint
Registry, 2020). Each indication for revision was examined as a separate survival endpoint and other

events were administratively censored.
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4.4.5 Statistical analysis
4.4.5.1 Overview

Categorical variables were described with frequencies and percentages. Continuous variables were
described with the mean, standard deviation (SD), and interquartile range (IQR). Records were either
administratively censored on 31 December 2019, or the date of death, whichever was earliest.

Estimates of unadjusted net implant failure were calculated using Kaplan-Meier (KM) analysis.

We performed an initial analysis using Cox regression. A combination of Schoenfeld residual
plots/tests and likelihood ratio testing (comparing proportional and non-proportional hazards models)
was used to assess the proportional hazards (PH) assumption at each level of adjustment and assess
the time-dependent effects of variables (Royston and Lambert, 2011). Neither crude nor adjusted
analyses satisfied the PH assumption, which was explained by time-dependent effect of surgeon grade

(exposure A).

To account for this we used flexible parametric survival modelling (FPM), which uses restricted cubic
spline functions to model the baseline hazard and account for the time-dependent effects of specified
variables (Lambert and Royston, 2009a, Royston and Lambert, 2011). We used graphical assessment,
AIC and BIC, and likelihood ratio testing to select the most parsimonious model (Royston and
Lambert, 2011). The process of model selection, construction and justification is explained in greater
depth in Section 4.4.5.3. All analyses were performed using Stata (Version SE 15.1; StataCorp LP,

USA).

4.4.5.2 Confounding variables

The analyses were incrementally adjusted for the following categorical confounding variables. Model
1 was unadjusted. Model 2 was adjusted for patient-level factors (age, sex, American Society of
Anaesthesiologists [ASA] grade, and index of multiple deprivation [IMD] decile). Model 3 was
further adjusted for operation-level factors (anaesthetic, approach, fixation, constraint and whether or

not the patella was resurfaced). Model 4 was further adjusted for healthcare setting factors (funding
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source, and year of operation). In each case, the baseline category was the most frequently occurring

(as detailed in Appendix 14).

Patient factors included age, sex, ASA grade, and IMD decile. Age was categorised into five
categories (<55; 55-64; 65-74; 75-84; and >85 years). ASA grade is a five-category system for the
assessment of a patient’s preoperative fitness according to the severity of medical comorbidities
(Dripps et al., 1961). Patients are categorised according to the following definitions. ASA I — a normal
healthy patient; ASA II — a patient with mild systemic disease; ASA III — a patient with severe
systemic disease; ASA IV — a patient with severe systemic disease that is a constant threat to life;
ASA V — a moribund patient who is not expected to survive without the operation. In this study, the
following three categories were used: ASA I, ASA II, and ASA >III. The index of multiple
deprivation (IMD) is a geographical area-based measure of relative social deprivation. In England and
Wales, small areas are ranked according to seven domains of deprivation (income, employment,
education, health, crime, housing and services, and living environment). Models were adjusted for

IMD decile (1 being the most deprived, 10 being the least deprived) (Noble et al., 2019).

Operation-level factors included anaesthetic, approach, fixation, constraint and whether or not the
patella was resurfaced. Cases were categorised according to whether or not the patient had any of the
following forms of anaesthesia: general anaesthetic, nerve block, epidural, or spinal. The surgical
approach reflects the anatomical approach through which a joint is replaced. The following categories
were used: lateral parapatellar, medial parapatellar, mid-vastus, sub-vastus, and ‘other’. Fixation
describes the method by which implant components are fixed to bone, and cases were categorised as
follows: cemented, uncemented, or hybrid. Constraint is a spectrum, which describes the level of
stability and the freedom of movement conferred by the articulation between the tibial and femoral
components of a TKR. For example, the level of constraint varies depending on whether the posterior
cruciate ligament is preserved or sacrificed during the operation. The following categories were used:
constrained condylar, monobloc polyethylene tibia, posterior-stabilised (fixed bearing), posterior-
stabilised (mobile bearing), preassembled/hinged/linked, unconstrained (fixed bearing), and

unconstrained (mobile bearing). The patella may be selectively resurfaced during TKR. Therefore,
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cases were categorised according to whether or not the patella was resurfaced. These operative

confounding are described in more detail in Section 1.3.3.1.

Healthcare setting factors included the funding source and year of operation. Cases were categorised
according to whether the procedure was privately funded or funded by the National Health Service

(NHS). Cases were categorised according to the year of operation: either 2003-2011, or 2012-2019.

4.4.5.3 Model selection, construction and justification

The structured approach to model selection and construction used in this study was based around an
in-depth assessment of the proportionality of hazard functions. Where data did not satisfy the PH
assumption (i.e. the ratio of hazard functions was not constant) and further analysis demonstrated that
FPM was superior to the Cox model, FPM was preferred for primary analysis. This approach is

summarised here:

Step 1: We performed an initial analysis using Cox regression. Schoenfeld residuals plots/tests were

applied to incrementally adjusted Cox models for ‘surgeon grade’ to assess the PH assumption.

1) Cox PH model for surgeon grade (Model 1: unadjusted)
a. Schoenfeld residual test: p=0.005
2) Cox PH model for surgeon grade (Model 2: adjusted for patient factors)
a. Schoenfeld residual test: p<0.001
3) Cox PH model for surgeon grade (Model 3: adjusted for patient & operation factors)
a. Schoenfeld residual test: p<0.001
4) Cox PH model for surgeon grade (Model 4: adjusted for patient, operation & healthcare
factors)

a. Schoenfeld residual test: p<0.001

The Schoenfeld residuals tests suggested that ‘surgeon grade’ may have a time-dependent effect. This
was supported by the results of likelihood ratio testing, in which PH and non-PH models for ‘surgeon

grade’ were compared at each level of adjustment. FPM was used to investigate this further.
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Step 2: FPMs were constructed according to the methods described by Royston and Lambert

(Royston and Lambert, 2011). We constructed the following two models:

1) A non-proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare

factors)

a. A non-PH model using the stpm2 command in Stata, with ‘surgeon grade’ specified
as having a time-dependent effect.

b. Graphical assessment, Akaike information criteria (AIC), and Bayes information
criteria (BIC) were used to optimise the fit and complexity of the model. These
methods were used to determine the degrees of freedom with which to model hazard
functions, as well as the optimal number and location of knots.

c. We confirmed the superiority of our final model to preceding iterations using
likelihood ratio testing.

d. The final model was as follows: The baseline hazard was modelled with 8 degrees of
freedom. Surgeon grade had a time-dependent effect and was modelled with 2
degrees of freedom. Confounding variables were modelled with fixed effects.

2) A proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare factors)

a. A PH model using the stpm2 command, equivalent to the Cox model.
b. This model is identical to the non-PH FPM model described above, but surgeon grade

is not specified as having a time-dependent effect.

Step 3: Likelihood ratio tests were used to compare PH and non-PH models at each level of

adjustment:

1) PH FPM compared to non-PH FPM (Model 1): p=0.003
2) PH FPM compared to non-PH FPM (Model 2): p=0.003
3) PH FPM compared to non-PH FPM (Model 3): p=0.006

4) PH FPM compared to non-PH FPM (Model 4): p=0.006
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Summary: Non-PH FPMs were superior to PH (i.e. Cox) models in this context, as PH models did
not adequately account for time-dependent effects. Therefore, FPM was used as the primary method

of adjusted analysis.

4.4.5.4  Sensitivity analysis

An unadjusted sensitivity analysis was performed using KM to investigate the influence of surgeon
grade on the cumulative probability of failure, compared to other operative factors, including fixation,

patellar resurfacing, and constraint.

4.5 Results

4.5.1 Descriptive analysis

We included 953,081 TKRs in 788,288 patients, with a maximum duration of follow-up of 16.8 years.
Trainees performed 96,544 TKRs (10.1%) and were supervised by a scrubbed consultant in 61,048
(63.2%) of these cases (Figure 11). Mean follow-up was 6.3 years (SD 3.9; IQR 3.0 to 9.2 years) for
trainee-performed TKRs and 5.8 years (SD 3.9; IQR 2.5 to 8.5 years) for consultant-performed TKRs.

A total of 21,572 knees were revised at a mean of 3.4 years (SD 3.0; IQR 1.3 to 4.7 years).

Demographic data and summary statistics for confounding variables are listed in Table 7. The mean
age of patients operated on by trainees was 1.2 years older than patients operated on by consultants
(70.6 vs. 69.4 years). Trainees operated on a lower proportion of ASA I patients (7.9% vs. 10.6%) and
a higher proportion of ASA >III patients (21.7% vs. 16.3%) compared to consultants. A higher
proportion of trainee procedures utilised cemented implants (96.2% vs. 95.1%) and a lower proportion
of trainee-performed cases included patellar resurfacing compared to consultant cases (34.5% vs.
38.9%). A higher proportion of trainee procedures have been supervised by a scrubbed consultant

since 2012 (64.0% since 2012 vs. 36.0% pre-2012).
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Table 7 - Descriptive statistics for patient, operation, and healthcare setting factors for included TKRs.

Surgeon grade and supervision (n=953,081)

Consultant Trainee Trainee supervised by | Trainee not supervised
Variable (n=856,537) (overall) scrubbed consultant by scrubbed
i (n=96,544) (n=61,048) consultant (n=35,496)
Mean age (SD) [years] 69.4 (9.2) 70.6 (8.9) 70.5 (8.9) 70.8 (8.7)
Age groups (%)
<55 51,856 (6.1) 4,001 (4.1) 2,654 (4.4) 1,347 (3.8)
55-64 198,108 (23.1) 19,667 (20.4) 12,617 (20.7) 7,050 (19.9)
65-74 339,617 (39.7) 38,671 (40.1) | 24,349 (39.9) 14,322 (40.4)
75-84 232,999 (27.2) 29,637 (30.7) 18,581 (30.4) 11,056 (31.2)
>85 33,957 (4.0) 4,568 (4.7) 2,847 (4.7) 1,721 (4.9)
Female (%) 488,057 (57.0) 55,688 (57.7) | 35,082 (57.5) 20,606 (58.1)
Side (% right) 451,738 (52.7) 50,582 (52.4) | 31,961 (52.4) 18,621 (52.5)
IMD decile (%)
1-2 (most deprived) 121,773 (14.2) 15,709 (16.3) 10,497 (17.2) 5,212 (14.7)
34 150,768 (17.6) 18,198 (18.9) 11,397 (18.7) 6,801 (19.2)
5-6 186,143 (21.7) 21,167 (21.9) 13,226 (21.7) 7,941 (22.4)
7-8 199,725 (23.3) 21,309 (22.1) 13,220 (21.7) 8,089 (22.8)
9-10 (least deprived) 198,128 (23.1) 20,161 (20.9) 12,708 (20.8) 7,453 (21.0)
BMI (kg/m?)
<19 (underweight) 1,332 (0.2) 126 (0.1) 81 (0.1) 45 (0.1)
19-24.9 (normal) 57,186 (6.7) 5,657 (5.9) 3,620 (5.9) 2,037 (5.7)
25-29.9 (overweight) 197,325 (23.0) 19,836 (20.6) 13,172 (21.6) 6,664 (18.8)
>30 (obese) 332,930 (38.9) 36,095 (37.4) | 24,077 (39.4) 12,018 (33.9)
Missing 267,764 (31.3) 34,830 (36.1) | 20,098 (32.9) 14,732 (41.5)
ASA grade (%)
ASAT 91,060 (10.6) 7,644 (7.9) 4,831 (7.9) 2,813 (7.9)
ASA I 625,871 (73.1) 67,980 (70.4) | 42,506 (69.6) 25,474 (71.8)
ASA =111 139,606 (16.3) 20,920 (21.7) 13,711 (22.5) 7,209 (20.3)
Anaesthetic (%)
Spinal 580,362 (67.8) 62,254 (64.5) | 41,480 (68.0) 20,774 (58.5)
General 312,453 (36.5) 35,447 (36.7) | 20,198 (33.1) 15,249 (43.0)
Epidural 46,068 (5.4) 7,242 (1.5) 4,143 (6.8) 3,099 (8.7)
Nerve block 122,671 (14.3) 17,145 (17.8) | 9,606 (15.7) 7,539 (21.2)
Approach (%)
Lateral parapatellar 7,301 (0.9) 689 (0.7) 343 (0.6) 346 (1.0)
Medial parapatellar 801,543 (93.6) 90,145 (93.4) | 57,009 (93.4) 33,136 (93.4)
Mid-vastus 21,446 (2.5) 2,482 (2.6) 1,705 (2.8) 777(2.2)
Sub-vastus 9,671 (1.1) 1,016 (1.1) 546 (0.9) 470 (1.3)
Other 16,576 (1.9) 2,212 (2.3) 1,445 (2.4) 767 (2.2)
Fixation (%)
Cemented 814,854 (95.1) 92,896 (96.2) | 59,009 (96.7) 33,887 (95.5)
Uncemented 34,999 4.1) 2,820 (2.9) 1,681 (2.8) 1,139 (3.2)
Hybrid 6,684 (0.8) 828 (0.9) 358 (0.6) 470 (1.3)
Constraint (%)
Constrained condylar 6,906 (0.8) 455 (0.5) 280 (0.5) 175 (0.5)
Monobloc poly tibia 12,902 (1.5) 2,664 (2.8) 2,151 (3.5) 513 (1.5)
Posterior stabilised, fixed 196,523 (22.9) 20,635 (21.4) 13,197 (21.6) 7,438 (21.0)
Posterior stabilised, mobile 10,007 (1.2) 943 (1.0) 670 (1.1) 273 (0.8)
Preassembled/hinged/linked | 994 (0.1) 80 (0.1) 61(0.1) 19 (0.1)
Unconstrained, fixed 579,257 (67.6) 68,013 (70.5) | 41,960 (68.7) 26,053 (73.4)
Unconstrained, mobile 49,948 (5.8) 3,754 (3.9) 2,729 (4.5) 1,025 (2.9)
Patellar resurfacing (%)
Patella resurfaced 333,035 (38.9) 33,309 (34.5) | 21,037 (34.5) 12,272 (34.6)

Funding source (%)

NHS 749,953 (87.6) 96,432 (99.9) | 60,979 (99.9) 35,453 (99.9)

Private 106,584 (12.4) 112 (0.1) 69 (0.1) 43 (0.1)
Year of operation (%)

2003-2011 301,105 (35.2) 41,112 (42.6) | 21,949 (36.0) 19,163 (54.0)

2012-2019 555,432 (64.8) 55,432 (57.4) | 39,099 (64.0) 16,333 (46.0)

ASA, American Society of Anaesthesiologists; NHS, National Health Service; IMD, Index of Multiple Deprivation; BMI,
Body Mass Index. Data are n (%) or mean (SD); denoted where applicable.
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Figure 14 - Kaplan-Meier plots (one minus survival) demonstrating the cumulative probability of TKR failure
(i.e. all-cause revision) according to surgeon grade (A) and supervision (B).
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Table 8 - The unadjusted cumulative probability of all-cause failure of TKRs according to surgeon grade (exposure A) and supervision (exposure B).

Trainee supervised by a scrubbed

Trainee not supervised by a scrubbed

Follow- Consultant Trainee (overall) consultant consultant

ODEP
up A* (%) | Number Number . Number Number . Number Number . Number Number .
(years) at risk* of N % Failure (95% CI) at risk* of . % Failure (95% CI) at risk* of - % Failure (95% CI) at risk* of N % Failure (95% CI)

revisions revisions revisions revisions

1 N/A 856,537 | 3,460 0.42 (0.41 to 0.44) 96,544 434 0.47 (0.42 t0 0.51) 61,048 287 0.49 (0.44 to 0.55) 35,496 147 0.42 (0.36 to 0.50)
3 3.5 689,676 | 7,756 1.53 (1.51 to 1.56) 81,169 993 1.67 (1.59 to 1.76) 49,366 598 1.68 (1.58 to 1.80) 31,803 395 1.65 (1.52to 1.79)
5 4.0 517,132 | 3,580 2.21(2.17t0 2.24) 63,659 430 2.33(2.22t0 2.44) 37,018 268 2.39 (2.25t0 2.53) 26,641 162 2.24 (2.08 t0 2.41)
7 4.5 365,234 | 1,892 2.70 (2.66 to 2.75) 47,189 249 2.84 (2.72 t0 2.96) 26,136 151 2.95(2.79t0 3.11) 21,053 98 2.69 (2.51 to 2.88)
10 5.0 188,465 | 1,602 3.42 (3.36 t0 3.47) 25,143 174 3.34 (3.29 t0 3.59) 13,038 92 3.54 (3.34t0 3.75) 12,105 82 3.29 (3.07 to 3.52)
13 6.0 64,200 701 4.23 (4.14t04.31) 8,922 103 4.25(4.03 to 4.48) 4,609 55 4.44 (4.13 10 4.78) 4,313 48 4.02 (3.71 t0 4.34)
15 6.5 24,663 153 4.79 (4.67 t0 4.92) 2,922 17 4.75 (4.43 t0 5.10) 1,597 6 4.74 (4.35t0 5.16) 1,325 11 4.76 (4.23 t0 5.35)

Data are the number at risk, the number of revision events, the unadjusted cumulative probability of failure and the 95% CI. ODEP A* benchmark for comparison. *Number at risk at the beginning of interval.
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4.5.2  All-cause revision: unadjusted Kaplan-Meier (KM) analysis

The unadjusted cumulative probability of all-cause failure according to surgeon grade (exposure A)
and supervision (exposure B) is documented in Table 8 and displayed as a KM plot (one minus
survival) in Figure 14. The Orthopaedic Data Evaluation Panel (ODEP) A* thresholds are presented
alongside for comparison to an internationally recognised benchmark for implant component

longevity.

The KM plot in Figure 14A shows that the cumulative probability of failure of trainee-performed
TKRs follows a very similar trend to that of consultant-performed TKRs. There is a subtle divergence
in the probability of failure between 1 and 4 years, with separation between the confidence intervals
noted at the 3-year interval. However, the confidence intervals for consultant- and trainee-performed
TKRs overlap at all other intervals of follow-up (Table 8). The upper confidence interval of the
cumulative probability of failure of trainee-performed TKRs is below the ODEP A* threshold at all

intervals of follow-up.

The KM plot in Figure 14B shows that the cumulative probability of failure of trainee-performed
TKRs follows a similar trend, regardless of the level of scrubbed consultant supervision (exposure B).
The upper confidence interval of both plots is below the ODEP A* threshold at all intervals of follow-
up. The confidence intervals overlap at all time points (Figure 14B and Table 8), which suggests that

there is no difference in the cumulative probability of failure between the two trainee groups.

An unadjusted sensitivity analysis demonstrates that surgeon grade has a relatively minor influence on
implant survival compared to other operative factors, such as fixation, patellar resurfacing, and

constraint (Appendix 15).
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4.5.3  All-cause revision: flexible parametric survival modelling (FPM)

Surgeon grade had a significant time-dependent effect, and it is an oversimplification to report single
numeric HR. The results of this analysis, which compare trainee-performed TKRs to a baseline of

consultant-performed TKRs, are therefore displayed as HR plots (Figure 15).

Figure 15 - Risk of all-cause revision of TKRs according to surgeon grade (exposure A).

15 Model 1 L Model 2

Hazard ratio
Hazard ratio

609 2 4 6 8 10 12 14 16 %9 2 4 6 8 10 12 14 16
Years since primary procedure Years since primary procedure
L Model 3 Loy Model 4
1.2+ 1.2
c Qo
T 1 w1
T h=]
e g
T T
8- 8
6- T T T B T T T T
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Years since primary procedure Years since primary procedure

HR plots for incrementally adjusted flexible parametric survival models (FPMs), which show the risk of revision
for trainee-performed TKR compared to baseline of consultant-performed TKR. (Model 1) Unadjusted. (Model
2) Adjusted for patient factors. (Model 3) Adjusted for patient and operation factors. (Model 4) Adjusted for
patient, operation and healthcare-setting factors. The solid black line represents the HR, and the shaded grey
area represents the 95% CI. Separation between the upper or lower 95% CI and the baseline of 1.00
(representing consultant-performed procedures) is suggestive of an association.

A near-linear reduction in HR was observed in the unadjusted model (Model 1) between 1- and 4-
years follow-up, from 1.12 (95% CI 1.05 to 1.19) at 1 year to 1.00 (95% CI 0.95 to 1.06) at 4 years,

with a flattening of risk beyond this point to 0.89 (95% CI 0.81 to 0.98) at 16 years. Despite extensive
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adjustment for confounding factors, the marginal association between trainee-performed TKR and
risk of revision in the first 4 years remains consistent. In the fully adjusted Model 4, the HR declines

from 1.16 (95% CI 1.09 to 1.23) at 1 year to 1.05 (95% CI 0.99 to 1.10) at 4 years.

Further analysis was performed to compare the risk of revision of TKRs performed by trainees who
were supervised by a scrubbed consultant to TKRs performed by trainees who were not supervised by
a scrubbed consultant (exposure B). There was no evidence of an association between the level of
scrubbed consultant supervision of trainee-performed TKRs and the risk of all-cause revision (Figure

16).
Figure 16 - Risk of all-cause revision of TKRs according to the level of supervision of trainees (exposure B).
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HR plot for a fully adjusted flexible parametric survival model (Model 4). Represents TKRs performed by
trainees supervised by a scrubbed consultant (baseline) compared to TKRs performed by trainees not
supervised by a scrubbed consultant (exposure B).

An additional analysis was performed following further subcategorisation of cases according to the
specific training grade of the operating surgeon (exposure C). There was no evidence of an
association between F1-ST2- or fellow-performed TKR and the risk of all-cause revision, noting that
only a small proportion of trainee procedures were performed by surgeons of these grades (F1-ST2:

1,104/96,544 [1.1%]; Fellow: 3,301/96,544 [3.4%]) (Figure 17). The majority of trainee cases were
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performed by ST3-ST8 surgeons (92,139/96,544 [95.4%]). As such, the HR plot for this group

resembles our analysis for trainees overall (Figure 15).

4.5.4 Indication for revision: flexible parametric survival modelling (FPM)

The three most common indications for revision in this cohort were aseptic loosening/lysis (n=6,244),
infection (n=5,683) and instability (n=4,361). Fully adjusted models are displayed in Figure 18 and
indicate marginal associations between trainee-performed TKR and early revision for aseptic
loosening/lysis (up to 3 years), infection (up to 3 years), and progression of OA (up to 5 years). There
was no evidence of an association between surgeon grade and revision for instability, or unexplained

pain.
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Figure 17 - Risk of all-cause revision of TKRs according to specific training grade (exposure C).
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HR plot for fully adjusted flexible parametric survival models (Model 4). Risk of all-cause revision according to specific training grade (F1-ST2, ST3-STS, Fellow) compared
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Figure 18 - The indication for TKR revision according to surgeon grade (exposure A).
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were revised for more than one indication.
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4.6 Discussion

This study of nearly one million primary TKRs with over 16 years of follow-up provides novel insight
into the association between surgeon grade, the supervision of trainees, and TKR survival. Our
unadjusted KM analysis indicates that trainees achieve comparable outcomes to consultants, in terms
of all-cause revision of TKRs. Trainees achieve implant survivorship within the ODEP A* threshold,
which is an internationally recognised benchmark for the best performing implant components
(Orthopaedic Data Evaluation Panel, 2021b). This supports the interpretation that trainees in England
and Wales achieve safe and acceptable TKR implant survival. However, our adjusted FPM analyses

identify areas for potential improvement in the outcomes of trainee-performed TKR.

The use of FPM gives insight into the temporal variation in the risk of revision of TKRs. Our adjusted
FPM analyses demonstrate that trainee-performed TKRs may be associated with a small increased
risk of all-cause revision up to, but not exceeding, 4 years after the index procedure. Further analysis
indicates that this effect is not explained by the level of scrubbed consultant supervision and may be

attributable to early revisions for aseptic loosening/lysis, infection, and progression of OA.

The adjusted analysis shown in Figure 16 shows that we found no evidence of an association between
the level of supervision of trainees and the risk of all-cause TKR revision. This might be because, in
general, trainees who perform TKR without scrubbed consultant supervision are more experienced
than trainees who are directly supervised by a scrubbed consultant. However, we were unable to
quantify this in the current study. In practice, any observed difference in the risk of revision between
consultant- and trainee-performed TKRs is very small and surgeon grade has a relatively minor
influence on implant survival compared to other operative factors, such as fixation, patellar

resurfacing, and constraint (Appendix 15).

Performing TKR without patellar resurfacing is associated with an increased risk of revision,
compared to TKR with patellar resurfacing (Hunt et al., 2021b). As such, patellar resurfacing is a
cost-effective intervention, and National Institute for Health and Care Excellence (NICE) guidance

suggests that it should be offered to patients undergoing an elective TKR (National Institue of Health
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and Care Excellence, 2021). Our results show that a lower proportion of trainee-performed TKRs
included patellar resurfacing compared to consultant-performed TKRs (34.5% vs. 38.9%), which may
explain the early risk of revision for progression of OA that was observed in the trainee cohort. We
propose that trainers should consider patellar resurfacing, particularly when the trainee performs the

TKR.

NZJR data suggest that mean operative duration is longer for trainee-performed TKR compared to
consultant-performed TKR (Storey et al., 2018). Large observational studies have identified an
association between prolonged operative duration and prosthetic joint infection (Anis et al., 2019,
Nambea et al., 2013). While causation cannot be attributed, the prolonged operative times previously
observed in trainee-performed TKR, might explain the early risk of revision for infection observed in
Figure 18C. Operative duration is not recorded in the NJR, which precluded analysis of this variable

in the current study.

4.6.1 Strengths and limitations

We analysed data for nearly one million knees recorded in the world’s largest joint registry, which
makes this the largest study of the association between surgeon grade and knee replacement outcomes
(Fowler et al., 2021, Madanipour et al., 2021). We analysed data recorded in a mandatory national
registry, which reduces sampling bias and improves the external validity and generalisability of our
findings. Despite limiting our study period to predate the anomalous period of elective orthopaedic
practice during the COVID-19 pandemic, our findings are current and represent TKRs with up to 16.8
years of follow-up. OA was the only indication, which in addition to comprehensive confounding
adjustment, reasonably accounts for measurable variations in case complexity and case-mix selection
between the groups in the context of this observational study. We used FPM to account for non-
proportionality by modelling the time-dependent effect of surgeon grade on the hazard function. This
methodology gives unique insight into the temporal variation in the risk of revision according to

surgeon grade.
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Despite the strengths of this study, it has limitations. The data are observational, and patients were not
randomly allocated to the intervention groups; therefore, causation cannot be attributed. Furthermore,
we used implant survival as a standalone outcome measure and did not consider other metrics that
may be important when evaluating the successful outcome of a TKR, such as PROMs (Wylde and

Blom, 2011).

The binary term ‘surgeon grade’ does not capture variations in the level of experience between
trainees. We have attempted to account for this by recategorising cases according to the specific
training grade of the surgeon (exposure C: F1-ST2; ST3-ST8; fellow); however, this categorical
variable has similar limitations. Similarly, supervision is recorded by the NJR as a binary variable
according to the grade of the first assistant, which does not capture the wider spectrum of supervision,

e.g. the supervision of trainees by unscrubbed consultants (ISCP, 2021).

NJR data entry is audited on a rolling monthly basis to ensure data quality. Recent estimates suggest
that over 96% of primary knee replacements and 91% of revision knee replacements are captured by
the NJR (The National Joint Registry, 2020). However, there are likely to be limitations to the
accuracy with which surgeon grade is recorded. For example, it is not currently possible to record
more than one operating surgeon per case in the NJR, which does not account for procedures that

have been part-performed by a trainee.

4.6.2 Comparison with other studies

The results of our unadjusted KM analysis are consistent with the findings of previous observational
studies, which are summarised in a recent systematic review and meta-analysis on this subject.
Evidence synthesis was performed on 936 TKRs and suggested net implant survival estimates at 10
years of 96.2% (95% CI 94.0 to 98.4) for trainee-performed TKRs and 95.1% (95% CI 93.0 to 97.2)
for consultant-performed TKRs (Fowler et al., 2021); comparable to the ten-year net failure estimates

reported here (Table 8).

A NZJR study of 79,671 TKRs, which reported revision rates per 100 component years rather than net
survival, found no significant difference in the revision rate of TKRs performed by consultants
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compared to TKRs performed by supervised and unsupervised trainees (Storey et al., 2018). While
these findings are generally consistent with the results of our unadjusted KM analysis, the high case
numbers and statistical methods used in our study give additional insight into previously unknown
associations between surgeon grade and the risk of revision following TKR. The same proportion of

TKRs were performed by trainees in the NJR (10%) and the NZJR (10%).

4.6.3 Implications

The findings of our unadjusted KM analyses suggest that trainees achieve comparable all-cause
implant survival to consultants. Trainees achieve implant survivorship within the ODEP A* threshold,
which indicates safe and acceptable implant survival for TKRs performed by trainees in England and
Wales. In general, trainers select cases of appropriate complexity for their trainees and permit trainees
to operate without scrubbed supervision when they have reached a threshold of expertise that was not
quantifiable in the current study. However, our adjusted analyses suggest that trainee-performed
TKRs may be susceptible to an increased risk of early revision for aseptic loosening, infection, and
progression of OA. We recommend that consultants and trainees should recognise and take
appropriate measures to reduce the risk of failure from these indications. Trainees should ideally be
supervised by a scrubbed consultant when performing TKR, particularly when junior and at critical
stages of the procedure such as implant selection, balancing, fixation, and deciding whether or not to

resurface the patella.

4.6.4 Conclusion

This nationwide study of nearly one million TKRs demonstrates that trainees in England and Wales
achieve safe and acceptable all-cause TKR implant survival, with comparable outcomes to
consultants. However, we have identified areas for potential further improvement in trainee outcomes.
Trainee-performed TKRs may be susceptible to early revision for some specific causes. Careful
patient selection, measures to prevent infection, and surgical decisions such as routine patella
resurfacing may mitigate against the small transient increase in risk of revision for infection, aseptic

loosening, and progression of OA in trainee-performed TKRs.
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Chapter 5 The association between surgeon grade and risk of
revision following unicompartmental knee replacement: an

analysis of National Joint Registry data

5.1 Overview

The findings of the systematic review and meta-analysis in Chapter 2 highlight the paucity of
evidence on the survival of UKRs in the context of surgical training. This chapter uses NJR data to
investigate the association between surgeon grade, the supervision of trainees, and the risk of revision
following UKR. Similar to preceding chapters, we also explore the risk of revision for different
indications following trainee-performed surgery. While similar modelling techniques have been used,
inherent differences in the data dictate the need for an alternative approach to statistical analysis and

presentation of the results.

5.1.1 Contributors

TF was responsible for study concept, design, literature review, data analysis, interpretation of the
results, and writing the manuscript. AB, and MW were responsible for study concept, design,
interpretation of the results, and review of the manuscript. AS was responsible for study concept,

design, data analysis, interpretation of the results, and review of the manuscript.

5.1.2 Declaration of conflicts of interest

TF and AS have no conflicts of interest to declare. AB and MW report a contract held by the
University of Bristol for membership of HQIP Lot 2 Statistical Analysis team for the National Joint
Registry, and royalties from Taylor & Francis. MW also reports an independently conducted research
grant held by the University of Bristol with CeramTec, teaching payments from Heraeus, and research

committee membership on the British Orthopaedic Association and the British Hip Society.
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5.2 Abstract

5.2.1 Background

Unicompartmental knee replacements (UKRs) are performed by surgeons at various stages in training
with varying levels of supervision, but we do not know if this is a safe practice with comparable
outcomes to consultant-performed UKR. We used NJR data to investigate the association between

surgeon grade, the supervision of trainees, and the risk of revision following UKR.

5.2.2 Methods

We included 106,206 cases in 91,626 patients, who underwent primary UKR for osteoarthritis (OA)
between 2003 and 2019. Exposures were surgeon grade (consultant or trainee), and the level of
scrubbed consultant supervision of trainees. The primary outcome was all-cause revision, and the
secondary outcome was the number of procedures revised for the following indications: aseptic
loosening/lysis, infection, progression of OA, unexplained pain, and instability. Flexible parametric

survival models were adjusted for patient, operation, and healthcare setting factors.

5.2.3 Results

Trainees performed 4,382 (4.1%) UKR procedures and were supervised by a scrubbed consultant in
66.1% of cases. There was no association between surgeon grade and all-cause revision in either
crude or adjusted models (adjusted HR 1.01, 95% CI 0.90 to 1.13; p=0.88). Trainees achieved
comparable all-cause survival to consultants, regardless of the level of scrubbed consultant
supervision (supervised: adjusted HR 0.99, 95% CI 0.87 to 1.14; p=0.94; unsupervised: adjusted HR
1.03, 95% CI 0.87 to 1.22; p=0.74). Unsupervised trainee cases were associated with an increased risk
of revision for unexplained pain compared to consultant-performed UKRs, in all but the fully adjusted

model (adjusted HR 1.34, 95% CI 0.95 to 1.89; p=0.09).

5.2.4 Conclusion

In the context of current orthopaedic training practices in England and Wales, trainees achieve

comparable all-cause UKR survival to consultants.
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5.3  Background

Unicompartmental knee replacement (UKR) is an alternative to total knee replacement (TKR) in
patients with symptomatic osteoarthritis (OA) isolated to a single compartment (Price et al., 2018).
Proposed advantages of UKR over TKR include superior functional outcomes, reduced length of stay,
fewer medical complications, greater cost-effectiveness, and lower mortality (Wilson et al., 2019,
Beard et al., 2019). However, UKR revision rates are considerably higher than primary TKR revision
rates (Evans et al., 2019b, Hunt et al., 2021a). Previous studies have suggested that UKRs performed
by low-volume surgeons are associated with an increased risk of revision compared to UKRs
performed by experienced higher volume surgeons (Baker et al., 2013, Liddle et al., 2016). This raises

the question of whether or not it is safe for these procedures to be performed by trainees.

The survival of a joint replacement, defined as the absence of revision surgery over time, is the
principal metric used for comparing the longevity of implant components and is a commonly used
measure of surgical performance. Our current understanding of the survival of UKRs in the context of

surgical training is based on a small number of observational studies (Fowler et al., 2021).

Bottomley et al. conducted an observational study of 1,084 UKRs, of which 673 (62.1%) were
performed by trainees. They reported no significant difference in implant survival between the groups,
with 9-year cumulative survival estimates of 93.9% and 93.0% for consultants and trainees,
respectively (Bottomley et al., 2016). A New Zealand Joint Registry (NZJR) study of 8,854 UKRs, of
which 304 (3.4%) were performed by trainees, reported no difference in the revision rates of
supervised senior trainees compared to attending surgeons (Storey et al., 2018). This study did not
report survival estimates and the overall number of trainee cases in the cohort was insufficient to
facilitate meaningful comparison between the supervised and unsupervised trainee groups. The
survival of UKRs according to surgeon grade and supervision remains poorly understood. It is not
clear if current training practices are safe, or whether trainees achieve comparable outcomes to

consultants.
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The aim of this research was to use National Joint Registry (NJR) data from England and Wales to
investigate the association between surgeon grade, the supervision of trainees, and the risk of revision

following UKR.

5.4 Methods

5.4.1 Patients and data sources

We performed an observational study using prospectively collected data recorded in the NJR. The
initial NJR dataset was 1,502,564 linked knee procedures performed between 1 April 2003 and 31
December 2019. We included primary UKRs in adult patients (aged >18 years) performed for an
indication of OA only. Patellofemoral joint replacements were excluded. Cases were included if the
operating surgeon grade was recorded as any of the following: Foundation Year 1 (F1) to Specialty
Trainee Year 2 (ST2); ST3-STS; fellow; or consultant. The process of mapping grade classifications
to account for variations in terminology used in different versions of the NJR Minimum Data Set

(MDS) form is outlined in Appendix 10.

5.4.2 Data access and processing

Access to the data was facilitated under existing NJR permissions for the study of training and volume
in the context of hip and knee replacement, which are held by a supervisor of this thesis and senior
author of this study (AS) (The National Joint Registry, 2022a). The base dataset used in the current
study is based on the same cut of NJR data that is used in the 17" Annual Report (The National Joint
Registry, 2020). The steps taken in data processing and are summarised in the study flow diagram in
Figure 19 and illustrated in greater detail in Figure 20. Figure 20 gives details of sequential exclusions
from the base dataset, some of which were performed by the authors of the 17" Annual Report prior
to the initiation of the current study. All exclusions are consistent with the exclusion criteria of this
study and the stage at which these occurred is clearly documented. Complete-case analysis was used
in all analyses and records with missing data in any confounding variable field used in subsequent

statistical models were excluded from the relevant model. Details of missing data, the number of cases
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excluded, and the reasons for exclusion are documented in Figure 21. The demographic characteristics

of included cases and cases excluded due to missing data are summarised in Appendix 16.

Figure 19 - Study flow diagram (Chapter 5).
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Knees procedures recorded by the NJR
between 01/04/2003 & 31/12/2019
N=1,502,564

Figure 20 - Detailed study flow diagram showing sequential exclusions (Chapter 5).
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Figure 21 - Detailed study flow diagram showing exclusion of missing data (Chapter 5).
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5.4.3 Exposures

The primary exposure (exposure A) was surgeon grade. This is a binary variable, which was
categorised according to the grade of the operating surgeon: 1) consultant, or 2) trainee. Procedures
performed by surgeons of the following grades were categorised under the variable ‘trainee’: F1-ST2;
ST3-ST8; and fellow. Consultants have completed their formal training in orthopaedic surgery and
been appointed to a senior position in which they can practice independently and supervise trainees.
The term ‘consultant’ is synonymous with ‘attending’, and the term ‘registrar’ is synonymous with

‘resident’ in many healthcare settings including the USA.

The secondary exposure was whether or not trainees were supervised by a scrubbed consultant during
the procedure (exposure B). Therefore, trainee cases were subcategorised as follows: 1) trainee
supervised by a scrubbed consultant, or 2) trainee not supervised by a scrubbed consultant. Cases
were categorised as ‘supervised by a scrubbed consultant’ if the first assistant was recorded as a

consultant.

Given the variability in the level of experience between individual trainees, we performed a sensitivity
analysis by recategorising cases according to the specific training grade of the operating surgeon
(exposure C: consultant; F1-ST2; ST3-ST8; or fellow). Cases were further subcategorised according

to the level of scrubbed consultant supervision.

5.4.4 Outcomes of interest

The primary outcome was all-cause revision, which was defined as any procedure to add, remove, or
modify one or more components of an implant construct for any reason (The National Joint Registry,
2020). The secondary outcome measure was the number of procedures revised for the following
specific indications, which are listed as the five most common indications for knee replacement
revision by the NJR: aseptic loosening/lysis, infection, progression of OA, unexplained pain, and

instability (The National Joint Registry, 2020).
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5.4.5 Statistical analysis
5.4.5.1 Overview

Frequencies and percentages were used to describe categorical variables. The mean, standard
deviation (SD), and interquartile range (IQR) were used to describe continuous variables. Unrevised
cases were either administratively censored on 31 December 2019, or the date of death, depending on
which was earliest. Unadjusted estimates of net implant failure were calculated using the Kaplan-

Meier (KM) method.

We performed a comprehensive exploratory analysis using Cox regression. A combination of
graphical plots, Schoenfeld residuals, and likelihood ratio testing (comparing proportional and non-
proportional hazards models) were used to assess the proportional hazards (PH) assumption at each
level of adjustment and to assess the time-dependent effects of each confounding variable (Royston
and Lambert, 2011). Adjusted analyses did not satisfy the PH assumption, which was due to the time-
dependent effects of multiple confounding variables included in the models (age, sex, IMD, approach,
fixation, bearing mobility, year of operation, and funding source). Surgeon grade (exposures A) did

not demonstrate a time-dependent effects.

To account for non-proportionality, we used flexible parametric survival modelling (FPM) (Lambert
and Royston, 2009a, Royston and Lambert, 2011), which has been used in previous NJR analyses
(Smith et al., 2012b, Blom et al., 2021, Blom et al., 2020, Hunt et al., 2018). This method uses
restricted cubic spline functions to model the baseline hazard and account for the time-dependent
effects of specified variables. Graphical assessment, AIC, BIC, and likelihood ratio testing were used
to optimise the fit and complexity of the final model (Royston and Lambert, 2011). This process of

model selection, construction and justification is described in greater detail in Section 5.4.5.3.

We performed separate analyses for all-cause revision and the five specific indications for revision
(aseptic loosening/lysis, infection, progression of OA, unexplained pain, and instability), which were

examined as separate survival endpoints. Separate FPM analyses were performed for each exposure
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and analyses were incrementally adjusted for confounding variables. All analyses were performed

using Stata (Version SE 15.1; StataCorp LP, USA).

5.4.5.2 Confounding variables

Analyses were adjusted for categorical confounding variables in the following manner. Model 1 was
unadjusted. Model 2 was adjusted for patient-level factors (age, sex, American Society of
Anaesthesiologists [ASA] grade, and index of multiple deprivation [IMD] decile). Model 3 was
further adjusted for operation-level factors (anaesthetic, approach, fixation, and bearing mobility).
Model 4 was further adjusted for healthcare setting factors (funding source, and year of operation). In

each case, the baseline category was the most frequently occurring (as detailed in Appendix 17).

Patient factors included age, sex, ASA grade, and IMD decile. Age was categorised into five
categories (<55; 55-64; 65-74; 75-84; and >85 years). ASA grade is a five-category system for the
assessment of a patient’s preoperative fitness according to the severity of medical comorbidities
(Dripps et al., 1961). Patients are categorised according to the following definitions. ASA I — a normal
healthy patient; ASA II — a patient with mild systemic disease; ASA III — a patient with severe
systemic disease; ASA IV — a patient with severe systemic disease that is a constant threat to life;
ASA V —a moribund patient who is not expected to survive without the operation. In this study, the
following three categories were used: ASA I, ASA II and ASA >I1II. The index of multiple deprivation
(IMD) is a geographical area-based measure of relative social deprivation. In England and Wales,
small areas are ranked according to seven domains of deprivation (income, employment, education,
health, crime, housing and services, and living environment). Models were adjusted for IMD decile (1

being the most deprived, 10 being the least deprived) (Noble et al., 2019).

Operation-level factors included anaesthetic, approach, fixation, and bearing mobility. Cases were
categorised according to whether or not the patient had any of the following forms of anaesthesia:
general anaesthetic, nerve block, epidural, or spinal. The surgical approach reflects the anatomical
approach through which a joint is replaced. The following categories were used: lateral parapatellar,

medial parapatellar, mid-vastus, sub-vastus, and ‘other’. Fixation describes the method by which
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implant components are fixed to the bone, and cases were categorised as follows: cemented,
uncemented, or hybrid. An additional operative confounding factor was bearing mobility, which
describes whether or not the polyethylene insert is fixed to the tibial base plate. These operative

confounding factors are described in more detail in Section 1.3.3.2.

Healthcare setting factors included the funding source and year of operation. Cases were categorised
according to whether the procedure was privately funded or funded by the National Health Service
(NHS). Finally, cases were categorised according to the year of operation: either 2003-2011, or 2012-

2019.

5.4.5.3 Model selection, construction and justification

The structured approach to model selection and construction used in this study was based around an
in-depth assessment of the proportionality of hazard functions. Where data did not satisfy the PH
assumption (i.e. the ratio of hazard functions was not constant) and further analysis demonstrated that
FPM was superior to the Cox model, FPM was preferred for primary analysis. This approach is

summarised here:

Step 1: Schoenfeld residuals tests were applied to incrementally adjusted Cox models for ‘surgeon

grade’ to assess the PH assumption.

1) Cox PH model for surgeon grade (Model 1: unadjusted)
a. Schoenfeld residual test: p=0.143
2) Cox PH model for surgeon grade (Model 2: adjusted for patient factors)
a. Schoenfeld residual test: p<0.001
3) Cox PH model for surgeon grade (Model 3: adjusted for patient & operation factors)
a. Schoenfeld residual test: p<0.001
4) Cox PH model for surgeon grade (Model 4: adjusted for patient, operation & healthcare
factors)

a. Schoenfeld residual test: p<0.001
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Schoenfeld residuals tests suggested that ‘surgeon grade’ did not have a significant time-dependent
effect in this context. The lack of proportionality in adjusted Cox models was explained by the time-
dependent effects of confounding variables. A range of methods were employed to investigate this
further, including Schoenfeld residuals test/plots, and likelihood ratio testing comparing PH and non-
PH models for each variable. We found evidence that the following variables had time-dependent

effects: age; sex; IMD decile; approach; fixation; bearing mobility; funder and year of operation.

Step 2: The following FPMs were constructed to model the hazard function of ‘surgeon grade’:

1) A non-proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare

factors)

a. A non-PH model using the stpm2 command in Stata, with the following variables
specified as having a time-dependent effect: age, sex, IMD decile, approach, fixation,
bearing mobility, funder, and year of operation.

b. Graphical assessment, Akaike information criteria (AIC), and Bayes information
criteria (BIC) were used to optimise the fit and complexity of the model. These
methods were used to determine the degrees of freedom with which to model hazard
functions, as well as the optimal number and location of knots.

c. We confirmed the superiority of our final model to preceding iterations using
likelihood ratio testing.

d. The final model was as follows: The baseline hazard was modelled with 6 degrees of
freedom (df). ‘Surgeon grade’ was modelled with fixed effects. The following
variables were found to have time-dependent effects and the degrees of freedom used
for each is denoted: age (1 df); sex (1 df); IMD decile (1 df); approach (1 df); fixation
(3 df); bearing mobility (2 df); funder (3 df); year of operation (2 df). Remaining
confounding variables were modelled with fixed effects.

2) A proportional hazards FPM (Model 4: adjusted for patient, operation & healthcare factors):

a. A PH model using the stpm2 command in Stata, equivalent to the Cox model.

b. The same as the non-PH FPM above, but with no time-dependent effects.
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Step 3: Likelihood ratio tests were used to compare PH and non-PH models at each level of

adjustment:

1) PH FPM compared to non-PH FPM (Model 1): N/A
2) PH FPM compared to non-PH FPM (Model 2): p<0.001
3) PH FPM compared to non-PH FPM (Model 3): p<0.001

4) PH FPM compared to non-PH FPM (Model 4): p<0.001

There was strong evidence to support the superiority of non-PH FPMs over PH models (i.e. Cox).

Step 4: Hazard ratio (HR) plots were produced using non-PH FPMs at each level of adjustment
(Models 1-4) to graphically represent the hazard function for ‘surgeon grade’ (Figure 22). Figure 22
shows that there is no significant deflection of the HR above or below the baseline of one with any
level of adjustment. Therefore, it was appropriate to quote numeric HRs rather than display HR plots,

as in Chapter 4.

Figure 22 — HR plots for non-PH FPMs at each level of adjustment. The risk of all-cause revision of UKRs
according to surgeon grade (exposure A).
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Summary: We found strong evidence to support the superiority of non-PH FPMs over PH models

(i.e. Cox) in this context. It was appropriate to present the results as numeric HRs.
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5.5 Results

5.5.1 Descriptive analysis

We included 106,206 UKR procedures in 91,626 patients, of which 4,382 (4.1%) were performed by
trainees. Trainees performed 5.3% of NHS-funded cases and were supervised by a scrubbed

consultant in 66.1% (n=2,898) of trainee-performed cases (Table 9 and Figure 19).

The mean age of patients operated on by trainees was 1.7 years older than patients operated on by
consultants (65.5 vs. 63.8 years). Trainees operated on a lower proportion of ASA I patients (15.7%
vs. 21.3%) and a higher proportion of ASA >III patients (13.4% vs. 8.4%). A higher proportion of
trainee procedures utilised uncemented implants (23.6% vs. 19.9%) and a mobile bearing (72.0% vs.

60.9%) (Table 9).

The maximum duration of follow-up was 16.8 years. Mean follow-up was 6.5 years (SD 4.3; IQR 2.6
to 10.1 years) for trainee UKRs and 5.6 years (SD 4.00; IQR 2.2 to 8.6 years) for consultant UKRs. A

total of 6,920 UKRs were revised at a mean of 4.3 years (SD 3.5; IQR 1.5 to 6.5 years).
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Table 9 - Descriptive statistics for patient, operation, and healthcare setting factors for included UKRs.

Surgeon grade and supervision (n=106,206)

Trainee supervised

Trainee not supervised

Variable (Cno=nls0ullt§|;:) ;Il‘::;n;;z()overall) by a scrubbed by a scrubbed
i i consultant (n=2,898) | consultant (n=1,484)
Mean age (SD) 63.8(9.7) 65.5 (9.6) 65.4(9.7) 65.7 (9.5)
Age groups (%)
<55 18,562 (18.2) 594 (13.6) 408 (14.1) 186 (12.5)
55-64 35,656 (35.0) 1,416 (32.3) 938 (32.4) 478 (32.2)
65-74 33,057 (32.5) 1,541 (35.2) 1,014 (35.0) 527 (35.5)
75-84 13,132 (12.9) 745 (17.0) 474 (16.4) 271 (18.3)
>85 1,417 (1.4) 86 (2.0) 64 (2.2) 22 (1.5)
Female (%) 46,972 (46.1) 2,105 (48.0) 1,410 (48.7) 695 (46.8)
Side (%)
Right 50,989 (50.1) 2,138 (48.8) 1,396 (48.2) 742 (50.0)
IMD decile (%)
1-2 (most deprived) 9,778 (9.6) 496 (11.3) 356 (12.3) 140 (9.4)
3-4 14,969 (14.7) 712 (16.3) 501 (17.3) 211 (14.2)
5-6 22,054 (21.7) 886 (20.2) 588 (20.3) 298 (20.1)
7-8 25,655 (25.2) 1,013 (23.1) 660 (22.8) 353 (23.8)
9-10 (least deprived) 29,368 (28.8) 1,275 (29.1) 793 27.4) 482 (32.5)
BMI (kg/m?)
<19 (underweight) 140 (0.1) 5(0.1) 3(0.1) 2(0.1)
19-24.9 (normal) 8,049 (7.9) 264 (6.0) 190 (6.6) 74 (5.0)
25-29.9 (overweight) 27,948 (27.5) 1,032 (23.6) 699 (24.1) 333 (22.4)
>30 (obese) 37,431 (36.8) 1,571 (35.9) 1,101 (38.0) 470 (31.7)
Missing 28,256 (27.8) 1,510 (34.5) 905 (31.2) 605 (40.8)
ASA grade (%)
ASA 1 21,663 (21.3) 686 (15.7) 466 (16.1) 220 (14.8)
ASA 1L 71,562 (70.3) 3,107 (70.9) 2,021 (69.7) 1,086 (73.2)
ASA =111 8,599 (8.4) 589 (13.4) 411 (14.2) 178 (12.0)
Anaesthetic (%)
Spinal 57,928 (56.9) 2,193 (50.1) 1,544 (53.3) 649 (43.7)
General 47,812 (47.0) 2,164 (494) 1,380 (47.6) 784 (52.8)
Epidural 4,290 (4.2) 331 (7.6) 174 (6.0) 157 (10.6)
Nerve block 16,847 (16.6) 948 (21.6) 607 (21.0) 341 (23.0)
Approach (%)
Lateral parapatellar 3,310 (3.3) 111 (2.5) 89 (3.1) 22 (1.5)
Medial parapatellar 90,149 (88.5) 3,982 (90.9) 2,593 (89.5) 1,389 (93.6)
Mid-vastus 3,968 (3.9) 131 (3.0) 109 (3.8) 22 (1.5)
Sub-vastus 1,595 (1.6) 44 (1.0) 29 (1.0) 15 (1.0)
Other 2,802 (2.8) 114 (2.6) 78 (2.7) 36 (2.4)
Fixation (%)
Cemented 79,206 (77.8) 3,208 (73.2) 2,123 (72.2) 1,085 (73.1)
Uncemented 20,209 (19.9) 1,036 (23.6) 666 (23.0) 370 (24.9)
Hybrid 2,409 (2.4) 138 (3.2) 109 (3.8) 29 (2.0)
Bearing mobility (%)
Fixed 34,268 (33.7) 912 (20.8) 695 (24.0) 217 (14.6)
Mobile 62,011 (60.9) 3,153 (72.0) 1,978 (68.3) 1,175 (79.2)
Monobloc poly tibia 5,545 (5.5) 317.(7.2) 225 (7.8) 92 (6.2)
Funding source (%)
NHS 77,595 (76.2) 4,370 (99.7) 2,893 (99.8) 1,477 (99.5)
Private 24,229 (23.8) 12 (0.3) 5(0.2) 7(0.5)
Year of operation (%)
2003-2011 35,054 (344 2,080 (47.5) 1,241 (42.8) 839 (56.5)
2012-2019 66,770 (65.6) 2,302 (52.5) 1,657 (57.2) 645 (43.5)

ASA, American Society of Anaesthesiologists; NHS, National Health Service; IMD, Index of Multiple Deprivation; BMI,
Body Mass Index. Data are n (%) or mean (SD); denoted where applicable.
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Figure 23 - Kaplan-Meier plot (one minus survival) demonstrating the cumulative probability of UKR failure
(i.e. all-cause revision) according to surgeon grade (exposure A).
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Table 10 - The unadjusted cumulative probability of all-cause failure of UKRs according to surgeon grade (exposure A) and supervision (exposure B).

Consultant Trainee (overall) Trainee supervised by a scrubbed consultant Trainee not supervised by a scrubbed
Follow- consultant
up Number Number Number Number
Number o) T o Number o) T o Number o/ Toms o Number o/ Toms o

(years) at risk* of N % Failure (95% CI) at risk* of N % Failure (95% CI) at risk* of . % Failure (95% CI) at risk* of . % Failure (95% CI)

revisions revisions revisions revisions
1 101,824 | 986 1.02 (0.96 to 1.10) 4,382 47 1.12 (0.84 to 1.49) 2,898 29 1.05(0.73 t0 0.15) 1,484 18 1.26 (0.80 to 2.00)
3 90,264 2,121 3.63 (3.51 t0 3.76) 3,954 105 4.01 (3.43 to 4.68) 2,605 64 3.74 (3.06 to 4.57) 1,349 41 4.52 (3.52t0 5.80)
5 67,809 1,150 5.50 (5.34 t0 5.67) 3,119 65 6.22 (5.46 to 7.08) 2,009 47 6.29 (5.34 to 7.40) 1,110 18 6.16 (4.95 to 7.65)
7 49,530 867 7.43 (7.23 to 7.64) 2,475 49 8.28 (7.36 t0 9.32) 1,532 24 7.92 (6.80t0 9.21) 943 25 8.93 (7.34 t0 10.77)
10 35,199 874 10.52 (10.24 to 10.81) | 1,916 35 10.35(9.23 to 11.59) 1,180 21 10.10 (8.70 to 11.71) 736 14 10.86 (9.08 to 12.96)
13 17,425 461 14.44 (13.99to 14.91) | 1,125 39 14.74 (13.05to 16.63) | 629 23 14.87 (12.62 to 17.49) | 496 16 14.76 (12.30 to 17.67)
15 5,117 98 17.13 (16.44 to 17.85) | 369 4 16.42 (14.09 to 19.08) | 208 2 15.98 (13.36 to 19.07) | 161 2 17.32 (13.24 to 22.50)

Data are the number at risk, the number of revision events, the unadjusted cumulative probability of failure and the 95% CI. ODEP A* benchmark for comparison. *Number at risk at the beginning of interval.
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Table 11 - Results of flexible parametric models (FPMs) according to surgeon grade (exposure A) and supervision (exposure B).

Lo . Model 1 (unadjusted) Model 2 (adjusted for ) Model 3 (adjusted for ¥, 1) Model 4 (adjusted for 1, 1, §)
Indication for | Exposure | p o0 Revisions n=106,206 1=106,206 n=106,206 1=106,206
revision subgroup (n)*

HR | 95% CI p-value | HR | 95% CI p-value | HR | 95% CI p-value | HR | 95% CI p-value
N Consultant 6,576 1.00 1.00 1.00 1.00
Trainee (overall) 344 1.05 | 0.94t0 1.17 | 0.40 1.09 | 0.98t0 1.21 | 0.13 1.05 | 0.94t0 1.17 | 0.40 1.01 | 090to 1.13 | 0.88
f;ilz:‘;fe Consultant 6,576 1.00 1.00 1.00 1.00
B Trainee supervised 210 1.02 | 0.89t0 1.17 | 0.75 1.05 | 0.92t0 1.21 | 0.46 1.03 | 0.90t0 1.18 | 0.70 099 | 0.87t0 1.14 | 0.94
Trainee unsupervised | 134 1.09 | 0.92t01.29 | 0.32 1.15 | 097t0 1.36 | 0.12 108 | 091t01.29 | 0.36 1.03 | 0.87t0 1.22 | 0.74
N Consultant 2,161 1.00 1.00 1.00 1.00
) Trainee (overall) 110 096 | 0.79t0 1.16 | 0.64 098 | 0.81to 1.19 | 0.84 097 | 0.80to 1.17 | 0.77 099 | 0.82to 1.21 | 0.95
gr:gress“’“ of Consultant 2,161 1.00 1.00 1.00 1.00
B Trainee supervised 77 1.10 | 0.87t0 1.37 | 0.43 111 | 0.88t01.40 | 0.36 111 | 0.88t01.39 | 0.38 1.13 | 090t0 1.42 | 0.31
Trainee unsupervised | 33 0.74 | 0.52t0 1.04 | 0.08 077 | 0.54t01.08 | 0.13 0.76 | 0.54t01.07 | 0.11 078 | 0.55t0 1.10 | 0.16
N Consultant 1,877 1.00 1.00 1.00 1.00
) Trainee (overall) 95 1.02 | 0.83t01.25 | 0.86 1.07 | 0.87t01.32 | 0.52 1.03 | 0.84t01.27 | 0.78 096 | 0.78t0 1.19 | 0.72
Aseptic Consultant 1,877 1.00 1.00 1.00 1.00
loosening/lysis - -
B Trainee supervised 60 1.03 | 079t0 133 | 0.84 1.08 | 0.83t01.39 | 0.57 1.05 | 0.81to 136 | 0.70 099 | 0.77t0 129 | 0.96
Trainee unsupervised | 35 1.00 | 0.72t0 1.41 | 0.97 1.06 | 0.76t0 1.48 | 0.74 099 | 0.71t0 1.39 | 0.97 092 | 0.65t01.28 | 0.61
N Consultant 1,236 1.00 1.00 1.00 1.00
) Trainee (overall) 72 124 | 098t01.57 | 0.08 125 | 098t01.58 | 0.07 120 | 095t01.53 | 0.13 1.08 | 0.85t01.37 | 0.54
E;‘:l"pla'“ed Consultant 1,236 1.00 1.00 1.00 1.00
B Trainee supervised 38 1.02 | 0.74t0 1.41 | 0.90 1.03 | 0.75t0 1.43 | 0.85 1.01 | 0.73t01.39 | 0.98 092 | 0.66t0 1.27 | 0.60
Trainee unsupervised | 34 1.62 | 1.15t02.28 | 0.01 1.63 | 11610229 | 0.01 1.54 | 1.10t02.17 | 0.01 134 | 0.95t01.89 | 0.09
N Consultant 1,052 1.00 1.00 1.00 1.00
Trainee (overall) 44 0.86 | 0.64t01.16 | 0.33 092 | 0.68t0 1.25 | 0.59 0.86 | 0.63t0 1.16 | 0.31 0.80 | 0.59t0 1.09 | 0.16
Instability Consultant 1,052 1.00 1.00 1.00 1.00
B Trainee supervised 27 0.83 | 0.57t0 1.22 | 0.35 0.89 | 0.61to 1.31 | 0.56 0.85 | 0.58t0 1.24 | 0.40 0.80 | 0.54t0 1.17 | 0.25
Trainee unsupervised | 17 0.90 | 0.56t0 1.46 | 0.67 097 | 0.60to 1.57 | 0.90 087 | 0.54t0 1.41 | 0.57 081 | 050t0 132 | 0.41
N Consultant 359 1.00 1.00 1.00 1.00
Trainee (overall) 22 131 | 0.85t02.02 | 0.22 132 | 0.86t02.04 | 0.20 130 | 0.84t02.00 | 0.24 130 | 0.84t02.01 | 0.25
Infection Consultant 359 1.00 1.00 1.00 1.00
B Trainee supervised 13 121 | 0.69t02.09 | 0.51 122 [ 070t02.13 | 0.48 121 | 0.70t02.11 | 0.50 122 | 070t02.13 | 0.49
Trainee unsupervised | 9 150 | 0.77t02.90 | 0.23 151 | 07810293 | 0.22 144 | 07410279 | 0.29 143 | 07310279 | 0.30

Data are the number of revisions for each indication, hazard ratio, 95% CI, or p-value. 'Patient factors: age; sex; ASA; IMD decile. *Operation factors: anaesthetic; approach; fixation; bearing mobility.
SHealthcare setting factors: funding; year of operation. *Some cases were revised for more than one indication.




5.5.2 All-cause revision

The unadjusted cumulative probability of failure at 15 years was 17.13% (95% CI 16.44 to 17.55) for
consultants, 16.42% (95% CI 14.09 to 19.08) for trainees overall, 15.98% (95% CI 13.36 to 19.07) for
trainees supervised by a scrubbed consultant, and 17.32% (95% CI 13.24 to 22.50) for trainees not
supervised by a scrubbed consultant. Failure estimates (one minus survival) for all intervals of follow-

up are presented in Table 10, and graphically displayed as a one minus KM plot in Figure 23.

Unadjusted FPM analysis comparing UKRs performed by consultants and trainees (exposure A),
indicated that surgeon grade was not associated with the risk of all-cause revision (Model 1: HR 1.05,
95% CI1 0.94 to 1.17; p=0.40). This finding, which is documented in Table 11, persisted despite
incremental adjustment for patient, operation, and healthcare setting factors (Model 4: HR 1.01, 95%
CI1 0.90 to 1.13; p=0.88). Further analysis was performed according to the level of senior supervision
(exposure B). Neither crude nor adjusted models demonstrated an association between the level of

supervision of trainees and the risk of all-cause revision (Table 11).

Sensitivity analysis was performed following further subcategorisation of cases according to specific
training grade (exposure C) and supervision. There was no evidence of an association between any
specific training grade (F1-ST2, ST3-ST8, or fellow) and an increased risk of all-cause revision,
regardless of the level of supervision (Table 12). It should be noted that very few UKRs were

performed by surgeons in the most junior category (F1-ST?2).

5.5.3 Indication for revision

The three most common indications for revision in this cohort were progression of OA (n=2,271),
aseptic loosening/lysis (n=1,972) and unexplained pain (n=1,308). Crude and adjusted analyses

demonstrated no evidence of an association between surgeon grade (exposure A) and an increased
risk of revision for any indication, including aseptic loosening/lysis, infection, progression of OA,

unexplained pain, or instability (Table 11).
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Further analysis was performed according to the level of trainee supervision (exposure B). We found
no evidence of an increased risk of revision for any indication when trainees were supervised by a
scrubbed consultant. However, both crude and adjusted analyses (Models 1-3) demonstrated that
procedures performed by trainees without scrubbed consultant supervision were associated with an
increased risk of revision for unexplained pain, compared to procedures performed by consultants
(Model 1: HR 1.62, 95% CI 1.15 to 2.28; p=0.01). This was not observed in the fully adjusted model

(Model 4: HR 1.34, 95% CI 0.95 to 1.89; p=0.09) (Table 11).
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Table 12 - Sensitivity analysis: Results of flexible parametric models (FPMs) for all-cause revision according to
the specific training grade (exposure C) and supervision.

Number of | Number of Complete cases (n=106,206)
Exposure cases revisions HR 95%, CI p-value
Model 1 (unadjusted)
Consultant 101,824 6,576 1.00
F1-ST2 supervised by scrubbed consultant 25 2 2.16 0.70t0 6.71 | 0.18
F1-ST2 not supervised by scrubbed consultant 19 2 1.17 0.29t04.69 | 0.82
ST3-ST8 supervised by scrubbed consultant 2,746 193 1.04 0.90to 1.20 | 0.59
ST3-ST8 not supervised by scrubbed consultant | 1,244 99 1.07 0.87t0 1.30 | 0.52
Fellow supervised by scrubbed consultant 127 14 0.76 0.45t01.28 | 0.31
Fellow not supervised by scrubbed consultant 221 33 1.16 0.83to 1.64 | 0.39
Model 2 (adjusted for )
Consultant 101,824 6,576 1.00
F1-ST2 supervised by scrubbed consultant 25 2 2.08 0.67 t0 6.45 | 0.21
F1-ST2 not supervised by scrubbed consultant 19 2 1.15 0.29t04.64 | 0.84
ST3-ST8 supervised by scrubbed consultant 2,746 193 1.08 093t01.24 | 0.32
ST3-ST8 not supervised by scrubbed consultant | 1,244 99 1.12 0.92t01.37 | 0.25
Fellow supervised by scrubbed consultant 127 14 0.75 0.45t01.27 | 0.29
Fellow not supervised by scrubbed consultant 221 33 1.23 0.87t01.73 | 0.23
Model 3 (adjusted for ¥, )
Consultant 101,824 6,576 1.00
F1-ST2 supervised by scrubbed consultant 25 2 1.99 0.64t06.17 | 0.23
F1-ST2 not supervised by scrubbed consultant 19 2 1.08 0.27t04.34 | 0.91
ST3-ST8 supervised by scrubbed consultant 2,746 193 1.06 091to1.21 | 0.46
ST3-ST8 not supervised by scrubbed consultant | 1,244 99 1.08 0.88t0 1.32 | 0.45
Fellow supervised by scrubbed consultant 127 14 0.71 042t01.19 | 0.19
Fellow not supervised by scrubbed consultant 221 33 1.11 0.79 to 1.56 | 0.56
Model 4 (adjusted for ¥, f, §)
Consultant 101,824 6,576 1.00
F1-ST2 supervised by scrubbed consultant 25 2 1.93 0.62t0 6.01 | 0.25
F1-ST2 not supervised by scrubbed consultant 19 2 1.03 0.26t0 4.12 | 0.97
ST3-ST8 supervised by scrubbed consultant 2,746 193 1.02 0.89t01.18 | 0.74
ST3-ST8 not supervised by scrubbed consultant | 1,244 99 1.03 0.84t01.26 | 0.77
Fellow supervised by scrubbed consultant 127 14 0.66 0.39t0 1.12 | 0.12
Fellow not supervised by scrubbed consultant 221 33 1.04 0.74t0 1.46 | 0.84

Patient factors: age; sex; ASA; IMD decile.
fOperation factors: anaesthetic; approach; fixation; bearing mobility.
SHealthcare setting factors: funding; year of operation.

F1=Foundation Year 1; ST=Specialty Trainee (number denotes year of training). F1-ST2 is the most junior category,
followed by ST3-STS.
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5.6 Discussion

This analysis of 106,206 knees with over 16 years follow-up represents the largest study to date of
UKR outcomes in the context of surgical training. We have demonstrated that when comparing UKRs
performed by consultants and trainees, there was no evidence of an association between surgeon grade
and the risk of all-cause revision. Trainees achieved comparable outcomes to consultants regardless of
the level of scrubbed supervision. There was no evidence that UKRs performed by trainees who were
supervised by a scrubbed consultant were associated with an increased risk of revision for any specific
indication (including aseptic loosening/lysis, infection, progression of OA, unexplained pain, and
instability) compared to consultant-performed UKRs. We found evidence that UKRs performed by
trainees who were not supervised by a scrubbed consultant, were more likely to be revised for
unexplained pain compared to consultant-performed UKRs. However, this was not observed in the
fully adjusted model. Revision for unexplained pain following UKR has previously been attributed to

low-volume surgeons, but not unsupervised trainees (Baker et al., 2013).

5.6.1 Strengths and limitations

We included over 100,000 knees, which makes this significantly larger than any previous study of the
association between surgeon grade and UKR outcomes (Fowler et al., 2021, Madanipour et al., 2021).
Despite limiting our study period to predate the anomalous period of elective orthopaedic practice
during the COVID-19 pandemic, our findings are current and represent UKRs with over 16 years of
follow-up. The data were recorded in a mandatory, nationwide prospective register, which improves
the external validity and generalisability of our findings by reducing sampling bias. We employed
FPM to model the time-dependent effects of confounding variables and account for non-
proportionality. Furthermore, our incremental approach to confounding adjustment increases
transparency by demonstrating the relative contribution of patient, operation, and healthcare setting

factors to the adjusted results.

Despite these strengths, our study has limitations. Implant survival is an important objective metric of

success. However, as they are not currently reported by the NJR, we did not consider other measures
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that may be relevant when evaluating the success of a joint replacement, such as patient-reported
outcome measures, or postoperative complications other than failure. OA was the only indication,
which along with adjustment for confounding variables, accounts for measurable variations in case
complexity and case-mix selection between the groups. However, our findings remain susceptible to
residual confounding. For example, we did not adjust for BMI which, consistent with other NJR
studies, was missing in a high proportion of records (Sayers et al., 2020b). We performed multiple
testing for various reasons for revision which may account for the association between unsupervised

trainees and revision for unexplained pain that attenuated with adjustment.

The binary variable ‘surgeon grade’ does not capture variations in the level of experience between
individual trainees. We have attempted to address this through sensitivity analysis, by categorising
cases according to the specific training grade of the surgeon; however, this categorical variable has
similar limitations. Furthermore, supervision is recorded by the NJR as a binary variable according to
the grade of the first assistant, which does not capture the spectrum of supervision that is necessary in
the training process (ISCP, 2021). Thus, these categorical variables do not account for procedures that
may have been part-performed by a trainee, or in which a trainee was supervised by an unscrubbed

consultant.

5.6.2  Comparison with other studies

Our literature review identified a small number of observational studies relating to this subject
(Fowler et al., 2021). In their NZJR study, Storey et al. found no significant difference in the revision
rate of UKRs performed by supervised senior trainees (n=276) compared to attending surgeons
(n=8,550). They also reported that supervised senior trainees achieved comparable functional
outcomes (Oxford Knee Score) to attending surgeons at 6 months. With only 14 cases in each group,
the authors acknowledge that they had insufficient data for any meaningful analysis of the outcomes
of UKRs performed by supervised junior trainees and unsupervised senior trainees. Furthermore, the

indication for revision was not reported, and the description of the statistical methodology employed
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is limited (Storey et al., 2018). Of note, a similarly low proportion of UKRs are recorded as performed

by trainees in the NZJR (3.3%) and NJR (4.1%).

Bottomley et al. conducted a single-centre retrospective study of 1,084 Oxford medial UKRs (Zimmer
Biomet, Swindon, UK). Trainees performed 673 UKRs (62.1%) and were supervised by a scrubbed
consultant in 48% of cases. They reported no difference in implant survival between the groups, with
9-year cumulative survival estimates of 93.9% (95% CI 90.2 to 97.6) and 93.0% (95% CI 90.3 to
95.7) for consultants and trainees, respectively. In a subgroup analysis they showed that trainees who
had performed fewer than ten UKRs had a failure rate of 5.1% compared to a failure rate of 4.7% in
those who had undertaken more than ten UKRs; a difference that was not statistically significant

(Bottomley et al., 2016).

In comparison to the existing literature, the current study is significantly larger, has methodological
advantages, longer follow-up, and provides novel insight into the importance of scrubbed consultant
supervision. Our findings are generally concordant with published data from another national joint
registry (Storey et al., 2018), which suggests that our findings might be generalisable to other

countries.

5.6.3 Implications

Our findings suggest that current training practices for UKR in England and Wales are safe, when
defined by equivalence of survival outcomes. However, only a small proportion of UKRs in these
countries are performed by trainees and it should be noted that very few UKRs were performed by
surgeons of the most junior specific training grade (F1-ST2). It is likely that UKRs are typically
performed by more experienced, senior trainees. However, we were unable to quantify this in the
current study, due to the broad categories used by the NJR to record the grade of the operating

surgeon.

It is presumed that trainers select appropriate cases for their trainees and permit trainees to operate
without scrubbed supervision only when they have reached a subjective threshold of expertise
commensurate with safe independent surgical practice. Our study suggests that in this context,
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trainees achieve comparable all-cause UKR survival to consultant surgeons. In terms of revision for
unexplained pain, trainees might achieve their best outcomes when supervised by a scrubbed
consultant. However, this association was not observed in the fully adjusted analysis. We propose that
trainees should ideally be supervised by a scrubbed consultant when performing UKR, particularly
during the early stages of training. When experienced senior trainees operate without scrubbed
supervision, careful case selection is required, and scrubbed consultant supervision should be readily

available.

The findings of this study are reassuring and support the current methods by which surgeons are
trained to perform UKR in England and Wales. This is of particular importance in the wake of the
COVID-19 pandemic, which has been detrimental to trainee case numbers (Clements et al., 2021,

Munro et al., 2021).

5.6.4 Conclusion

This nationwide study of UKRs with over 16 years follow-up demonstrates that trainees in England
and Wales achieve comparable all-cause implant survival to consultants. Our findings support the

current methods by which surgeons in England and Wales are trained to perform UKR.
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Chapter 6 A comparison of clinical and radiological outcomes
between trainee- and consultant-performed total hip replacement: a

retrospective cohort study of 530 hips with up to 15 years follow-
up

6.1 Overview

The preceding chapters have focused on implant survival according to surgeon grade and supervision,
which is consistent with the primary aim of this thesis. As discussed in Section 1.5.1, there are

limitations to using implant survival as a standalone outcome measure. Therefore, this chapter aims to
investigate the association between surgeon grade and a range of clinical, radiological, and functional

outcomes measures following THR. This chapter is based on single-centre observational data.

6.1.1 Contributors

TF was responsible for study concept, design, literature review, data collection, data analysis,
interpretation of the results, and writing the manuscript. JB contributed to data collection. AB, and
MW were responsible for study concept, design, interpretation of the results, and review of the
manuscript. AS was responsible for study concept, design, data analysis, interpretation of the results,

and review of the manuscript.

6.1.2 Declaration of conflicts of interest

TF, AS and JB have no conflicts of interest to declare. AB and MW report a contract held by the
University of Bristol for membership of HQIP Lot 2 Statistical Analysis team for the National Joint
Registry, and royalties from Taylor & Francis. MW also reports an independently conducted research
grant held by the University of Bristol with CeramTec, teaching payments from Heraeus, and research

committee membership on the British Orthopaedic Association and the British Hip Society.
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6.2 Abstract

6.2.1 Background

The long-term clinical, radiological, and functional outcomes of trainee- as compared to consultant-
performed total hip replacement (THR) are poorly understood. We aimed to use observational data to

examine these outcomes.

6.2.2 Methods

This retrospective cohort study is based on a consecutive series of 530 primary THRs performed at a
single institution between 2005 and 2009. Exposures were surgeon grade (consultant or trainee) and
whether or not trainees were supervised by a scrubbed consultant. Outcomes of interest were PROMs
(OHS and SF-12) at minimum 10 years follow-up, the rate of surgical complications, radiographic

outcomes including Barrack grade and periprosthetic radiolucency, and all-cause revision.

6.2.3 Results

Eleven patients were lost to follow-up leaving 519 THRs in 480 patients for further analysis. Trainees
performed 400 (77%) THRs and were supervised by a scrubbed consultant in 51% of these cases.
Trainees achieved comparable outcomes to consultants in terms of the rate of complications, the
quality of femoral cementation, radiological periprosthetic lucency, and the OHS at minimum 10
years of follow-up. There were differences in the SF-12 scores (MCS and PCS) between the groups.
However, trainees who were supervised by a scrubbed consultant achieved equivalent PROMs to
consultants (OHS and SF-12). There was no association between surgeon grade, or the supervision of
trainees and the risk of all-cause revision in either crude or adjusted models (trainees overall: crude

HR 0.54, 95% CI 0.18 to 1.62; p=0.28; fully adjusted HR 0.51, 95% CI 0.15 to 1.71; p=0.28).

6.2.4 Conclusion

These findings give reassuring insight into the outcomes of trainee-performed THR in the UK.
Trainees who were supervised by a scrubbed consultant achieved comparable PROMs, complication

rates, radiological outcomes, and all-cause implant survival to consultants.
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6.3 Background

Approximately 10% of primary total hip replacements (THRs) in England and Wales are performed
by trainees (Fowler et al., 2022). Surgical training programmes must balance the necessity to train
enough surgeons to meet evolving workforce requirements while ensuring safe and acceptable
outcomes for patients (Centre for Workforce Intelligence, 2014, The British Orthopaedic Association,
2021). The Royal College of Surgeons of England has recommended that every planned NHS
procedure should include a surgical trainee to help compensate for lost training opportunities during

the COVID-19 pandemic (The Royal College of Surgeons of England, 2021).

The National Joint Registry (NJR) study presented in Chapter 3 demonstrates that supervised trainees
achieve comparable THR implant survival to consultants, but THRs performed by trainees who are
not supervised by a scrubbed consultant may have an increased risk of revision for instability (Fowler
et al., 2022). However, studies based on NJR data are limited as they do not report patient-reported
outcome measures (PROMs), radiographic analysis, or postoperative complications other than

revision surgery.

There is contradictory evidence on the association between surgeon grade and the risk of
postoperative complications. It has been suggested that surgeon inexperience and trainee-performed
THR are risk factors for dislocation and prosthetic joint infection (Kunutsor et al., 2019, Smith et al.,
2018, Hedlundh et al., 1996). However, a recent systematic review and meta-analysis that directly
compared trainee- and consultant-performed THRs, found no difference in the rates of dislocation or

infection between the groups (Singh et al., 2019).

Observational studies have suggested that trainees achieve comparable patient-reported outcomes to
consultants at various intervals of follow-up ranging from 6 months to 10 years (Palan et al., 2009,
Reidy et al., 2016, Weber et al., 2017, Moran et al., 2004). However, these findings are contradicted
by 6-month registry data (Inglis et al., 2013), and the functional outcomes of trainee-performed THR

beyond 10 years are unknown (Singh et al., 2019).
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Moran et al. reported inconsistent cup positioning and significantly reduced acetabular anteversion in
THRs performed by supervised trainees (Moran et al., 2004). A more recent study of THRs performed
for hip fracture reported that supervised trainees achieved equivalent radiological outcomes to
consultants in terms of acetabular inclination, leg length, and Barrack grade (MacDonald et al., 2020).
The radiological outcomes of trainee-performed THR remain poorly understood. The clinical and

radiological outcomes of trainee-performed THR warrant further investigation.

The aim of this study was to investigate the association between surgeon grade (consultant or trainee),
the supervision of trainees, and the following clinical and radiological outcomes of THR: 1) PROMs
at minimum 10 years; 2) the rate of surgical complications; 3) radiographic outcomes relating to the

quality of femoral cementation and periprosthetic radiolucency, and 4) all-cause revision.

6.4 Methods

6.4.1 Patients and data sources

This retrospective cohort study is based on a consecutive series of 530 primary THRs in 490 patients
performed at North Bristol NHS Trust between March 2005 and May 2009. Institutional research
committee approval was granted prior to the initiation of this study (CE10851). Reporting follows the

recommendations outlined in the STROBE checklist (Appendix 18).

All cases used a cemented C-stem AMT femoral component (Depuy Synthes, Leeds, UK) and were
performed under the care of three consultant surgeons. Electronic patient records were reviewed for
all patients to identify information about exposures, demographic data, episodes of revision, and
surgical complications. Surviving patients completed postal questionnaires, including the Oxford Hip
Score (OHS) and Short Form-12 Health Survey (SF-12), at a minimum of 10 years follow-up. Patients
were asked directly about subsequent hip surgery to identify cases of revision surgery performed in
other units. Preoperative OHS and SF-12 data were unavailable as these were not routinely recorded
at preoperative assessment. Routine postoperative radiographs were reviewed to assess: 1) The quality
of the cement mantle on the immediate postoperative radiograph, which was assessed using the

method described by Barrack et al. (Barrack et al., 1992); 2) Evidence of radiolucency in the seven

137



zones described by Gruen et al. on the most recent anteroposterior (AP) pelvic radiograph (Gruen et
al., 1979). These outcome measures are described in more detail in Section 6.4.3.3. Patients with
missing data for a given outcome were excluded from the relevant analysis. The process of exclusions

and attrition is summarised in Figure 24.

The dataset used in the current study is based on a smaller consecutive cohort of 415 primary THRs
performed at the same institution between March 2005 and May 2008, from which a shorter-term
follow-up study has previously been published (Berstock et al., 2014). The cohort presented here has
been expanded to 530 THRs and up-to-date follow-up data have been collected for all patients. The
original dataset was established and collected by JB. Expansion of the dataset and the most recent
round of data collection were conducted by TF. TF reviewed electronic patient records and operation
notes for all patients in order to confirm the grade of the operating surgeon and the level of
supervision. TF collected up-to-date follow-up data for all patients and the following outcome
measures: PROMs, complication rates, periprosthetic radiolucency, and all-cause revision. Regarding
the quality of femoral cementation on the initial postoperative radiograph, data collection for the first
415 cases in the cohort was performed by JB. Data collection for the most recent 115 cases was

performed by TF.
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Figure 24 - Study flow diagram (Chapter 6).
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Consultant: N=43 Mean follow-up: 9.3 years Mean follow-up: N/A Mean follow-up: 6.8 years Mean follow-up: 9.3 years
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6.4.2  Exposures

The primary exposure (exposure A) was surgeon grade, which was a binary variable dependent on the
grade of the operating surgeon: 1) consultant, or 2) trainee. THRs performed by surgeons of the
following grades were categorised under the variable ‘trainee’: F1-ST2; ST3-STS; and fellow.
Consultant surgeons have completed their formal training in orthopaedic surgery, been awarded a
Certificate of Completion of Training, and have been appointed to a senior position in which they can
supervise trainees. The term ‘consultant’ is equivalent to the term ‘attending’. The grade category
ST3-ST8 is traditionally referred to as ‘registrar’ and is equivalent to ‘resident’, which is used in other
healthcare settings including North America. UK training terminology has evolved over the past 20
years, thus the process of accounting for variations in training terminology over the course of this
study is documented in Appendix 19. Trainee cases were subcategorised according to the level of
consultant supervision, which was recorded on the operation note (exposure B): 1) trainee supervised
by a scrubbed consultant; or 2) trainee not supervised by a scrubbed consultant. Given the variability
in experience between surgical trainees, we performed a sensitivity analysis for all-cause revision by
recategorising procedures according to the specific training grade of the operating surgeon (exposure

C): 1) consultant; 2) F1-ST2; 3) ST3-STS; 4) fellow.

6.4.3 Outcomes of interest
6.4.3.1 PROMs

The OHS and SF-12 were assessed at a minimum of 10 years follow-up. The combined use of these
two instruments is established in the context of THR (Ostendorf et al., 2004, Murray et al., 2007). The
OHS is a 12-item joint-specific questionnaire developed to assess the perception of pain and function
in patients undergoing THR (Dawson et al., 1996a). It was designed to be completed by patients in

order to reduce potential bias introduced by surgeon-based outcome tools (Murray et al., 2007).

The OHS is internally consistent, valid, reproducible, and sensitive to change (Dawson et al., 1996a,
Dawson et al., 1996b). It provides data that correlate strongly with patient satisfaction (Fitzpatrick et

al., 2000). Its responsiveness, or sensitivity to clinically important change following THR, is superior
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to a range of disease-specific and generic measures of health status, including the WOMAC
(Ostendorf et al., 2004), SF-36 (Dawson et al., 1996b), and EQ-5D (Dawson et al., 2001). The OHS
was originally developed for use in randomised controlled trials but has become extensively used in
day-to-day clinical practice, observational studies, and national joint registries (Bohm et al., 2021,
Murray et al., 2007). Since 2009, the OHS has been routinely collected for all NHS-funded THRs

performed in England (Devlin et al., 2010).

The questionnaire consists of 12 questions regarding the severity of pain and disability experienced by
the respondent over the past four weeks. Each question has five response levels, which are scored
from 0 to 4. The sum of the 12 individual scores produces an overall score ranging from 0 to 48, with
48 representing the best possible outcome. The original scoring system produced a score between 12
and 60, with 60 representing the worst possible outcome. Consistent with the recommendation of
Murray et al., the current study uses the 0 to 48 scoring system (Murray et al., 2007). The results of
the OHS should be interpreted in the context of an estimated minimal clinically important difference
(MCID) of 3 to 5 points (Murray et al., 2007). The preoperative OHS is an important determinant of
outcome after THR (Hajat et al., 2002). Therefore, where possible, preoperative and postoperative

scores should be reported.

The SF-12 is a generic measure of health status, designed to give a global assessment of a patient’s
health-related quality of life (HRQoL). It is a shorter version of the SF-36, which can be printed on a
single side and self-administered in approximately two minutes. This reduces respondent burden
compared to the SF-36 and makes it suitable for larger studies, particularly when participants are

required to complete multiple questionnaires (Ware et al., 1996).

The developer used psychometric methods to select a 12-item subset from the original 36-item survey
(Ware et al., 1996). This process of item selection has been validated in multiple health settings
(Gandek et al., 1998). The resulting SF-12 survey assesses the same eight HRQoL dimensions as the
SF-36 (physical functioning, role-physical, bodily pain, general health, vitality, social functioning,

role-emotional and mental health). However, as four of the eight dimensions are assessed by a single
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item, only Physical Component Summary (PCS) and Mental Component Summary (MCS) scores are

calculated.

The SF-12 is valid, reliable, and demonstrates strong correlations with SF-36 summary scores (Ware
et al., 1998). SF-12 PCS and MCS scores account for more than 90% of the variance in the
corresponding SF-36 summary scores (Ware et al., 1996). A strong correlation between SF-12 and
SF-36 PCS and MCS scores has been observed in both general health studies and THR cohorts (Ware
et al., 1996, Jenkinson and Layte, 1997, Ostendorf et al., 2004). In the context of joint replacement,
Ostendorf et al. found that the SF-12 PCS demonstrates high levels of responsiveness in patients

undergoing THR (Ostendorf et al., 2004).

The SF-12 PCS and MCS have a minimum score of 0 and a maximum score of 100. These scores are
transformed to have a mean of 50 and a standard deviation of 10 in the general population (Gandhi et
al., 2001). Due to the strong correlation between SF-12 and SF-36 scores, the developers

recommended that SF-36 interpretation guidelines may be useful when interpreting the SF-12 (Ware

et al., 1995, Ware et al., 1994).

6.4.3.2 Complications

We were interested in the overall complication rate and the rate of the following specific surgical
complications: dislocation; intraoperative periprosthetic fracture; postoperative periprosthetic fracture;
nerve injury; symptomatic heterotrophic ossification (HO); superficial surgical site infection (SSI) and
deep infection (both defined according to CDC criteria) (Centers for Disease Control and Prevention,
2021). The rate of complications was assessed through a comprehensive review of electronic patient
records. Furthermore, postal questionnaires included a free-text question that directly asked patients

about subsequent hip surgery.

6.4.3.3  Radiographic outcomes

Radiographic outcome measures included the Barrack grade for the quality of cementation on the

initial postoperative radiograph, and the presence of femoral periprosthetic lucency on the most recent
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follow-up radiograph. The Barrack grading system for the radiographic assessment of initial cement
mantle quality is summarised in Table 13 (Barrack et al., 1992). An association between Barrack
grade C and D cementation, loosening and failure has been described (Chambers et al., 2001). The
presence of femoral periprosthetic radiolucency was assessed using the method described by Gruen et
al., which subdivides the proximal femur into seven zones. The distribution of these zones on an AP

radiograph is illustrated in Figure 25.

Table 13 — The Barrack grading system of initial cement mantle quality (Barrack et al., 1992).

Grade Description of radiographic cement mantle quality
A Complete filling of the medullary cavity by cement, with ‘white-out’ of the cement-bone interface
B Radiolucency involving <50% of the cement-bone interface
C Radiolucency involving 50-99% of the cement-bone interface
D Radiolucency at the cement-bone interface of 100% in any projection, or a failure to fill the canal
such that the tip of the stem is not covered with cement.

Figure 25 - Diagram illustrating the distribution of Gruen zones on an AP radiograph (Gruen et al., 1979).
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6.4.3.4 All-cause revision

All-cause revision was defined as any procedure to add, remove, or modify one or more components
of an implant construct for any reason (The National Joint Registry, 2020). Implant survival data were
collected by reviewing electronic patient records, and information regarding the timing and reason for
revision was recorded. Postal questionnaires included a free-text question asking about subsequent hip
surgery to identify episodes of revision performed in other units. This outcome measure is discussed

in more detail in Section 1.5.1.

6.4.4  Statistical analysis

Frequencies and percentages were used to describe categorical variables. The mean, standard
deviation (SD) and interquartile range (IQR) were used to describe continuous variables. The Shapiro-
Wilk test was used to assess the normality of continuous data. Wilcoxon rank sum and chi-squared

tests were used, where appropriate, to assess equivalence between the consultant and trainee groups.

PROMs and the assessment of radiolucency on a linear scale (number of affected zones from 0-7)
were analysed using linear regression models. Complication rates, Barrack grade and the presence of

radiolucency (=1 zone) were analysed using logistic regression models.

Estimates of unadjusted net implant failure were calculated using the Kaplan-Meier (KM) method.
Patients with surviving implants were censored at either the time of the most recent questionnaire,
radiograph, or death. Adjusted survival analyses used Cox regression and Schoenfeld residual testing
was used to assess the proportional hazards assumption at each level of adjustment. Separate survival
analyses were performed for each exposure (A-C) as specified in Appendix 20. The proportionality of
THR survival according to surgeon grade has previously been demonstrated using NJR data (Chapter

3) (Fowler et al., 2022).

The level of incremental confounding adjustment is specified for each analysis. Model 1 was
unadjusted. Model 2 was adjusted for patient-level factors (age, sex, American Society of

Anaesthesiologists [ASA] grade, and indication). Model 3 was further adjusted for operation-level
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factors (cup fixation, cup brand, head size, and bearing surface). Statistical analysis was performed

using Stata (Version SE 15.1; StataCorp LP, USA).

6.5 Results

6.5.1 Descriptive analysis

From a consecutive series of 530 THRs in 490 patients, 11 cases (2.1%) were lost to follow-up. We
included 519 THRs, of which 400 (77.1%) were performed by trainees. Trainees were supervised by a
scrubbed consultant in 51.0% of trainee cases. A higher proportion of trainee-performed procedures
utilised a fully cemented construct compared to consultant-performed procedures (54.5% vs. 38.6%;
chi-squared: p<0.01), but demographic and operation-level factors were otherwise equivalent between
the consultant and trainee groups (Table 14). Summary data for each outcome measure are presented

in Table 15.
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Table 14 - Demographic and operation-level data for included THRs.

Surgeon grade and supervision (n=519)

Trainee supervised by

Trainee not supervised by

Consultant Trainee (overall) | ascrubbed consultant a scrubbed consultant
Variable (n=119) (n=400) (n=204) (n=196)

Mean age (SD) years | 73.6 (8.4) 74.6 (8.0) 75.0(7.9) 74.1 (8.1)
Sex (Y%ofemale) 78 (65.6) 269 (67.3) 143 (70.1) 126 (64.3)
Side (%right) 65 (54.6) 221 (55.3) 111 (54.4) 110 (56.1)
ASA (%)

1 8(6.7) 14 (3.5) 4(2.0) 10 (5.1)

2 81 (68.1) 289 (72.3) 152 (74.5) 137 (69.9)

>3 30(25.2) 97 (24.3) 48 (23.5) 49 (25.0)
Indication (%)

OA 113 (95.0) 384 (96.0) 196 (96.1) 188 (95.9)

RA 2 (1.7 7(1.8) 4(2.0) 3(1.5)

AVN 1 (0.8) 6 (1.5) 2 (1.0) 4(2.0)

NOF 1(0.8) 2(0.5) 1(0.5) 1(0.5)

Other 2.7 1(0.3) 1(0.5) 0(0.0)
Bearing surface (%)

MoP 99 (83.2) 327 (81.8) 169 (82.8) 158 (80.6)

MoM 14 (11.8) 32 (8.0) 9(4.4) 23 (11.7)

CoP 1(0.8) 4.0 3(1.5) 1(0.5)

CoC 3(2.5) 32 (8.0) 20 (9.8) 12 (6.1)

CoM 2(1.7) 51.2) 3(1.5) 2 (1.0)
Cup brand (%)

Pinnacle 65 (54.6) 176 (44.0) 93 (45.6) 83 (42.4)

Ogee 46 (38.7) 218 (54.5) 108 (52.9) 110 (56.1)

Duraloc 542 2(0.5) 0(0.0) 2 (1.0)

Omnifit 0(0.0) 2(0.5) 1(0.5) 1(0.5)

Trident 2.7 1(0.3) 1(0.5) 0(0.0)

ASR 1(0.8) 1(0.3) 1(0.5) 0(0.0)
Cup fixation (%)

Hybrid 73 (61.3) 182 (45.5) 96 (47.1) 86 (43.9)

Cemented 46 (38.7) 218 (54.5) 108 (52.9) 110 (56.1)
Head size (%)

28mm 93 (78.2) 322 (80.5) 163 (79.9) 159 (81.1)

36mm 21 (17.7) 71 (17.8) 36 (17.7) 35(17.9)

Other 542 7(1.8) 5(2.5) 2 (1.0

Data are the frequency (n), proportion (%), mean, or standard deviation (SD); denoted where applicable. OA,
osteoarthritis; RA, rheumatoid arthritis; AVN, avascular necrosis; NOF, neck of femur fracture; MoP, metal-on-
polyethylene; MoM, metal-on-metal; CoP, ceramic-on-polyethylene; CoC, ceramic-on-ceramic; CoM, ceramic-on-

metal.
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Table 15 - Summary of outcome data according to surgeon grade and supervision

Surgeon grade and supervision

Trainee supervised

Trainee not

Trainee by a scrubbed supervised by a

Outcome Consultant | (overall) consultant scrubbed consultant
PROMs

OHS, mean (SD) 36.3 (11.1) 37.3 (10.8) 38.5(10.1) 36.0 (11.4)

SF12-PCS, mean (SD 39.3(11.2) 35.3(12.1) 36.1(12.4) 34.5(11.7)

SF12-MCS, mean (SD) 46.3 (12.1) 49.3(11.4) 49.9 (11.4) 48.6 (11.4)
Complications, n

Nerve injury 0 1 0 1

Superficial infection (SSI) 2 0 0 0

Symptomatic HO 2 1 1 0

Periprosthetic fracture (intra-op) 1 3 1 2

Deep infection 2 3 0 3

Periprosthetic fracture (post-op) 1 7 5 2

Dislocation 2 8 4 4

Overall complications 10 23 11 12
Barrack grade, n (%)

A 78 (65.6) 251 (62.8) 132 (64.7) 119 (60.7)

B 36 (30.3) 140 (35.0) 66 (32.4) 74 (37.8)

C 2(1.7) 5(1.3) 4(2.0) 1(0.5)
Lucency (number of Gruen zones
affected), n (%)

0 36 (31.9) 128 (33.6) 70 (36.5) 58 (30.7)

1 22 (19.5) 58 (15.2) 32 (16.7) 26 (13.8)

2 17 (15.0) 55 (14.4) 25 (13.0) 30 (15.9)

3 8(7.1) 39 (10.2) 18 (9.4) 21 (11.1)

4 7(6.2) 34 (8.9) 17 (8.9) 17 (9.0)

5 544 26 (6.8) 11(5.7) 15(7.9)

6 12 (10.6) 34 (8.9) 16 (8.3) 18 (9.5)

7 6(5.3) 7(1.8) 3(1.6) 4(2.1)
Revisions (n) 5 9 2 7
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6.5.2 PROMs

Complete >10-year PROM data were available for 72% (n=188) of surviving patients (Figure 24).
Mean PROM follow-up was 12.4 years (SD 1.03; IQR 11.8 to 13.3). The linear regression analyses of
PROMSs were either unadjusted or adjusted for patient-level confounding factors. Additional
adjustment for operative factors was not conducted due to the small number of patients. The
characteristics of responders and non-responders are summarised in Appendix 22 and the results are

presented in Table 16.

We observed no evidence of an association between either surgeon grade, or the level of scrubbed
supervision and the OHS. There was evidence of an association between trainee-performed THR, and
a lower SF-12 PCS score compared to consultant-performed surgery, which is suggestive of lower
physical function (unadjusted coefficient -4.09, 95% CI -8.18 to -0.16; p=0.05). However, this was
not observed in the adjusted model. There was evidence in both crude and adjusted models that cases
performed by trainees who were not supervised by a scrubbed consultant were associated with a lower
SF-12 PCS, compared to cases performed by consultants (adjusted coefficient -5.13, 95% CI -9.72 to -
0.55; p=0.03). There was evidence of an association between THRs performed by trainees who were
supervised by a scrubbed consultant and a higher SF-12 MCS score, compared to cases performed by

consultants (adjusted coefficient 5.07, 95% CI 0.62 to 9.53; p=0.03).
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Table 16 - Linear regression models for PROMs data (OHS, SF-12 MCS, SF-12 PCS) according to surgeon grade (exposure A) and supervision (exposure B).

Model 1 (unadjusted) Model 2 (adjusted for )
Outcome fl:‘l?gors;f; Exposure Resg(l))n ses n=188 n=188
Coef. 95% CI p-value Coef. 95% CI p-value

Consultant* 43 36.26%* 32.991t039.52 - 34.93 31.26 to 38.60 -
A Trainee (overall) 145 1.07 -2.65t04.78 0.57 1.44 -2.34t05.21 0.45

OHS Consultant* 43 36.26%* 32.991t039.52 - 34.64 30.99 to 38.30 -
B Trainee supervised by a scrubbed consultant 75 2.28 -1.81t0 6.36 0.27 3.21 -0.96 to 7.39 0.13
Trainee not supervised by a scrubbed consultant | 70 -0.23 -4.36t0 3.91 0.91 -0.20 -4.31t03.91 0.93

Consultant* 43 39.36%* 35.79t042.93 - 38.14 34.08 to 42.20 -
A Trainee (overall) 145 -4.09 -8.18t0 -0.16 0.05 -3.95 -8.14 t0 0.23 0.06

SF-12-PCS Consultant* 43 39.36%* 35.79t042.93 - 37.95 33.88t042.01 -
B Trainee supervised by a scrubbed consultant 75 -3.24 -7.74 t0 1.26 0.16 -2.68 -7.33 to0 1.96 0.26
Trainee not supervised by a scrubbed consultant | 70 -5.01 -9.57 t0 -0.45 0.03 -5.13 -9.72 t0 -0.55 0.03

Consultant* 43 46.65%* 43.18 to 50.12 - 44.19 40.30 to 48.07 -
A Trainee (overall) 145 2.62 -1.35t0 6.59 0.19 3.87 -0.14 to0 7.88 0.06

SF-12-MCS Consultant* 43 46.65%* 43.18 to 50.12 - 44.00 40.11 to 47.90 -
B Trainee supervised by a scrubbed consultant 75 3.25 -1.13 t0 7.63 0.15 5.07 0.62t09.53 0.03
Trainee not supervised by a scrubbed consultant | 70 1.94 -2.50 t0 6.39 0.39 2.75 -1.64t0 7.14 0.22

Data are the coefficient (Coef.), 95% CI, or p-value. OHS, Oxford Hip Score; SF-12, Short Form-12; MCS, mental component summary; PCS, physical component summary. "Patient factors:
age (centredS); sex (female$); ASA (2%); indication (OAS). *Reference group. **Represents the mean score. SRepresents the baseline category used for each confounding variable, which was
the most frequently occurring.
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6.5.3  Complication rates

A total of 33 surgical complications were recorded. The overall complication rate was 8.4% in the
consultant cohort (10/119) and 5.8% in the trainee cohort (23/400). The logistic regression analysis of
complication rates was unadjusted due to the low number of events in each group (Table 17). We
found no evidence of a significant association between surgeon grade and any specific surgical
complication (including SSI, deep infection, dislocation, symptomatic HO, nerve injury, or

periprosthetic fracture), or the overall complication rate (OR 0.66, 95% CI 0.31 to 1.44; p=0.30).

Table 17 - Summary of surgical complications with logistic regression analysis according to surgeon grade
(exposure A).

Complication Overall Consultant Trainee Model 1 (unadjusted) (n=519)
incidence (n) | incidence (n) | incidence (n) OR (95%CI) p-value
Nerve injury 1 0 1 1 -
Superficial infection (SSI) 2 2 0 1 -
Symptomatic HO 3 2 1 0.15 (0.01 to 1.63) 0.12
Periprosthetic fracture (intra-op) | 4 1 3 0.89 (0.09 to 8.65) 0.92
Deep infection 5 2 3 0.44 (0.07 to 2.68) 0.37
Periprosthetic fracture (post-op) | 8 1 7 2.10(0.26 to 17.26) | 0.49
Dislocation 10 2 8 1.19 (0.25 to 5.70) 0.82
Total 33 10 23 0.66 (0.31 to 1.44) 0.30

6.5.4 Radiographic outcomes
6.5.4.1 Femoral cementation quality (Barrack grade)

The results for this outcome measure are documented in Table 18. Immediate postoperative
radiographs were available for 512 hips. Barrack grade A was observed in 329 (64.3%) cases, grade B
was observed in 176 (34.4%) cases, and grade C was observed in only 7 (1.4%) cases. The breakdown
according to surgeon grade is documented in Table 15. Barrack grade was analysed as a binary
variable: whether or not grade A was achieved. Logistic regression models were adjusted for patient-
level factors only, as the available operation factors are unrelated to the initial quality of femoral stem
cementation. We observed no evidence of an association between surgeon grade, or the scrubbed

supervision of trainees and Barrack grade A cementation (Table 18).
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6.5.4.2  Radiolucency

The mean duration of radiographic follow-up was 6.8 years (SD 4.7; IQR 2.6 to 11.3 years).
Radiographic lucency was analysed using both logistic and linear regression models, which were
incrementally adjusted for patient and operation factors. We found no evidence of an association
between surgeon grade, or supervision and the presence of >1 zone of radiolucency (Table 19).
Furthermore, there was no evidence of an association between surgeon grade, or supervision and the

number of affected Gruen zones (Table 20).
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Table 18 - Logistic regression models for Barrack cementation grade according to surgeon grade (exposure A) and supervision (exposure B).

Exposure

Cases

Barrack

Model 1 (unadjusted)

Model 2 (adjusted for )

Outcome subgroup Exposure (n) A (n) n=512 n=512
OR | 95% CI p-value | OR | 95% CI p-value
Consultant* 116 78 1.00 | - - 1.00 | - -
A
Trainee (overall) 396 251 0.84 | 0.54to 1.31 | 0.45 0.82 | 0.52t0 1.28 | 0.39
Barrack grade A cementation achieved
(Y/N) Consultant* 116 78 1.00 | - - 1.00 | - -
B Trainee supervised by a scrubbed consultant | 202 132 092 | 0.57t0 1.49 | 0.73 0.91 | 0.55t0 1.50 | 0.70
Traince not supervised by a scrubbed 194 | 119 0.77 | 0.48t0 1.25 | 0.30 0.74 | 0.45t01.22 | 0.23

consultant

Data are odds ratio (OR), 95% CI, or p-value. tPatient factors: age (centredS); sex (femaleS); ASA (28); indication (OAS). *Reference group. SRepresents the baseline category for each

confounding variable.
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Table 19 - Logistic regression models for femoral stem radiolucency according to surgeon grade (exposure A) and the level of senior supervision (exposure B).

Model 1 (unadjusted) Model 2 (adjusted for +) Model 3 (adjusted for 1, 1)
Exposure Cases Lucency
Outcome P Exposure in >1 n=494 n=494 n=494
subgroup (n)
zone (n)
OR | 95% CI p-value | OR | 95% CI p-value | OR | 95% CI p-value
Consultant* 113 77 1.00 | - - 1.00 | - - 1.00 | - -
A
. Trainee (overall) 381 253 0.92 | 0.59t0 1.45 | 0.73 0.86 | 0.54t01.37 | 0.53 0.81 | 0.50t0 1.31 | 0.39
Lucency in >1
Gr‘(‘;’{‘/‘;)"“e Consultant* 113 77 1.00 | - - 1.00 | - - 1.00 | - -
B Trainee supervised by a serubbed | o) | 15, 0.81 | 0.50t01.33 | 0.42 0.71 | 0.43t01.20 | 0.20 0.68 | 0.40t0 1.15 | 0.15
consultant
Traince not supervised by a 189 | 131 1.06 | 0.64t0 1.74 | 0.83 1.04 | 0.62t01.73 | 0.89 0.97 | 0.57t0 1.66 | 0.91
scrubbed consultant

Data are odds ratio (OR), 95% CI, or p-value. 'Patient factors: age (centredS); sex (femaleS); ASA (28); indication (OAS). ¥Operation factors: cup fixation (cemented$); head size (28mmS$),
cup brand (Ogee?$), bearing (MoP$). *Reference group. SRepresents the baseline category for each confounding variable.

Table 20 - Linear regression models for femoral stem radiolucency according to surgeon grade (exposure A) and the level of senior supervision (exposure B).

Model 1 (unadjusted) Model 2 (adjusted for 1) Model 3 (adjusted for t, 1)
Outcome Exposure Exposure Cases n=494 n=494 n=494
subgroup (n)
Coef. 95% CI p-value | Coef. | 95% CI p-value | Coef. | 95% CI p-value
Consultant* 113 2.19%* 1.79 t0 2.58 0.00 2.52 2.08 t0 2.96 0.00 2.55 2.03 to 3.07 0.00
A
Lucency Trainee (overall) 381 -0.08 -0.53t0 0.38 0.74 -0.14 -0.59 t0 0.31 0.54 -0.10 -0.57 t0 0.37 0.67
(number of
Gruen zones Consultant* 113 2.19%* 1.79 to 2.58 0.00 2.53 2.09t02.97 0.00 2.55 2.03 to 3.06 0.00
affected) : :
B Trainee supervised bya | g, -0.23 0.7310027 | 037 034 |-084t00.16 | 0.18 028 | -0.79t00.24 | 0.29
scrubbed consultant
Trainee not supervised by | q9 0.08 0.42100.58 | 0.76 0.06 | -044t00.56 | 0.81 008 | -044t00.59 |0.76
a scrubbed consultant

Data are the coefficient (Coef.), 95% CI, or p-value. TPatient factors: age (centredS); sex (female$); ASA (2%); indication (OAS). *Operation factors: cup fixation (cemented$); head size
(28mmS$), cup brand (Ogee$), bearing (MoP$). *Reference group. **Represents the mean number of affected Gruen zones. SRepresents the baseline category for each confounding variable.
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6.5.5 All-cause revision

The mean duration of follow-up for the survival analysis was 9.3 years (SD 4.1; IQR 6.1 to 12.7
years; maximum 15.4 years). A total of 14 hips, the details of which are summarised in Table 21,
were revised at a mean of 5.5 years (SD 4.1; IQR 1.4 to 8.3 years). The unadjusted cumulative
probability of failure according to surgeon grade is displayed as a one minus KM plot in Figure 26
and as a corresponding life table in Appendix 21. The cumulative probability of failure at 10 years
was 3.4% (95% CI 1.1 to 10.1) for consultants and 2.7% (95% CI 1.4 to 5.3) for trainees. The four
THRs that failed at <2 years were all performed by trainees (two supervised, two unsupervised) and

all revised for instability (Table 21).

The association between surgeon grade and implant survival was assessed using Cox regression.
Schoenfeld residual testing confirmed that the proportional hazards assumption was met in adjusted
models for both surgeon grade (exposure A) and supervision (exposure B). We observed no evidence
of an association between surgeon grade, or the supervision of trainees and the risk of all-cause
revision (Model 3: trainees overall: HR 0.51, 95% CI 0.15 to 1.71; p=0.28; supervised trainees: HR
0.19, 95% CI 0.03 to 1.11; p=0.07; unsupervised trainees: HR 0.85, 95% CI 0.25 to 2.96; p=0.80).
This was the case in both crude and adjusted models (Table 22). However, the crude models should be
interpreted with caution due to a lack of proportionality, which relates to a higher early failure rate in

the trainee cohort compared to the consultant cohort.

A sensitivity analysis was performed with subcategorisation of trainee cases according to specific
training grade (exposure C). There was no evidence of an association between THRs performed by
surgeons of any specific training grade (F1-ST2, ST3-STS, or fellow) and an increased risk of revision
(Table 23). Only a small proportion of THRs was performed by the most junior trainees (F1-ST2:

n=35; 6.7%) and no episodes of revision were recorded in this group.
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Table 21 - Summary of revised THRs.

Age at . e Head | Surgeon grade Scrubbed Indication Follow-up
primary Sex | Bearing | Fixation size (specific) supervision | for revision | time (years)
78 F MoP Cemented | 28 Trainee (fellow) Yes Instability 0.1

58 F CoC Hybrid 36 Trainee (fellow) No Instability 0.1

60 F CoM Hybrid 36 Trainee (fellow) Yes Instability 0.2

80 F MoP Cemented | 28 Trainee (ST3-8) No Instability 1.4

59 F CoC Hybrid 36 Trainee (ST3-8) No Infection 2.0

62 F MoP Hybrid 36 Trainee (fellow) No Infection 4.8

73 M MoP Hybrid 28 Consultant N/A Fracture 6.1

70 F MoP Cemented | 28 Consultant N/A Aseptic 6.2

57 F MoM Hybrid 36 Consultant N/A Infection 7.4

75 M MoP Hybrid 28 Trainee (fellow) No Infection 7.5

66 M MoM Hybrid 36 Trainee (fellow) No Instability 8.3

71 F MoP Hybrid 28 Trainee (fellow) No Aseptic 9.5

71 M MoP Hybrid 28 Consultant N/A Infection 10.2

78 F MoP Cemented | 28 Consultant N/A Fracture 12.7

MoP, metal-on-polyethylene; MoM, metal-on-metal; CoC, ceramic-on-ceramic; CoM, ceramic-on-metal; N/A, not
applicable

Figure 26 - Kaplan-Meier plot (one minus survival) demonstrating the cumulative probability of THR failure
(i.e. all-cause revision) according to surgeon grade (exposure A).

Cumulative probability of failure (%)
=
|

T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
Years since primary procedure
Number at risk

Consultant 124 116 102 93 77 69 41 8
Trainee 406 375 343 304 262 229 146 14
95% CI 95% CI
Consultant ——— Trainee

155



Table 22 - Results of Cox models for all-cause revision according to surgeon grade (exposure 4) and supervision (exposure B).

Model 1 (unadjusted)

Model 2 (adjusted for )

Model 3 (adjusted for 1, )

Outcome Exposure Exposure n=519 n=519 n=519
subgroup
HR 95% CI p-value | HR 95% CI p-value | HR 95% CI p-value
A Consultant* 1.00 - - 1.00 - - 1.00 - -
Trainee (overall) 0.54 0.18to 1.62 | 0.28 0.57 0.19t0 1.72 | 0.32 0.51 0.15t0 1.71 | 0.28
All-cause Consultant* 1.00 | - - 1.00 | - - 100 |- -
revision
B Trainee supervised by a scrubbed consultant 0.24 0.05t0 1.25 | 0.09 0.25 0.05t0 1.33 | 0.11 0.19 0.03t01.11 | 0.07
Trainee not supervised by a scrubbed consultant | 0.87 0.28t02.75 | 0.82 0.94 0.29t03.02 | 0.92 0.85 0.25t02.96 | 0.80

Data are hazard ratio (HR), 95% CI, or p-value. 'Patient factors: age (centredS); sex (femaleS); ASA (28); indication (OAS). *Operation factors: cup fixation (cementedS); head size
(28mm$), cup brand (Ogee$), bearing (MoPS$). *Reference group. SRepresents the baseline category for each confounding variable.

Table 23 - Sensitivity analysis: Results of Cox models for all-cause revision according to specific training grade (exposure C).

Model 1 (unadjusted)

Model 2 (adjusted for )

Model 3 (adjusted for ¥, )

Outcome Exposure Exposure Number of Nur.n.b er of n=519 n=519 n=519
subgroup cases (n) revisions (n)
HR 95% CI p-value | HR 95% CI p-value | HR 95% CI p-value

Consultant* 119 5 1.00 - - 1.00 - - 1.00 - -
All-cause F1-ST2** 35 0 - - - - - - - - -
revision C

ST3-ST8 176 2 0.26 0.05to 1.36 | 0.11 0.27 0.05to 1.44 | 0.13 0.27 0.05t0 1.52 | 0.14

Fellow 189 7 0.93 0.30t02.94 | 091 0.90 0.29t02.86 | 0.86 0.84 0.24t03.00 | 0.79

Data are hazard ratio (HR), 95% CI, or p-value. "Patient factors: age (centredS); sex (female$); ASA (29); indication (OASY). *Operation factors: cup fixation (cementedS); head size
(28mm$), cup brand (Ogee$), bearing (MoP$). *Reference group. SRepresents the baseline category for each confounding variable.

156




6.6 Discussion

This study, which is based on a consecutive series of 530 THRs with up to 15 years follow-up, offers
new insight into the clinical, radiological, and functional outcomes of trainee-performed THR.
Trainees in this cohort achieved comparable outcomes to consultants in terms of the OHS at minimum
10 years of follow-up, the rate of surgical complications, the quality of femoral cementation,
radiological periprosthetic lucency, and all-cause revision. We observed differences in the SF-12
scores (MCS and PCS) between the groups. However, trainees who were supervised by a scrubbed

consultant achieved equivalent PROMs to consultants.

6.6.1 Strengths and limitations

Strengths of this study include the use of a range of clinical, functional, and radiological outcome
measures that are not currently reported by the NJR. We report PROMs and implant survival data for
trainee-performed procedures with more than 10 years follow-up, which is longer than previously
reported (Fowler et al., 2021, Singh et al., 2019). Furthermore, the study is based on a consecutive

series of primary THRs for unselected indications, which increases the generalisability of the findings.

This study has methodological limitations, many of which relate to its observational design and the
study population, which is small compared to existing registry studies on this subject (Inglis et al.,
2013, Fowler et al., 2022). It is based on a selected cohort of THRs that used a cemented C-stem
AMT femoral component. Therefore, the findings may not be generalisable to constructs that utilise
alternative stem designs, or uncemented femoral fixation. The high proportion of trainee-performed
THRs (77%) in this single-centre study is not representative of wider practice in England and Wales,
where only 10% of THRs are performed by trainees (Fowler et al., 2022). The outcomes of this
institution may not be generalisable to centres where a lower proportion of procedures are performed
by trainees. The binary term ‘trainee’ does not account for the variation in the level of experience
between individual trainees, or for procedures that may have been part-performed by a trainee.

Similarly, the binary variable used to describe the level of supervision does not account for the
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spectrum of supervision that is inherent to the training process, for example, procedures in which

trainees are supervised by an unscrubbed consultant.

The PROMs analysis is limited by the lack of preoperative data, as neither the OHS nor SF-12 were
routinely recorded at preoperative assessment. Differences in SF-12-MCS and PCS scores were
observed between the groups, but the clinical significance of this finding is not clear without
comparison to a preoperative baseline. While up-to-date electronic patient records were reviewed for
all patients, we are unable to account for complications that may have been treated in other units. We
attempted to account for this with the postal questionnaire, which included a free-text area for patients
to document further surgery to the replaced hip. However, this does not account for complications that
may have occurred in non-responders or complications that were managed in other units but did not
require surgical intervention. Radiographic outcome data were collected by two authors (as
documented in Section 6.4.1). There is existing evidence to suggest that the radiographic measures
used in this study demonstrate limited interobserver and intraobserver reliability (McCaskie et al.,
1996, Smith et al., 2011). Our radiographic analysis did not include measures of interobserver or

intraobserver reliability, which is a potential source of bias.

Although our models were adjusted for a range of patient and operation factors, we are unable to fully
account for variations in case complexity, which leaves the potential for residual confounding.
Consultants may have carried out selection so that they operated on more complex cases, which was
not accounted for by the measured confounding variables used in our analyses. Preoperative
radiographs were available for 74.7% (n=396) of cases (Figure 24), but these were not included in our
radiographic analysis. Methods of classifying procedural complexity based on the assessment of
preoperative radiographs have been described (D'Antonio et al., 1989, D'Antonio et al., 1993). The
evaluation of preoperative radiographs could have provided additional information regarding

differences in case complexity between the consultant and trainee groups.
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6.6.2 Comparison with other studies

There was no evidence of an association between surgeon grade (exposure A) or the level of
supervision (exposure B) and the risk of all-cause revision of THRs with up to 15 years follow-up
(Table 22). This finding is concordant with the shorter-term results of national registry studies
(Fowler et al., 2022, Inglis et al., 2013). However, descriptive data presented in Table 21 highlight
that all five THRs that were revised for instability were performed by trainees; three of whom were
not supervised by a scrubbed consultant. The NJR study presented in Chapter 3 found evidence of an
association between THRs performed by trainees who were not supervised by a scrubbed consultant
and an increased risk of early revision for instability, which is consistent with the results of the current
study. Importantly, NJR data suggest that THRs performed by trainees who are supervised by a
scrubbed consultant are not associated with an increased risk of revision for instability (Fowler et al.,

2022).

There was no significant association between surgeon grade and the overall complication rate, or the
likelihood of specific surgical complications including dislocation and deep infection (Table 17). This

is consistent with the findings of a recent systematic review (Singh et al., 2019).

Trainees achieved comparable outcomes to consultants in terms of the Barrack grade on the initial
postoperative radiograph, and the extent of femoral periprosthetic radiolucency on the most recent
follow-up radiograph (Tables 18-20). This is comparable to the findings of Moran et al. who found no
difference in the Barrack grade for cemented THRs performed by trainees and consultants (Moran et
al., 2004). They performed an extensive radiological analysis, which included measurements of cup
and stem alignment in addition to the quality of cementation. They found that trainees inserted the
acetabular component in less anteversion compared to consultants, but that this was not associated
with a higher rate of dislocation. The relationships between surgeon grade, implant alignment and
instability may warrant further investigation. However, the low overall number of dislocations and
seven different stem-cup combinations would preclude meaningful analysis of this relationship in the

current study.
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6.6.3 Implications & Conclusion

Trainees in this cohort achieved comparable outcomes to consultants in terms of the OHS at minimum
10 years of follow-up, the rate of surgical complications, the quality of femoral cementation,
radiological periprosthetic lucency, and all-cause revision. Trainees who were supervised by a
scrubbed consultant achieved comparable PROMs (OHS and SF-12) to consultants. The results of this
study support the current methods by which surgeons are trained to perform THR in the UK. These
findings are concordant with registry evidence and give reassuring insight into the outcomes of THR

performed by appropriately supervised trainees in the UK setting.
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Chapter 7 Concluding discussion

7.1 Overview

NJR data show that approximately 10% of THRs, 10% of TKRs, and 4% of UKRs in England and
Wales are performed by trainees. The data presented in this thesis suggest that over 159,000 primary
hip and knee replacements have been performed by trainees in England and Wales since 2003, with
varying levels of consultant supervision. However, until now, our understanding of implant survival
in the context of surgical training has been poorly understood. We have not known whether trainees in
England and Wales achieve comparable outcomes to fully-trained consultant surgeons, and the
importance of supervision in this context has not been quantified. Our understanding of this subject
has been based on a small number of low-quality studies, and previous registry studies on this subject
have methodological limitations. The work presented here represents a substantial novel contribution

to the subject.

A range of research methods have been employed to meet the objectives of this thesis. Evidence
synthesis has been used to establish estimates of implant survival for consultant- and trainee-
performed procedures. Comprehensive analyses of NJR data have been conducted to investigate the
association between surgeon grade, the supervision of trainees, and the risk of revision following
THR, TKR, and UKR. The research question in these NJR studies is consistent, but different
methodological approaches were required to account for inherent differences in the data. The primary
outcome throughout this thesis is all-cause revision. However, the indication for revision has also
been extensively investigated in order to explore whether there are variations in outcome between the
groups, which may be demonstrated by different rates of revision for specific indications. Single-
centre data have been used to gain additional understanding of the functional and radiological
outcomes of trainee-performed THR. A single question unifies the five studies included in this thesis
— do primary hip and knee replacements last as long when a trainee performs the operation compared

to a consultant? The answer to this question helps us define if trainees performing joint replacements
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in the current context of training and supervision is safe, defined by equivalence of revision outcomes.
This concluding chapter aims to summarise the principal findings of this thesis, discuss the limitations
of the included studies, draw comparisons to the existing literature, and outline potential areas for

future research.

7.2 Summary of findings

This thesis consists of five main research chapters, which employ a range of methodologies to explore
the associations between surgeon grade, the supervision of trainees, and the risk of revision following

THR, TKR and UKR. A summary of each chapter is discussed here.

7.2.1  Association between surgeon grade and implant survival following hip and knee replacement:

a systematic review and meta-analysis

The aim of this study was to conduct evidence synthesis using existing published data on the
association between surgeon grade and implant survival outcomes following hip and knee
replacement. Nine observational studies capturing 4,066 THRs, 936 TKRs, and 1,357 UKRs were
included. There was no strong evidence in the existing literature that trainees achieve worse outcomes
compared to consultants, in terms of the net survival or crude revision rate of hip and knee
replacements at 5 to 10 years follow-up. These findings are limited by the quality of the included
studies, small sample sizes, and are only applicable to countries with established orthopaedic training

programmes from which the studies were drawn.

7.2.2  The association between surgeon grade and risk of revision following total hip replacement:

an analysis of National Joint Registry data

This study included 603,474 primary THRs performed in England and Wales between 2003 and 2016
for an indication of OA only. Trainees performed 58,137 (9.6%) THRs and were supervised by a
scrubbed consultant in 57.2% of trainee-performed cases. Outcomes of interest were all-cause

revision and the indication for revision up to 10 years. The unadjusted cumulative probability of

failure at 10 years was 3.34% (95% CI 3.25 to 3.43) for consultants and 3.10% (95% CI 2.85 to 3.32)

162



for trainees. The upper confidence interval for trainee-performed THRs was below the ODEP A*

threshold at all intervals of follow-up, regardless of the level of scrubbed supervision.

Adjusted analysis was primarily by means of Cox regression models, which were incrementally
adjusted for patient, operation, and healthcare setting factors. There was no evidence of an association
between surgeon grade and the risk of all-cause revision. Furthermore, we found no evidence of an
association between THRs performed by trainees supervised by a scrubbed consultant and an
increased risk of revision for any indication, including all-cause revision, infection, periprosthetic
fracture, aseptic loosening, instability, and other causes. THRs performed by trainees who were not
supervised by a scrubbed consultant were associated with an increased risk of all-cause revision (in
the fully adjusted model only) and revision for instability (in the unadjusted model and with

adjustment for patient factors, but not in the fully adjusted model).

Further analysis using FPM demonstrated that there might be an increased risk of early revision up to,
but not exceeding, 6 months after trainee-performed THR; an effect which is predominantly
attributable to cases of early revision for instability. This study of THRs with up to 10 years of follow-
up showed that appropriately supervised trainees achieve comparable implant survival to consultants.
However, there is some evidence that trainees who are not supervised by a scrubbed consultant

achieve inferior results to consultants, particularly in terms of revision for instability.

7.2.3  The association between surgeon grade and risk of revision following total knee replacement:

an analysis of National Joint Registry data

This study included nearly one million primary TKRs with up to 16.8 years of follow-up. Trainees
performed 96,544 (10.1%) procedures and were supervised by a scrubbed consultant in 63.2% of
trainee cases. Unadjusted KM analysis indicated that trainees achieve comparable all-cause implant
survival to consultants. The upper confidence interval for trainee-performed TKRs was below the
ODEP A* threshold at all intervals of follow-up, regardless of the level of scrubbed consultant

supervision.
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Adjusted FPM analysis gave additional insight into the temporal variation in the risk of revision.
There was evidence of an association between trainee-performed TKR and an increased risk of all-
cause revision within the first 4 years of follow-up, which was not explained by the level of
supervision. Further FPM analysis identified marginal associations between trainee-performed TKR
and early revision for aseptic loosening (up to 3 years), infection (up to 3 years), and progression of

OA (up to 5 years).

In practice, any absolute difference in the risk of revision between consultant- and trainee-performed
TKRs is very small. Overall, trainees achieve comparable implant survival estimates to consultants,
which are within an internationally recognised acceptable limit. However, trainers should take
appropriate measures to mitigate the risk of early revision for indications, such as infection, aseptic

loosening and progression of OA.

7.2.4  The association between surgeon grade and risk of revision following unicompartmental knee

replacement: an analysis of National Joint Registry data

This NJR study included 106,206 primary UKRs performed between 2003 and 2019 for an indication
of OA only. Trainees performed 4,382 (4.1%) UKR procedures and were supervised by a scrubbed
consultant in 66.1% of cases. Adjusted analyses used FPM, with confounding adjustment for patient,
operation, and healthcare setting factors. There was no association between surgeon grade and all-
cause revision in crude or adjusted models. Trainees achieved comparable all-cause survival to
consultants, regardless of the level of scrubbed consultant supervision. We found evidence that UKRs
performed by unsupervised trainees were associated with an increased risk of revision for unexplained

pain, but this was not observed in the fully adjusted model.

7.2.5 A comparison of clinical and radiological outcomes between trainee- and consultant-
performed total hip replacement: a retrospective cohort study of 530 hips with up to 15 years

follow-up

The preceding chapters further our understanding of the outcomes of trainee-performed hip and knee
replacements. However, the conclusions of these studies are limited as they are based on survival data

alone. An additional study was conducted using a single-centre consecutive series of 530 primary
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THRs with up to 15 years of follow-up, which investigated a range of clinical and radiological

outcome measures.

A large proportion of cases in this series were performed by trainees (77.1%), and a scrubbed
consultant directly supervised 51% of trainee-performed cases. Trainees in this cohort achieved
comparable outcomes to consultants in terms of all-cause revision, the rate of surgical complications,
the quality of femoral cementation, periprosthetic radiolucency, and the >10-year OHS. There were
differences in the SF-12 scores (MCS and PCS) between the groups. However, trainees who were

supervised by a scrubbed consultant achieved equivalent PROMs to consultants (OHS and SF-12).

7.2.6  Summary

The collective findings of this thesis should be reassuring for patients and the key stakeholders
involved in orthopaedic training in England and Wales. In general, the findings support the current
methods by which surgeons in England and Wales are trained to perform primary THR, TKR, and
UKR. Our results provide novel insight that may be used to improve the outcomes of trainee-
performed surgery. Of note, we have identified several situations in which procedures performed by
trainees who are directly supervised by a scrubbed consultant are associated with superior implant
survival outcomes, compared to procedures performed by trainees without scrubbed consultant

supervision.

7.3 Strengths and limitations

7.3.1  Strengths

The collective body of work included in this thesis has several strengths, notably the large number of
patients, the use of generalisable registry data, the length of follow-up, and robust statistical
methodology. Furthermore, the presented work is consistent with current research priorities in this
field, including “the preoperative, intraoperative, and postoperative factors that can be modified to

influence outcome following hip and knee replacement (James Lind Alliance, 2021).”
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A range of methods have been used, including evidence synthesis, registry-based survival analysis,
and a local single-centre observational study. On a personal level, this approach has allowed me to
establish a deep understanding of the subject while gaining invaluable experience in a range of
research methodologies. Over 1.6 million hip and knee replacements were included, mainly in the
form of NJR data, which gives statistical power, limits selection bias, and increases the
generalisability of results. The statistical modelling techniques used, and the completeness of the data
have facilitated comprehensive adjustment for confounding variables. Where NJR data lacked
proportionality, FPM allowed us to overcome the limitations of the Cox model assumptions and
explore the time-varying effects of the variables included in the models. This thesis significantly

furthers our understanding of this subject.

7.3.2 Limitations

Each of the studies included in this thesis has limitations that must be considered when interpreting
the findings, drawing conclusions, and making recommendations based on this work. Several

limitations are consistent throughout this thesis and warrant further discussion.

7.3.2.1 Implant survival as an outcome

A limitation of this thesis is the use of implant survival as an outcome in the absence of additional
outcome data, such as PROMs. Time-to-event data, in which all-cause revision was the primary
endpoint, were used to calculate implant survival (or failure) estimates and assess the outcomes of hip
and knee replacements performed by trainees compared to consultants. Specific indications for
revision were examined using secondary survival endpoints. However, this objective outcome
measure does not account for patients with unfavourable outcomes who have not undergone revision
surgery. A patient may perceive their joint replacement to have failed but been deemed ineligible or
chosen not to undergo revision surgery. Thus estimates of implant survival can overestimate the
success of a joint replacement, particularly when reported in the absence of alternative measures, such

as PROMs or complication rates.
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The limitations of implant survival as an outcome measure are discussed in an editorial on this
subject. Wylde et al. draw attention to the proportion of patients who experience unfavourable long-
term pain outcomes after THR and TKR (Wylde and Blom, 2011). They cite several studies in which
composite measures of success (combining objective and subjective measures) illustrate the
shortcomings of implant survival when used as a standalone outcome measure (Murray and Frost,
1998, Bullens et al., 2001). For example, in a relatively small cohort of TKRs, Bullens et al. showed
that success defined by implant survival alone was 96.7% at 5 years. However, when success was
defined using a composite endpoint of revision, satisfaction and pain, the success rate fell to 68.8%

(Bullens et al., 2001).

It is possible to link NHS England PROM data to the NJR, but complete preoperative and
postoperative PROMs are only available for a relatively small proportion of NJR records; in the
region of 10-25% (Sayers et al., 2020b, Liddle et al., 2015, Baker et al., 2012). While it was not
feasible to include NHS England PROMSs data in this thesis, we have used a local single-centre study
to investigate a broader range of outcomes following trainee-performed THR. Outcome measures
included all-cause revision, complication rates, PROMs (SF-12 and OHS), and radiological outcomes,
including Barrack grade and periprosthetic radiolucency. This study was relatively small and
preoperative PROMs were not available. Nonetheless, it gives additional insight into the outcomes of

trainee-performed THR beyond implant survival.

7.3.2.2  Variations in NJR operating surgeon grade categories

The current version of the NJR data entry form (MDS version 7.0) allows the grade of the operating
surgeon to be recorded using the following categories: F1-ST2; ST3-STS; SAS; consultant; or ‘other’.
However, these categories have changed over time to reflect changes in training terminology. For
example, in previous versions of the form (until 2010), it was possible to record the operating surgeon
as a ‘fellow’. Using MDS version 7.0, a procedure performed by a ‘fellow’ may now be recorded as
performed by ‘other’. Cases in which the surgeon was recorded as ‘other’ were excluded from our

primary NJR analyses, as it was not possible to determine whether or not a trainee performed the
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procedure. A small proportion of trainee-performed procedures are likely to have been excluded in
this process. The process used to account for variations in NJR grade classification is detailed in

Appendix 10.

7.3.2.3  Binary exposure variables

The objective of this thesis was to compare the survival of hip and knee replacements performed by
trainees compared to consultants. The use of the binary variable ‘surgeon grade’, which has
previously been used in the orthopaedic literature (Bottomley et al., 2016, Palan et al., 2009, Jain et
al., 2018, Faulkner et al., 2018, Reidy et al., 2016), is appropriate and informative in this context but
does not reflect the wide variation in the level of experience between individual trainees. We have
attempted to account for this through sensitivity analyses, in which cases were categorised according
to the specific training grade of the operating surgeon (e.g. F1-ST2, ST3-STS, fellow, or consultant).
However, this approach also has limitations, as these broad categories do not necessarily correlate
with experience in a specific procedure. For example, there are several possible scenarios in which an

ST3 trainee may have performed more THRs, TKRs, or UKRs than an STS trainee.

The use of the binary variable ‘surgeon grade’ does not account for procedures that have been part-
performed by a trainee. It is common for trainees to perform part of an operation, e.g. when learning a
new procedure or when case complexity dictates the need for senior input. This is recognised in JCST
guidelines for recording surgical training experience in the UK (Appendix 4). However, it is not

currently possible to record more than one operating surgeon per case in the NJR.

The supervision of trainees during surgical procedures is a spectrum ranging from scrubbed consultant
supervision (i.e. the consultant is scrubbed alongside the trainee providing guidance throughout) to a
trainee operating independently without a consultant in the operating theatre. The UK T&O
curriculum states there should be a gradual reduction in supervision and an increase in case
complexity until the level of competence for independent practice is acquired (ISCP, 2021). This
process requires the supervising consultant to make an informed judgement of a trainee’s competence.

However, when categorising the level of supervision using NJR data, it is only possible to categorise
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supervision as a binary variable: 1) supervised by a scrubbed consultant; or 2) not supervised by a
scrubbed consultant. This categorisation is based on whether the first assistant was recorded as
‘consultant’ or ‘other’. This binary variable gives us valuable information about whether or not a
trainee was directly supervised by a scrubbed consultant, but it does not capture information about the

wider spectrum of supervision that is inherent to the training process.

7.3.2.4  Residual confounding

It is likely that in the context of training in England and Wales that complex cases are preferentially
performed by consultants. We have attempted to account for variations in case-mix selection and case
complexity between the groups, but the results remain susceptible to residual confounding.
Complexity is a continuous spectrum, and differences between groups cannot be fully accounted for

by adjusting for categorical confounding variables.

The indication for surgery is a source of case complexity. Primary THRs performed for inflammatory
arthropathy, dysplasia, malignancy, or multiple indications are generally considered more technically
challenging and may be more likely to be performed by a consultant than a trainee. Furthermore,
when a trainee performs more complex cases, the trainee is generally more likely to be supervised by
a scrubbed consultant, or only perform part of the procedure. In an attempt to standardise variations in
case complexity relating to the indication for surgery, our NJR analyses were restricted to procedures
performed for OA only. However, OA is a spectrum of disease that poses various technical challenges

and is itself a source of residual confounding.

In the three NJR studies (Chapters 3-5), our statistical models were incrementally adjusted for patient,
operation, and healthcare setting factors. Patient factors included age, sex, ASA grade, and IMD
decile (a measure of social deprivation). The operation factors varied according to the implant. THRs
were adjusted for anaesthetic, approach, fixation, head size, and bearing material. TKRs were adjusted
for anaesthetic, approach, fixation, constraint, and patellar resurfacing. UKRs were adjusted for

anaesthetic, approach, fixation, and bearing mobility. Finally, to account for variations in practice
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over time and between public and private healthcare settings, we adjusted for the year of operation

and funding source.

This incremental approach to adjusting for confounders increases transparency by demonstrating the
relative contribution of patient, operation, and healthcare setting factors to the adjusted result.
Adjustment for confounding variables accounts for some of the variations in case-mix selection
between the groups, but there is likely to be residual confounding, which is a potential source of bias.
For example, we did not adjust for Body Mass Index (BMI) as BMI is missing in a high proportion of
NJR records (Sayers et al., 2020b). Furthermore, while the NJR regularly audits the process of
capturing and linking primary and revision procedures, there is no robust system in place to audit the

quality of confounding data (The National Joint Registry, 2021a, Konan and Haddad, 2013).

7.3.2.5  Lack of patient and public involvement

This thesis is limited by the lack of direct patient and public involvement in its design and
implementation. The current “Top 10” research priorities in this field are published by the James Lind
Alliance and include, “What (health service) preoperative, intraoperative, and postoperative factors
can be modified to influence outcomes following hip and knee replacement?” The studies included in
this thesis are consistent with this national research priority, which was defined by a priority setting

partnership involving patient, carer and clinician groups (James Lind Alliance, 2021).

With regards to the NJR studies included in this thesis, patient representatives sit on the NJR
committee and the research priorities of the NJR are defined and approved by this committee
structure. However, patients were not directly involved in setting the research questions, defining the
outcome measures, or designing and implementing the work included in this thesis. Collaboration
with a thesis-specific patient and public involvement group would have been a valuable exercise that
could have informed the objectives of this thesis, influenced study design and implementation, and

been a source of advice regarding the communication of findings to patients and the public.
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7.4  Comparison to the existing literature

7.4.1  Total hip replacement

The systematic review in Chapter 2 provides a summary of the existing literature on implant survival
outcomes following trainee-performed THR. We conclude that there is no strong evidence that
trainees achieve worse outcomes compared to consultants in terms of the net survival or crude
revision rate of THRs with 5 to 10 years follow-up. However, this conclusion is based on low-quality
evidence originating from a small number of observational studies. While another group has recently
published a similar review on this subject (Singh et al., 2019), our study is the first to conduct a meta-

analysis of THR net survival estimates according to surgeon grade (Fowler et al., 2021).

Chapter 3 uses NJR data to explore the association between surgeon grade and implant survival
following THR. The main comparator to this work is the NZJR study of Inglis et al., which found no
significant difference in the revision rate (per 100 component years) or indication for revision of
THRs performed by consultants compared to supervised and unsupervised trainees (Inglis et al.,
2013). We used a different statistical approach (KM, Cox regression, and FPM) in a comprehensive
analysis of data for over half a million patients. Our study, which is significantly larger than previous
work on this subject, suggests that appropriately supervised trainees achieve comparable implant
survival to consultants. This is generally consistent with the findings of Inglis. However, we identified
marginal associations between THRs performed by trainees without scrubbed consultant supervision
and increased risks of all-cause revision and revision for instability. This may reflect the weakness of
the true effects, which were only identified in our study due to the high number of cases and

comprehensive confounding adjustment.

7.4.2 Total knee replacement

In Chapter 2, we performed a systematic review and meta-analysis of TKR implant survival outcomes
according to surgeon grade. We found no strong evidence that trainees achieve inferior outcomes
compared to consultants in terms of the net survival or crude revision rate of TKRs with 5 to 10 years

follow-up. As with our findings for THR, this conclusion is based on low-quality evidence from a
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small number of studies. Madanipour et al. have recently published a similar systematic review on this
subject (Madanipour et al., 2021). Consistent with our findings, they found no significant difference
in the revision rates of trainee- and consultant-performed TKRs. However, their study did not include

net survival estimates (Fowler et al., 2021).

To our knowledge, there is only one other registry study on this subject. Storey et al. found no
significant difference between the revision rate (per 100 component years) for TKRs performed by
consultants compared to supervised senior trainees, unsupervised senior trainees, and supervised
junior trainees (Storey et al., 2018). Our study in Chapter 4, which includes data for nearly one
million primary TKRs recorded in the NJR, employs a statistical approach that is unique in the
context of the relevant literature. FPM, with results reported as HR plots, accounts for the non-
proportionality of the data and gives novel insight into the temporal variation in the risk of revision

following trainee-performed TKR.

7.4.3  Unicompartmental knee replacement

Before this thesis, our understanding of the association between surgeon grade and the risk of revision
following UKR had been principally based on two studies (Bottomley et al., 2016, Storey et al.,
2018). In their NZJR study, Storey et al. found no significant difference in the revision rate (per 100
component years) for UKRs performed by supervised senior trainees compared to attending surgeons
(Storey et al., 2018). However, insufficient data precluded any meaningful analysis of outcomes
according to the level of supervision, and it is not clear what form of regression modelling was used.
In a single-centre study that included 673 trainee UKRs, Bottomley et al. demonstrated the equality of
the 9-year cumulative survival estimates for UKRs performed by trainees compared to consultants,
but adjusted survival analysis was not conducted, and the study was restricted to a single implant

design (Bottomley et al., 2016).

With over 100,000 UKRs included, our registry study (Chapter 5) is significantly larger than any
previous study on this subject, has a longer follow-up, and is based on UKRs-in-general rather than a

single brand. Our findings are concordant with the conclusion of Storey et al., that implant survival is
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not compromised in trainee-performed UKR. Our statistical approach provides new insight on the
indication for revision following trainee-performed UKR, and into the importance of scrubbed

consultant supervision.

7.5 Implications and recommendations

The findings of this thesis further our understanding of the factors that contribute to the successful
outcome of THRs, TKRs, and UKRs in the context of surgical training. Our findings have several
implications for clinical practice and provide insight into factors that can be modified to improve
outcomes following trainee-performed hip and knee replacements. The implications of our findings
for THRs, TKRs, and UKRs are discussed in turn. In general, our recommendations involve

increasing the proportion of trainee-performed procedures supervised by a scrubbed consultant.

When considering the implications of this thesis, it is essential to remember the training and
healthcare settings in which the studies have been conducted. The findings of our systematic review
and meta-analysis (Chapter 2) are based on nine studies (six from the UK), all conducted in countries
with established orthopaedic training programmes. The remaining studies (Chapters 3-6) are based on
over 1.6 million hip and knee replacements performed in England and Wales, which have one of the
most stringent orthopaedic training programmes in the world (Tahir et al., 2021). While some of our
findings are concordant with NZJR data and may apply to other countries with established
orthopaedic training programmes, they are unlikely to be globally applicable. Based on the findings of
this thesis, we are unable to make recommendations regarding the outcomes of trainee-performed hip

and knee replacements in countries other than England and Wales.

It is also important to consider that trainees who perform THRs, TKRs, and UKRs in England and
Wales are unlikely to have no prior operative experience. In the case of hip arthroplasty, junior
trainees (e.g. F1-ST2) will typically gain experience in less complex orthopaedic procedures, e.g.
hemiarthroplasty for fractured neck of femur, before proceeding to learn THR under supervision.
Performing hemiarthroplasty in a closely supervised setting allows trainees to gain familiarity with

surgical approaches to the hip joint, preparation of the femoral canal, and cementation of the femoral
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component. It is generally a less complex procedure as it does not involve replacement of the
acetabulum, and it is typically easier to restore stable alignment due to the larger head size. Thus, it
should not be assumed that postgraduate surgical trainees with no prior orthopaedic operative

experience can achieve comparable outcomes to consultants.

7.5.1 Total hip replacement

The findings of Chapter 3 suggest that appropriately supervised trainees achieve comparable implant
survival to consultants. We demonstrated that the unadjusted cumulative probability of failure of
THRs performed by both supervised and unsupervised trainees is below the ODEP A* threshold at
intervals of follow-up ranging from 3 to 10 years. This demonstrates acceptable implant survival for
THRs performed by trainees in England and Wales. However, our adjusted analyses suggest that
trainees who are not supervised by a scrubbed consultant achieve inferior results compared to
consultants, particularly in terms of revision for instability. Based on previous evidence (Moran et al.,
2004), this observation may relate to suboptimal or inconsistent implant positioning when trainees are

not supervised by a scrubbed consultant.

Chapter 6 is a smaller study based in a single institution, but it gives additional insight into outcome
measures other than implant survival. Trainees in this cohort achieved comparable outcomes to
consultants in a range of clinical and radiological outcomes measures. Trainees who were supervised

by a scrubbed consultant achieved comparable PROMs to consultants (OHS and SF-12).

Approximately 43% of trainee-performed THRs recorded in the NJR since 2003 were performed by
trainees who were not directly supervised by a scrubbed consultant. Our findings support our
recommendation that trainees should be supervised by a scrubbed consultant when performing THR
(Fowler et al., 2022). We suggest that this is particularly important during the early years of training
and may reduce the risk of revision for instability by helping to ensure that trainees select appropriate
implants and position them correctly. We acknowledge that the primary aim of surgical training in the
UK is to develop surgeons capable of safe, independent practice at the level that is expected of a “day

one consultant” (ISCP, 2021). Therefore, we recommend that if competent trainees are allowed to
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operate without scrubbed supervision, careful case selection is undertaken and that a consultant is

readily available to provide scrubbed supervision if required.

7.5.2  Total knee replacement

Chapter 4 compared the cumulative probability of failure of consultant- and trainee-performed TKRs
to the ODEP A* benchmark. The upper confidence interval for trainee-performed TKRs was below
the ODEP A* threshold at all intervals of follow-up ranging from 3 to 15 years, regardless of the level
of scrubbed consultant supervision. This supports the interpretation that trainees in England and

Wales achieve safe and acceptable TKR implant survival.

The findings of our adjusted FPM analyses suggest that trainee-performed TKRs may be susceptible
to a small increased risk of early revision for aseptic loosening, infection, and progression of OA.
Given these findings, we recommend that careful case selection should be undertaken, and consultants
and trainees should take appropriate measures to mitigate against the small transient increase in risk of
revision from these indications. Trainees should be supervised by a scrubbed consultant when
performing TKR, particularly when junior and at critical stages of the procedure such as implant

selection, balancing, fixation, and deciding whether or not to resurface the patella.

7.5.3  Unicompartmental knee replacement

The findings of our NJR study in Chapter 5 support the current training practices for UKR in England
and Wales and suggest that trainees achieve comparable UKR survival to consultants. Our
interpretation of these findings is that, in general, trainers select appropriate cases for their trainees
and permit trainees to operate without scrubbed supervision only when they have reached a subjective
threshold of expertise commensurate with safe independent surgical practice. We found evidence that
UKRs performed by trainees without scrubbed consultant supervision may be associated with an
increased risk of revision for unexplained pain compared to consultant-performed UKR. This was the
case in the crude analysis and with adjustment for patient and operation-level factors but was not
observed in the fully adjusted model. We recommend that trainees should ideally be supervised by a

scrubbed consultant when performing UKR, particularly during the early phases of training. When
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competent trainees are allowed to operate without scrubbed consultant supervision, cases should be

carefully selected, and scrubbed supervision should be readily available.

7.5.4 Recommendations in the context of the COVID-19 pandemic

The studies included in this thesis do not include any operations performed after 31 December 2019,
i.e. before the first UK death from COVID-19 was confirmed in March 2020 (Mahase, 2020). Cases
performed after 31 December 2019 were deliberately excluded from our NJR studies on TKRs and
UKRs to avoid the anomalous period of elective orthopaedic practice during the COVID-19
pandemic. The pandemic has significantly reduced the number of elective joint replacements
performed in England and Wales and has left surgical training in crisis with a detrimental reduction in

trainee case numbers (The National Joint Registry, 2021a, Munro et al., 2021, Clements et al., 2021).

To ensure the competency of the future orthopaedic workforce, it is more important than ever that
trainees have the opportunity to perform operations. Our findings should be reassuring to patients and
key stakeholders involved in orthopaedic training in England and Wales. Appropriately supervised
trainees achieve comparable implant survival to consultants, but the recommendations discussed here
have the potential to further improve the outcomes of trainee-performed hip and knee replacements

during the recovery of elective orthopaedic services.

7.6 Future research

The presented work meets the aims and objectives of this thesis, but there is clear scope for further

investigation. Three additional themes of research on this subject are outlined here.

7.6.1 Collaboration with other registries

Excluding Chapter 2, our findings are solely based on data from England and Wales. While some of
our findings are concordant with NZJR data, the existing registry studies on this subject used
markedly different statistical methodology (Storey et al., 2018, Inglis et al., 2013). A collaborative

approach between international registries using consistent modelling techniques would increase the
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generalisability of results to other healthcare settings and may help to identify training practices that

lead to favourable outcomes for patients.

7.6.2  Patient-reported outcome measures

Previous attempts to use registry data to investigate the association between surgeon grade (or
equivalent measure) and PROMs following primary hip and knee replacement are summarised in
Section 1.8 (Storey et al., 2018, Inglis et al., 2013, Jolback et al., 2018). These existing studies are
limited by several factors. In an analysis of SHAR data, Jolbick et al. used adjusted regression models
to analyse both preoperative and postoperative data (EQ-5D, EQ-5D VAS, Pain VAS, and
postoperative satisfaction). Their study only included 6,713 THRs, trainee cases were not
subcategorised according to the level of supervision, and the maximum duration of follow-up was 1-
year (Jolbick et al., 2018). Storey and Inglis included 88,525 knee replacements (79,671 TKRs and
8,854 UKRs) and 35,415 THRs, respectively. However, their findings are limited by the lack of
preoperative data and the short duration of follow-up (6 months). Future attempts to use registry data
to investigate the association between surgeon grade and PROMs following hip and knee replacement
should include complete preoperative and postoperative data, subcategorise trainee cases according to
the level of supervision, and use a combination of generic health and joint-specific instruments. While
it was not within the scope of this thesis, it would be possible to perform such a study by linking NHS
England PROMs data to the NJR. The duration of follow-up would be limited to 6 months, but there

is evidence and precedent to support this (Liddle et al., 2015).

7.6.3  Alternative measures of trainee experience

As previously discussed, the binary variable ‘surgeon grade’ and the grade categories on the NJR
MDS form do not reflect the wide variation in the level of experience between individual trainees. In
Chapter 1, a range of measures that have previously been used to define surgical experience are
described. It would be interesting to explore alternative measures of experience in the context of
trainee-performed hip and knee replacement. For example, registry data could be used to investigate

whether trainees exhibit the same volume effects as consultants, assuming that all of their procedures
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are captured by single registries, and to explore whether supervising consultant volume is associated

with the risk of revision following trainee-performed surgery.

7.7  Concluding remarks

The primary aim of this thesis was to investigate the association between surgeon grade and implant
survival following hip and knee replacement. We have achieved this using a range of methodologies,
and the findings further our understanding of the factors that contribute to successful outcomes
following THR, TKR, and UKR in the context of surgical training. Our findings support the
conclusion that appropriately supervised trainees in England and Wales achieve comparable implant
survival to consultants. However, future studies are required to further investigate the association
between surgeon grade, the supervision of trainees, and additional outcome measures, including
PROMs. Further investigation is also needed to establish the extent to which our findings are

generalisable to other countries and healthcare settings.

The current findings have implications for clinical practice. We have identified several areas of
practice that could be modified to improve implant survival following trainee-performed hip and knee
replacements. Most importantly, the balance between training surgeons and ensuring the best
outcomes for patients could be improved by increasing the proportion of trainee-performed

procedures that are supervised by a scrubbed consultant.
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Appendix 1 - GPCs and CiP defined by the UK T&O Curriculum.

The UK T&O curriculum states the following: “Simply put, the Capabilities in Practice (CiPs) and
Generic Professional Capabilities (GPCs) are the constituent parts of the role of a consultant T&O
surgeon. Each part is as important as the next and doctors are required to be capable in all parts of the
role in order to be able to practice independently. In order to complete training and to be
recommended to the GMC for certification and entry on to the specialist register, the doctor must

demonstrate that they are capable of unsupervised practice in all the CiPs and GPCs (ISCP, 2021).”

Assessment N
. Description

domain
Professional values and behaviours
Professional skills (practical/communication/dealing with complexity/clinical)
Professional knowledge

Generic Capabilities in health promotion and illness prevention

Professional e . .

Capabilities Capabilities in leadership and team working

(GPCs) Capabilities in patient safety and quality improvement

Capabilities in safeguarding vulnerable groups

Capabilities in education and training

Capabilities in research and scholarship

Manages an out-patient clinic

Manages the unselected emergency take

Capabilities in

. Manages ward rounds and the on-going care of in-patients
Practice g gomng P

Manages an operating list

Manages multi-disciplinary working

Adapted from: trauma-orthopaedic-surgery-curriculum-aug-202 1-approved-oct-20.pdf (iscp.ac.uk)
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Appendix 2 - Example of a Procedure Based Assessment (PBA) for primary THR.

A ment P
ssessme Global and task-specific items
domain
Demonstrates recognition of anatomical and pathological abnormalities (and relevant co-morbidities)
and selects appropriate operative strategies/techniques to deal with these e.g. nutritional status
Demonstrates ability to make reasoned choice of appropriate equipment, materials or devices (if any)
Preoperative taking into account appropriate investigations e.g. x-rays or devices
planning Checks materials, equipment and device requirements with operating room staff
Ensures the operation site is marked where applicable
Checks patient records, personally reviews investigations
Checks in theatre that consent has been obtained
Gives effective briefing to theatre team
Ensures proper and safe positioning of the patient on the operating table
Preoperative Demonstrates careful skin preparation
preparation Demonstrates careful draping of the patient’s operative field

Ensures general equipment and materials are deployed safely (e.g. catheter, diathermy)

Ensures appropriate drugs administered

Arranges for and deploys supporting specialist equipment (e.g. image intensifiers) effectively

Exposure and
Closure

Demonstrates knowledge of optimum skin incision / portal / access

Achieves an adequate exposure through purposeful dissection in correct tissue planes and identifies
all structures correctly

Completes a sound wound repair where appropriate

Protects the wound with dressings, splints and drains where appropriate

Intra-operative
technique

Follows an agreed, logical sequence or protocol for the procedure

Consistently handles tissue well with minimal damage

Controls bleeding promptly by an appropriate method

Demonstrates a sound technique of knots and sutures/staples

Uses instruments appropriately and safely

Proceeds at appropriate pace with economy of movement

Anticipates and responds appropriately to variation e.g. anatomy

Deals calmly and effectively with untoward events/complications

Uses assistant(s) to the best advantage at all times

Communicates clearly and consistently with the scrub team

Dislocates hip safely

Cuts femoral neck appropriately to match design of implant

Demonstrates familiarity and understanding of acetabular preparation including osteophyte trimming
medially and at rim

Broaches the femur properly and prepares the bony surface

Uses trials and checks component orientation properly

Fix acetabular component appropriately

Implants femoral component appropriately

Performs final reduction and checks for stability

Postoperative
management

Ensures the patient is transferred safely from the operating table to bed

Constructs a clear operation note

Records clear and appropriate post operative instructions

Deals with specimens. Labels and orientates specimens appropriately

Adapted from: https://'www.iscp.ac.uk/forms/pba.aspx
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PBA rating:

Task-specific rating: N/A; development required; satisfactory

Overall rating:

Level 1a: able to assist with guidance

Level 1b: able to assist without guidance

Level 2a: guidance required for most/all of procedure

Level 2b: guidance required for key steps only

Level 3a: procedure performed with minimal guidance

Level 3b: procedure performed competently without guidance but lacked fluidity
Level 4a: procedure performed fluently without guidance

Level 4b: as 4a, but able to anticipate/avoid/deal with complications.
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Appendix 3 - Index procedure indicative numbers on the UK T&O curriculum.

Procedure Indicative number
Major joint replacement (hip, knee, shoulder, ankle) 80
Elective Osteotomy 20
Nerve decompression 20
Arthroscopy 50
Compression hip screw for neck of femur fracture 40
Hemiarthroplasty for neck of femur fracture 40
Application of limb external fixator 5
Tendon repair for trauma 10
Trauma Intramedullary nailing for fracture fixation 30
Plate fixation of fracture or arthrodesis 40
Tension band wire fixation for fracture or arthrodesis 5
K-wire fixation for fracture or arthrodesis 20
Fixation of paediatric supracondylar fracture 5
Adapted from: trauma-orthopaedic-surgery-curriculum-aug-2021-approved-oct-20.pdf (iscp.ac.uk)
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Appendix 4 - JCST supervision definitions and codes (2013).

L=

Supervision Code Help Guide

The following supervision definitions have been approved by JCST for usage in recording
surgical training experience in the UK & Ireland. The respective contribution of the trainee and
trainer should be considered at the end of the procedure and the recorded supervision code
should reflect this discussion. Logbook record should be validated by the trainer.

Assisting (A):
e The trainer completes the procedure from start to finish.
e The trainee performs the approach and closure of the wound.
e The trainer performs the key components of the procedure.

Supervised - trainer scrubbed (S-TS):
o The trainee performs key components of the procedure (as defined in the relevant PBA) with
the trainer scrubbed.
e S-TS s equivalent to the trainee performing the operation while the trainer is scrubbed.

To further clarify common issues which arise:

a) The trainer will be able to offer advice and carry out limited parts of the procedure (e.g.
demonstrate a dissection or suturing technique) before allowing the trainee to continue.

b) A junior trainee may carry out some parts of the operation which the senior trainee is clearly
competent to perform (e.g. opening or closing the incision).

c) Some operations are commonly divided into different components (e.g. Whipple's, femoro-distal
bypass) and are carried out by two trained surgeons. If the trainee takes the place of one of those
surgeons and performs their component(s) as described above, then it is appropriate to record
the case as supervised - trainer scrubbed even if all components were not carried out by the
trainee.

Supervised - trainer unscrubbed (S-TU):
o The trainee completes the procedure from start to finish.
e The trainer is unscrubbed and is:
o in the operating theatre throughout.
o in the operating theatre suite and regularly enters the operating theatre during the
procedure (70% of the duration of the procedure).

Performed (P):
e The trainee completes the procedure from start to finish.
e The trainer is present for <70% of the duration of the procedure.
e The trainer is not in the operating theatre and is:
o scrubbed in the adjacent operating theatre.
o notin the operating suite but is in the hospital.

Training more junior trainee (T):
¢ A non-consultant grade surgeon training a junior trainee.

Observed (O):
e Procedure observed by an unscrubbed trainee.

Reproduced from: https://client.elogbook.org/docs/eLogbook Supervision_codes.pdf
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Appendix 5 - Meta-analyses of Observational Studies in Epidemiology (MOOSE) Checklist

Reported on

Item No Recommendation
Page No
Reporting of background should include
1 Problem definition 35
2 Hypothesis statement 36
3 Description of study outcome(s) 35-37
4 Type of exposure or intervention used 37
5 Type of study designs used 36
6 Study population 36
Reporting of search strategy should include
7 Qualifications of searchers (e.g., librarians and investigators) 36
3 Search strategy, including time period included in the synthesis and key 36, Appendix 6
words
9 Effort to include all available studies, including contact with authors 38
10 Databases and registries searched 36
11 Search software used, name and version, including special features used (e.g., 36-37
explosion)
12 Use of hand searching (e.g., reference lists of obtained articles) 36
13 List of citations located and those excluded, including justification Appendix 8
14 Method of addressing articles published in languages other than English 36
15 Method of handling abstracts and unpublished studies 36-37
16 Description of any contact with authors 38,41, 43
Reporting of methods should include
Description of relevance or appropriateness of studies assembled for
17 b . 36-37
assessing the hypothesis to be tested
13 Rationale for the selection and coding of data (e.g., sound clinical principles 36-37
or convenience)
Documentation of how data were classified and coded (e.g., multiple raters,
19 o . L 37-38
blinding and interrater reliability)
20 Assessment of confounding (e.g., comparability of cases and controls in 40
studies where appropriate)
Assessment of study quality, including blinding of quality assessors,
21 . . . X . 38
stratification or regression on possible predictors of study results
22 Assessment of heterogeneity 38-39
Description of statistical methods (e.g., complete description of fixed or
random effects models, justification of whether the chosen models account
23 . . 38-39
for predictors of study results, dose-response models, or cumulative meta-
analysis) in sufficient detail to be replicated
24 Provision of appropriate tables and graphics 39-46
Reporting of results should include
25 Graphics summarizing individual study estimates and overall estimates 42-44
26 Table giving descriptive information for each study included 40
27 Results of sensitivity testing (e.g., subgroup analysis) 48 (limitations)
28 Indication of statistical uncertainty of findings 46-47

Reference: Stroup DF, Berlin JA, Morton SC, et al, for the Meta-analysis Of Observational Studies in
Epidemiology (MOOSE) Group. Meta-analysis of Observational Studies in Epidemiology. A Proposal for
Reporting. JAMA. 2000;283(15):2008-2012. doi: 10.1001/jama.283.15.2008.
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Appendix 6 - Search strategy.

Hip Search:

Hip replacement

Hip Prosthesis/ OR Arthroplasty, Replacement, Hip/ OR

(hip adj2 arthroplast$.mp) OR (hip adj2 replacement?.mp) OR (hip adj2 prosthes$.mp) OR
THA.mp OR THR.mp OR (TJRS$.mp AND hip$.mp)

AND

Training

exp Education, Medical/ OR exp Inservice Training/ OR Clinical Competence/ OR
training.mp OR trainee.mp OR

experience.mp OR

junior.mp OR

senior$.mp OR

(surgeon adj2 grade).mp OR

consultant.mp OR attending?.mp OR registrar.mp OR SpR.mp OR StR.mp OR ST?.mp OR residen$.mp
OR fellow$.mp OR intern.mp OR

(house adj2 officer).mp OR (foundation adj2 doctor).mp

AND

Survival

exp Prosthesis Failure/ OR exp Survival Analysis/ OR Reoperation/ OR

cox.mp OR proportional?hazard? . mp OR proportional hazard?.mp OR
cumulative?incidence?function.mp OR cumulative incidence function.mp OR CIF.mp OR
failure.mp OR

survival.mp OR survivor?ship.mp OR

revision?.mp OR

re?operation.mp OR re operation.mp OR

Kaplan?meier.mp OR Kaplan meier.mp OR KM.mp OR

product?limit?method.mp OR product limit method.mp

AND
Case-series
exp Cohort Studies/ OR Controlled Clinical Trials

follow?up.mp OR follow up.mp OR series.mp OR cohort.mp OR observational.mp OR longitudinal.mp OR
prospective.mp OR retrospective.mp OR registry.mp OR registries.mp
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Knee search:

Knee replacement

Knee Prosthesis/ OR Arthroplasty, Replacement, Knee/ OR

(knee adj2 arthroplast$.mp) OR (knee adj2 replacement?.mp) OR (knee adj2 prosthes$.mp) OR
TKA.mp OR TKR.mp OR (TJR$.mp AND knee$.mp) OR

UKA.mp OR UKR.mp

AND

Training

exp Education, Medical/ OR exp Inservice Training/ OR Clinical Competence/ OR
training.mp OR trainee.mp OR

experience.mp OR

junior.mp OR

senior§.mp OR

(surgeon adj2 grade).mp OR

consultant.mp OR attending?.mp OR registrar.mp OR SpR.mp OR StR.mp OR ST?.mp OR residen$.mp
OR fellow$.mp OR intern.mp OR

(house adj2 officer).mp OR (foundation adj2 doctor).mp

AND

Survival

exp Prosthesis Failure/ OR exp Survival Analysis/ OR Reoperation/ OR
cox.mp OR proportional?hazard?. mp OR proportional hazard?.mp OR
cumulative?incidence?function.mp OR cumulative incidence function.mp OR CIF.mp OR
failure.mp OR

survival.mp OR survivor?ship.mp OR

revision?.mp OR

re?operation.mp OR re operation.mp OR

Kaplan?meier.mp OR Kaplan meier.mp OR KM.mp OR
product?limit?method.mp OR product limit method.mp

AND
Case-series
exp Cohort Studies/ OR Controlled Clinical Trials

follow?up.mp OR follow up.mp OR series.mp OR cohort.mp OR observational.mp OR longitudinal.mp OR
prospective.mp OR retrospective.mp OR registry.mp OR registries.mp
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Appendix 7 - Clarification of eligibility criteria.

Inclusion criteria:

e Study of predominantly adult patients (> 18 years old) undergoing primary hip or knee
replacement (including THR, TKR, UKR and hip resurfacing), predominantly for the
treatment of osteoarthritis.

e Included articles needed to report the primary and/or secondary outcome measure for two
different groups of surgeons defined according to their grade (e.g. trainee vs. consultant).
Additional terms used to describe this variable were deemed eligible during screening:

o Trainee: registrar; resident; junior/young surgeon; fellow.
o Consultant: attending; senior surgeon; trainer.
e  Minimum follow-up of 5 years with clearly defined length of follow-up.

Exclusion criteria:

e Index operation performed prior to 1990.
e Follow-up not clearly defined.
o Irrelevant study design, or outcomes (therefore not meeting inclusion criteria above).

Specific examples for exclusion (documented in Appendix 8):

Principally a study of surgeon/hospital volume

Principally a study of implant positioning

No revision rates/survival analysis reported according to surgeon grade
No reporting of outcomes according to surgeon grade

Insufficient reporting of follow-up

Study of operations performed prior to 1990

Hip fracture cohort

Single surgeon series

Irrelevant systematic review

Study of cost-analysis

O O O O O O O 0O O ©O
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Appendix 8 - Reasons for exclusion.

Reasons for Exclusion — Hip Papers

First author/Year of study

Reason for Exclusion

De Vries, 2011

Principally a study of surgeon/hospital volume

Fender, 2003

Principally a study of surgeon/hospital volume

Hooper, 2009

Principally a study of surgeon/hospital volume

Johnsson, 1994

Principally a study of surgeon/hospital volume

Namba, 2012

Principally a study of surgeon/hospital volume

Ravi, 2014

Principally a study of surgeon/hospital volume

Canadian Arthroplasty Soc., 2013

Principally a study of surgeon/hospital volume

MacBride, 2010

Principally a study of surgeon/hospital volume

Enocson, 2009

No revision rates/survival analysis reported according to surgeon grade

Field, 2006 No revision rates/survival analysis reported according to surgeon grade
Leguerrand, 2018 No revision rates/survival analysis reported according to surgeon grade
Moran, 2004 No revision rates/survival analysis reported according to surgeon grade
Smith, 2018 No revision rates/survival analysis reported according to surgeon grade

Wilson, 2016

No revision rates/survival analysis reported according to surgeon grade

Wroblewski, 1998

No revision rates/survival analysis reported according to surgeon grade

Schoenfeld, 2013

No revision rates/survival analysis reported according to surgeon grade

Inglis, 2013

Insufficient reporting of follow-up

Marston, 1996

Study of operations performed prior to 1990

Khatod, 2014

No reporting of outcomes according to surgeon grade

Whitehouse, 2014

No reporting of outcomes according to surgeon grade

Williams, 2002

No reporting of outcomes according to surgeon grade

Zwartele, 2005

No reporting of outcomes according to surgeon grade

Kim, 2017

Principally a study of implant positioning

MacDonald, 2020

Hip fracture cohort

DeAngelis, 2020

Hip fracture cohort

N.B. Multiple reasons for some papers

Reasons for Exclusion — Knee Papers

First author/Year of study

Reason for Exclusion

Bini, 2013

Principally a study of surgeon/hospital volume

Namba, 2012

Principally a study of surgeon/hospital volume

Zambianchi, 2014

Principally a study of surgeon/hospital volume

Rissolio, 2021

Principally a study of surgeon/hospital volume

Liddle, 2014

No revision rates/survival analysis reported according to surgeon grade

Beattie, 2016

No revision rates/survival analysis reported according to surgeon grade

Haughom, 2014

No revision rates/survival analysis reported according to surgeon grade

Khakha, 2015

No revision rates/survival analysis reported according to surgeon grade

Schoenfeld, 2013

No revision rates/survival analysis reported according to surgeon grade

Windisch, 2017

No revision rates/survival analysis reported according to surgeon grade

Wilson, 2016

No revision rates/survival analysis reported according to surgeon grade

Woolson, 2007

No revision rates/survival analysis reported according to surgeon grade

Atrey, 2014 No reporting of outcomes according to surgeon grade
Back, 2000 No reporting of outcomes according to surgeon grade
Singh, 2021 No reporting of outcomes according to surgeon grade

Gaillard, 2016

Principally a study of implant positioning

Mahaluxmivala, 2001

Principally a study of implant positioning

Storey, 2018

Insufficient reporting of follow-up

Theelen, 2018

Insufficient reporting of follow-up

Jasper, 2016

Irrelevant systematic review

Lacko, 2018

Single surgeon series

Matas-Diez, 2018

Principally a study of learning curve

Lavernia, 2000

Study of cost-analysis

N.B. Multiple reasons for some papers
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Appendix 9 - Risk of Bias (ROBINS-1) assessment.

ROBINS-I Alvand, |Bottomley, |Faulkner, |Hernigou, |Hasegawa, [Jain, Muller, [Palan, [Reidy,
2021 2016 2017 2009 2015 2018 2013 2009 2016

Bias duc to o0 |00 ® o0 | o |oe |o ®

confounding

Bias in selection @ ® ® ® ® ® ® ® ®

of patients

Bias in

classification of [© =) &) D DD D DD (&) &)

interventions

Bias due to

deviations from [ D @ DD DD D D D (&) )

interventions

Bias due to

missing data © © ©® DSD DSD D D © )

Bias in

measurement of |© o b o D S) o o (&)

outcome

Bias in selection

of the reported  [© S S © ® o D S S

result

Overall risk of

RO @ @ oD oD @ o (@ @

|Key: © = low risk of bias; @ = moderate risk of bias; @ = serious risk of bias; D = critical risk of bias
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Appendix 10 - Process of accounting for changes in NJR operating surgeon grade categories.

The current NJR MDS form (version 7.0) uses the following ‘operating surgeon grade’ categories:

Consultant; SPR/ST3-STS; F1-ST2; Specialty Doctor/SAS; and Other. However, since April 2003

there have been seven different versions of the MDS form, and the ‘operating surgeon grade’

categories have been updated with each iteration to reflect current training terminology. The

following table details the process by which these variations have been accounted for, e.g. by

recoding NJR records of ‘operating surgeon grade’ to correspond to the current MDS 7.0 categories.

NJR record of operating surgeon grade

Recoded to MDS 7.0 operating

Surgeon grade (binary

Staff grade

(Based on numerous previous MDS versions) | surgeon grade categories variable)
Consultant Consultant Consultant
SpR/ST3-ST8

SpR/ST3-ST8
SPR
F1-ST2

Trainee

House Officer (HO) F1-ST2
Senior House Officer (SHO)
Fellow
Other Other
Visiting Overseas Specialist
Specialty Doctor/SAS Not included in primary analyses
Associate Specialist Specialty Doctor/SAS
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Appendix 11 - Comparison of demographic characteristics for included and missing THR cases (Chapter 3).

Prior to exclusion of

Following exclusion of

Excluded due to missing

Variable missing data missing data data
(n=626,947) (n=603,474) (n=23,473)

Surgeon grade (%)

Consultant 566,295 (90.3) 545,337 (90.4) 20,958 (89.3)

Trainee 60,652 (9.7) 58,137 (9.6) 2,515 (10.7)
Mean age (SD) 69.7 (10.2) 69.7 (10.3) 70.8 (9.9)
Female (%) 382,649 (61.0) 367,746 (60.9) 14,903 (63.5)
Side (%right) 279,236 (55.5) 334,749 (55.5) 12,962 (55.2)
ASA grade (%)

ASAT 95,483 (15.2) 90,782 (15.0) 4,701 (20.0)

ASATI 438,836 (70.0) 423,304 (70.1) 15,532 (66.2)

ASA >II1 92,628 (14.8) 89,338 (14.8) 3,240 (13.8)
IMD decile (%)

1 34,250 (5.5) 33,151 (5.5) 1,099 (4.7)

2 38,468 (6.1) 37,151 (6.2) 1,317 (5.6)

3 44,863 (7.2) 43,299 (7.2) 1,564 (6.7)

4 55,101 (8.8) 53,099 (8.8) 2,002 (8.5)

5 65,075 (10.4) 62,799 (10.4) 2,276 (9.7)

6 72,952 (11.6) 70,373 (11.7) 2,579 (11.0)

7 76,046 (12.1) 73,528 (12.2) 2,518 (10.7)

8 77,545 (12.4) 74,825 (12.4) 2,720 (11.6)

9 79,600 (12.7) 76,697 (12.7) 2,903 (12.4)

10 81,382 (13.0) 78,552 (13.0) 2,830 (12.1)

Missing* 1,665 (0.3) - 1,665 (7.09)
Anaesthetic (%)

Spinal 311,632 (49.7) 306,494 (50.8) 5,138 (21.9)

General 262,434 (41.9) 254,995 (42.3) 7,439 (31.7)

Epidural 24,144 (3.9) 23,010 (3.8) 1,134 (4.8)

Nerve block 18,580 (3.0) 18,329 (3.0) 251 (1.1)

Other 669 (<0.1) 646 (0.1) 23 (<0.1))

Missing* 9,488 (1.5) - 9,488 (40.4)
Approach (%)

Posterior 369,984 (59.0) 361,051 (59.8) 8,933 (38.06)

Other 256,963 (41.0) 242,423 (40.2) 14,540 (61.9)
Fixation (%)

Cemented 230,727 (36.8) 218,918 (36.3) 11,809 (50.3)

Uncemented 251,336 (40.1) 244,389 (40.5) 6,947 (29.6)

Hybrid 126,857 (20.2) 122,609 (20.3) 4,248 (18.1)

Reverse hybrid 18,027 (2.9) 17,558 (2.9) 469 (2.0)
Bearing (%)

Metal-on-polyethylene 404,988 (64.6) 388,375 (64.4) 16,613 (70.8)

Ceramic-on-polyethylene 112,830 (18.0) 109,637 (18.2) 3,193 (13.6)

Ceramic-on-ceramic 107,008 (17.1) 103,360 (17.1) 3,648 (15.5)

Other 2,121 (0.3) 2,102 (0.3) 19 (0.1)
Head size (%)

<32mm 310,399 (49.5) 292,390 (48.5) 18,009 (76.7)

32mm 183,926 (29.3) 180,627 (29.9) 3,299 (14.05)

>36mm 132,622 (21.2) 130,457 (21.6) 2,165 (9.2)
Funding source (%)

NHS 520,288 (83.0) 513,585 (85.1) 6,703 (28.6)

Private 91,375 (14.6) 89,889 (14.9) 1,486 (6.3)

Missing* 15,284 (2.4) - 15,284 (65.1)
Year of operation (%)

2003-2012 358,462 (57.2) 335,692 (55.6) 22,770 (97.0)

2013-2016 268,485 (42.8) 267,782 (44.4) 703 (3.0)

ASA, American Society of Anaesthesiologists; NHS, National Health Service; IMD, Index of Multiple Deprivation.
Data are n (%) or mean (SD); denoted where applicable. *Reason for exclusion for missing data not mutually exclusive.
Some cases were excluded for missing data in more than one field.




Appendix 12 - Chapter 3 (THR) model specification summarising the exposures and confounding variables used
in the analyses.

Confounding variables
Model Exposure (surgeon groups) Method included in model
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a scrubbed | Cox .
1 Unadjusted
consultant
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-STS;
iv. SAS; v. Other (subcategorised according to consultant Cox
supervision)
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a scrubbed | Cox . N
2 Patient factors'
consultant
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-STS;
iv. SAS; v. Other (subcategorised according to consultant Cox
supervision)
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a
3 scrubbed consultant; iii. Trainee not supervised by a scrubbed | Cox Patient factors®
consultant Operation factors*
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-STS;
iv. SAS; v. Other (subcategorised according to consultant Cox
supervision)
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a Patient factors'
4 scrubbed consultant; iii. Trainee not supervised by a scrubbed | Cox Operation factorst
consultant Healthcare setting
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-STS8; factors$
iv. SAS; v. Other (subcategorised according to consultant Cox
supervision)
fPatient factors: age (continuous); sex (female); ASA (II); IMD decile (least deprived)
fQperation factors: bearing material (MoPe), mode of fixation (uncemented), head size (<32mm), approach (posterior),
anaesthetic (spinal)
SHealthcare setting factors: funding (NHS); year of operation (most recent). Baseline category in brackets was the
most frequently occurring
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Appendix 13 - Comparison of demographic characteristics for included and missing TKR cases (Chapter 4).

Prior to exclusion of

Following exclusion of

Excluded due to missing

Variable missing data (n=998,753) | missing data (n=953,081) | data (n=45,672)
Surgeon grade (%)

Consultant 896,709 (89.8) 856,537 (89.9) 40,172 (88.0)

Trainee 102,044 (10.2) 96,544 (10.1) 5,500 (12.0)
Mean age (SD) 69.6 (9.2) 69.6 (9.2) 70.9 (9.1)
Female (%) 569,794 (57.1) 543,745 (57.1) 26,049 (57.0)
Side (% right) 526,323 (52.7) 502,320 (52.7) 24,003 (52.6)
ASA grade (%)

ASA1 105,463 (10.6) 98,704 (10.4) 6,759 (14.8)

ASA Tl 725,306 (72.6) 693,851 (72.8) 31,455 (68.9)

ASA >111 167,984 (16.8) 160,526 (16.8) 7,458 (16.3)
IMD decile (%)

1 (most deprived) 67,545 (6.8) 65,797 (6.9) 1,748 (3.8)

2 73,734 (7.4) 71,685 (7.5) 2,049 (4.5)

3 81,768 (8.2) 79,496 (8.3) 2,272 (5.0)

4 92,220 (9.2) 89,470 (9.4) 2,730 (6.0)

5 103,281 (10.3) 100,228 (10.5) 3,053 (6.7)

6 110,417 (11.1) 107,082 (11.2) 3,335 (7.3)

7 113,407 (11.4) 110,245 (11.6) 3,162 (6.9)

8 114,210 (11.4) 110,789 (11.6) 3,421 (7.5)

9 114,871 (11.5) 111,428 (11.7) 3,443 (7.5)

10 (least deprived) 109,964 (11.0) 106,861 (11.2) 3,103 (6.8)

Missing* 17,356 (1.7) - 17,356 (38.0)
Anaesthetic (%)

Spinal 662,750 (66.4) 642,616 (67.4) 20,134 (44.1)

General 362,662 (36.3) 347,900 (36.5) 14,762 (32.3)

Epidural 57,755 (5.8) 53,310 (5.6) 4,445 (9.7

Nerve block 145,468 (14.6) 139,816 (14.7) 5,652 (12.4)

Missing* 11,335 (1.1) - 11,335 (24.8)
Approach (%)

Lateral parapatellar 8,482 (0.9) 7,990 (0.8) 492 (1.1)

Medial parapatellar 934,521 (93.6) 891,688 (93.6) 42,833 (93.8)

Mid-vastus 24,301 (2.4) 23,928 (2.5) 373 (0.8)

Sub-vastus 11,220 (1.1) 10,687 (1.1) 533(1.2)

Other 20,216 (2.0) 18,788 (2.0) 1,428 (3.1)
Fixation (%)

Cemented 949,518 (95.1) 907,750 (95.2) 41,768 (91.5)

Uncemented 41,134 (4.1) 37,819 (4.0) 3,315 (7.3)

Hybrid 8,101 (0.8) 7,512 (0.8) 589 (1.3)
Constraint (%)

Constrained condylar 7,595 (0.8) 7,361 (0.8) 234 (0.5)

Monobloc poly tibia 15,965 (1.6) 15,566 (1.6) 399 (0.9)

Posterior stabilised, fixed 227,934 (22.8) 217,158 (22.8) 10,776 (23.6)

Posterior stabilised, mobile 11,879 (1.2) 10,950 (1.2) 929 (2.0)

Preassembled/hinged/linked 1,168 (0.1) 1,074 (0.1) 94 (0.2)

Unconstrained, fixed 675,096 (67.6) 647,270 (67.9) 27,826 (60.9)

Unconstrained, mobile 59,114 (5.9) 53,702 (5.6) 5,412 (11.9)

Missing* 2 (<0.01) - 2 (<0.01)
Patellar resurfacing (%)

Patella resurfaced 382,782 (38.3) 366,344 (38.4) 16,438 (36.0)

Funding source (%)

NHS 867,465 (86.9) 846,385 (88.8) 21,080 (46.2)

Private 109,579 (11.0) 106,696 (11.2) 2,883 (6.3)

Missing* 21,709 (2.2) - 21,709 (47.5)
Year of operation (%)

2003-2011 379,041 (37.9) 342,217 (35.9) 36,824 (80.6)

2012-2019 619,712 (62.0) 610,864 (64.1) 8,848 (19.4)

ASA, American Society of Anaesthesiologists; NHS, National Health Service; IMD, Index of Multiple Deprivation. Data are n (%)
or mean (SD); denoted where applicable. *Reason for exclusion for missing data not mutually exclusive. Some cases were excluded
for missing data in more than one field.
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Appendix 14 - Chapter 4 (TKR) model specification summarising the exposures and confounding variables used
in the analyses.

Confounding variables
Model Exposure (surgeon groups) Method included in model
A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM
B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed .
! consultant; iii. Trainee not supervised by a scrubbed consultant FPM Unadjusted
C. Specific training grade: i. Consultant; ii. F1-ST2; iii. ST3-ST8;
. FPM
iv. Fellow
A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM
2 B. Superv1s1?p_:_ i. ansultant; il. Tra}mee supervised by a scrubbed FPM Patient factors"
consultant; iii. Trainee not supervised by a scrubbed consultant
C. Specific training grade: i. Consultant; ii. F1-ST2; iii. ST3-STS;
. FPM
iv. Fellow
A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM
3 B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed FPM Patient factors®
consultant; iii. Trainee not supervised by a scrubbed consultant Operation factorst
C. Specific training grade: i. Consultant; ii. F1-ST2; iii. ST3-STS;
. FPM
iv. Fellow
A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM Patient factors'
4 B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed FPM Operation factors?
consultant; iii. Trainee not supervised by a scrubbed consultant Healthcare setting
C. Specific training grade: i. Consultant; ii. F1-ST2; iii. ST3-STS; FPM factors$
iv. Fellow

fPatient factors: age (65-75); gender (female); ASA (IT); IMD decile (least deprived)

fQperation factors: approach (medial parapatellar); mode of fixation (cemented); constraint (unconstrained fixed);
anaesthetic (spinal); patellar resurfacing (not resurfaced)

SHealthcare setting factors: funding (NHS); year of operation (most recent). Baseline category in brackets was the
most frequently occurring

Time-dependent effects: Surgeon grade was specified as having a time-dependent effect and was modelled with 2 df.
Remaining confounding variables were modelled with fixed effects. The baseline hazard was modelled with 8 df.
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Appendix 15 - Kaplan-Meier plots (one minus survival) demonstrating the cumulative probability of failure
according to the surgeon grade (exposure A); constraint; patellar resurfacing; and fixation.
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Appendix 16 - Comparison of demographic characteristics for included and missing UKR cases (Chapter 5).

Prior to exclusion of

missing data (n=111,326)

Following exclusion of
missing data

Excluded due to missing
data

(n=106,206) (n=5,120)

Surgeon grade (%)

Consultant 106,697 (95.8) 101,824 (95.9) 4,873 (95.2)

Trainee 4,629 (4.2) 4,382 (4.1) 247 (4.8)
Mean age (SD) 63.9 (9.7 63.8(9.7) 65.2 (9.7)
Female (%) 51,535 (46.3) 49,077 (46.2) 2,458 (48.0)
Side (%right) 55,672 (50.0) 53,127 (50.0) 2,545 (49.7)
IMD decile (%)

1 (most deprived) 4,683 (4.2) 4,545 (4.3) 138 (2.7)

2 5,882 (5.3) 5,729 (5.4) 153 (3.0)

3 7,090 (6.4) 6,878 (6.5) 212 (4.1)

4 9,126 (8.2) 8,803 (8.3) 323 (6.3)

5 10,864 (9.8) 10,511 (9.9) 353 (6.9)

6 12,805 (11.5) 12,429 (11.7) 376 (7.3)

7 13,682 (12.3) 13,311 (12.5) 371(7.3)

8 13,742 (12.3) 13,357 (12.6) 385(7.5)

9 15,112 (13.6) 14,723 (13.9) 389 (7.6)

10 (least deprived) 16,339 (14.7) 15,920 (15.0) 419 (8.2)

Missing 2,001 (1.8) - 2,001 (39.1)
ASA grade (%)

ASAT 23,608 (21.2) 22,349 (21.0) 1,259 (24.6)

ASATI 78,067 (70.1) 74,669 (70.3) 3,398 (66.4)

ASA >I1I 9,651 (8.7) 9,188 (8.7) 463 (9.0)
Anaesthetic (%)

Spinal 61,869 (55.6) 60,121 (56.6) 1,748 (34.1)

General 52,280 (47.0) 49,976 (47.1) 2,304 (45.0)

Epidural 4,912 (4.4) 4,621 (4.4) 291 (5.7)

Nerve block 18,374 (16.5) 17,795 (16.8) 579 (11.3)

Missing* 1,124 (1.0) - 1,124 (22.0)
Approach (%)

Lateral parapatellar | 3,588 (3.2) 3421 (3.2) 167 (3.3)

Medial parapatellar | 98,790 (88.7) 94,131 (88.6) 4,659 (91.0)

Mid-vastus 4,175 (3.8) 4,099 (3.9) 76 (1.5)

Sub-vastus 1,687 (1.5) 1,639 (1.5) 169 (3.3)

Other 3,085 (2.8) 2,916 (2.8) 48 (0.9)

Missing* 1 (<0.1) - 1 (<0.1)
Fixation (%)

Cemented 86,909 (78.1) 82,414 (77.6) 4,495 (87.8)

Uncemented 21,729 (19.5) 21,245 (20.0) 484 (9.5)

Hybrid 2,688 (2.4) 2,547 (2.4) 141 (2.8)
Bearing mobility (%)

Fixed 36,173 (32.5) 35,180 (33.1) 993 (19.4)

Mobile 68,892 (61.9) 65,164 (61.4) 3,728 (72.8)

Monobloc poly tibia | 6,261 (5.6) 5,862 (5.5) 399 (7.8)
Funding source (%)

NHS 84,064 (75.5) 81,965 (77.2) 2,099 (41.0)

Private 24,899 (22.4) 24,241 (22.8) 658 (12.9)

Missing* 2,363 (2.1) - 2,363 (46.2)
Year of operation (%)

2003-2011 41,050 (36.9) 37,134 (35.0) 3,916 (76.5)

2012-2019 70,276 (63.1) 69,072 (65.0) 1,204 (23.5)

ASA, American Society of Anaesthesiologists; NHS, National Health Service; IMD, Index of Multiple Deprivation; BMI,
Body Mass Index. Data are n (%) or mean (SD); denoted where applicable. *Reason for exclusion for missing data not
mutually exclusive. Some cases were excluded for missing data in more than one field.
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Appendix 17 - Chapter 5 (UKR) model specification summarising the exposures and confounding variables used
in the analyses.

Confounding variables

Model | Exposure (surgeon groups) Method included in model

A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM

B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a FPM
scrubbed consultant

C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-
STS; iv. Fellow (subcategorised according to consultant FPM
supervision)

Unadjusted

A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM

B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a FPM
scrubbed consultant

C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-
STS; iv. Fellow (subcategorised according to consultant FPM
supervision)

Patient factors’

A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM

B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a FPM Patient factors’
scrubbed consultant Operation factors*

C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-
STS; iv. Fellow (subcategorised according to consultant FPM
supervision)

A. Surgeon grade: i. Consultant; ii. Trainee (overall) FPM

B. Supervision: i. Consultant; ii. Trainee supervised by a
scrubbed consultant; iii. Trainee not supervised by a FPM
scrubbed consultant

C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-
STS; iv. Fellow (subcategorised according to consultant FPM
supervision)

Patient factors®
Operation factors?
Healthcare setting factors$

TPatient factors: age (55-64yrs); gender (male); ASA (II); IMD decile (least deprived)

fOperation factors: approach (medial parapatellar); mode of fixation (cemented); bearing mobility (mobile bearing);
anaesthetic (spinal)

SHealthcare setting factors: funding (NHS); year of operation (most recent). Baseline category in brackets was the
most frequently occurring

Time-dependent effects: The following confounding variables were specified as having time-dependent effects: age
(modelled with 1 degree of freedom (df)); sex (1 df); IMD decile (1 df); approach (1 df); fixation (3 df); bearing mobility
(2 df); funder (3 df); year of operation (2 df). The baseline hazard was modelled with 6 df. Surgeon grade and the
remaining confounding variables were modelled with fixed effects.
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Appendix 18 - Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Checklist.

Item No Recommendation Reported on
Page No
Title and abstract
a) Indicate the study’s design with a commonly used term in the title or
1 the abstract 134
b) Provide in the abstract an informative and balanced summary of what
was done and what was found
Introduction
Background/rationale: Explain the scientific background and rationale for the
2 . S . 136-137
investigation being reported
3 Objectives: State specific objectives, including any prespecified hypotheses 137
Methods
4 Study design: Present key elements of study design early in the paper 137-138
Setting: Describe the setting, locations, and relevant dates, including periods of
5 . . 137-138
recruitment, exposure, follow-up, and data collection
Participants:
a) Give the eligibility criteria, and the sources and methods of selection of
6 participants. Describe methods of follow-up 137-138
b) For matched studies, give matching criteria and number of exposed
and unexposed
7 Variables: Clearly define all outcomes, exposures, predictors, potential 140-144
confounders, and effect modifiers. Give diagnostic criteria, if applicable
Data sources/measurement: For each variable of interest, give sources of data
8 and details of methods of assessment (measurement). Describe comparability of 140-144
assessment methods if there is more than one group
9 Bias: Describe any efforts to address potential sources of bias 144
10 Study size: Explain how the study size was arrived at 139
Quantitative variables: Explain how quantitative variables were handled in the
11 . : . . 144-145
analyses. If applicable, describe which groupings were chosen and why
Statistical methods:
a) Describe all statistical methods, including those used to control for
confounding
12 b) Describe any methods used to examine subgroups and interactions 144-145
¢) Explain how missing data were addressed
d) Ifapplicable, explain how loss to follow-up was addressed
e) Describe any sensitivity analyses
Results
Participants:
a) Report numbers of individuals at each stage of study—e.g. numbers
13 potentially eligible, examined for eligibility, confirmed eligible, 139. 145
included in the study, completing follow-up, and analysed ’
b) Give reasons for non-participation at each stage
c) Consider use of a flow diagram
Descriptive data:
a) Give characteristics of study participants (e.g. demographic, clinical,
. . . . 139, 145,
14 soqal) and information on exposures apd potentlal confounder.s 148, 151
b) Indicate number of participants with missing data for each variable of 1’5 4 ’
interest
¢) Summarise follow-up time (e.g. average and total amount)
Outcome data: Report numbers of outcome events or summary measures over
15 time 145-156
16 Main results: 145-156
a) Give unadjusted estimates and, if applicable, confounder-adjusted
estimates and their precision (e.g., 95% confidence interval). Make
clear which confounders were adjusted for and why they were included
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b) Report category boundaries when continuous variables were
categorized
c) Ifrelevant, consider translating estimates of relative risk into absolute
risk for a meaningful time period
Other analyses: Report other analyses done—e.g. analyses of subgroups and

17 interactions, and sensitivity analyses 156
Discussion
18 Key results: Summarise key results with reference to study objectives 157

Limitations: Discuss limitations of the study, taking into account sources of
19 potential bias or imprecision. Discuss both direction and magnitude of any 157-158
potential bias

Interpretation: Give a cautious overall interpretation of results considering
20 objectives, limitations, multiplicity of analyses, results from similar studies, and | 157, 158-160
other relevant evidence

Generalisability: Discuss the generalisability (external validity) of the study

21 157
results
Other information
Funding: Give the source of funding and the role of the funders for the present
22 study and, if applicable, for the original study on which the present article is 134

based

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological

background and published examples of transparent reporting. The STROBE checklist is best used in conjunction
with this article (freely available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of
Internal Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the

STROBE Initiative is available at www.strobe-statement.org.
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Appendix 19 - Process of accounting for variations in grade terminology during the course of the study

(Chapter 6).

UK training grade terminology has evolved over the past 20 years. Our process of accounting for

variations in grade terminology over the course of this study (Chapter 6) is documented in the

following table.

Grade recorded on the operation note

Current equivalent grade
categories

Surgeon grade (binary
variable)

Consultant Consultant Consultant
House Officer (or F1)
F1-ST2
Senior House Officer (SHO) (or F2-ST2)
Trainee
Registrar (or ST3-ST8) ST3-ST8
Fellow Fellow
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Appendix 20 - Chapter 6 (THR) model specification showing the exposures and confounding variables used in
the analysis.

Confounding variables
Model Exposure (surgeon groups) Method included in model
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed .
! consultant; iii. Trainee not supervised by a scrubbed consultant Cox Unadjusted
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-ST8; iv.
Cox
Fellow
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed .
2 e . . Cox Patient factors?
consultant; iii. Trainee not supervised by a scrubbed consultant
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-ST8; iv. Cox
Fellow
A. Surgeon grade: i. Consultant; ii. Trainee (overall) Cox
3 B. Supervision: i. Consultant; ii. Trainee supervised by a scrubbed Cox Patient factors’
consultant; iii. Trainee not supervised by a scrubbed consultant Operation factorst
C. Sensitivity analysis: i. Consultant; ii. F1-ST2; iii. ST3-ST8; iv. Cox
Fellow
TPatient factors: age (continuous); sex (female); ASA (2); indication (OA)
iOperation factors: cup fixation (cemented); cup brand (Ogee); head size (28mm); bearing (metal on polyethylene).
Baseline category in brackets was the most frequently occurring
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Appendix 21 - The unadjusted cumulative probability of failure of THRs according to surgeon grade (exposure A) and supervision (exposure B).

Consultant Trainee (exposure A) Trainee supervised by a scrubbed Trainee not supervised by a scrubbed
Follow- consultant (exposure B) consultant (exposure B)
?;:tars) Number | Number of | % Failure, Number | Number of | % Failure, Number | Number of | % Failure, Number | Number of | % Failure,

at risk* revisions (95% CI) at risk* revisions (95% CI) at risk* revisions (95% CI) at risk* revisions (95% CI)

0-1 119 0 0 400 3 0.8(0.2t02.3) | 204 2 1.0 (0.3 t03.9) 196 1 0.5 (0.1 t0 3.6)
1-2 116 0 0 385 1 1.0 (0.4 t0 2.7) 195 0 1.0 (0.3t03.9) 190 1 1.0 (0.3t0 4.1)
2-3 112 0 0 373 1 1.3 (0.5t03.1) 190 0 1.0 (0.3 t0 3.9) 183 1 1.6 (0.5 t0 4.9)
3-4 109 0 0 359 0 1.3(0.5t03.1) 187 0 1.0 (0.3 t0 3.9) 172 0 1.6 (0.5 t0 4.9)
4-5 100 0 0 343 1 1.6 (0.7 to 3.5) 178 0 1.0 (0.3t03.9) 165 1 2.2(0.8t05.8)
5-6 94 0 0 319 0 1.6 (0.7 to 3.5) 164 0 1.0 (0.3 t0 3.9) 155 0 2.2(0.8t05.8)
6-7 92 2 22(0.6t08.5) | 304 0 1.6 (0.7 to 3.5) 155 0 1.0 (0.3t03.9) 149 0 2.2(0.8t05.8)
7-8 86 1 3.4 (1.1t010.1) | 280 1 1.9 (0.9 to 4.1) 140 0 1.0 (0.3t03.9) 140 1 2.9(1.2t07.0)
8-9 76 0 34(1.1t0 10.1) | 262 1 23(1.2t04.7) 131 0 1.0 (0.3 t0 3.9) 131 1 3.7(1.7t0 8.1)
9-10 73 0 3.4 (1.1t0 10.1) | 247 1 2.7(1.4t05.3) 125 0 1.0 (0.3t03.9) 122 1 45221094
10-11 69 1 49 (1.8t012.6) | 229 0 2.7(1.4t05.3) 119 0 1.0 (0.3t03.9) 110 0 45221094
11-12 59 0 49(1.8t012.6) | 187 0 27(1.4t05.3) |90 0 1.0(0.3t03.9) | 97 0 45221094
12-13 41 1 7.7 (3.0to 18.8) | 146 0 27(14t05.3) | 60 0 1.0(0.3t03.9) | 86 0 45221094
13-14 26 0 7.7(3.0t0 18.8) | 72 0 27(14t05.3) | 31 0 1.0(0.3t03.9) | 41 0 4522t094)
14-15 8 0 7.7(3.0t0 18.8) | 14 0 27(14t053) |3 0 1.0 (0.3t03.9) 11 0 45(22t094)
Data are the number at risk, the number of revision events, the unadjusted cumulative probability of failure and the 95% CI. *Number at risk at the beginning of time period.
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Appendix 22 - Demographic and operation-level data for PROMSs responders and non-responders.

Variable

PROMs response

Non-responder

Responder (n=188) (N=342) p-value
Mean (SD) age at operation (years) 71.1(7.1) 76.0 (8.2) <0.01
Sex (%)
Female 132 (70.2) 223 (65.2) 0.24
Side (%)
Right 100 (53.2) 190 (55.6) 0.60
ASA (%) <0.01
1 10 (5.3) 13 (3.8)
2 156 (83.0) 221 (64.6)
>3 22 (11.7) 108 (31.6)
Indication (%) 0.90
Osteoarthritis (OA) 182 (96.8) 325(95.0)
Rheumatoid arthritis (RA) 2 (1.1) 7(2.1)
Avascular necrosis (AVN) 2(1.1) 5(1.5)
Hip fracture (NOF) 1(0.5) 2 (0.6)
Other 1(0.5) 3(0.9)
Bearing surface (%) <0.01
Metal on poly (MoP) 141 (75.0) 294 (86.0)
Metal on ceramic (MoC) 0 (0.0) 1(0.3)
Metal on metal (MoM) 19 (10.1) 28 (8.2)
Ceramic on poly (CoP) 1(0.5) 4(1.2)
Ceramic on ceramic (CoC) 26 (13.8) 9 (2.6)
Ceramic on metal (CoM) 1(0.5) 6 (1.8)
Acetabular component (%) <0.01
Pinnacle 113 (60.1) 134 (39.2)
Ogee 69 (36.7) 198 (57.9)
Duraloc 5(2.7) 3(0.9)
Omnifit 0(0.0) 3(0.9)
Trident 0(0.0) 3(0.9)
ASR 1(0.5) 1(0.3)
Fixation (%) <0.01
Hybrid 119 (63.3) 144 (42.1)
Cemented 69 (36.7) 198 (57.9)
Head size (%) 0.01
28mm 140 (74.5) 282 (82.5)
36mm 45 (23.9) 49 (14.3)
Other 3(1.6) 11 (3.22)

Data are the frequency (n), proportion (%), mean, or standard deviation (SD); denoted where applicable. Statistical tests
were used to assess equivalence between the responder and non-responder groups. For age, the Shapiro-Wilk test for

normality was used. This suggested that age was not normally distributed, thus the Wilcoxon rank sum test was used for
this variable. Chi-squared tests were used for the remaining categorical variables.
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