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Abstract

Predictive Factors and Outcomes in Primary Hip Arthroplasty
Doctor of Philosophy in Clinical Medicine Research
M A Alagha, MSk Lab, September 2023

Cognisant prognostication involves informed predictions and is of a
particular importance in surgical practice where significant variations
prevail for patients with end stage hip pathologies necessitating
arthroplasty. A comprehensive evaluation of Machine Learning (ML)
models was undertaken using two of the largest hip registries, from
Sweden and the United Kingdom. Failure rates (re-operation, revision,
periprosthetic femoral fracture, and mortality), and patient-reported
outcome measures (PROMs) were forecasted for primary elective total
hip replacement. ML algorithms had a superior binary discriminative
power in predicting all outcomes and achieved “good” to “excellent”
accuracy in forecasting significant and substantial clinical improvement
for PROMs.

Multivariate analysis of the LASSO*-penalised CoxNet** survival model
revealed a statistically significant trade-off encompassing a heightened
mortality risk in patients with low body mass index and an augmented
revision risk in obese individuals. Likewise, whilst cemented fixation
implants were associated with a diminished likelihood of re-do
procedures, they were observed to have an increased mortality risk.
SHAR data was further evaluated to a) predict the risk of femoral
fractures requiring re-do surgery, and b) identify the effect of fixation
methods on outcomes in a matched cohort. Cementless fixation,
appeared to increase this likelihood with statistically significant
differences between the matched cohorts.

Two laboratory-based experiments investigated the effect of impaction
energy levels on bone strain behaviour, peri-prosthetic femoral fracture
risk, and implant stability using two types of specimens (synthetic and
cadaveric hips) and two biomechanical approaches (digital image
correlation and rosette strain gauges). The findings of these seem to
suggest that a high number of low-energy strikes during femoral
broaching and implant seating reduces the risk of femoral fractures
without affecting implant fixation.

Using personalised risk stratification models in orthopaedic practice may
help balance safety and functional outcomes within the context of
variability in patient characteristics, surgical practices, and implant
designs.

" Least Absolute Shrinkage and Selection Operator (LASSO)
** Cox proportional hazard regression
iii
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Chapter 1: Introduction and literature review

Chapter 1 Introduction and literature review

1.1. Background and aims

Considerable variability exists in surgical practice and implant selection for patients
requiring elective hip arthroplasty. A multifaceted interplay of various factors influences
the choice of implants and surgical approaches. The complex and intricate variations
amongst patients, surgeons and units make it difficult to detect and compare the relative
outcomes for different patients (1). Data from national joint registries, despite their
observational nature and susceptibility to biases, continues to form a valuable source for
assessing safety and implant survival outcomes in arthroplasty (2-4). However, the
significant variation in reported outcomes across registries (2, 5-7), coupled with the
limitations of conventional statistical models and their linearity assumption (8-10), prompt
the need for further research into possible patterns and relationships and to mitigate some

of the confounding effects such as selection bias and confounding by indication (11).

Traditional statistical models have a limited ability to handle the intricacies of complex
datasets and are thus unable to address the unique characteristics of individual patients
more thoroughly. Modifiable factors by either patient or implant type selection and
surgical practice provides an important avenue to improve outcomes following primary
elective hip arthroplasty. For instance, an observational survival analysis study using the
National Joint Registry of England and Wales (NJR) between 2003 and 2011 for primary
elective total hip arthroplasty showed that the type of prosthesis is not related to a
significant change in mortality (12). However, a contrasting study using propensity score
matching techniques to minimise confounding by indication showed a protective risk for

hip resurfacing arthroplasty in comparison to cemented and cementless total hip

19



Chapter 1: Introduction and literature review

arthroplasty (THA) (13). Some of the observed protective exposures in registry data
analyses, such as the use of hip resurfacing arthroplasty (HRA) or unicompartemental
knee replacement (UKA), are reported to be difficult to interpret and arguably attributed
to a combination of patient selection factors and casual effects (14). This discrepancy
indicates that the variations in predictor factors used for inference testing in conventional

statistical models lead to diverse rates in forecasting and assessing outcomes of interest.

Machine learning techniques have the capability to address some of these challenges
through leveraging advanced predictive models and processing complex data patterns
whilst minimising confounding factors related to selection bias. The integration of the
fields of computing, statistics and hip replacement holds promise in enhancing the
predictive accuracy of outcomes and have the potential to empower patients and surgeons

in improving the shared decision-making process.

1.2. Osteoarthritis and the hip

Osteoarthritis (OA) is a degenerative joint condition affecting more than half a billion
people worldwide and is a leading cause for disability amongst older adults (15). OA
poses a significant public health challenge, and its 7% global prevalence is thought to be
underestimated due to variations in definitions, sampled populations and diagnostic

criteria (16-18).

In the hip, the point prevalence of radiographic hip OA in adults doubled between 1991
and 2018 (28% and 53%, respectively), whilst symptomatic hip OA remained around one-
third (36% and 30%, respectively) with higher figures for adults over the age of 75 (19, 20).
Several studies have investigated the prevalence of early hip OA using more sensitive

Magnetic Resonance Imaging (MRI) in asymptomatic individuals. They revealed the
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presence of labral tears in 69% of the joints (21), commonly associated with hip OA (22),
whilst high impact athletes exhibited findings consistent with early hip OA irrespective of

the presence of symptoms in over 50% of the screened hips (23).

At a cellular level, chondrocytes play a vital role in preserving cartilage structure and
orchestrate an equilibrium between anabolic and catabolic cellular signals. The harmony
is disrupted in OA pathogenesis favouring higher catabolic activity. This results in
subsequent inflammation, cartilage degradation and subchondral bone remodelling,
which is evident in radiographs by the appearances of osteophytes formation,
subchondral sclerosis and cysts (24). Oscillating levels of pain, stiffness and reduced
mobility constitute the predominant symptoms of hip osteoarthritis and depends on
several of intrinsic and extrinsic variables. These risk factors include increasing age,
female gender, high body mass index (BMI), family history, previous hip injuries,
congenital hip abnormality, joint malalignment, low and high intensity levels of physical
activity, overall health and diurnal variations (25, 26). A complex and enigmatic
correlation exists between hip symptoms and radiographic indicators of disease
progression with a proportion of individuals who remain pain-free despite severe

radiological OA findings (27-29).

That said, end-stage osteoarthritis requiring hip arthroplasty is on the rise. In the United
Kingdom, the number of primary total hip replacements (THA) increased by 3.35%
between 2018 (n = 94,936) and 2020 (n = 98,114) and is projected to further increase by
37.7% by the year 2060 (30). In the USA, the total annual count for THA increased from
370,770 in 2014 to projected figures of 498,000 in 2020 (exact number not reported) and
1,429,000 by the year 2040, indicating a rise from 2014 of approximately 34% and 284%,
respectively (31). The global burden of hip OA, as illustrated by these figures, underscores
the increasing need for strategies aimed at its prevention and management.
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1.3. Non-arthroplasty treatment for hip osteoarthritis

Referral criteria for hip replacement in the United Kingdom heavily relies on the Oxford
Hip Scores (OHS), and are set inappropriately low favouring cost over clinical-
effectiveness (32, 33). The National Institute of Clinical Excellence (NICE) recommends the
use of clinical assessments rather than severity scoring systems prior to patient referral to
specialist orthopaedics services (34). Amongst patients considered for hip arthroplasty by
a specialist surgeon, one-third to one-half are considered ineligible primarily due to not

meeting the OHS and pain thresholds indicated for hip replacement (35, 36).

Most hip osteoarthritis treatments aim to manage symptoms and slow disease progression
whilst hip arthroplasty is considered curative and reserved for end-stage disease (37).
Latest evidence-based guidelines suggest arthritis education and structured land-based
therapeutic exercise programmes as the core non-surgical treatment for hip OA, coupled
with strong conditional recommendations for mind-body exercise (such as Tai Chi or
Yoga), weight management (if BMI 230 kg/m?2), gait aids and/or non-steroidal anti-
inflammatory drugs (NSAIDs) (38, 39). There is only a weak evidence for the use of other
non-pharmacological therapies, such routine braces and orthotics, acupuncture,

electrotherapy, and manual therapy and thus these are not recommended by NICE (34).

With respect to pharmacological management analgesics, namely NSAIDs should be
offered only if needed and alongside non-pharmacological therapies, starting with topical
then oral if ineffective, whilst avoiding acetaminophen and weak opioids due to their
limited to no benefit (34, 38). Glucosamine and/or chondroitin, commonly used for knee
OA, have weak and inconsistent evidence to support their use to alleviate osteoarthritic

pain and are not endorsed for usage in the UK (34, 40-42).
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Intra-articular hip injections have witnessed a notable upsurge in their application for hip
osteoarthritis. Corticosteroid (CS) injections are recommended by NICE and the American
Academy of Orthopaedic Surgeons (AAOS) when other non-surgical treatment modalities
fail (34, 43). CS appears to variably ameliorate OA symptoms for up to ten weeks, however
almost 50% of patients were reported to require definitive surgical treatment within two
years (44-46). In contrast, injected hyaluronic acid exhibits a slower onset of action
compared to CS, and its effect on hip OA symptoms is less prominent, leading to its non-
recommendation by neither NICE nor AAOS (34, 43, 47, 48). The emerging field of
cartilage regeneration presents substances that have garnered significant interest such as
platelet-rich plasma (49, 50) and mesenchymal stem cells injections (51, 52). However,
there is currently limited high-quality evidence to support their use for symptomatic hip
osteoarthritis (53). Other promising novel injections that are being investigated include

bone marrow aspirate concentrate (BMAC) (54), NSAIDs (55, 56), and prolotherapy (57).

Hip preservation procedures and hip arthroscopy, such as osteochondroplasty and labral
repair/debridement, lack substantial evidence of effectiveness and are not recommended
by NICE for the management of hip OA (34). The evidence for hip arthroscopic repair for
patients with early femoroacetabular impingement (FAI) or chondro-labral lesions is
contradictory and mainly consists of case series (level 4 evidence) and methodological
limitations reporting varying levels of efficacy (58, 59). A meta-analysis of three RCTs of
three short-term patient-reported outcomes comparing hip arthroscopy to physical
therapy (PT) for symptomatic FAI showed superior outcomes favouring arthroscopy (60).
Nevertheless, several limitations hinder the generalisability of findings, some of which
are: the lack of blinding and availability of the minimal clinically important difference
(MCID) across the three studies, selection bias of individuals to participate, high crossover

between treatment groups and the error in treatment effect that was reported in one study.
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Another RCT comparing arthroscopic acetabular labral repair to PT in patients over 40
years of age reported superior outcomes at 12 months, however, their study had several
limitations including the lack of statistical power, high crossover to the PT treatment arm,
selection bias, and the loss to follow-up (61). A previous systematic review of eleven
studies reported a mean time conversion between hip arthroscopy and total hip
replacement to be 13.5 months (62), highlighting that hip arthroplasty remains the

procedure of choice for patients with symptomatic end-stage hip osteoarthritis.

1.4. Hip replacement

Initial attempts at developing hip arthroplasty were started in Germany by Themistocles
Gliick in 1891 who used ivory to replace osteonecrosis of the femoral heads that had been
caused by tuberculosis (63). Several failed attempts followed in the first half of 20th century
using glass and stainless steel materials (64, 65). The first metal-on-metal (MoM)
prosthesis was developed by English surgeon George McKee in 1953 using the cemented
Thompson femoral stems and cobalt-chromium acetabular cup, but this method was

abandoned in the 1970s due to metal particle-related complications (66, 67).

During the 1960s, Sir John Charnley devised the concept of low friction arthroplasty, the
cornerstone of modern total hip arthroplasty (THA), consisting of three elements: acrylic
bone cement, a metal femoral stem and a polyethylene acetabular component (68).
Charnley’s subsequent developments to his technique included the use of a smaller
femoral head size to reduce the risk of dislocation and increase the range of motion; the
use of ultrahigh molecular weight polyethylene (UHMWPE) bearing surfaces to minimise
the risks of osteolysis and aseptic loosening; and the introduction of poly-methyl-
methacrylate (PMMA) bone cement to improve fixation (66, 69). Overall, Charnley’s low-

friction THA showed survivorship of 77-86.5% at 25 years follow-up (70).
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Significant advancements to implant design, materials and bearing surfaces were
developed in the field of hip arthroplasty following Charnley’s principles. Trends shifting
fixation type from cemented to uncemented started in the 1970s in response to concerns
about “cement disease” (71), the introduction of ceramic-on-ceramic bearings in the 1980s,
and the refinement of ultra-high cross-linked polyethylene (UHXLPE) and other advanced
materials such as BIOLOX forte and delta implants during the 1990s (66). Fixation type in

primary hip arthroplasty is considered in more detail in Section 1.10.

On the other hand, hip resurfacing arthroplasty evolved in concurrence with development
of THR, building upon the pioneering work of Marius Smith-Petersen and the principle
of interposing a perishable barrier (64). Later, Gerard (72) and Michael Freeman (73)
developed the cemented MoM and metal-on-poly (MoP) techniques, while the Corin
group and Derek McMinn laid the groundwork for modern hip resurfacing arthroplasty
in the 1990s (66, 74). Novel implant advancements such as ceramic hip resurfacing
arthroplasty (75) are currently being evaluated. Analysis of the rationale, development
and results from total hip replacement and hip resurfacing arthroplasty are described in

Sections 1.5 and 1.6.

1.5. Total Hip Replacement

1.5.1. Indications

Whilst total hip arthroplasty was initially developed as a measure to treat trauma and
tubercular arthritis, primary hip osteoarthritis is the leading cause for THR nowadays.
When Sir John Charnley performed the first successful elective hip replacement in 1962 it
was to alleviate hip OA symptoms and was considered a procedure for the ‘elderly’. As

highlighted in previous sections, significant advancements in implant design and
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techniques coupled with a better understanding of complications and implant survival
rates led to the increasing incidences of THR worldwide for different patient groups. The
principal indications for total hip replacement include end-stage osteoarthritis and
idiopathic necrosis of the femoral head (AVN). Posttraumatic arthritis, metastatic
tumours, congenital hip abnormalities, and inflammatory arthritis rheumatoid arthritis
(RA) as well as ankylosing spondylitis (AS) are also indications for THR, albeit less
common (76). THR due to trauma is increasingly common, however, patient
characteristics have higher levels of osteoporosis, co-morbidities and pain by virtue of the
injury compared to OA patients (77, 78). Therefore, this thesis considers THR primarily in

terms of its use for OA and idiopathic necrosis.

Hip arthroplasty entails the implantation of an artificial prosthesis to replace a damaged
hip joint. The surgical procedure is broadly divided into two key components: the surgical
approach, which provides access the hip joint, and the surgical technique used to replace

the affected bone with the implant.

1.5.2. Surgical approach

When accessing the hip joint, several factors need to be considered including the nature
of surgery (elective versus trauma), patient’s age (adult or child), access requirement
(femur, acetabulum and/or pelvis), the positioning of the patient, and their anatomical
characteristics. Surgeon’s preference and expertise, operative time and postoperative
patient outcomes are also factors known to significantly influence the choice of surgical

approach to the hip joint (79).

The contemporary surgical principles aim to achieve optimal access to the femoral head
and acetabulum, reduce operative and bleeding time, minimise muscle and soft tissue

dissection, and lower the risks of complications such as dislocation, infection and
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neurovascular damage, while ensuring satisfactory postoperative pain management and
early mobilisation (80). The concept of ‘internerveous plane’ applies to hip exposure,
promoting the identification of a safe anatomical plane between adjacent nerves to reduce
the risk of nerve damage. Surgical approaches to the hip can be categorised into anterior,
lateral, posterior, medial, and combined, with medial approaches being rarely used due
to limited access to the femoral head and acetabulum (81). Several modifications to the
original approaches have been developed and are well chronicled in literature. The
following paragraphs discuss the most used surgical approaches: posterior, direct lateral,

direct anterior and anterolateral.

One of the prevailing techniques for total hip replacement is the posterior approach, which
is also the most widely used worldwide for total hip replacement (82), and was first
documented by Langenbeck and later modified by Kocher (83). The posterior approach
provides excellent exposure to the acetabulum and proximal femur and spares the
abductor mechanism during dissection allowing rapid postoperative rehabilitation.
However, it is associated with higher incidences of perioperative sciatic nerve damages

and postoperative dislocations and wound infection (79, 84-86).

The direct lateral approach, introduced by McFarland and Osborne (87) and later modified
by Hardinge (88), is the second most common approach for primary THA. This approach
provides extensive exposure of the proximal femur and acetabulum whist preserving
vascularity and therefore has a lower risk of nerve damage. However, it is associated with
a longer recovery time due to the dissection of the gluteal muscles, as well as, abductor
weakness and trochanteric complications, primarily non-union and heterotopic

ossification (80).
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The anterior approach, initially described by Smith-Petersen during his work on mold
glass arthroplasty (89), is commonly used for pelvic osteotomy, synovial biopsy and the
correction of congenital dislocations of the hip; it is also increasingly used for total hip
arthroplasty. A minimally invasive direct anterior approach (DAA) was developed in
1917, and showed promising results in terms of early recovery and lower morbidity (90-
94). Several studies compared postoperative outcomes of primary elective THA
comparing DAA to other surgical approaches and found reduced dislocation rates (85, 95,
96), better pain relief and functional recovery at 2 weeks postoperatively (97-101), with
dimensioning long-term functional advantages at one-year follow up in comparison to the
posterior approach (98, 99). Nonetheless, DAA remains a technically challenging
procedure with limited access to the femoral medullar canal, rendering it unpopular
among arthroplasty surgeons, and necessitates a substantial learning curve of

approximately 100 cases for the operative time to level off (102, 103).

Watson-Jones (104) developed the anterolateral approach in 1936 with the internervous
plane lying between the tensor fascia lata and the gluteus medius muscle, and this was
later modified by Mueller and Charnley (105, 106). It provides adequate exposure to the
femoral medullary canal with limited access of the acetabulum. The anterolateral
approach provides adequate stability with only low risks of hip dislocation and sciatic
nerve damage, merits similar to the DAA, but has a higher incidence of abductor muscle
weakness and superior gluteal nerve damage, similar to the direct lateral approach (80).
The plethora of surgical approaches used for hip arthroplasty enables a meticulous
selection process that allows for the careful consideration of the unique merits of each
approach, coupled with the surgeon’s skills and expertise, to cater to the specific needs of

the individual patient.
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1.5.3. Surgical technique

Upon incising the capsule, the hip joint is dislocated providing exposure to the
acetabulum and the proximal femur. Acetabular preparation involves reaming the
arthritic changes and reshaping the acetabulum to accommodate the acetabular
component, which is secured using cemented or press-fit (cementless) fixation with 20
degrees of anteversion. The femoral neck is carefully cut using an oscillating saw, about
1-2 centimeter above the lesser trochanter. The cancellous bone at the posterolateral corner
is removed using a small osteotome, commonly known as a Box Chisel, or bone nibbler,
to create an entry point with 5-10 degrees of anteversion. Two-sized T-handled rasps,
known as canal reamers, are then consecutively advanced in a posterolateral fashion
aimed towards the centre of the patella. Cancellous bone from the lateral femoral canal is
removed from Gruen Zones 1 and 2, using a Charnley curette. Various sized modular
broaches are then sequentially impacted into the medullary canal whilst applying direct
pressure posteriorly and laterally. Clinically, the final broach size should provide the
feeling of a ‘snug-fit’, aligning with the preoperative surgical plan and stem size template.
The femoral canal is then irrigated followed by the placement of the femoral stem implant
using either a cemented technique, with the cement restrictor inserted beforehand, or
through the cementless press-fit method (107, 108). Fixation type is considered in more

detail in Section 1.10.

1.5.4. Hip prosthesis zones

In view of the increased prevalence of osteolysis and loosening following THR in the
1970s, DeLee and Charnley (109) and Gruen et al. (110) established systems to classify the
radiolucent lines at the bone-prosthesis interface seen on the anteroposterior (AP) and
lateral views of radiographs. DeLee and Charnley classified the acetabular component on

AP radiographs into three parts: superior, middle, and inferior, whilst Gruen et al. divided
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the proximal femoral-prosthesis junction into seven anatomical “Gruen” zones from the

greater trochanter (zone 1) to the lesser trochanter (zone 7), as shown in Figure 1-1.
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Figure 1-1 Schematic illustration showing the location of Gruen zones

Duncan and Masri in 1995 devised the Vancouver classification to standardise the
reporting of femoral prosthesis complications, primarily femoral periprosthetic fractures
(FPPF) and implant loosening (111). This valid and reliable system distinguishes between
three types of FPPFs (A, B and C), taking into consideration fracture location relative to

the prosthesis, stability of fracture, and the surrounding bone stock (Figure 1-2) (112, 113).

'

Figure 1-2 Vancouver classification for periprosthetic femoral fractures (112)
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Vancouver A refers to fractures in the intertrochanteric area and can be subdivided into
Al - fracture of lesser trochanter, and Ag - fracture of greater trochanter. B cases are
diaphyseal fractures around or just below the femoral stem: B1 - stable stem, B2 - loose
stem, and B3 - loose stem associated with significant bone loss. Vancouver C are

diaphyseal fractures below the femoral prosthesis.

The literature and prevalence of femoral periprosthetic fracture are described in Chapters
6 and 7 whilst periprosthetic fracture risk during femoral press-fit broaching and

implantation is investigated in Part II of this thesis.

1.6. Hip Resurfacing Arthroplasty

1.6.1. Initial development

Hip resurfacing arthroplasty (HRA) remained unpopular until the early 1990s. The
advancements in understanding bearing surfaces and metal-on-metal (MoM) articulations
allowed trials of several implant design modifications. Wagner’s press-fit carbon cobalt
chrome Molybdenum design, trialled primarily on female patients with a history of
dysplasia, yielded a significant early revision rate (14.3%) due to loosening or fracture
(114). McMinn's cementless MoM cobalt chrome femoral component and acetabular shell
showed 8.6% revision rate at 54 months and around 63% survival at 16 years (74). Further
modifications to McMinn's design through the addition of hydroxyapatite (HA) at bearing
interfaces or cementation of both femoral and acetabular components led to similarly poor
implant failure outcomes (115). The final evolution of McMinn's design, the Birmingham
Hip Resurfacing method by Smith & Nephew in the 1990s, included a hybrid cemented
femoral stem and press-fit acetabular cup coated with HA and improved 10-year survival

to 92-96% (116-120).
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Harlan Amstutz, who is known for developing eccentric internal shells and developed
press-fit designs between the 1960s and 1980s, enhanced his HRA Conserve Plus implant
design in the USA and reported 88.5% survival at 10 years (121). The resurrection of HRA
in the early twenty-first century led a few manufacturers to introduce their own implants,
two examples are ASR by DePuy and Durom by Zimmer. Notable variations in implant
design and materials used contributed to contrasting outcomes and subsequently the
withdrawal of the implants due to the high failure rate, as reported in registry data (116,
122). The concept of hip resurfacing, then, received negative publicity and widespread
concerns emerged regarding early failures associated with the use of metal-on-metal
(MoM) bearing surfaces in HRA (123). Several reports documented adverse reactions to
metallic wear debris and increased incidence of soft tissue lesions, pseudotumour, in the
periprosthetic resurfaced hips and raised metal ion levels, also known as metallosis (124-
128). However, evidence shows excellent outcomes in carefully selected patients receiving
BHR and Conserve Plus prostheses with ten-year survival rates of 96.3% and 98.7%,

respectively (129, 130).

1.6.2. Patient selection and indication

Whilst total hip replacement offers excellent outcomes for patients with end-stage hip
osteoarthritis, its design arguably means that patients have a limited potential to return to
high-level physical activity, with additional risks of wear and revision surgery for young
patients (131, 132). HRA aims to mimic native anatomy and preserve bone stock, thus,
recreating patient’s normal gait and range of motion (133-135). However, patient selection
remains a topic of debate in the orthopaedics community with limited consensus on the
ideal patient to benefit from HRA. Several independent patient-reported factors were
reported to be associated with early failure in HRA including female gender, small

femoral head (of less than 50 mm), low bone mineral density and dysplastic hips (124).
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The Australian Orthopaedic Association National Joint Replacement Registry
(AOANJRR) reports higher revision rates for females under 55 years of age compared to
males (18.6% versus 4.6%) (7), figures echoed by the International Hip Resurfacing group
at 10 years (90% versus 99%) and 21 years (81.3% versus 92.5%) (136). Additionally, female
gender is thought to be compounded by the other three negative prognostic factors
mentioned above (124, 132, 137). Increasing femoral head size (>50 mm) was shown to be
associated with lower revision risk (cumulative revision risk at ten years: 44 mm size ~
20% versus 50 mm ~ 10%) (6), which is likely due to the stress shielding effect related to
the femoral peg static dimension of older HRA implant designs when implanted in

diminutive femoral necks (121, 122, 138).

Although there is no established bone mineral density (BMD) threshold for hip
resurfacing, biomechanical testing on cadaveric specimens showed that BMD below 0.65
g/cm? exhibits a higher risk of neck of femur fracture following HRA (139, 140). Similarly,
a series of 447 hips showed lower revision risk for HRA due to OA in comparison to
rheumatoid arthritis (RA) or avascular necrosis (AVN) (116, 130). Lastly, patients with
dysplastic hips, also known as developmental dysplasia of the hips (DDH), were shown
in the AOANJRR annual report to have an increased failure rate compared to primary hip
OA (16.3% versus 7.2%) (7), and is partly due to the shallow dysplastic morphology of the

femur and more inclined acetabulum (116).

Therefore, current evidence recommends the following patient-related factors for MoM

HRA:

e physically active male patients;
e below 55 years of age;

e diagnosis of primary hip osteoarthritis;
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e adequately sized femoral head (>55 mm); and

e no prior history of DDH or conditions of low BMD (such as AVN or RA).

In addition to the abovementioned implant- and patient-related factors, surgeons’
expertise is a key factor for HRA success and is associated with a steep learning curve
averaging a threshold of fifty cases for non-specialist hip surgeons, equating training for
six months in a high-volume centre, to minimise the risk of complications and enhance
patient reported outcomes (PROMs) (141). For experienced hip surgeons, the threshold to
avoid early complications was found to be twenty-five procedures (142). The use of
computer-assisted navigation systems is thought to further reduce the learning curve
(143), however, a recent study showed no additional value in terms of femoral implant

positioning and PROMs at one-year postoperatively (144).

1.6.3. Subsequent development of HRA

Given the ongoing concerns related to the MoM bearing surfaces and the associated soft
tissue metallic debris reactions, manufacturers’ interest to develop alternative bearings
has surged in recent years. In theory, the use of ceramic-on-ceramic (CoC) or metal-on-
polyethylene (MoP) may prevent the metallic reactions of MoM HRA and may extend its

application to female patients and those with smaller femoral head sizes (<50 mm).

Previous attempts at devising CoC HRA failed due to metallic debris, liner fracture or
accelerated wear of the ceramic femoral head coating (145, 146). At present, two novel
cementless CoC implant designs for HRA, H1 (Embody Orthopaedic; Imperial College
London, UK) and ReCerf (MatOrtho, UK), are being evaluated in clinical trials. The
current H1 prosthesis yields potential in mitigating the aforementioned risks through its
monobloc design, coated with HA and plasma-sprayed titanium, along with utilising

advanced ceramic material, BIOLOX delta.
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Similarly, the development of MoP bearing resurfacing has been incremental, with earlier
implants that used conventional polyethylene failing due to volumetric wear, neck of
femur fracture, osteolysis or femoral component aseptic loosening (132, 147, 148).
McMinn’s Polymotion hybrid implant (JointMedica, UK) comprises of a cemented metal
femoral head and a cementless highly cross-linked polyethylene (HXLPE) coated with
plasma-sprayed titanium acetabular component. Despite being in its early stages,
preliminary clinical findings of eighty-four patients are promising and reported only a
single incidence of head-neck junction lucency with no other documented complications

of revision, fracture, osteolysis or component migration (149).

1.7. Study of outcome in joint replacement

Implementation of evidence-based practice in arthroplasty is challenging and requires a
robust understanding of the different study designs, their susceptibility to bias, and the
interplay of various patient-, surgical- and implant-factors to guide clinical decisions. The
ability of a study to evaluate outcomes depends on the chosen design and the quality of
methods. The hierarchy of study designs based on their inherent susceptibility to bias and
confounding was initially described by the Canadian Task Force in 1979 (150). The Centre
for Evidence-Based Medicine in Oxford established the widely used levels of evidence

(151), which was later adapted by the orthopaedics community (Table 1-1) (152-154).
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Levels of evidence Type of studies
®
£
3 Level | High-quality randomised controlled study (RCT)
= Systematic review or meta-analysis of level 1 RCTs
g
o
g o Prospective cohort study (including computerised medical records)
_ 388 Levelll Poor-quality RCTs
g 3 =) Systematic review of level Il studies
§8¢
§ = g Case-control study
8§85 Lewlll Retrospective cohort study
TE g Systematic review of level Ill studies
< w
= Level IV Case series
Case report
Level V Expert opinion

Descriptive or
basic science

Descriptive studies with no control group
Animal or cadaver studies

Table 1-1 Levels of evidence in orthopaedics (152, 154)

Nevertheless, the choice of study design is influenced by external factors such as feasibility

of intervention, ethical considerations, time and financial cost. Advances in recent years

in data analytics, data mining and machine learning have fuelled new types of evidence,

broadening the contemporary levels-of-evidence hierarchy (155, 156). Furthermore,

examples of clinical adaptive retrospective trials in cancer research receiving regulatory

approvals have set precedents for achieving accurate conclusions quicker whilst avoiding

the lengthy process needed for standard prospective RCTs (157, 158).

Several study types are employed in this thesis, primarily levels II, III and V, and are

delved into throughout Chapters 3 to 9. This section provides a brief overview of the

different study designs used in orthopaedic studies whilst the outcome metrics used in

joint replacement are addressed in Section 1.8.
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1.7.1. Controlled studies

Randomised Controlled Trials (RCT), if well-conducted, remains the study of choice for
evidence-based practice. The processes of randomisation and blinding in RCTs address
issues related to systematic bias and eliminate the influence of confounding variables
(159). However, several barriers to implementing a rigorous RCT exist in surgical practice,
including ethical constraints; difficulties in randomisation and blinding to surgical
interventions partly attributed to patient preference and the lack of clinical equipoise; time

and financial cost; and external validity concerns related to heterogenous disease effect

(160).

Recent evidence indicates marked improvement in the design and methodological rigour
of clinical trials in orthopaedic surgery (161, 162). Though, these trials still face significant
challenges concerning complex recruitment pathways and logistical issues, with the
majority being conducted in expert centres (163). Similarly, the choice of outcome metrics
in joint replacements may present a substantial barrier to the implementation of clinical

trials (see Section 1.8).

Safety outcomes, such as mortality and implant failure, are common measures in
arthroplasty requiring a large number of patients and lengthy follow-ups to demonstrate
significant variations in implant selection. The growing emphasis on patient-centred
indicators is expected to further increase the adoption of RCTs. However, this shift also
necessitates careful attention to limiting bias related to the variability of subjective
measures and determining the minimal clinically important difference (MCID) for such

measures (164, 165).
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1.7.2. Observational studies

Whilst RCTs remain the gold-standard, observational studies form the vast majority of the
orthopaedics literature. Coupled with advancements in data analytics, they are influential
in joint arthroplasty guidelines (166). Observational studies encompass two main
categories: analytical (level II design: prospective cohort, level III designs: retrospective

case-control or cross-sectional), and descriptive (level IV design: case series).

The lack of randomisation and blinding in observational studies render them susceptible
to systemic bias and confounding factors. Systemic bias in observational studies often
relate to patient selection and data collection methods, reducing the generalisability of
findings. Confounders, on the other hand, hinder the internal validity and may lead to, if
not accounted for, distorted association between the exposure and dependent variables.
Strategies to minimise confounding effects include restriction by employing well-defined
inclusion criteria, matching techniques to control for confounding by indication, and
statistical control methods to adjust for the influence of confounders (167). Despite the use

of these methods, there may remain residual or unmeasured confounding (168).

Case series form the second pillar of observational studies, and the descriptive collection
of case reports involving patients with similar conditions or treatments are commonly
used to report rare adverse events. In arthroplasty, they commonly provide a source of
information on the safety and durability of newly approved implants. However, case
series lack the scientific rigour, are subject to observer bias and lack hypotheses and the

ability of inferential testing.

1.7.3. Joint Registries
The mission of national joint registries (NJR) is to monitor implant performance and

provide timely warnings through capturing longitudinal data on implants’ safety,
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effectiveness, and failure rates (169, 170). Joint registry studies are a subset of
observational studies (levels II or III) specifically focused on analysing the outcomes of

large numbers of patients who undergo joint-related procedures, primarily arthroplasty.

The Swedish Hip Arthroplasty Registry (SHAR) was founded in 1979 and is the world’s
first national hip register collecting data on primary hip arthroplasty. Three Nordic
countries subsequently followed the Swedish NJR movement; Finland (1980), Norway
(1987) and Denmark (1995) whilst Australia and the New Zealand both started collecting
data in 1999 (154). The establishment of the National Joint Registry for England and Wales

(NJR) took place in 2003, and is currently the largest orthopaedic registry in the world (6).

Advantages of NJR data include its large sample size of longitudinal observations
documented over extended periods, which in most cases can be linked to the mortality
register. NJR provides a valuable source for comparative effectiveness studies and health
economics research at a population-level across diverse demographic groups and regions.
Similarly, the large database incorporates diversity of patient selection, surgical
techniques, and implants, and thus allows the study of rare events and the ability to

conduct subgroups analyses.

However, it is important to note the limitations of NJR investigations and what they
cannot achieve. First and foremost, NJR studies are observational and hence may not
satisfy the Bradford Hill criteria in establishing causal inference (171) and are also subject
to the biases of observational studies discussed in Section 1.7.2. Most importantly, registry
databases were established for the purposes of implant safety surveillance, rather than
patient safety, using revision rate as a primary endpoint; the limitations of using this
outcome measure are discussed in Section 1.8. Despite improvements in data collection,

NJR data lacks detailed information on health co-morbidities and has substantive
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incomplete (or missing) data. Selection bias is another limitation, wherein only patients
eligible or receiving joint replacements are reported, which restricts the generalisability of

findings and may exacerbate disparity (172).

Part I of this thesis predicts and evaluates outcomes from the Swedish Hip Arthroplasty
Register (SHAR) with external validation analyses using the National Joint Registry (NJR)

for England and Wales; both are described in Chapter 2.

1.7.4. Laboratory studies

Unlike controlled trials and observational studies, laboratory studies serve as a foundation
for the development of new interventions but require clinical validation to translate
findings to patient care. They are particularly helpful to enhance the understanding of
certain outcomes whilst providing a path for bidirectional translation. Animal or
cadaveric studies often rely on controlled testing environments to manipulate factors that
affect the outcomes of interest. This provides a platform for hypothesis generation and
testing. However, the major drawback is their limited ability to directly translate findings
to real-life settings. Likewise, the tested specimens might not fully mimic living human
biological or physiological processes, thus minimising the generalisability of results.
Furthermore, laboratory studies are labour-intensive and cost-consuming whilst
demanding specialised expertise in the relevant disciplines to address the multifaceted

research questions.

Part II of this thesis consists of two biomechanical laboratory studies investigating bone
strain behaviour during femoral cementless fixation to generate an understanding of

periprosthetic femoral fracture pattern using synthetic and cadaveric study designs.
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1.8. Outcome metrics in joint replacement

National Joint Registries (NJRs) primarily focus on collecting measures related to the
monitoring of implant performance but lack data pertaining to the wider spectrum of
patient safety. Four levels of data can be collected by NJRs based on the type of
information collected (Figure 1-1), leading to classifying joint registries into a hierarchical

tier system (173, 174).

/\

\\
/evel (AN

/ Radiographic\

/

/ Level lll \\

/ Patient-reported outcomes (PROMs)
and quality of life (QoL) measures

Level Il
Patient factors: demographics and co-morbidities \\

Surgical factors: diagnosis, approach, technique, \
expertise, perioperative complications \

/ Implant factors: fixation, articulation, modification, size,
/ modularity

/ Level | \\

/ Patient identification, date of procedure, type of procedure, diagnosis, \
/ implant serial number and reference

Figure 1-3 Levels of data collected by NJRs

Level I data includes patient identifiers, diagnoses, and basic procedural data, which on
its own may permit the study of implant-specific revision rates. Level II data includes
additional information related to patient factors; demographics and co-morbidities,
surgical factors; surgical approach and technique, surgeon expertise and perioperative
complications, and implant factors; fixation type, articulation, modification, size and

modularity. Most NJRs rely on these two levels to evaluate associations including implant
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performance, perioperative complications and hard endpoints patient outcomes (implant

failure or mortality).

Patient-reported outcomes (PROMs) are considered level III data and can be used to assess
subjective outcomes following joint replacement such as symptoms, functional status and
satisfaction. PROMs data relies on patient input and hence are costly to collect and is
associated with a higher percentages of missing data points. Level IV data includes
radiographic information and can be used to study subclinical implant failure, implant
positioning, migration, alignment, and long-term wear and osteolysis. Collection of level
IV data requires extensive computational power and storage, compliance by units and
centres, as well as significant financial expenses, thus they are used less often (173). To
achieve a comprehensive understanding of arthroplasty performance, it is key to evaluate

a combination of relevant outcome measures.

1.8.1. Mortality

Surgical procedures, including joint replacements, carry a risk of postoperative death,
which is used as an endpoint measure. Postoperative death is defined as the occurrence
of patient death within a specified timeframe following a surgical procedure. In primary
elective hip arthroplasty, 90-day mortality risk is reportedly low ranging between 0.4%
(NJR) and 1.9% (SHAR) (5, 6). The rare occurrence of mortality, whilst paramount to aid
the clinical decision-making process, is difficult to detect a significant difference and

requires a large sample size particularly in the context of RCTs.

Kaplan-Meier (KM) estimates, and Cox proportional hazard regression are commonly
used to evaluate mortality outcomes. Kaplan-Meier estimates are used to represent the
cumulative survival curve whilst Cox regression analysis allow comparisons among

patients, procedures, and implants. However, KM’s non-informative censoring
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assumption implies that the probability of no-event is independent of survival time and

can lead to biased survival estimates if not adjusted for.

Similarly, Cox regression analyses assume linearity and constant hazard and that can be
misleading in cases of association between predictor factors and hazard rate over time.
Consider a hypothetical study comparing the survival rates of two types of hip
arthroplasty: total hip replacement and hip resurfacing arthroplasty. The Cox regression
assumptions mean that the hazard of mortality changes uniformly over time, masking
differences in hazard rates between the two interventions. Whilst in reality, each
intervention might have distinct hazard patterns. Newer statistical methods such as
penalty regularisation for non-essential variables may help differentiate the pertinent

factors affecting each intervention (175).

Finally, arthroplasty-related mortality may not be directly attributed to the intervention
itself but rather might be confounded by pre-existing medical conditions or surgeon and
anaesthetist expertise. Despite the importance of this crude measure as a safety outcome,

caution is required when interpreting the findings.

1.8.2. Implant survival

Whilst mortality measures holistically assess the safety of surgical interventions, implant
survival evaluates implant performance through the occurrence of re-do surgery.
Historically, implant survival has served as a principal endpoint metric in joint registries
and encompasses two fundamental metrics: re-operation and revision. Re-operation is
defined as any additional surgery to the joint, regardless of the actions taken to any of the
implant components (replaced, extracted or left untouched) whereas revision is defined
as a re-operation where at least one component (for example in the hip; femoral, liner or

acetabular components) is exchanged, extracted from or added to the prosthesis (169).

43



Chapter 1: Introduction and literature review

In primary hip replacement, cumulative revision risk ranges from 3% (NJR) to 8.8%
(SHAR) (169, 170). Similar to mortality metrics, revision outcomes in arthroplasty are
subject to deficiencies related to their relatively rare occurrence and the use of classical

statistical models discussed in the previous sub-section.

The use of revision rates as a sole endpoint has additional limitations. First of all, the
decision to reoperate is multifaceted and includes factors related to patient co-morbidities,
symptoms, satisfaction and functional outcomes; radiographic assessment; choice of
revision type; and surgeon and unit expertise, all of which are not captured in registry
datasets. Likewise, when compared to 1-year revision risk (8.24% in NJR) (6), previous
studies estimated that up to 20% of patients are not satisfied after their hip arthroplasty
(176). Taken together, survival analysis of the revision rates as a mean to establish implant

performance can lead to biased results.

Finally, censoring observations when the occurrence of death preceded a revision surgery
is interpreted as successful cases in terms of implant survival and may alter (or bias) the
precision of estimates. Whilst attempts to minimise this effect through competing-risk
analyses (“1 - Kaplan-Meier estimate”; using death as a competing risk for revision hip

arthroplasty), its use can be misleading and attenuate the probability of revision (177).

1.8.3. Measures of functional outcome

Level III data includes functional outcomes, which can be generic concentrating on quality
of life (QoL) and general well-being; condition-specific focusing on symptoms of a particular
disease; or more reliably a combination of the two (178). Likewise, reporting of functional
outcomes can be either patient-reported, observer-reported or both. However, this
method of data collection is costly and relies on patients” and assessors’ compliance and

hence is underreported in national registries (179, 180).
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General quality of life (QoL) instruments includes the European QoL 5-Dimensions (EQ-
5D), Short Form 12 (SF-12), Short Form 36 (SF-36) and the Visual Analogue Scale (VAS).
These tools use standardised questions to evaluate the individual’s physical and mental
wellbeing, pain, and functional levels. EQ-5D is composed of five domains in addition to
a separately recorded VAS (EQ-VAS) for general health. The domains are: mobility, self-
care, usual activities, pain/discomfort, and anxiety/depression, with each domain

divided into three severity levels.

SFE-36, and its shorter version SF-12, assess additional dimensions related to social and
emotional functioning and each generate into physical (PCS) and mental component
summary (MCS) scores. Whilst SF-12/36 scores range between 0 (worst) to 100 (best), EQ-
5D scores can be reported in two ways: health profile of domain scores or global index
weighted to health states ranging between -0.594 (state worse than death) to 1 (best
possible health state) (181, 182). VAS scales commonly range between 0 and 100 and can
be used as a generic score, as in EQ-VAS, or specifically to measure indicators such as pain
intensity, satisfaction and anxiety levels (181). All the above mentioned four scores have
demonstrated satisfactory validity, reliability, and sensitivity (183-187) and significant

agreement between instruments (188-190).

On the other hand, patient-reported outcome measures (PROMs) are specific and ask
questions to evaluate symptoms and function. For the hip, besides VAS-specific scales, the
most commonly used instruments include: the Harris Hip Score, the Charnley
classification, the Western Ontario and McMaster Universities Arthritis Index, and the
Oxford Hip Score. The Harris Hip Score (HHS) was developed in 1969 as a hip-specific
tool aimed to assess outcomes following hip procedures. HHS is a physician reported tool
consisting of ten questions across four domains: pain, function, absence of deformity and
range of motion (191). Despite its widespread use, its ceiling effects may lead to deficient
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discriminative ability to detect the minimal important difference (MID) in patients with
mild or severe hip conditions (192). On the other hand, the Charnley functional PROM
system, initially described by Sir John Charnley in the 1970s, assigns patients to one of
three categories using two patient-administered questions; A - unilateral hip disease; B -
bilateral hip disease; and C - multiple joint disease or major medical conditions hampering
mobility. Despite the reported inconsistencies in using the Charnley classification, it was
shown to be a robust predictor of PROMs and permits adjustments to varying

musculoskeletal co-morbidities (181, 193).

The Western Ontario and McMaster Universities Arthritis Index (WOMAC) was
developed in 1982 and is a valid and reliable osteoarthritis-specific index consisting of
twenty-four questions measuring symptoms related to hip and knee osteoarthritis across
three domains: pain, stiffness, and physical function (194-196). The WOMAC is widely
used to evaluate PROMs following total hip arthroplasty (197) but when compared to the
Oxford Hip Score (OHS, see below), the WOMAC had a lower effect size to detect changes
following THR and exhibited a diminished response rate partly attributed to its extensive

nature (198).

The OHS was introduced in the 1996 predominantly to evaluate PROMs changes in
clinical trials (199), and is the most commonly used hip procedure-specific instrument in
the United Kingdom (200). OHS uses a valid and reliable twelve-item questionnaire
related to pain and functional ability, each allocated a score between 0-4 (original scoring
0-5), with a summary score ranging between 0 (worst) to 48 (best) (201, 202). However,
Beard et al. identified the minimal important change (MIC) to be approximately 5 points
(A>10% from baseline) (203), with a recent study reporting MDC for observational cohort

studies to be 12.4 points (A >25% from baseline) highlighting its limited ability at detecting
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subtle changes over time (204). Table 1-2 summarises functional outcome measures used

in hip replacement.

Outcome measure Type Reported by  Range
EQ-5D General QoL Patient -0.594 -1
SF-36 General QoL Patient 0-100
SF-12 General QoL Patient 0-100
VAS General or specific Patient 0-100
Charnley Classification Hip Specific Patient AB,C
HHS Hip Specific Assessor 0-100
WOMAC OA Specific Patient 0-96
OHS OA and Hip Specific  Patient 0-48

Table 1-2 Key functional outcome instruments used in hip replacement

A qualitative study evaluated patients” perspective regarding the OHS (205). Whilst the
study had a limited degree of theoretical saturation and restricted capacity to generalise
the findings, the patients indicated that the OHS fell short in addressing crucial aspects
related to living with a hip replacement, primarily due to its narrow emphasis on

functional and physical health:

“I have a daughter who lives on the 4th floor, and I keep myself from visiting her because the
stairs are a nuisance for me. Alternatively, I must take pain medication before I go, and then it

sort of works when 1 get there, and then I can climb the stairs”

(Male, 67 years, preoperatively)

“The fact is that I really want to go for a walk but when I am done walking... then I am

completely worn out when I get home”

(Female, 71 years, 12 months postoperatively)
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Although PROMs provide added advantages over hard endpoint outcomes (such as
mortality and implant survival) in evaluating outcomes following orthopaedics
interventions, they are subject to confounding factors and ceiling effects. Fluctuations in
PROMs may be influenced by factors related to patients” age, overall health and other joint
pathologies (206, 207). A recent study investigated the use of the metabolic equivalent of
task (MET) score, a personalised numerical measure of physical activity, to overcome the
ceiling effect associated with conventional PROMs (208). Whilst further research is
required, the authors demonstrated additional gains beyond the maximum OHS score in
relatively young patients post-primary THR and HRA. Nevertheless, uncertainty remains

when attributing changes in PROMs to a particular intervention.

1.8.4. Objective measures

Objective measures refer to the consistent, valid, and reproducible data assessing a specific
phenomenon or outcome. For joint health, they represent level IV data and can be
primarily divided into radiological and biomechanical measures. Radiological assessment
following hip arthroplasty can be quantitative or qualitative, evaluating factors related to
prosthesis positioning, alignment, wear, and complications such as periprosthetic fracture

or loosening.

Whilst radiological measures allow for longitudinal tracking of structural changes and
treatment outcomes, they can be associated with significant costs and possible radiation
exposure risks, and they failed to capture information related to patient-reported and
functional outcomes. On the other hand, gait analysis measurements using wearable
sensors, motion capturing systems or treadmills, are able to quantify differences in gait
patterns pre- and post- hip arthroplasty (209-213). In contrast to the three other endpoint

outcomes (mortality, revision, and PROMs), radiological and gait data can serve as
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surrogate markers, thus, a comprehensive understanding of joint health requires a

harmonic integration of multiple outcome measures.

1.9. Factors affecting outcome in primary hip arthroplasty

A multifaceted interplay of various determinants influences the extent of outcomes
following arthroplasty and can be divided into three overarching domains: patient factors,
surgical factors, and implant-specific factors (Figure 1-2). An extensive body of research
exists in evaluating these domains for primary hip arthroplasty (12, 96, 214-217). A UK
NJR-study compared an exemplar hospital that uses a single type of total hip replacement
and is associated with higher survival rates with other hospitals in the country; and
showed “better than expected” implant performance is associated with implant selection
only (218). This alludes to the importance of modifiable implant factors to evaluate

survival outcomes.

Patient factors
Age
BMI
Co-morbidities
Gender
Hospital type

Surgical factors Implant factors
Indication Articulation
Procedure type Modification
Surgical approach Modularity
Fixation method / Resurfacing
Size

Figure 1-4 Factors affecting arthroplasty outcomes (216)
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1.9.1. Patient factors
The effects of patient characteristics on outcomes following total hip replacement are well-

chronicled in literature. Despite this, the effect size of each remains controversial.

1.9.1.1. Age

Increasing age is an established risk factor for premature mortality following THR (12,
219-223). The causes of perioperative death, despite adjustment for co-morbidities, are
varied and most commonly include ischemic heart, cerebrovascular, and pulmonary
disease, diabetes, cancer and multiorgan failure (223). Analyses of registry data from
Australia, Sweden and the United Kingdom reports inferior survival, and lower revision
risks, in elderly patients after primary hip replacement (5-7, 224, 225). Population-level
research suggests underlying aging physiological processes contribute to the increase in
mortality risk irrespective of disease history (226). In contrast, there is strong evidence to
suggest that youth predisposes to revision surgery, or multiple re-revision procedures,
following THR (227). This is partly due to the likelihood of exceeding the lifetime risk of

revision in younger patients (227, 228).

Evidence investigating the effect of age on functional outcomes is contrasting with some
studies reporting equal hip-specific and general QoL outcomes following THR (229-232)
whilst others favour greater benefits for the younger populations (181, 233-236). However,
variations in implant choice, functional outcome tools, timepoint of assessment, co-
morbidities (if not adjusted for) and dichotomisation of age into groups, are all factors that
might affect differences in functional outcome scores. Likewise, unrealistic young
patients” expectations may also diminish their postoperative PROMs after THR (237-239).

A recent study categorised age into three different groups and evaluated QoL (EQ-5D and
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SF-36) and hip-specific (WOMAC, HHS and HOOS®) measures whilst adjusting for
baseline activity levels up to five years following THR using the same implant (240). The
authors reported no difference in postoperative functional outcomes when accounting for
confounding factors. Nevertheless, conventional statistical models used in these studies
might overlook the intricate relationship among the varied patient-, surgical- and implant-

predictor factors.

1.9.1.2. Body Mass Index

The relationship between body mass index (BMI) and mortality after THR has yielded
inconclusive findings in the literature. Overweight, which is defined as a BMI > 25, was
found to have a protective effect trend on mortality outcomes, a term previously coined
as the obesity paradox (241, 242). Hunt et al.’s (12) analysis of modifiable perioperative
factors associated with 90-day mortality post primary hip replacement in the National
Joint Registry for England and Wales identified obesity as a protective factor in terms of
mortality (HR 0.76, 95% CI 0.62-0.92, p = 0.006). This trend was in agreement with
previous studies (243, 244), however, other authors found no significant association with
mortality (219, 245, 246). Huddleston et al. reported an increased risk of adverse events in
obese patients (OR 1.20, 95% CI 1.02-1.42, p < 0.032) but no statistically significant
association with mortality (247). Similarly, other retrospective studies reported varying
levels of positive associations between higher BMI classes and mortality risk; the Ontario
administrative health care database (n = 22,251, BMI > 45 kg/m?; RR 1.38 95% CI 1.18-1.62, p
=0.07) (248); the German healthcare insurance database (n = 131,576, BMI > 40 kg/m2 OR 1.8;
95% CI 1.3-2.6, p < 0.001) but no relationship for BMI levels between 30 and 39 kg/m?
(249); whilst a study using the South Korean National Health Insurance Service dataset (n =

3,627) reported that both overweight (BMI 25-29.9 kg/m?2; HR 2.0; 95% CI 1.0-4.0, p value

" Hip Disability and Osteoarthritis Outcome Score
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not reported) and underweight (BMI under 18.5 kg/m2; HR 2.3; 95% CI 1.1-4.9, p value
not reported) are associated with an increased mortality risk in THR (250). The latter, being
underweight, was demonstrated to have an eight times increased risk of two-year
mortality following total hip and knee replacements (251). Other authors found no
relationship between BMI categories and mortality risk after THR (n = 809, HR 1.06; 95%
CI 0.96-1.17, p = 0.25) (252). A recent meta-analysis of fifty-three heterogenous studies
showed no significant association between BMI and mortality from 30 days to 10 years
after primary elective hip arthroplasty (223). Obesity, however, is known to be associated
with longer operative time, bleeding risk, and the development of co-morbidities such as
coronary heart disease and hypertension which impact outcomes as discussed in the

following sub-sections (253-255).

With regards to implant failure outcomes, unlike mortality, there is sufficient evidence to
suggest increased risk of adverse events in patients with high BMI (256). Obese patients,
those with BMI > 30 kg/m2, were shown to have statistically significant higher
independent risks of infections, dislocations, re-operations, revisions and re-admissions
(255-260). On the other hand, there is a paucity of controversial evidence evaluating
postoperative outcomes for underweight patients undergoing THR, which can partly be
explained by the relatively low proportion of said patients. A recent study using a large
insurance claims database of over 50,000 patients in the United States matched
underweight patients to a control cohort of normal BMI and reported higher incidences of
revision, periprosthetic fractures and sepsis (261). This is in contrast to previous smaller-
scale studies describing a significant increase in length of stay and bleeding risk for
underweight patients but no statistically significant differences related to postoperative

complications (262, 263).

52



Chapter 1: Introduction and literature review

Functional outcomes for different BMI classes in the literature appear to favour no
significant long-term differences. A few studies reported lower pre- and post-operative
functional outcomes (using OHS, HHS, SF-36 and/or WOMAC) for obese versus non-
obese patients, however, no significant difference was noted in terms of the absolute gain
in functional scores (264-266). A meta-analysis of six prospective cohort studies on the
effect of obesity on outcomes following THR reported no difference in OHS (n=2, p =
0.60) and minimal non-significant difference for HHS (n = 6, p = 0.07) between the obese
and non-obese groups (255). Similar findings were recorded for short- to mid-term studies
using OHS and SF-12 (264, 267). Long-term studies with a minimum of ten-year follow up
showed no difference in functional outcomes, when evaluating a variety of OHS and HHS,
between high BMI and normal BMI patients (268-270). Most recently, a longitudinal nine-
year observational study noted no statistically significant differences in HHS and pain

scores at one- and five- year follow up post THR among any weight group (271).

1.9.1.3. Co-morbidities
Co-morbidities are generally represented by validated indices, such as the American
Society of Anaesthesiologists (ASA) risk score, Charlson Co-morbidity Index (CCI), and

Elixhauser Risk Score (ERS).

There is strong evidence to suggest increased risk of mortality for patients undergoing
primary THR with worse preoperative co-morbid status, particularly ASA/CCI >3 and a
higher Elixhauser score (219, 241, 244, 272-274). A history of cardiovascular disease or
moderate to severe liver disease are established risk factors and are reported to increase
the mortality risk by eight- and ten-fold, respectively (12, 275, 276). Other medical
conditions statistically significantly associated with increased 90-day mortality risk

following THR are: metastatic cancer (HR 3.14), congestive heart failure (HR 2.11),
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dementia (HR 2.04), renal disease (HR 1.98), psychosis (HR 1.85), cerebrovascular disease

(HR 1.40) and chronic pulmonary disease (HR 1.32) (245).

In contrast, the evidence regarding co-morbidity indices and revision risk is moderate. A
higher co-morbidity index was observed to be associated with a higher revision risk at
one- and five-year post THR, primarily due to peripheral vascular disorders, metastatic
cancer and psychosis, however, the limited number of patients with these conditions
reduced the generalisability of findings (277). This is in agreement with a meta-analysis
reporting higher incidences of revision in patients with high blood pressure (OR 1.11; 95%
CI 1.02 - 1.21) and liver disease (OR 1.96; 95% CI 1.16 - 3.30); and surgical site infections
mainly in patients with diabetes or liver disease (278). Nonetheless, there remains a need
for prospective clinical trials with a large sample size to adequately assess the severity of

co-morbid conditions on implant performance outcomes.

The effect of co-morbidity indices on pain and functional outcome changes appears to be
less important. Whilst higher levels of co-morbidities have worse levels of preoperative
and postoperative pain and functional scores related to primary elective THR, the relative
improvement from baseline status is similar across groups (ppain= 0.07, pons = 0.10) (279).
Other studies reported similar findings indicating that all patients, irrespective of their co-
morbidities status, have comparable improvements in pain scores, QoL and hip-specific
measures following THR (280, 281). Condition-specific analyses show worse
postoperative joint-specific (WOMAC) and QoL (SF-12) scores following total hip or knee
replacements in patients suffering from heart disease (ORwomac 1.24, ORsr.12 1.49), lung
disease (ORsr12 1.26), depression (ORwomac 1.69), or stroke (ORwomac 1.32) whilst
postoperative pain scores were not statistically significant in relation to co-morbidity

(278).
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1.9.1.4. Gender

Historically, male gender appeared to predispose to premature mortality following
primary elective THR (241). The NJR for England, Wales and Northern Ireland reports
higher short- and long-term mortality rates for men, whilst the AOANJRR and SHAR do
not publish mortality-specific gender comparisons. However, recent studies suggest
otherwise. A meta-analysis of fifty-three international studies of varying levels of
heterogeneity and risks of bias, showed no significant association between gender and
mortality risk following primary elective THR ranging from 30 days to 10 years (223). In
contrast, a retrospective study of 418,885 patients using the American College of Surgeons
National Surgical Quality Improvement database reported lower 30-day mortality risk for
men (OR 0.70; 95% CI 0.51-0.98; p < 0.03), but significantly increased risks of other adverse

events including re-admission, re-operation, wound infection and length of stay (282).

Despite this, there is established evidence discerning no difference between genders in
relation to implant survival for primary hip arthroplasty after adjusting for confounding
factors (227, 283-285). SHAR and AOANJRR report comparable cumulative percent
revision figures of primary hip arthroplasty, whilst the UK-NJR reports slightly higher,

but insignificant (227), risks for females from five years postoperatively onwards (5-7).

Female gender appears to be a predictor factor for worse postoperative pain in THA (286)
and lower preoperative functional scores (OHS and WOMAC) but equivalent, or greater,
functional improvement compared to males at one-year postoperatively, after adjusting
for baseline characteristics (181, 284, 287). Data from the Dutch Arthroplasty Register
shows similar conclusions with significantly higher postoperative functional

improvement in females as measured by OHS, EQ-5D, HOOS, and pain relief (288).
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1.9.2. Surgical factors

Several surgical factors have been shown to influence postoperative outcomes of total hip
arthroplasty including: surgical indication, preoperative planning, surgeon and unit
volume and expertise, and the choice of surgical approach (241, 289-293). However, some
of these factors are difficult to measure in NJRs and a recent study highlighted the
importance of implant selection, rather than surgeon or unit factors, in achieving better
than expected outcomes (218). The sub-sections below address the surgical factors

relevant to this thesis whilst implant factors are discussed in Section 1.9.3.

1.9.2.1. Surgical indication

Whilst total hip replacement (THR) is primarily used to treat end-stage osteoarthritis, it is
also used as treatment modality for other conditions such as inflammatory arthritis,
trauma, metastatic bone disease (MBD), and developmental dysplasia of the hip (DDH)

(see Section 1.5).

Postoperative outcomes vary depending on the surgical indication. For instance, THR due
to all-type inflammatory arthritis is associated with a three-fold increase in 90-day
mortality risk but has similar revision risks in comparison to osteoarthritic patients (294).
Specifically, patients with rheumatoid arthritis are more prone to postoperative
complications including revision, dislocation, and infection (295) whilst THR due to neck
of femur fractures are statistically associated with increased risks of major adverse events,

mortality, longer hospitalisation and intensive care unit (ICU) admission (296, 297).

There is a scarcity of evidence with regards to postoperative THR outcomes due to MBD
and DDH. In comparison to primary OA, THR due to DDH was shown to be associated

with a significantly longer operative time, length of hospitalisation, and need for blood
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transfusions, as well as a greater risk of complications, readmissions and re-operations,

albeit not significant (298).

1.9.2.2. Surgeon and unit

Several studies attempted to determine the effect of surgeon and hospital volume on
outcomes following THR (291, 299-303). However, the variations amongst healthcare
institutions, training programmes, and the lack of a uniform volumetric threshold of what
constitutes a low versus high volume, are all factors that may account for the observed

variations and hinder the generalisability of findings.

A meta-analysis of forty-two retrospective and two prospective studies from twelve
countries demonstrated superior outcomes following THR in high volume hospitals as
represented by statistically significant lower rates of surgical site infections, shorter length
of stay, and a lower 30-day to 1-year mortality risk and 90-day complications (291).
However, the lack of volume-thresholds and variations of effect size across studies

hampers the external validity of the findings.

Similar to other studies conducted in the United States (304-306), a recent nationwide
study using an inpatient American database of over five million patients undergoing
primary elective unilateral total hip or knee replacement between 2002 and 2011 found
lower risk-adjusted mortality and incidences of major complications following THR in
high-volume hospitals (303). Using the American Joint Replacement Registry data
between 2012 and 2020, Oakley et al.’s observation study on 4,447 patients showed no
significant differences in one-year postoperative functional outcomes, as measured by the
Hip Disability and Osteoarthritis Outcome Score (HOOS), in terms of surgeon volume (p
= 0.11) and unit volume (p = 0.22). However, failing to account for baseline characteristics

may have introduced bias to the outcomes (302). Once more, the variations in healthcare
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infrastructure in the United States, hospital settings and surgical practice impose

constraints on the broad applicability of results.

With regards to surgeon volume, a Canadian study using the Ontario health
administrative database of over 35,000 patients who received primary elective THR
between 2002 and 2009 showed that patients of surgeons who performed less than thirty-
five procedures in the year preceding index procedure had increased risks of dislocation
and revision (307). The absence of baseline data control for surgical approach, implant and
fixation types, coupled with the limitations of a regional database, constrain the

robustness of conclusions.

Surgeon experience was studied in an observational SHAR study that included ten
hospitals in western Sweden and showed similar outcomes in terms of one-year
postoperative functional improvements, pain relief and patient satisfaction following
THR if performed by a speciality-certified orthopaedic surgeon, irrespective of their years
in practice (292). Sayers et al. further analysed the effect of surgical volume and THR
revision risk using the NJR for England and Wales differentiating between-consultant and
within-consultant effects (308). Between-consultant was defined as a cross-sectional
comparison between the surgical volume of one consultant and another in the year prior
to the index procedure, and is confounded by unit-level factors, whilst within-consultant
was based on time-series analyses of an individual consultant comparing volume change
across time. Whilst the authors reported a strong near linear volume-revision reduction in
the revision risk between consultants, the lack of association within consultants mean that
changes to surgeon volume alone are unlikely to have a significant impact on THR

revision risk.
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1.9.2.3. Surgical approach

Whilst each surgical approach for primary THR is associated with a significant learning
curve, there is moderate-to-strong evidence to suggest comparable outcomes among the
most used surgical approaches (for more details see Section 1.5). These include the
posterior approach (PA), direct anterior approach (DAA), direct lateral approach (DLA),
minimally invasive (MIS-PA, MIS-DAA, and MIS-DLA), and supracapsular

percutaneously assisted THR.

A high-quality meta-analysis of sixty-three RCTs and 4,859 patients showed no
statistically significant differences in terms of hip score, QoL, pain score, length of stay,
bloods loss, and cup abduction and anteversion angles among all surgical approaches
when compared to PA, however, there was a longer operative time, with the exception of
DLA which had smaller improvements in hip score (309). Although the authors rated the
certainty of evidence based on risk of bias assessment, imprecision, heterogeneity and
publication bias, the intrinsic variations in implant selection and in surgical expertise and

volume may have skewed the results.

Similarly, Koster et al.’s meta-analysis of eight RCTs and three prospective observational
studies compared different surgical approaches for THR to dislocation risk and again
showed no statistical significance among all approaches (310). It is noteworthy that the
limited number of RCTs assessing the dislocation risk for DAA used in the study prompt
the need for further research in the field. In contrast, a population-level retrospective
cohort study of 5,986 propensity-score matched patients who underwent THR in Ontario,
Canada, found a small but statistically significant increased risk of one-year major surgical
complications for DAA (HR 2.07; 95% CI 1.48-2.88) when compared to PA or DLA;

infection (HR 3.27), dislocation (HR 2.63) and revision (HR 1.75) (311).
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Blom et al. used the UK NJR to investigate the effect of surgical approach on revision,
mortality and PROMs outcomes following primary elective THR (293). Though the
authors showed no clinically significant differences in terms of PROMs among groups,
lateral approaches were associated with worse death and revision outcomes when
compared to PA. There remains a need for prospective clinical trials to investigate the
effect of surgical approach on THR outcomes whilst adjusting for patient characteristics,

surgeon factors (learning curve, experience and volume), and implant choice.

1.9.3. Implant factors

In THR, implant factors tend to have a higher modifiable influence on outcomes than
patient or surgical factors. In the United Kingdom, the “Getting It Right First Time”
(GIRFT) programme aimed to minimise the unwarranted variations in outcomes across
the publicly-funded National Health Service (NHS), particularly in elective orthopaedic
services, prompting the need to learn from ‘optimal’ performance (312, 313). An
observational NJR study highlighted that implant choice alone, rather than surgical or unit
factors, is responsible for achieving superior outcomes following primary elective THR
(218). In the United States, on the other hand, where patients and healthcare insurance
programmes are primarily responsible for covering healthcare-associated expenses, cost

appears to be a key factor driving implant choice (314, 315).

THR implant design principal differences include: modular (unconstrained) versus
monoblock (constrained) components; articulation surfaces (such as MoM, MoP, ceramic);
components size; resurfacing versus THR; and fixation type (cemented, cementless or
hybrid). The latter forms a substantial part of this thesis and is elaborated on in the

following two sub-sections.
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Modular THR implants were designed to correct anatomical reconstruction and allow
intraoperative flexibility in adjusting the implant’s position, angle, offset and size. Limited
studies assessed the effect of modularity alone on postoperative outcomes. Whilst
modular implants were reported to have some increase in risks of wear, osteolysis, and
implant failure compared to monoblock, the literature is poor and prospective trials are

needed (316-318).

Articulation surfaces are broadly divided into four main categories based on materials
used for femoral head and acetabular bearing surface: metal-on-metal (MoM), metal-on-
polyethylene (MoP), ceramic-on-polyethylene (CoP), and ceramic-on-ceramic (CoC).
Observational registry studies suggest that MoM implants are associated with a higher
failure rate when compared to MoP (319). However, the choice of implant recorded in
large datasets is likely to due to patient characteristics introducing bias to between-
implant comparisons. A systematic review and a meta-analysis of RCTs both reported no
difference in survivorship, clinical outcomes and PROMs between MoM and other bearing
surfaces (320, 321). However, MoM was associated with a statistically significant higher
levels of ions whilst bearings containing conventional polyethylene had worse outcomes
in terms of implant performance, PROMs and wear levels. On the other hand, registry
data suggests that the use of CoP bearings improve implant survival, when compared to
MoP (170, 228), a finding that was echoed in the previously mentioned meta-analysis (320,
321). A network meta-analysis of RCTs using implant combination selection in THR found
that [MoM + small head size + cemented fixation] combination and HRA increased
revision risk when compared to [MoP + small head + cemented fixation] combination
(322). CoP combinations, on the other hand, had superior functional HHS outcomes with
no difference in outcomes regarding the use of conventional polyethylene materials.

However, the lack of long-term survivorship data in RCTs, and the limitations related to
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data heterogeneity and calculated treatment effects, as well as the inability to control for
patient characteristics using meta-regression models may all limit the certainty in

findings.

Femoral head sizes in THR typically range from 22.25 mm to 50 mm in diameter. Similar
to modularity, only a few RCTs studies compared the effect of different head sizes of
varied bearing surfaces on dislocation outcomes after THR, primarily due to the large
number of patients needed to detect a statistically significant difference of a rare
occurrence. Four out of five RCTs reported no significant difference in revision risk based
on head size (320, 323). Howe et al.’s powered RCT found a significant difference in
dislocation incidence between 36 mm and 26 mm MoP at one-year following primary
THR, thus favouring 36 mm heads (324). The use of larger sizes has increased in recent
years with several arthroplasty registries reporting that 32 mm and 36 mm femoral head
sizes are now most commonly used (325). Larger head sizes allow for a trade-off between
increased stability and decreased THR survivorship. Based on the available evidence, the

below conclusions can be drawn:

e <32 mm femoral head sizes appear to have increased risk of dislocation and lower
volumetric wear and frictional torque in MoP;

e 32 mm MoP heads tend to improve implant survivability whilst CoP seem to be
safer for larger implants; and

e > 36 mm head sizes: there is no sufficient evidence to support superior functional
or range of motion benefits, however, > 36 mm heads have a lower risk of revision

due to dislocation (325).

It is argued, however, that restoring the anatomical femoral head size (~ 55 mm in males

and ~ 48 mm in females), commonly used for HRA, achieve better functional outcomes
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(326, 327). In terms of hip resurfacing arthroplasty, the debate is ongoing regarding
postoperative outcomes compared to THR. Observational studies using a variety of
statistical methods, such as propensity score matching and survival analysis, and
adjustments for patient characteristics and confounding factors, report lower mortality
risk for HRA in comparison to THR (12, 13, 328). Despite statistically significant adjusted
differences between resurfacing and other THR implants for mortality outcome (p =
0.012), some authors have attributed this decreased risk to patient selection bias, rather

than causal effect, where younger active patients receive the intervention (12, 14).

On the other hand, the AOANJRR and NJR for England and Wales report higher rates of
revision for HRA in comparison to THR (6, 7). Observational studies using NJR reports
similar revision risks for MoM HRA in males but significantly reduced implant
survivorship in females, likely due to greater risks of osteoporosis and metal debris (319).
This is in agreement with a network meta-analysis of fifteen RCTs, which found
statistically significant increased revision risk for HRA compared to [MoP + small head +
cemented fixation] combination (HR 10.38; 95% CI 2.32 - 49.40) (322). In contrast, a recent
meta-analysis of eighteen RCTs comparing HRA to THR mostly found no statistically
significant differences in the risks of revision, complications, and metal ion levels,
however, HRA was significantly associated with less blood loss and longer operative time
(329). The limitations of using revision as an endpoint outcome when making comparisons
between implants include different revision thresholds, ease of revision and censoring

observation bias (see Section 1.8 for more details).

There is a misconstrual of evidence regarding functional outcomes following HRA in
comparison to THR. Whilst some studies reported no significant functional advantages of
HRA over THR, they often failed to measure activity-specific measures (322, 329-331). A
cohort of patients from the SHAR who had undergone MoM HRA and conventional THR
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was randomly selected for one-to-one matching. These patients were then requested to fill
out PROM questionnaires at a seven-year follow-up interval (332). The study found
superior hip function outcomes, particularly in the function of sport and recreation
domains. This is in agreement with other studies reporting superior outcomes for HRA
including: better functional outcomes; earlier return to sport; restoration of native hip
biomechanics; decreased proximal femoral stress shielding; and recreating patients’
normal gait and range of movement (133-135, 333-335). Therefore, high-quality RCTs are

required to evaluate functional and activity-specific measures for HRA.

1.9.4. Summary

While an extensive body of literature delineates patient-, surgical- and implant-specific
factors contributing to different outcomes following THR, the increasing complexity of
data and the interplay among these factors require the application of advanced analytical
methods. The application of machine learning (ML) techniques may offer a different
perspective and enhance our understanding of this intricate landscape. Chapters 3, 5 and
6 apply ML models and compare their predictive ability to logistic regression methods

whilst providing insights into the factors driving these predictions.

Most conclusions made regarding patient factors are often taken from survival studies
examining implant performance and are not particularly designed to answer these
questions. For instance, delving into the potential associations between varying BMI
classes and surgical indications and their implications for mortality and revision risks
raises the question of whether predictive models may unravel intricate patterns. Chapter

4 uses ML-survival models to identify determinants of death and revision post THR.

Whilst limited modifications can be made to patient factors in the short-term, there is still

the question of whether there are any implant-specific factors that may allow us to
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optimise postoperative outcomes. Chapter 7 uses propensity-score matching techniques
to compare outcomes between cemented and cementless THR (Sections 1.10 and 1.11
discuss the effect of different fixation methods in THR). Chapters 8 and 9 use a
biomechanical approach to understand bone strain behaviour during femoral cementless

broaching and seating, in an attempt to minimise fracture risk and enhance the fixation.

1.10. Fixation in joint replacement

Aseptic loosening is the leading cause for implant failure in joint replacements and in
THR, accounting for 13.2% and 24.6% of first-time revisions in the SHAR and NJR for
England and Wales, respectively (5, 6). Therefore, achieving a long-term stable bone-
implant fixation continues to present a formidable challenge for surgeons and implant

designers.

1.10.1. Cemented fixation
Themistocles Gliick was among the first surgeons to introduce the concept of cementation
in arthroplasty in the 1880s, however, its construct is credited to Sir John Charnley using

polymethylmethacrylate (PMMA) bone cement in the 1960s (336).

The use of cemented fixation in THR varies across countries, with uncemented fixation
now becoming the primary method used in the majority of countries. In the United
Kingdom, cemented fixation halved between 2006 (40.3%) and 2021 (21.8%), whilst all-
cementless and hybrid (cemented femoral stem and uncemented cup) fixation methods
increased by nearly 2.5 times, and were the most common method of fixation between
2021 and 2022 (cementless202! 35.4%; hybrid202t 38.1%) (6). In Sweden, the use of all-
cemented fixation in THR declined from 90% in 2000 to 50% in 2020, however, it remained

the most common method of fixation in 2021. On the other hand, all-cementless fixation
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witnessed a steady increase during the previous two decades (2000: 2.4%; 2020: 32%),
whilst hybrid and reverse hybrid (cementless stem, cemented cup) fixations formed equal
portions of the remaining percentage (8% each) with no HRAs reported in 2021 (5). In
Australia, on the other hand, figures from 2021 show that well over 95% of THR are
implanted using cementless (61.6%) or hybrid (36.3%) fixations, with a steady decline in

the use of cement since 2003 (~15% in 2003 to 2.1% in 2021) (7).

1.10.2. Cementless fixation

Prior to the widespread adoption of cement and Charnley’s concept of low friction
arthroplasty, uncemented implants were the prevailing choice in joint replacements. In
the late 1950s, McKee and Watson-Farrar used an all-cementless implant on forty patients
with hip disability and reported 51 % fair clinic results (337). On the other hand, Charnley’s
cemented THR showed mean survival of 84.7% and 74.3% at 15-year and 20-year
postoperatively, respectively (338). However, the outcomes of other prosthesis were
markedly poor, primarily due to loosening that was observed in over a third of the cases
(339), which was at that time attributed to the use of cement, then termed “cement disease”
(340). Other concerns of cemented implants included: cement properties prone to lysis and
destruction (341); the high prevalence of macrophages and giant cells in post-mortem
studies (106); and increased mortality risk associated with cement use (1). This led to the
resurgence of cementless fixation in the early 1970s with Muller devising the “Self-

Locking” anchorage in 1977 (342).

Two principal mechanisms support anchoring cementless implants to the bone: the
interlock system and osseointegration. Primary stability is manifested through the press-
fit of the prosthesis into the bone whilst long-term fixation is facilitated using a surface
coating to promote bone-implant adherence, also known as osseointegration. Historically,
cementless implants had a smooth surface solely relying on the self-locking system to
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achieve primary stability and was associated with poor implant survival outcomes (343).
Advancements in implant engineering allowed the development of coating materials that
promote bone ingrowth into a porous surface of approximately 100 - 200 pm for maximal
growth, or ongrowth onto an outer coarse surface (340). In addition to these coatings,
bioactive materials such as hydroxyapatite (HA) and tricalcium phosphate (TCP) are used
to promote osteoconductivity, in other words, to support bone growth and formation
through stimulating cell adhesion, and the proliferation and formation of the bone

extracellular matrix (344).

1.11. Fixation in Total Hip Replacement

The evidence regarding the effect of fixation on postoperative THR outcomes is
contentious and appears to favour cementless fixation for superior safety whilst cemented

implants tend to have lower risks of revision and periprosthetic fracture.

A nationwide observational registry study using the SHAR on 170,413 patients using KM
survival analyses between 1992 and 2007 identified that uncemented implants for THR
are inferior in terms of survivability in comparison to cemented implants (345). This was
primarily due to the loosening of uncemented cups but the overall better performance of
cementless fermoral stems, which had a lower risk of aseptic loosening but an eight-fold
increased risk of occult periprosthetic fractures in the first two years postoperatively.
However, cementless implants formed only 8,953 (5.54%) of the overall analyses and the
group was heterogenous with ten implant designs accounting for over 90% of all
uncemented implants. In the United States, Chen et al.’s study of twenty-eight states
included 447,902 eligible patients (92.14% cementless) and showed a higher rate of
periprosthetic fractures in cementless implants but lower risks of death and readmission

when compared to cemented fixation during the years 2016 and 2017 (346). Once again,
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the significant discrepancy between groups coupled with the inclusion of only 60% of the
US population hinder the internal and external validity of findings. Zhang et al. reviewed
evidence from five international joint registries that have more than a five-year follow up
(Australia, England and Wales, New Zealand, Norway, and Sweden) as well as available
RCTs at the time, and concluded that cemented fixation survived better in the elderly
population whilst uncemented fixation is associated with an overall better long-term
survivorship in younger patients (347). However, functional and QoL measures were not
considered. Furthermore, a study matched 178,784 SHAR individuals who underwent
either cemented or cementless fixation for total hip arthroplasty (146,818 cemented) with
862,294 unexposed individuals from the general population using Statistics Sweden,
based on age, gender, and residence, and evaluated the 90-day mortality risk following
THR (348). The study found a statistically significant increased adjusted risk of death up
to fourteen days for the cemented cohort compared with controls (adjusted HR 1.3, 95%
CI 1.11 to 1.44), but not in the cementless-control groups (adjusted HR 0.4, 95% CI 0.09 to
1.65). Similarly, an increased risk of death was found in the hybrid group (cemented
femoral component), but without reaching statistical significance, leading the authors to
propose that cemented femoral, but not acetabular, fixation is likely associated with higher

incidences of thromboembolic events.

Corten et al.’s RCT evaluated long-term re-operation outcomes following cemented or
uncemented primary elective THR (349). The authors reported for the remaining ninety-
three patients (original sample 250, loss to follow-up = 157) superior implant survivorship
for cementless THR (n = 52/93) from the ten-year follow-up term (p = 0.020). On the other
hand, six other RCTs reported no statistically significant differences in short-term
outcomes, up to five years, between the two fixation groups (320). A network meta-

analysis of fifteen RCTs using [MoP + small head size + cemented fixation] implant
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combination as a reference group identified cemented fixation in [MoM + small head size
+ cemented fixation] combination to have increased short- and long-term revision risks

but no statistically significant difference for cementless implant groupings (322).

Whilst the debate continues regarding the effect of fixation methods on postoperative
outcomes, it is clear that the results are multifactorial encompassing unmeasured
variables, such as surgical technique and experience, and require a personalised decision-

making approach to improve patients” outcomes (350).

1.12. Machine learning and predictive modelling

Machine learning (ML) techniques can effectively handle complex and non-linear data
patterns whilst minimising confounding factors related to selection bias, which are
challenging for traditional statistical models such as logistic regression (9). In terms of
predictive accuracy, several studies have demonstrated the superior power of ML in
healthcare over traditional risk stratification approaches (351-356). Such models can scale
horizontally across varied computing environments, preventing performance

degradation across iterative cycles.

Unlike traditional statistics, ML algorithms do not rely on strict assumptions or
hypotheses (357). They possess the capability to perform feature engineering by
automatically identifying relevant features from high-dimensional datasets and
uncovering hidden patterns. This approach provides less biased insights into the
underlying drivers of the raw data (357). The implementation of ML models offers the
advantage of providing adaptable and personalised recommendations, making them
suitable for the dynamic data distributions and implant advancements in hip arthroplasty

(358).
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1.13. Declaration of interests

The focus of this thesis is hip replacement outcomes with an engineering focus on
cementless short stem femoral implant. Studies on joint replacement are often supported
by the manufacturers of these implants. The department where this research was
conducted receives partial funding from industry grants, and charitable funds from the
Michael Uren Foundation. The principal supervisor of this thesis has patents and stocks
(and stock options) for Embody Orthopaedic Limited, and previously Additive
Instruments Limited. The co-supervisor is from an engineering background and has
multiple crossovers with the industry was part of the design team for the two companies.
The latter, Additive Instruments Limited, was recently acquired by Smith & Nephew

Limited.

The author of this thesis was enrolled as a PhD student at the Department of Surgery and
Cancer at Imperial College London and received a fully funded President’s PhD
scholarship, which includes tuition fees, monthly stipends and modest research
consumables. Research consumables beyond that was provided by the charitable funds
available to the principal supervisor. JRI provided the instruments and implants used
during the biomechanical testing for Part II of this thesis. None of the funding bodies had
any input into the design, development, analysis or write up of this work nor any control

over the decision to disseminate the findings in the form of presentations or publications.

1.14. Scope and structure of thesis

The aim of this thesis was initially to evaluate the binary discriminative ability of different
interpretable machine learning models in predicting post-operative outcomes in primary

elective THR, and to delineate the patient, surgical, and implant-design factors that
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improve health-related quality of life measures and reduce failures (re-operation, revision,
periprosthetic femoral fracture necessitating re-do procedures, and mortality). Findings
from these evaluations shaped the efforts to provide practical applications to minimise
periprosthetic fracture risks associated with cementless femoral implants, providing
bidirectional research translation from the bedside back to the bench. By understanding
both aspects, this thesis aim to enhance the predictability and outcomes of THR

procedures. The structure of the thesis is outlined below.

In Chapter 3, interpretable predictive models for mortality and implant failure risk are
evaluated using two national joint registries: the Swedish Hip Arthroplasty Register
(SHAR), and the National Joint Registry for England and Wales. This represents the largest
and most comprehensive analysis to date. Multiple predictor factors are used to train the
algorithms and the outcomes were evaluated at various endpoints ranging between thirty
days and five years post-operatively. Insights from these models, whilst clinically
relevant, are not subject to inferential testing assumptions. Therefore, Chapter 4 will seek
identify the determinants predisposing to poor outcomes using machine learning-selected
variables, which applies a penalty to the coefficients and shrinks others towards zero, and
Cox proportional hazard regression survival models, followed by multivariate analyses

of these features.

Chapter 5 concerns the forecasting of meaningful short-term improvements in the health-
related quality of life measures after primary THR using the SHAR. Similar to Chapter 3,
the key features behind the internal decision making for the top performing machine

learning algorithms are highlighted.

In view of the findings in Section 1.11 and the findings in Chapters 3 and 4, high revision

rates, particularly in the short-term, appear to be associated with cementless implants.
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Chapters 6 and 7 concerns delineating a specific reason for implant failure, periprosthetic
femoral fracture (PPFF), in the SHAR. Like Chapter 5, Chapter 6 will develop machine
learning models that forecast the risk of PPFF necessitating a re-do procedure and identify
the predictors of femoral fractures from a machine learning perspective. Chapter 7 will
examine the effect of cementless fixation on mortality, revision and periprosthetic femoral
fracture using the SHAR. Patients receiving each fixation method for primary THR are
closely matched using propensity score techniques to minimise confounding by

indication.

Building on the findings gained from the evaluations in Part I, the two major studies in
the second part of this thesis use a biomechanical lens to understand the optimal surgical
approach to seat cementless femoral stems to reduce the risk of periprosthetic fracture
whilst ensuring sufficient bone-stem fixation. Part II investigates the effect of three
different energy levels on bone strain behaviour, femoral fracture risk, and implant
fixation to the bone during cementless short-stem femoral broaching and implant seating.
Chapter 8 will use a digital image correlation technique and a validated rig that accounts
for soft tissue compliance to measure strain behaviour in the proximal femur using
synthetic bones of low and normal mineral densities. Chapter 9 will further test these
findings in cadaveric “healthy bone” specimens using rosette strain gauges, providing

guidance for further bench-side experiments in the field.
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Chapter 2 Data and machine learning methods

2.1. Introduction

The research studies included in this thesis use several data sources. This chapter describes
the datasets, initial processing and cleaning of datasets, classification of variables and the
generic machine learning methods used. Each subsequent chapter has a specific
methodology and the statistical inference and machine learning methods for the analyses
are described. The biomechanical studies (Chapters 8 and 9) build on emerging findings
from the machine learning studies. Throughout Chapters 3 to 7, all data cleaning,
statistical and machine learning analyses are performed using R statistical computing
environment version 4.3.0 (R Core Team, 2016. R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL

https:/ /www.R-project.org/), unless stated otherwise.

2.2. The Swedish Arthroplasty Register

2.2.1. Background

The Swedish Hip Arthroplasty Register (SHAR), founded in 1979, was the world’s first
national hip register collecting data on primary hip arthroplasty to provide information
on quality and implant safety. The Swedish Arthroplasty Register (SAR) was formed in
2021, replacing SHAR by merging SHAR with the Swedish Knee Arthroplasty Register,
including hemiarthroplasties and knee osteotomies. SAR describes its aim as being “to
maintain a continuous follow-up of the health care quality, contribute to improvement

work and research to gain knowledge and give the patients the best possible care”(169).
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The SAR now contains data from over half a million primary hip replacements as well as
approximately 92,000 hip arthroplasty re-operations (5). Data are reported in several ways
and primarily communicated to the public in the form of an annual report. The data are
also reported online with filtering options (https://slr.registercentrum.se/) and are
available to healthcare professionals and provide implant suppliers with special access to
reports on inserted implants (https:/ /krh.registercentrum.se/). The register has extensive
research involvement and collaborates with researchers around the word; requests for

accessing SAR data for the purposes of research are considered by the SAR steering group.

2.2.2. Data collection

The SAR collects data on patients” demographics, arthroplasty procedures and patient
reported outcome measures (PROMs). Data are collected by several health care
professionals using standardised forms as well as patients using a PROM-questionnaire
and are entered into the register web portal at a county/unit level. Data related to primary
and re-operation hip arthroplasty are collected for all nationwide public and private

hospitals in Sweden and report to the register with an estimate completeness of 98%(169).

2.2.3. Data extract

Release of data for the purposes of this study was approved by the SHAR Steering group
on 12th December 2019 (Appendix 1, A1l.1). One extract was produced containing all
records of primary hip replacement, hip hemiarthroplasty, re-operation hip replacement
with linked mortality, re-operation, and PROM data. The extract contained patients’
demographics and operative and component-level data that allowed for the detailed
analyses of patient, surgical, and implant factors. Given the low level of data completeness
prior to the year 2000, the extract covered the period between January 2000 and August

2018.
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2.2.4. Data cleaning and initial processing

The main extract contained records for 442,546 hips. Prior to conducting data cleansing,
numerous variables within the dataset exhibited missing values, indicating the presence
of empty or null values. Data were imported into R Statistical Programming and coded.
All cases performed for patients below the age of 18 years old after data cleaning (131
observations), and with a diagnosis of trauma, tumour, and non-osteoarthritic

degenerative conditions were removed.

2.2.4.1. Data cleaning

All variables were assessed for missing data. Body Mass Index (BMI) or American Society
of Anaesthesiologists (ASA) Classification had a low level of completeness before year
2008 (>50% missing data). In order to mitigate the impact of extensive missing data, the
choice was made to exclude the records with missing values. After exclusion of cases
where the register lacks data for certain variables, the cleaned dataset contained 154,595
primary hip arthroplasty procedures. The statistical summary for the processed data is

shown in table 2-1.

Swedish Hip Arthroplasty Register

Number of operations 154,595
Age at surgery, mean (SD) 67.9 (10.6)
Sex (Male) 66,868 (43.3%)
Body Mass Index (BMI)
Underweight 1,191 (0.8%)
Normal 48,037 (31.1%)
Overweight 66,408 (43.0%)
Obesity Class | 29,757 (19.2%)
Obesity Class I 7,647 (4.9%)
Obesity Class Il 1,555 (1.0%)
ASA grade
1 36,826 (23.8%)
2 92,076 (59.6%)
3+ 25,693 (16.6%)
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Side (Right) 70,000 (45.3%)

Unit type

University Hospital

12,244 (7.9%)

County Hospital

47,052 (30.4%)

Rural Hospital

60,254 (39.0%)

Private Hospital

(
(
(
(

35,045 (22.7%)

Pre-operative Diagnosis

Primary arthrosis 141,412 (91.5%)
Inflammatory 1,962 (1.3%)
Childhood dx 3,256 (2.1%)
Idiopathic necrosis 3,741 (2.4%)
Secondary arthrosis 4,097 (2.7%)
Other 127 (0.1%)
Incision type
Posterior 83,146 (53.8%)
Direct lateral 70,924 (45.9%)
Direct anterior 324 (0.2%)
Trochanteric 173 (0.1%)
Other 12 (0.0%)

Prosthesis group

Cemented 95,490 (61.8%)

Cementless 33,479 (21.7%)

Hybrid 5,030 (3.3%)

Reverse hybrid 19,528 (12.6%)

Resurfacing 1,068 (0.7%)
Cement type

High viscosity with antibiotic 55,195 (35.7%)

Low viscosity with antibiotic 876 (0.6%)

High viscosity without antibiotic 58,915 (38.1%)

Low viscosity without antibiotic 11(0.0%)

Cementless, hybrid or resurfacing 39,577 (25.6%)
Cup fixation

Cemented 115,020 (74.4%)

Cementless 39,575 (25.6%)
Cup resurfacing 1,528 (1.0%)
Cup modularity (Monoblock) 115,818 (74.9%)
Cup articulation

Metal (standard) 235 (0.2%)

Metal (resurfacing) 1,531 (1.0%)
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Ceramic 637 (0.4%)

Dual mobility (monoblock) 1,278 (0.8%)
Dual mobility (modular) 5(0.0%)

Poly (standard) 44,116 (28.5%)
Poly (x-link) 106,628 (69.0%)
Unclear 165 (0.1%)

Cup modification

Standard 100,836 (65.2%)
Liped 12,319 (8.0%)
Dual articular 1,146 (0.7%)
Constrained 10 (0.0%)
Unclear 40,284 (26.1%)
Cup inner diameter, mean (SD) 31.49 (3.05)

Stem fixation

Cemented 101,585 (65.7%)

Cementless 53,010 (34.3%)
Stem resurfacing 1,068 (0.7%)
Stem modularity (Modular) 153,466 (99.3%)
Stem articulation

Metal 127,730 (82.6%)

Ceramic 25,766 (16.7%)

Unclear 1,099 (0.7%)
Femoral head size, mean (SD) 31.49 (3.03)
Outcomes

Death 15,177 (9.8%)

Re-operation 7,049 (4.5%)

Revision 5,179 (3.3%)

Table 2-1 Baseline characteristics of the SHAR extract after data cleaning without PROMs
2.2.4.2. Data Classification

In total, the structured dataset included twenty-one variables: six patient variables (age,
gender, BMI, ASA, side of operation, and the type of hospital), four surgical variables
(diagnosis group, incision type, prosthesis group, and cement type), and eleven implant-
specific variables which were each subdivided into six cup variables and five femoral

variables (fixation, resurfacing, articulation, modular or monoblock, and implant size; in
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addition to the sixth cup-related variable “modification”). Each variable is described and

summarised in more detail in Appendix 2.

2.2.4.3. Linkage

The SHAR dataset provides information on mortality, causes, and time to event (re-
operation, revision and/or death). The Tax Office maintains a record of death dates, which
are periodically synchronised with the SHAR and other government databases. Therefore,

linking SHAR to national statistics data was not required.

2.3. The National Joint Registry for England and Wales

2.3.1. Background

The establishment of the National Joint Registry for England and Wales (NJR) took place
in 2002, and data collection commenced the following year. The stated mission of the
organisation is “to collect and analyse high quality and relevant data about joint

replacement surgery in order to provide timely warnings of issues relating to patient

safety” (170).

The NJR now is the largest orthopaedic registry in the world with over 3.7 million joint
replacement procedure records submitted (170). Similar to the SHAR, data are
disseminated through multiple channels. The primary mode of reporting NJR data is
through an annual clinical report. NJR feedback services provide access to different
stakeholders including implant manufacturers to access component-level data (supplier
feedback), surgeons to access their own real-time data online (clinician feedback), and
consultant-level and senior management reports to provide information on lead surgeons and

price benchmarking figures (consultant feedback and management feedback) (359). For
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research purposes, data can be made available upon request, and such requests are

evaluated by the NJR research sub-committee.

2.3.2. Data collection

Standard forms are used to collect data for primary and revision hip replacements with
separate consent forms provided by the patient pre-operatively. Data entry onto the NJR
database is done via an online platform by staff at each individual NHS and private
hospital in England and Wales, and since 2013, Northern Ireland has been added. Cases

from England, Wales, and Northern Ireland are included.

2.3.3. Data extract

The NJR Research Sub-committee declined to release the data for the purposes of this
study in 2019. A collaboration with the University of Sheffield, and the NJR research team,
was successfully established in 2021. The author of this thesis worked closely with the
research team at Sheffield to externally validate the SHAR-developed machine learning
algorithms. As per the collaborating team, a single combined extract containing all records
of primary hip replacements with linked mortality and revision data as well as
component-level data were released to them by the NJR. Data extracted were from the

start of 2009 through to August 2018.

2.3.4. Data cleaning and initial processing

The main extract contained records for 1,141,014 hips. Data cleaning and initial processing
followed the same methodological steps utilised for the SHAR extract. Prior to conducting
data cleansing, numerous variables within the dataset exhibited missing values, indicating
the presence of empty or null values. Data were imported into Python’s Statistics

Programming and coded. All cases performed for patients below the age of 18 years old,
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and with a diagnosis of trauma, tumour, and non-osteoarthritic degenerative conditions

were removed.

2.3.4.1. Data cleaning

Similar to the SHAR, all variables were assessed for missing data. Body Mass Index (BMI)
or American Society of Anaesthesiologists (ASA) Classification had a low level of
completeness before year 2008 (>50% missing data). To mitigate the impact of extensive
missing data and replicate the methodology used for the SHAR data extract, missing
values records were removed. After exclusion of cases, the cleaned dataset contained
355,933 primary hip arthroplasty procedures. The statistical summary for the processed

data is shown in table 2-2.

National Joint Registry

Number of operations 355,933
Sex (Male) 141,677 (39.8%)
Body Mass Index (BMI)

Underweight 2,561 (0.7%)
Normal 68,072 (19.1%)
Overweight 139,731 (39.2%)
Obesity Class | 95,078 (26.7%)
Obesity Class Il 37,332 (10.5%)
Obesity Class Il 13,159 (3.7%)
ASA grade
1 45,247 (12.7%)
2 247,372 (69.5%)
3+ 63,314 (17.8%)
Side (Right) 197,009 (55.3%)
Unit type
University Hospital 56,863 (16%)

Public Hospital

221,759 (62.3%)

Private Hospital

77,311 (21.7%)

Pre-operative Diagnosis

Primary arthrosis 335,665 (94.3%)
Inflammatory 3,506 (1.0%)
Childhood dx 5,288 (1.5%)
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Idiopathic necrosis 8,455 (2.4%)
Secondary arthrosis 416 (0.1%)
Other 2,603 (0.7%)
Incision type
Posterior 243,953 (68.5%)
Direct lateral 100,284 (28.2%)
Direct anterior 111 (0.0%)
Trochanteric 517 (0.2%)
Other 11,068 (3.1%)

Prosthesis group

Cemented 116,130 (32.6%)
Cementless 141,901 (39.9%)
Hybrid 85,877 (24.1%)
Reverse hybrid 11,975 (3.4%)
Resurfacing 50 (0.0%)
Cement type
High viscosity with antibiotic 209,686 (58.9%)
Low viscosity with antibiotic 1,320 (0.4%)
High viscosity without antibiotic 3,026 (0.9%)

Cementless 141,901 (39.8%)
Cup fixation
Cemented 128,105 (36%)
Cementless 227,828 (64%)
Cup resurfacing 50 (0.0%)
Cup modularity (Monoblock)
Monoblock 127,173 (35.7%)
Other 228,760 (64.3%)

Cup articulation

Metal 2,165 (0.6%)
Ceramic 50,673 (14.2%)
Dual mobility 1,677 (0.5%)
Poly (standard) 169,136 (47.5%)
Poly (x-link) 132,232 (37.2%)
Stem fixation

Cemented 202,043 (56.8%)
Cementless 153,890 (43.2%)

Stem articulation

Metal

221,640 (62.3%)

Ceramic

134,293 (37.7%)
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Outcomes
Death 26,395 (7.4%)
Revision 5,195 (1.5%)

Table 2-2 Baseline characteristics of the NJR extract after data cleaning

2.3.4.2. Data Classification

Like the SHAR data classification, the structured dataset included twenty-one variables:
six patient variables (age, gender, BMI, ASA, operation side, and unit type), four surgical
variables (diagnosis group, incision type, prosthesis group, and cement type), and eleven
implant-specific variables which were each subdivided into six cup variables and five
femoral variables (fixation, resurfacing, articulation, modular or monoblock, and implant
size; in addition to the sixth cup-related variable “modification”). Each variable is

described and summarised in more detail in Appendix 2.

2.3.4.3. Linkage

The NJR data extract was linked to the Hospital Episode Statistics (HES), which provides
information on mortality. Data linkage was provided by the NJR research team with

access provided to the University of Sheffield’s team.

2.4. Hospital Episode Statistics

2.4.1. Background and data collection

Hospital Episode Statistics (HES), founded in 1989, is a data repository containing details
about hospital admissions, outpatient appointments and emergency department
attendances in the NHS in England (360). HES include episode-level data on private
patients treated in NHS hospitals and care delivered by treatment centres funded by the
NHS, meaning that each patient may have multiple HES records. NHS trusts are
responsible for collating, coding, and incorporating data onto the HES database using

patient notes and discharge summaries. HES is managed by NHS Digital with data
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including demographics (age and gender), diagnosis, procedure codes, length of stay,

admission status, discharge details and mortality.

2.4.2. Data extract and linkage
The NJR data extract was linked to the Hospital Episode Statistics (HES), which provides
information on mortality. Data linkage was provided by the NJR research team with

access provided to the University of Sheffield’s team.

2.5. Safety and Implant Failure Outcome Measures

Outcomes of hip joint replacement can be divided into safety outcomes, such as mortality
and morbidity rates related to the operation, and implant failure outcomes such as rates
of re-operation and revision surgery (361). The key outcome measures were the occurrence
of death, re-operation, revision, and periprosthetic fracture that required a revision
procedure, within a number of time intervals. Machine learning predictive models for
mortality and revision were developed on the SHAR dataset (80%), internally validated
(20%) and then externally validated using the NJR dataset. For the occurrences of re-
operation and periprosthetic fracture requiring revision surgery, the machine learning

models were only internally validated using the SHAR dataset for pragmatic reasons.

2.5.1. Mortality

In both the SHAR and NJR registry datasets, the term "mortality" refers to the occurrence
and recording of deaths and includes information such as the date of death within a
specified population or cohort, in this instance, patients who underwent hip arthroplasty.
The SHAR dataset is periodically synchronised with the Swedish Tax Office whilst the
NJR dataset needed to be linked to HES to maintain a record of death dates. For mortality,

we considered deaths within 30 days, 60 days, 90 days and 1 year as separate outcomes.
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We limited our predictive models for mortality to the one-year period since mortality

beyond that timeframe can potentially be influenced by confounding factors.

2.5.2. Revision and Re-operation

In the SHAR, re-operation is defined as any additional surgery to the hip, regardless of
the actions taken to any of the implant components (replaced, extracted, or left untouched)
whereas revision is defined as a re-operation where at least one component is exchanged,
extracted from or added to the prosthesis. Similar definitions are used in the NJR dataset.
For re-operations and revisions, we considered operations performed within the first 6

months, 1 year, 2 years, 5 years and 10 years as separate outcomes of interest.

2.5.3. Periprosthetic Fracture

Periprosthetic fracture necessitating revision surgery is a specific subset of revision
outcomes within the SHAR, where the prosthesis undergoes modification by exchanging,
extracting, or adding at least one component due to the occurrence of a periprosthetic
fracture. In this study, our outcome variable was defined as the occurrence of a revision
surgery conducted between thirty days and one-year following the primary procedure,

specifically attributed to a periprosthetic fracture.

2.6. Patient Reported Outcome Measures

2.6.1. Background

Although the development of registry data predominantly revolves around the capturing
and analysis of adverse events and complications arising from surgical procedures, the
systematic evaluation of quality outcome data was influenced by the Darzi review of
‘High Quality Care for All" in 2008 (362). The report emphasises the necessity of delivering
high-quality care to all patients, and one of the initial steps towards achieving this is
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through the systematic collection of Patient Reported Outcome Measures (PROMs) for
commonly performed elective procedures. In the United Kingdom, PROMs for hip and
knee arthroplasty commenced in April 2009 with the addition of varicose vein and groin
hernia repair postoperative PROMs. The latter two phased out in 2017 in efforts to

orchestrate a balance between cost-effectiveness and utility at a population-level (363).

SHAR commenced the inclusion of PROMs in 2002 as a pilot project and the programme
progressively expanded to encompass all Swedish healthcare facilities performing total
hip replacements. PROMs are collected in the form of self-administered protocols
comprising the EQ-5D instrument, the Charnley class categorisation and visual analogue
scales for pain and satisfaction with complete pre- and post-operative questionnaires
(181). In this study, PROMs predictive models are developed and internally validated
using the SHAR dataset. For pragmatic reasons, there was no external validation using

the NJR for England and Wales.

2.6.2. Data collection

PROMs data in the SHAR are completed by patients using a self-administered ten-item
questionnaire pre-operatively and at one, six, and ten years post-operatively, including
Charnley’s functional categories (A, B, and C) (106, 364), a visual analogue scale (VAS) for
pain, and the generic EQ-5D measurement (365). The preoperative questionnaire has been
adapted to a valid and reliable internet-based application to minimise the risk of
systematic errors; however, pen-and-paper questionnaires are still in-use based on
individual unit's and patients’ preferences. Post-operative questionnaires are sent to
patients via postal mail with enclosed return envelopes, followed by a single reminder

after eight weeks (181).
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In 2011, the SHAR adopted the addition of VAS Satisfaction, which addresses patient
satisfaction with the outcome of the hip arthroplasty procedure and is obtained in the
postoperative PROMs questionnaires. VAS Satisfaction was shown to be a valid PROM

reflecting patients’ experiences and correlated with the different EQ-5D dimensions (181).

2.6.3. Data linkage and cleaning

All the SHAR extracted records were linked to PROMs. Data since 2008, when PROMs
were reported to the SHAR on a national basis, were included. Cases with missing either
pre- or post-operative EQ-5D index, EQ-VAS values or Charnley classifications were
removed. 82,526 hips were therefore available for analysis. The statistical summary for the

processed data is shown in Table 2-3.

Swedish Hip Arthroplasty Register

Number of operations 82,526
Age at surgery, mean (SD) 68.02 (10.2)
Sex (Male) 35,689 (43.2%)
Body Mass Index (BMI)
Underweight 581 (0.7%)
Normal 25,818 (31.3%)
Overweight 36,070 (43.7%)
Obesity Class | 15,402 (18.7%)
Obesity Class I 3,879 (4.7%)
Obesity Class Il 776 (0.9%)
ASA grade
1 21,147 (25.6%)
2 49,531 (60.0%)
3+ 11,848 (14.4%)
Side (Right) 37,179 (45.1%)
Unit type
University Hospital 6,267 (7.6%)
County Hospital 26,558 (32.2%)
Rural Hospital 32,789 (39.7%)
Private Hospital 16,912 (20.5%)

Pre-operative Diagnosis
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Primary arthrosis 76,458 (92.6%)
Inflammatory 1,108 (1.3%)
Childhood dx 1,664 (2.0%)
Idiopathic necrosis 1,529 (1.9%)
Secondary arthrosis 1,730 (2.1%)
Other 37 (0.0%)
Incision type
Posterior 43,577 (52.8%)
Direct lateral 38,588 (46.8%)
Direct anterior 237 (0.3%)
Trochanteric 112 (0.1%)
Other 10 (0.0%)
Prosthesis group
Cemented 54,258 (65.7%)
Cementless 15,048 (18.2%)
Hybrid 1,873 (2.3%)
Reverse hybrid 10,585 (12.8%)
Resurfacing 762 (0.9%)
Cement type
High viscosity with antibiotic 31,367 (38.0%)
Low viscosity with antibiotic 740 (0.9%)
High viscosity without antibiotic 32,715 (39.6%)
Low viscosity without antibiotic 6 (0.0%)

Cementless, hybrid or resurfacing

17,683 (21.4%)

Cup fixation
Cemented 64,843 (78.6%)
Cementless 17,683 (21.4%)

Cup resurfacing

1,034 (1.3%)

Cup modularity (Monoblock) 65,808 (79.7%)
Cup articulation
Metal (standard) 179 (0.2%)
Metal (resurfacing) 1,034 (1.3%)
Ceramic 408 (0.5%)
Dual mobility (monoblock) 300 (0.4%)
Dual mobility (modular) 0(0.0%)
Poly (standard) 31,364 (38.0%)
Poly (x-link) 49,153 (59.6%)
Unclear 88 (0.1%)

Cup modification
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Standard 54,275 (65.8%)
Liped 9,671 (11.7%)
Dual articular 278 (0.3%)
Constrained 4(0.0%)
Unclear 18,298 (22.2%)
Cup inner diameter, mean (SD) 31.20 (3.30)
Stem fixation
Cemented 56,893 (68.9%)
Cementless 25,633 (31.1%)
Stem resurfacing 762 (0.9%)

Stem modularity (Modular)

81,721 (99.0%)

Stem articulation

Metal 69,316 (84.0%)

Ceramic 12,431 (15.1%)

Unclear 779 (0.9%)
Femoral head size, mean (SD) 31.20 (3.28)
Pre-operative Charnley Classification

A 39,627 (48.0%)

B 10,026 (12.1%)

C 32,873 (39.8%)
Post-operative Charnley Classification

A 39,729 (48.1%)

B 8,373 (10.1%)

C 34,424 (41.7%)
Pre-operative PROMs

EQ-5D, median (IQR) 0.58 (0.59)

EQ-VAS, mean (SD) 56.0 (22.38)
Post-operative one-year PROMs

EQ-5D, median (IQR) 0.80 (0.30)

EQ-VAS, median (IQR) 80 (25)

Outcomes

EQ-5D index, SRM threshold (Improved)

54,734 (66.3%

EQ-5D index, paired threshold (Improved)

32,890 (39.9%

EQ-VAS (Improved)

Combined (paired EQ-5D and EQ-VAS)

25,849 (31.3%

Combined (SRM EQ-5D and EQ-VAS)

( )
( )
57,064 (69.1%)
( )
42,653 (51.7%)
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2.7. Personal contribution to data collection and analysis

As outlined in Section 2.2, a substantial portion of the data utilised in this study was
sourced from the SHAR and the NJR for England and Wales. Access to the NJR for
England and Wales was declined in 2019 and thus we obtained access to the SHAR dataset
through a formal request and collaboration with the Swedish Hip Arthroplasty Register
and the academic team at the University of Gothenburg. In order to validate our SHAR-
based machine learning models, we collaborated with the academic team at the University

of Sheffield who had access to the NJR dataset linked with HES data.

All analyses of the SHAR data were performed by the author of this thesis. External
validation of our machine learning models using the NJR dataset was performed by a
member of the academic team at the University of Sheffield in close collaboration with the

author of this work.
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Results, Part One:
Machine Learning & Outcomes following
Primary Hip Arthroplasty
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Chapter 3 Predicting mortality and failure outcomes in primary hip

arthroplasty

3.1. Introduction

Considerable variability exists in clinical practice and implant selection for patients with
hip osteoarthritis requiring arthroplasty. The relative outcomes of each, and their
suitability for different patients, can be difficult to detect because of variation amongst
patients, surgeons, and units. Careful evaluation of major adverse events plays a pivotal
role in the shared decision-making process, with significant implications regarding the

choice of optimal implants and surgical factors (1).

Outcomes of hip joint replacement can be divided into safety outcomes, such as mortality
and morbidity rates related to the operation, implant failure outcomes such as rates of re-
operation and revision surgeries, functional outcomes including range of motion and
physical activity levels, and satisfaction and patient reported outcomes (361). Although
the rates of death, re-operation, and revision following THR are low, it is expected that the
incidence of primary THR may see over a 200% increase during the next decade (366),
increasing substantially also the social and economic impacts of adverse outcomes.
Therefore, novel tools for minimising unnecessary risks and optimising treatment

outcomes are needed.

In order to predict outcomes following THR, observational datasets are usually analysed
using multivariable regression models. From a clinical perspective, the lack of objective
metrics of joint health and disease and of prospective outcome data for many surgical

treatments, enables surgeons’ selection and treatment biases to persist. This coupled with
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the poor accuracy of surgeons in predicting patient outcomes (31, 367, 368) and the lack of
consensus on optimal management strategies, especially for common conditions like
osteoarthritis, prompt the need for large unbiased data and the use of targeted artificial
intelligence (Al) systems. To this aim, machine learning (ML) predictive models offer an
alternative which have the potential to better forecast future events, while accounting for
a large number of predictor variables and their potentially complex and non-linear
interactions (9). Several studies have demonstrated the superior predictive accuracy of ML

in healthcare over traditional risk stratification approaches (351-356).

The aim of this chapter is to develop novel ML-based risk prediction models integrating
patient, surgical, and implant features and compare their predictive accuracy to
traditional statistical linear models, using large datasets from the Swedish Hip
Arthroplasty Register and the National Joint Registry for England and Wales. Multiple
outcomes will be predicted to accurately assess the effectiveness of different algorithms,
including mortality, re-operation and revision events at multiple time points ranging from
30 days to 10 years. ML models for mortality, re-operation and revision are internally
validated using the SHAR, and ML models for mortality and revision are also externally
validated using the NJR. The subsequent chapter, Chapter 4, employs advanced ML
inference testing techniques to elucidate the machine learning models and identify the
factors that contribute to the outcomes. Chapter 5 evaluates the use of machine learning
models in predicting Patient Reported Outcome Measures (PROMs) following primary
hip arthroplasty. Chapters 6 and 7 develop machine learning models to predict revision
risk due to periprosthetic fractures and investigate the effect of implant fixation on

periprosthetic fracture outcomes using propensity score matching techniques.
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3.2. Methods

3.2.1. Data sources

Chapter 2 provides a comprehensive description of the three data sources utilised in this
study, including information on data collection, processing, and linkage. Whilst data
extract from the SHAR is since 2000, NJR/HES linked data extract for the external
validation are since 2009. Therefore, this study is in two parts; the first part uses the SHAR
dataset to develop and internally validate the machine learning algorithms in predicting
safety and implant failure outcomes (mortality, revision and re-operation), and the second
uses NJR/HES linked data to externally validate the algorithms for each outcome. Table

3-1 represents the variables used in each dataset.
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SHAR NJR HES
Age Age Age
Gender Gender Gender
Patient BMI BMI
factors ASA grade ASA grade
Side of operation Side of operation
Hospital type Unit type Unit type
Operation type Operation type Procedure type
Diagnosis group Diagnosis group Length of stay
Surgical Incision type Incision type
factors
Prothesis group Prosthesis group
Cement type Cement type
Fixation Fixation
Resurfacing Resurfacing
Cup Articulation Articulation
implant
factors Modular or Monoblock Modular or Monoblock
Inner diameter Inner diameter
Modification Modification
Fixation Fixation
Femoral Stem resurfacing Stem resurfacing
implant
factors Articulation Articulation
Head size Head size
30-day 30-day
Death 60-day Death 60-day
90'day (data linked with HES) 90'day
1-year 1-year
6-month 6-month
1-year 1-year
Revision 2-year Revision 2-year
Outcomes
5-year 5-year
10-year
6-month
1-year

Re-operation  2-year
5-year
10-year

Table 3-1 Sources of data
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The structured dataset used in the study comprised a total of twenty-one variables. These
variables can be categorised into six patient-related variables, four surgical variables, and
eleven implant-specific variables. The six patient variables included in the dataset are age,
gender, body mass index (BMI), American Society of Anaesthesiologists (ASA) score, the
side of the operation (left or right), and the type of hospital where the procedure was
performed. The four surgical variables captured in the dataset are the diagnosis group
(indicating the specific condition or reason for the surgery), incision type (the type of
surgical incision made), prosthesis group (categorising the type of hip prosthesis used),
and cement type (the type of cement utilised in the procedure). The eleven implant-
specific variables were further divided into six cup variables and five femoral variables.
The cup variables included fixation type (how the cup component is secured to the bone),
resurfacing (whether the cup is a total hip replacement or hip resurfacing), articulation
type (the materials used for the bearing surfaces), modular or monoblock design (the
structure of the implant), implant size, and the additional variable "modification" related
to the cup. The femoral variables encompassed fixation type, resurfacing, articulation

type, modular or monoblock design, and implant size.

3.2.2. Exposures

For both parts of the study, machine learning models were applied to forecast the
outcomes of hip arthroplasty. Analyses were restricted to patients undergoing elective
primary hip replacement. Patients who had undergone hip arthroplasty due to specific
diagnoses such as trauma, tumour-related conditions, and degenerative conditions other
than osteoarthritis were excluded. Patients below the age of 18 were excluded to minimise
potential confounding factors that could arise from the different outcomes observed in

paediatric patients (369-371).
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3.2.3. Mortality and implant failure outcomes

Six machine learning models (described below in Section 3.2.4) were developed and
compared based on their accuracy in predicting mortality (at 30, 60, 90 days and 1 year),
revision and re-operation (at 6 months, 1, 2, and 5 years) following elective primary hip

arthroplasty (Table 3-1).

Mortality included patients identified as having undergone primary hip arthroplasty in
the SHAR data, which is periodically synchronised with the Swedish Tax Office records,
and the NJR data linked with the HES database (see Section 2.3). Analysis of revisions
involved patients who were identified as having undergone revision in the SHAR data
and the NJR data. For pragmatic reasons, re-operations were only analysed in the SHAR
data and not externally validated with the NJR for England and Wales. Predicting revision
risk due to periprosthetic fracture, as reported by the operating surgeon, using the SHAR

data is described in Chapter 6.

3.2.4. Model development, comparison, and internal validation

We applied several machine learning algorithms, namely random forest (RF), gradient
boosting machine (GBM), penalised logistic regression (with the Lasso or Ridge penalties),
and classification tree (with and without pruning), and compared them to traditional
statistical model logistic regression to predict the occurrence of death, re-operation, and
revision. For model development and internal validation, the SHAR derivation cohort of
154,595 observations was randomly split into a training dataset (N=123,676, 80% of the
patients) and an internal validation cohort (N=30,919, 20% of the patients). The training
cohort was used to train the ML models and to adjust their hyperparameters via cross-
validation whereas the validation cohort was used to assess the models’ performance on
unseen data. For a more comprehensive understanding of each variable and a detailed
summary of the SHAR dataset, please refer to Appendix 2.
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For external validation, the machine learning models were applied to the NJR derivation
cohort of 355,933 observations, which was again randomly split into a training dataset
(N=284,747, 80% of the patients) and an external validation cohort (N=71,186, 20% of the

patients).

Model performance was evaluated and compared in terms of the area under the receiver
operating characteristic curve (AUC) in each dataset. For each time-defined outcome, we
selected the best performing model to comprise a set of models referred to as SafeHip
models. Based on patient-specific data on the twenty-one included variables, the SafeHip

models can be applied to obtain individualised risk scores for each outcome.

3.2.5. Statistical analysis and feature importance

Kaplan-Meier (KM) estimates were employed to describe the rates of mortality, re-
operation, and revision across various age and sex groups in both the SHAR and NJR
datasets. The Kaplan-Meier method is a nonparametric statistical approach widely used
to estimate survival or event probabilities over time, enabling us a comprehensive

descriptive analysis of the study's outcomes (372).

The Bland-Altman method was employed to evaluate the concordance between the AUCs
produced by the NJR and SHAR machine learning models. The top performing models
were used to drive insights into the key predictor variables for each study outcome. The
usefulness of these predictors was two-fold: first, to check the relevant clinical knowledge
and expertise in driving these predictions, and second, to compute survival models using

the lasso penalised Cox proportional hazard regression (CoxNet) model in Chapter 4.

All mathematical modelling was carried out using R statistical computing environment
version 4.3.0 (R: A language and environment for statistical computing). R packages

‘survival” (version 3.5.5), ‘gbm’ (version 2.1.8.1), ‘glmnet’ (version 4.1.7), ‘tree’ (version
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1.0.43), ‘rpart’ (version 4.7.19), and ‘randomForest’ (version 4.7.1.1), were used for survival
analysis, penalised logistic regression, classification tree, and implementation of RF,
respectively. The Bland-Altman technique was applied using MATLAB software (2021b,

MathWorks, Massachusetts, USA).

3.3. Results

3.3.1. Swedish Hip Arthroplasty Register

Within one year following the primary operation, re-operation was the most frequent
outcome, with a total of 3,467 incidents, accounting for 2.24% of the cases (as presented in
Table 3-2). During this same time frame, the number of revisions amounted to 2,287 cases

(1.48%), while the number of deaths reached 1,301 (0.84%).

Time from Derivation cohort
Outcome primary (N=154,595)
operation N %
30 days 164 0.11
60 days 265 0.17
Mortality
90 days 364 0.24
1 year 1,301 0.84
6 months 1,815 1.17
1 year 2,287 1.48
Revision 2 years 3,011 1.95
5 years 4179 2.70
10 years 5,133 3.32
6 months 2,811 1.82
1 year 3,467 2.24
Re-operation 2 years 4,428 2.86
5 years 5,897 3.81
10 years 7,045 4.56

Table 3-2 SHAR study outcomes
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Tables 3-3, 3-4, and 3-5 show summary and Kaplan-Meier (KM) estimates for cumulative

incidence of mortality, revision, and re-operation outcomes, respectively, at each time

point by age and sex. As shown in the tables, the incidence of all outcomes was generally

higher in men when compared to women of a similar age.

30-day death 60-day death 90-day death 1-year death
N total N Kl}/glagos/;ig;te N Klz/égos/zingla)te N Klz/gl)gos/zingﬁte N Kl}/ggos/:irggte

All patients 154,595 164  0.10% (0.06-0.14) 265 0.18% (0.10-0.28) 364  0.24% (0.15-0.34) 1,301  0.98% (0.70-1.25)

Al 66,868 92  0.14%(0.09-0.19) 159  0.23%(0.16-0.31) 203  0.29% (0.21-0.37) 680  1.35% (0.94-1.75)

18-34 years 395 0  0.00%(0.00-0.000 0  0.00%(0.00-0.000 0  0.00% (0.00-0.00) 10 2.53% (0.97-4.07)

35-49 years 4,248 0  0.00%(0.00-0.000 2  0.05%(0.00-0.11) 2  0.05% (0.00-0.11) 8 0.19% (0.06-0.32)

E 50-59 years 11,262 4  0.04%(0.00-0.07) 7  0.06%(0.02-0.11) 8  0.07% (0.02-0.12) 34 0.30% (0.20-0.40)

60-69 years 22,804 14  0.06%(0.03-0.09) 22  0.10% (0.06-0.14) 28  0.12% (0.08-0.17) 124  0.54% (0.45-0.64)

70-79years 21287 33  0.16%(0.10-0.21) 66  0.31%(0.24-0.38) 91  0.43%(0.34-052) 283  1.33% (1.18-1.48)

> 80 years 6,872 41 0.60%(0.41-0.78) 62  0.90% (0.68-1.13) 74  1.08%(0.83-1.32) 221 3.22% (2.80-3.63)

Al 87,7271 72 0.07%(0.03-0.10) 106  0.13% (0.05-0.25) 161  0.19% (0.09-0.32) 621 0.62% (0.47-0.81)

18-34 years 416 0  0.00% (0.00-0.00) 1 0.24% (0.00-0.71) 1 0.24% (0.00-0.71) 1 0.24% (0.00-0.71)

o 30-49years 3,328 1 0.03% (0.00-0.09) 1 0.03% (0.00-0.09) 3 0.09% (0.00-0.19) 10 0.30% (0.11-0.49)

g 50-59 years 10,911 4  0.04%(0.00-0.07) 5  0.05%(0.01-009) 8  0.07% (0.02-0.12) 32 0.29% (0.19-0.39)
w

60-69 years 27,561 14 0.05%(0.02-008) 19  0.07% (0.04-0.10) 27  0.10% (0.06-0.13) 107  0.39% (0.31-0.46)

70-79years 32274 23 0.07%(0.04-0.10) 39  0.12%(0.08-0.16) 61  0.19% (0.14-0.24) 227  0.70% (0.61-0.79)

> 80 years 13,237 30  0.23%(0.15-0.31) 41  0.31%(0.22-040) 61  046%(0.35-0.58) 244  1.84%(1.61-2.07)

Table 3-3 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of mortality
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6-month revision

1-year revision

2-year revision

5-year revision

10-year revision

KM KM KM KM KM
N total N estimate N estimate N estimate N estimate N estimate
(95% CI) (95% Cl) (95% Cl) (95% CI) (95% CI)

. 1.18% 1.54% 1.98% 297% 3.89%

Al patients 164505 1815 ol 2287 hen s011 (BhNane AU simo
1.45% 1.90% 243% 3.65% 461%

Al 66868 1009 107182 VB4 (145235 MV (19a201) 272 302428 23 (388533
1.27% 2.03% 2.03% 4.05% 6.08%

18-34years 395 S 016236 © (0633400 ° (0633400 '© (200598 24  (369-8.40)
0.85% 1.29% 1.98% 3.84% 5.04%

S-49years 4248 36 4157419 B o563 3 (1562400 18 (326441) M (438-569)
P 1.44% 1.91% 2.90% 4.11% 4.97%

S 50%9years 11262 162 59465 215 (1g6216) 2T (259321) 0% (374448) %00 (4s57.537)
1.42% 1.88% 247% 353% 4.34%

60-69years 22804 323 405457 42 70200 9% or2en 80 3203770 B0 (407-460)
157% 1.95% 250% 3.34% 3.85%

70-T9years 21287 335 4 jqq7a 4 7214 B ar280 12 30359 80 (359-4.11)
215% 236% 265% 3.08% 3.42%

280years 6872 8 451050 192 poo272) "8 027303 22 (2es349) 2P (299-385)
091% 1.18% 1.54% 230% 3.18%

Al 87,721 806 hea120) O3 o315z M2 (145494 T (180280) 2P (257377)
0.72% 1.20% 1.68% 288% 457%

1834years 416 3 g00153) O (015224 | (044291) 2 (126448 0 (254-655)
0.99% 1.23% 1.68% 279% 4.12%

$-49years 3328 3 nesqay 4T geaet) B (124212 B 223335 Y (344479)

[}]

2 093% 1.19% 1.52% 225% 330%

5 S0o9years 10101 o750y B0 0ger39) 1 (29175 P er2sy) 0 (305379
0.74% 0.99% 1.36% 2.09% 274%

60-69years 27561 203 neinee 23 (0e7aa1) S0 1231500 T (ne2228) T (255293)
097% 1.20% 1.52% 1.97% 233%

10-T9years 32214 313 g g8 30 (10g31) B0 (138165 O®  (1e21 92 (247:249)
1.16% 1.27% 1.53% 1.84% 1.95%

280years 13237 183 o743 188 (10g146) 22 (132173 2 et20m) DB (171219)

Table 3-4 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of revision outcomes
at each time point by age and sex using the SHAR
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6-month 1-year 2-year 5-year 10-year

re-operation re-operation re-operation re-operation re-operation

KM KM estimate KM K K

N total N estimate N (95% Cl) N estimate N estimate N estimate

(95% CI) ’ (95% Cl) (95% CI) (95% CI)

Al patients 154,595 2,811 1.92% 3,467 2.48% 4,428 3.07% 5,897 4.35% 7,045 5.43%
P (1.47-2.36) (1.96-3.00) (2.50-3.65) (3.64-5.04) (4.63-6.21)
Al 66,868 1,541 2.43% 1,912 3.19% 2,451 3.85% 3,261 5.33% 3,822 6.46%
(1.89-2.94) (2.55-3.82) (3.17-4.52) (4.53-6.11) (5.58-7.33)

0, 0,

1834 years 395 14 3.54% 22 5.57% 22 5.57% 30 245§5A; 39 £(368gBA;
(1.70-5.35) (3.28-7.80) (3.28-7.80) 10.17) 12.77)

3549 vears 4,248 51 1.20% 72 1.69% 108 2.54% 216 5.08% 281 6.61%
y (0.87-1.53) (1.31-2.08) (2.07-3.01) (4.42-5.74) (5.86-7.36)

é 50-59 vears 11,262 247 2.19% 317 2.81% 450 4.00% 618 5.49% 733 6.51%
y (1.92-2.30) (2.51-3.12) (3.63-4.36) (5.07-5.91) (6.05-6.96)

60-69 vears 22,804 481 2.11% 622 2.73% 786 3.45% 1,074 4.71% 1,285 5.63%
y (1.92-2.30) (2.52-2.94) (3.21-3.68) (4.43-4.98) (5.34-5.93)

70-79 vears 21,287 540 2.54% 655 3.08 % (2.84- 834 3.92% 1,029 4.83% 1,161 5.45%
y (2.33-2.75) 3.31) (3.66-4.18) (4.55-5.12) (5.15-5.76)

> 80 vears 6,872 208 3.03% 224 3.26% 251 3.65% 295 4.29% 323 4.70%
=0y (2.62-3.43) (2.84-3.68) (3.21-4.10) (3.81-4.77) (4.20-5.20)

Al 87,7271 1,270 1.42% 1,555 1.78% 1,977 2.30% 2,636 3.38% 3,223 4.40%
(1.06-1.78) (1.37-2.19) (1.83-2.78) (2.76-3.98) (3.69-5.10)

18-34 vears 416 5 1.20% 7 1.68% 10 2.40% 19 4.57% 27 6.49%
y (0.15-2.24) (0.44-2.91) (0.92-3.86) (2.54-6.55) (4.09-8.83)

3549 vears 3,328 46 1.38% 60 1.80% 81 2.43% 126 3.79% 175 5.26%
y (0.98-1.78) (1.35-2.25) (1.91-2.96) (3.14-4.43) (4.50-6.01)

é 50-59 vears 10,911 139 1.27% 178 1.63% 222 2.03% 324 2.97% 469 4.30%
K y (1.06-1.48) (1.39-1.87) (1.77-2.30) (2.65-3.29) (3.92-4.68)
60-69 vears 27,561 317 1.15% 405 1.47% 561 2.04% 814 2.95% 1,022 3.71%
y (1.02-1.28) (1.33-1.61) (1.87-2.20) (2.75-3.15) (3.48-3.93)

70-79 vears 32,274 499 1.55% 613 1.90% 762 2.36% 948 2.94% 1,094 3.39%
y (1.41-1.68) (1.75-2.05) (2.20-2.53) (2.75-3.12) (3.19-3.59)

> 80 vears 13,237 264 1.99% 292 2.21% 341 2.58% 405 3.06% 436 3.29%
=cvy (1.76-2.23) (1.96-2.46) (2.31-2.85) (2.77-3.35) (2.99-3.60)

Table 3-5 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of re-operation
outcomes at each time point by age and sex using the SHAR

Despite the overall increase in the number of hip arthroplasty procedures performed in

Sweden during the studied period, there was a gradual reduction in the risk of death over

the ten-year period. Notably, there was a statistically significant decrease in mortality rates

from year 2013 onwards when compared to the reference group of year 2008 (KM estimate

for one-year mortality 1.17% in 2008, 0.77% - 0.89% between 2013 and 2017) and after
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adjustment for age and sex, Hazard Ratio (HR) decreased by over one-third (for 2017 vs

2000-2008 HR 0.62%, 95% CI 0.48-0.79; p<0.001; Figure 3-1; Table 3-6).
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Figure 3-1 Change in mortality rates after primary hip arthroplasty in the SHAR between 2008 and 2018
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30-day death 60-day death 90-day death 1-year death
e NoE N oy N coimee kol M esimae @0l N eimae  (@s00)
2a 1SS 15 013% 100 2 020% 100 36 03% 100 131 1.17% 100
2000 13027 13 0.10% (0.3%_713. s 2 0% - o B 02 (0.501'?12.31) 122 0.94% (0.601-_71?0 .
00 13546 2 043 o 8 0% ol s o2 oo 15 osw o D0
2011 13697 13 0.09% (0.3%_710. w 2 018% 4%_713.35) 26 0.19% (0.32'_%%7)* 129 094% (0.6%?10.02)
2012 13946 21 0.1% (0.516-120. 5 2 02% 5155?1?79) B 0% 407'_7321) 148 1.06% (0_7%?f )
03 1% T 0% ‘&'?ﬁm) 5 ok 4()9'?1?56) B0 oy g 15 0% 5(;'-6‘.195)*
2014 14226 14 0.10% (0.3%_710. w B0 5(2?15.66) 37 0.26% o 408-712.22) oo 0% o e -
s wdes 7o oo 8 o oo s o2 ol o osw o0
2016 14995 16 0.11% (0.3%_717.57) 2o 4%_71‘rf35) 3 021% (0.308?11.0 o 10 08T (0,5((;).'5,191)**
007 15512 9 008% o 1(7)'_‘(‘;93)* 2 014% (0.3%?1?22) 31 0.20% (0.3?;'-%?9 g 119 0% 48?£§9)***
2018 1609 9 006% o 13‘_%?89)* 15 0.09% (0‘22'_‘(‘)“185)* 2 0M% o, 4%4_;0)*** 45 028% (0.16?&5%1 -

Table 3-6 Change in mortality rates by year of primary operation in the SHAR
§ Adjusted for Age and Gender; * p<0.05, ** p<0.01, *** p<0.001
KM = Kaplan-Meier; HR = Hazard Ratio; CI = Confidence Interval

Changes in revision and re-operation rates by year of primary hip arthroplasty procedure
are highlighted in Figures 3-2 and 3-3 (tables are presented in Appendix 3, A3.1 and A3.2),
respectively. There was a steady increase in hazard ratio risk for revision between the
years 2010 and 2015 with a significant increase in year 2016 (Figure 3-2), whilst these

changes were less pronounced for re-operations (Figure 3-3).
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Figure 3-2 Change in revision rates after primary hip arthroplasty in the SHAR between 2008 and 2018
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Figure 3-3 Change in re-operation rates after primary operation in the SHAR between 2008 and 2018
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3.3.1.2. Machine Learning models training and internal validation

The best-performing ML algorithms in the internal validation cohort for each time-defined
outcome were selected as the SHAR SafeHip models (Table 3-7). Prediction performance
of all applied machine learning algorithms in the internal validation cohort are presented
in Table 3-8. In the prediction of mortality outcomes, the Gradient Boosting Machine
(GBM), Random Forest (RF), Ridge regression, and Lasso regression consistently ranked
among the top-performing models. These models exhibited a remarkably similar area
under the curve (AUC) of approximately 0.80. However, when it came to predicting 30-
day and 60-day mortalities, Ridge regression outperformed the other models by a narrow
margin. On the other hand, for predicting 90-day and 1-year mortalities, GBM

demonstrated the best performance.

When it came to predicting implant failure outcomes, the Random Forest (RF) algorithm
displayed superior performance compared to the other competing algorithms. It achieved
area under the curve (AUC) values of 0.70 or higher in predicting all re-operation and
revision outcomes. Importantly, all the algorithms exhibited comparable performances in

the training cohort indicating good generalisability and minimal overfitting.

SHAR SafeHip Scores
Outcome Model name AUC [C]]
60-day Mortality Ridge Regression  0.81[0.75-0.87]

1-year Re-operation

. Random Forest 0.77[0.75-0.79]
2-year Re-operation

1-year Revision Random Forest 0.72[0.70 - 0.74]

Table 3-7 SHAR SafeHip Scores
the best-performing machine learning algorithms in the internal validation
cohort for the selected time-defined outcome
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Outcome Model performance: AUC in % (95% Cl)
Random Ec:z::?:t Ridge Lasso Logistic Classification Classification
forest ing regression regression regression tree tree with pruning
machine
Mortality
30 davs 0.73 0.77 0.79 0.77 0.77 0.72 0.72
y (0.65-0.81) (0.70-0.85) (0.71-0.86) (0.69-0.85) (0.68-0.85) (0.64-0.80) (0.64-0.80)
60 davs 0.78 0.81 0.81 0.80 0.79 0.75 0.75
y (0.71-0.84) (0.75-0.86) (0.75-0.86) (0.75-0.87) (0.72-0.86) (0.69-0.82) (0.69-0.82)
90 davs 0.78 0.80 0.80 0.80 0.79 0.75 0.75
y (0.72-0.85) (0.74-0.86) (0.74-0.85) (0.73-0.85) (0.72-0.85) (0.69-0.81) (0.69-0.81)
1 vear 0.77 0.77 0.76 0.77 0.77 0.71 0.71
y (0.74-0.80) (0.75-0.80) (0.74-0.80) (0.74-0.80) (0.74-0.80) (0.69-0.74) (0.69-0.74)
Revision
6 months 0.71 0.68 0.68 0.68 0.68 0.56 0.56
(0.70-0.71) (0.66-0.71) (0.65-0.70) (0.65-0.70) (0.65-0.70) (0.54-0.58) (0.54-0.58)
1 vear 0.72 0.68 0.67 0.67 0.67 0.64 0.63
y (0.69-0.74) (0.65-0.70) (0.64-0.69) (0.64-0.69) (0.64-0.69) (0.61-0.66) (0.61-0.65)
9 vears 0.72 0.67 0.65 0.65 0.66 0.63 0.61
y (0.70-0.74) (0.65-0.69) (0.63-0.68) (0.63-0.68) (0.63-0.68) (0.61-0.65) (0.59-0.64)
5 vears 0.71 0.66 0.65 0.65 0.65 0.62 0.60
y (0.69-0.73) (0.64-0.68) (0.63-0.67) (0.63-0.67) (0.63-0.67) (0.61-0.64) (0.59-0.62)
10 vears 0.72 0.66 0.65 0.65 0.65 0.62 0.59
y (0.70-0.74) (0.64-0.68) (0.63-0.67) (0.63-0.67) (0.63-0.67) (0.61-0.64) (0.58-0.61)
Re-operation
6 months 0.73 0.69 0.68 0.68 0.68 0.56 0.56
(0.71-0.76) (0.66-0.71) (0.65-0.70) (0.66-0.70) (0.66-0.70) (0.55-0.58) (0.55-0.58)
1 vear 0.77 0.68 0.67 0.67 0.67 0.64 0.63
y (0.75-0.79) (0.66-0.70) (0.65-0.69) (0.65-0.69) (0.65-0.69) (0.62-0.66) (0.61-0.65)
9 vears 0.77 0.68 0.66 0.66 0.66 0.63 0.62
y (0.75-0.79) (0.66-0.70) (0.64-0.68) (0.64-0.68) (0.64-0.68) (0.61-0.65) (0.60-0.63)
5 vears 0.75 0.67 0.65 0.65 0.65 0.62 0.59
y (0.73-0.77) (0.65-0.68) (0.64-0.67) (0.64-0.67) (0.64-0.67) (0.60-0.63) (0.58-0.61)
10 vears 0.75 0.67 0.66 0.66 0.66 0.63 0.59
y (0.74-0.77) (0.66-0.68) (0.64-0.67) (0.64-0.67) (0.64-0.67) (0.62-0.64) (0.58-0.60)

Table 3-8 Prediction performance of all applied machine learning algorithms in the internal validation

cohort. The best-performing models for each outcome are highlighted in bold font

AUC = area under the receiver operating characteristic curve, CI = confidence interval

3.3.2. National Joint Registry

Within 30 days and 90 days following the primary operation, the number of deaths was

0.11% and 0.24, respectively, figures comparable to the SHAR derivation dataset (Table 3-

9). Whilst re-operation did not form an outcome from the NJR dataset, the revision rates
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in the NJR dataset were considerably lower and approximately half that of the SHAR

counterpart.

rme MR SHAR
from Derivation Derivation
Outcome primary cohort cohort
operation (N=355,933)  (N=154,595)
N % %

30 days 506  0.14 0.11

60days 782 021 0.17

Mortality
90 days 1,047 0.29 0.24

1 year 3,636 1.02 0.84

6 months 1,824 0.51 1.17

1 year 2,450 0.68 1.48

Revision 2 years 3,362 0.94 1.95

5years 4671 131 2.70

10 years 5195 1.45 3.32
Table 3-9 NJR study outcomes

3.3.2.1. Summary statistics of outcomes

Tables 3-10 and 3-11 show summary and Kaplan-Meier (KM) estimates for cumulative
incidence of mortality and revision outcomes, respectively, at each time point by age and
sex. Similar to the SHAR findings and as shown in the tables, the incidence of all outcomes

was generally higher in men when compared to women of a similar age.
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30-day death 60-day death 90-day death 1-year death
N total N Kl:/g;;;ig;te N Kl}/ég()s/:irgle;te N Klz/gg;:irgle;te N Kl}/lggos/sirgle;te

All patients 355,933 506 0.12% (0.09-0.16) 782  0.19% (0.15-0.24) 1047 0.27%(0.21-0.41) 3636  0.96% (0.84-1.23)
All 141,677 276  0.16%(0.13-0.22) 412  0.25%(0.20-0.31) 538  0.36% (0.28-0.59) 1786  1.16% (1.03-1.45)
18-34 years 632 0  0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 1 0.16% (0.02-1.15) 1 0.16% (0.02-1.15)
35-49 years 8,031 1 0.01% (0.00-0.09) 3 0.04% (0.01-0.12) 7 0.09% (0.04-0.19) 27 0.37% (0.25-0.53)

é 50-59 years 21,124 9  0.04%(0.02-0.08) 14  0.07% (0.04-0.11) 21 0.10% (0.07-0.16) 94 0.49% (0.40-0.59)
60-69 years 43,932 32  0.07%(0.05-0.10) 61  0.14% (0.11-0.18) 84  0.19%(0.16-0.24) 305  0.75% (0.67-0.84)
70-79years 47,997 97  0.20%(0.17-0.25) 142  0.30% (0.25-0.35) 180  0.38%(0.33-0.44) 671  1.51% (1.40-1.63)

>80 years 19,961 137 0.69% (0.58-0.82) 192  0.97% (0.84-1.12) 245  1.25% (1.10-1.41) 688  3.72% (3.46-4.01)

All 214256 230 0.08% (0.06-0.11) 370  0.13%(0.10-0.17) 509  0.18% (0.15-0.23) 1850  0.76% (0.66-1.01)
18-34 years 651 0  0.00%(0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 1 0.17% (0.02-1.19)

o 35-49 years 8,837 3 0.03%(0.01-0.11) 4 0.05% (0.02-0.12) 7 0.08% (0.04-0.17) 31 0.38% (0.27-0.54)
:E: 50-59 years 25,996 5  0.02%(0.01-0.05) 10  0.04% (0.02-0.07) 16 0.06% (0.04-0.10) 73 0.31% (0.24-0.38)
" 60-69 years 60,383 20  0.03% (0.02-0.05) 34  0.06% (0.04-0.08) 55  0.09% (0.07-0.12) 244  0.44% (0.38-0.49)
70-79years 79,030 81  0.10%(0.08-0.13) 137  0.18% (0.15-0.21) 180  0.23% (0.20-0.27) 612  0.84% (0.77-0.91)

>80 years 39,359 121 0.31%(0.26-0.37) 185  0.48% (0.41-0.55) 251  0.65% (0.57-0.74) 889  2.44% (2.28-2.60)

Table 3-10 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of mortality
outcomes at each time point by age and sex using the NJR
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6-month revision

1-year revision

2-year revision

5-year revision

10-year revision

KM KM KM KM KM
N total N estimate N estimate N estimate N estimate N estimate
(95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
Al patients 355933 1824 (03'15_300./;9) 2,450 (0%5%3) 3,362 (0.1)'21_110./2 g 4T %852%62) 5,195 (2.36';‘3"./%6)
Al WIS 8% uoge M5 ooran 5B (1gatry 2™ (5008 23 gorsey
1B3dyears 628 (0%3%2) ! (0.15'51-420./?38) 10 (o.g';io./gn 3 (1.25';-24%1) 16 (2573%0/? 0)
odyears 8031 M (03‘3%0./;5) 68 (o.(;i8 -910./13) 101 (1.11'?-310./;3) 168 (2.%2%0./230) 181 (3.43{;-250./50)
g soesoyears 21024 115 (0% (SR am MR am 2ORL e 2
eoyers 4352 28 uoey W gaiden B quis M qiiaey B pera
70-79years 47,097 294 (Ogg%o./;” 390 (0(;88%0/; 5 2 12 _110_/‘52) (U 13? o y 180 (3%2.34(@3)
sg0jears 91 0 golven T a2 oy B qazay P e
Al 2142% 988 (o%f-soo./oee) 1,305 (0.(31‘95%0./083) 1,804 (0_(;'68_810_/‘]5) 2,537 (1.11'88-120./36) 2822 (2.22'59-030./%5)
18-34years 651 1 (0%21-510./009) ! (0%21-510./009) ! (0%21-510./69) 8 %21110/35) 8 ¢ %)21140/35)
3o-49years 8837 49 (081'35-700./075) & (0%2% 2y Mg by -510./074) 165 (2.21.75?20./238) 189 (3.4615 -550./;2)
% 50-59years 25,99 106 (o%f-zoo./osm 152 (0%5-100./072) 230 (01322010/3 3 M 161?220/(())4) 31 (2.335-340./%6)
60-69years 60,383 254 (02'3-300./29) 341 (o%g-%o./%e) 506 (o%gio./f)z) L 115?61%69) 810 (2.26820./310)
70-T9years 79,030 377 (0812%0./754) 493 (0%8%0./071) 652 (o%f-g./oe& B .;'3-110./;2) 1,026 (2.22'66-130./50)
280years 39,359 201 (081'5-200./30) 243 (0.05%0./073) 301 (0%58-%0./094) B .11'3?-520./040) M2 163?42%31)

Table 3-11 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of revision
outcomes at each time point by age and sex using the NJR

Like the SHAR findings, there was an overall increase in the number of hip replacements

performed in England and Wales per year, coupled with a gradual decrease in the Kaplan-

Meier estimate of death at 30 and 60 days. KM estimates at 90 days and 1 year did not

seem to change between the years 2009 and 2017 (Table3-12). Hazard ratios and p values

were not calculated for the NJR dataset for pragmatic reasons.
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30-day death  60-day death 90-day death 1-year death

KM KM KM KM
: N : N . N :
estimate estimate estimate estimate

2009 17,007 30 018% 52 031% 66 039% 236 1.39%

Year N total

2010 21228 35 017% 54 025% 75 035% 262 1.24%

2011 25676 41 016% 60 023% 76 030% 277  1.08%

2012 32802 48 015% 77 024% 104 032% 368 1.13%

2013 38137 54 014% 87 023% 121 032% 440 1.16%

2014 44587 59 013% 96 022% 126 0.28% 494 1.11%

2015 45850 76 017% 108 0.24% 147 032% 502 1.10%

2016 48091 64 013% 101 021% 143 030% 494 1.03%

2017 50,180 65 013% 98 020% 128 0.26% 475 1.01%

2018 32375 34 011% 49  017% 61 022% 88  051%

Table 3-12 Change in mortality rates by year of primary operation in the NJR
KM = Kaplan-Meier

Changes in revision rates by year of primary hip arthroplasty procedure are highlighted
in Table 3-13. Short-term revision rates appeared to be constant among the years with a

decline in years 2017 and 2018.

6-month revision 1-year revision 2-year revision 5-year revision 10-year revision
Year N total N KM N KM estimate N KM N KM N KM
estimate estimate estimate estimate

2009 17,007 69 0.41% 97 0.57% 167 0.99% 345 2.11% 535 3.62%
2010 21228 94 0.44% 156 0.74% 254 1.21% 412 2.00% 538 2.85%
2011 25676 109 0.43% 157 0.61% 271 1.07% 458 1.84% 580 2.48%
2012 32,802 149 0.46% 210 0.64% 320 0.98% 553 1.73% 621 2.02%
2013 38,137 167 0.44% 261 0.69% 375 0.99% 604 1.64% 622 1.77%
2014 44,587 235 0.53% 334 0.75% 457 1.03% 640 1.51% 640 1.51%
2015 45,850 295 0.64% 366 0.80% 488 1.07% 606 1.55% 606 1.55%
2016 48,091 274 0.57% 374 0.78% 512 1.09% 535 1.22% 535 1.22%
2017 50,180 291 0.58% 351 0.72% 374 0.81% 374 0.81% 374 0.81%
2018 32,375 141 0.56% 144 0.63% 144 0.63% 144 0.63% 144 0.63%

Table 3-13 Change in revision rates by year of primary operation in the NJR
KM = Kaplan-Meier
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3.3.2.2. Machine Learning models training and external validation

The best-performing ML algorithms in the NJR external validation cohort were selected
as the final NJR SafeHip models (Table 3-14). Prediction performance of all applied
machine learning algorithms in the external validation cohort are presented in Table 3-15.
In the prediction of mortality outcomes, Lasso regression and the Gradient Boosting
Machine (GBM) consistently ranked among the top-performing models. Similar to the
SHAR SafeHip Score, the NJR models exhibited a remarkably similar area under the curve
(AUC) of approximately 0.80. Lasso regression was the best performing model in
predicting 30-day and 60-day mortalities, whilst GBM demonstrated the best performance

in predicting 90-day and 1-year mortalities.

NJR SafeHip Scores

Outcome Model name AUC [C]]

30-day Mortality Lasso Regression 0.82[0.77 - 0.86]

6-month Revision  Ridge Regression 0.61[0.58-0.64]

Table 3-14 NJR SafeHip Scores
the best-performing machine learning algorithms in the external validation
cohort for the selected time-defined outcome

When it came to predicting implant revision outcomes, Ridge regression and the Random
Forest (RF) algorithm displayed superior performance compared to other machine
learning models. However, it achieved lower AUCs in comparison to the SHAR revision
predictive models with values of around 0.60 for all time points. Importantly, all the
algorithms exhibited comparable performances in the training cohort indicating good

generalisability and minimal overfitting.
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Outcome Model performance: AUC in % (95% Cl)
Random gzg:?:t Ridge Lasso Logistic Classification
forest ing regression regression regression tree
machine
Mortality
30 davs 0.817 0.819 0.817 0.820 0.818 0.754
y (0.77-0.85) (0.77-0.86) (0.77-0.86) (0.77-0.86) (0.77-0.86) (0.70-0.80)
60 davs 0.791 0.798 0.797 0.803 0.800 0.741
y (0.75-0.82) (0.76-0.83) (0.76-0.83) (0.76-0.83) (0.76-0.83) (0.70-0.77)
90 davs 0.806 0.807 0.798 0.800 0.800 0.738
y (0.77-0.82) (0.77-0.83) (0.76-0.82) (0.77-0.83) (0.77-0.82) (0.70-0.76)
1 0.760 0.770 0.760 0.760 0.760 0.720
year

(0.740.78)  (0.75-0.79) (0.74-0.78)  (0.74-0.78)  (0.74-0.78) (0.70-0.74)

Revision
6 months 0.605 0.601 0.611 0.608 0.600 0.560
(0.57-0.63) (0.57-0.63) (0.58-0.64) (0.57-0.63) (0.57-0.63) (0.53-0.58)
1 vear 0.599 0.592 0.596 0.594 0.580 0.570
Y (0.57-0.62) (0.56-0.61) (0.57-0.62) (0.56-0.61) (0.56-0.61) (0.54-0.59)
2 vears 0.603 0.590 0.602 0.598 0.598 0.563
y (0.57-0.62) (0.57-0.62) (0.57-0.62) (0.57-0.62) (0.57-0.62) (0.55-0.58)
5 vears 0.599 0.600 0.606 0.605 0.600 0.550
y (0.57-0.62) (0.57-0.62) (0.57-0.63) (0.57-0.63) (0.57-0.63) (0.52-0.57)

Table 3-15 Prediction performance of all applied machine learning algorithms in the external validation
cohort. The best-performing models for each outcome are highlighted in bold font
AUC = area under the receiver operating characteristic curve, CI = confidence interval

3.3.3. Bland-Altman Method

The Bland-Altman technique was employed to evaluate the concordance between the
AUCs produced by the NJR and SHAR machine learning models. The Bland-Altman plot
for mortality (Figure 3-4) showed a bias of 0.012 AUCs (95% CI 0.000 to 0.022). The upper

and lower limits of agreement were 0.062 and -0.039 AUCs, respectively.
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Figure 3-4 Limits of agreement for the areas under the curve (AUCs)
between NJR and SHAR mortality machine learning models

In terms of revision, the Bland-Altman plot (Figure 3-5) showed a bias of -0.072 AUCs

(95% CI-0.083 to -0.060). The upper and lower limits of agreement were -0.020 and -0.125

AUCs, respectively.
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Figure 3-5 Limits of agreement for the areas under the curve (AUCs)
between NJR and SHAR revision machine learning models
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3.4. Discussion

3.4.1. Summary of results

This study has demonstrated that machine learning based predictive models for mortality,
revision, and re-operation after primary hip arthroplasty achieve a slightly higher level of
accuracy, as determined by the area under the curve (AUC), compared to conventional

logistic regression models.

Descriptive statistics of the SHAR and NJR datasets revealed temporal and gender
variations related to the incidences of mortality, revision, and re-operation. Much like the
SHAR and the NJR annual reports, younger patients had a lower risk of death but a higher
risk of long-term “implant failure”, or revision surgery (5, 6). For mortality, the differences
were primarily apparent in the first 90-days postoperatively and persisted to one-year.
Across the years, the NJR showed a steady decline in revision rates whilst the SHAR data
exhibited fluctuations with a significant decline in 2015; this is likely attributed to the
reduction in the use of metal-on-metal hip arthroplasty following regulatory concerns
related to metal debris and ions in Sweden (373). For similar age group comparisons, the
risk of death was approximately twice as high in males at one-year (SHAR) and ninety
days (NJR), however, the proportion of males that are revised or re-operated on is
generally higher than females with the variations growing more pronounced with the
passage of time. As discussed in Section 1.9.1, there is established evidence of no
significant association between gender and mortality or revision outcomes following
primary total hip arthroplasty. Therefore, these findings highlight the need for statistical

adjustment for age and gender, as addressed in Chapter 4.

The best performing predictive models, as illustrated by the SafeHip scores, demonstrated

good predictive abilities (AUCs of 0.80 or higher) for the prediction of death risks using a
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set of patient-, surgical-, and implant-specific variables. In both datasets (SHAR and NJR),
Gradient Boosting Machine was the best performing ML model in predicting 90-day and
1-year mortality, whilst Ridge regression (SHAR) and Lasso regression (NJR) algorithms
outperformed other models in predicting 60-day and 30-day death, respectively.
Predicting revision and re-operation risks using machine learning algorithms was more
challenging with AUCs of above 0.70 in the SHAR dataset and around 0.60 in the NJR
dataset. The Random Forest (RF) model was the best performing algorithm in the SHAR
dataset to forecast both revision and re-operation risks. On the other hand, RF and Ridge
regression outperformed other models in the NJR dataset. This is in agreement with
previous literature highlighting the superior performance of machine-learning algorithms

compared to generalised linear statistical models (374-376).

3.4.1.1. Evidence related to mortality predictive models

A previous study developed a Lasso predictive model for 90-day mortality following
primary THA using the SHAR dataset for training and the NJR database for external
validation (377). The authors reported AUC = 0.75 (95% CI 0.73 to 0.76). However, the
authors restricted their training model to a smaller cohort (nsuar = 53,099, nnjr = 125,428)
operated with all-cemented fixations, which significantly impact validity to other fixation
types. Similarly, Wilkinson and colleagues used flexible parametric survival regression to
provide an individualised estimation of one-year mortality risk after elective hip and knee
arthroplasty using the NJR as a training platform and externally validated their algorithms
using the Norwegian Arthroplasty Register (NAR) (378). For the hip, they reported a
Harrell’s concordance index of approximately 0.76, indicating good discriminative ability.
Nonetheless, their methodology had several limitations primarily the absence of patient
censoring in survivorship modelling, and the external validation data incorporated fewer

training variables, which both affect the precision and generalisability of predictions. A
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team in the United States used an artificial neural network approach on observations from
the national quality improvement programme (n = 77,145) to identify the top five
determinants of 30-day mortality following primary THR and reported an AUC of 0.80%
(379). Again, the dataset used assessed complications for up to one-month
postoperatively, which likely led to under-representing the studied outcomes, in addition

to the data being of limited generalisability.

3.4.1.2. Evidence related to revision prediction

Two studies developed predictive models to forecast the risks of revision and re-revision
following primary total hip arthroplasty (380, 381). Klemt et al. were able to achieve a
discriminative ability of AUCs of 0.82 - 0.87 for all-case revision (380) and 0.80 - 0.86 for
re-revision (381) following THR. However, their models were developed on data derived
from a single tertiary referral centre in the United States; had a limited sample size (Nrevision
= 566, Nrerevision = 408); and did not include disease severity, pre-operative diagnosis, or
implant-specific factors in their models - all of which were observed to be leading players

in driving our predictions.

Our machine learning models appear to be effective to predict personalised risks of 30-
day and 60-day mortality and 6-month and 1-year revision risks. Compared to the AUCs
measured by the machine learning models using the NJR dataset, the counterpart in the
SHAR dataset showed good agreement for both mortality and revision. The results imply
that the SHAR models tend to slightly underestimate the predictions for mortality, with
an observed bias of 0.012 AUCs; and slightly overestimate the predictions for revision,
with an observed bias of -0.072 AUCs. Furthermore, the even spread of data points across
the Bland-Altman plot suggests no systematic difference across the AUC measurements.
The limits of agreement 0.062 and -0.039 AUCs for mortality; and -0.020 and -0.125 AUCs

for revision were also relatively narrow, and indicate that for approximately 95% of cases,
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the predictions measured by the NJR will minimally differ from the predictions generated
by the SHAR. This strengthens our confidence in the generalisability of the developed
machine learning models. The usefulness of these to support and personalise the shared-
decision process on the choice of primary hip arthroplasty should be regarded as a
feasibility study at this stage. Randomised trials are needed to examine the validity and

practicality of implementing these scores in clinical practice.

3.4.2. Strengths and limitations of this study

The strengths of this study include the large study population, using two of the largest
and most detailed hip arthroplasty registries in the world, which enabled adjustment for
potential confounding factors. Employing an unselected sample derived from registry
datasets enhances the study's external validity. Using different linear and non-linear
machine learning techniques in forecasting various outcomes overcame the assumption of
linearity that is inherent in traditional statistical methods. The baseline descriptive
statistics for outcomes in both the NJR and the SHAR were comparable, indicating similar
characteristics and distributions of the outcomes. These comparable statistics limit

potential biases that may arise from differences between the two datasets.

Limitations include the observational retrospective nature and the associated inherent
biases of registry data, such as selection bias and missing values, as well as the limitations
concerning the use of revision/re-operation as endpoint outcomes. However, our study
showed good discrimination in the 20% validation cohort and investigated outcomes of
four to five different time points. Similarly, our models were compared using the area
under the curve (AUC) metric, which is regarded as the gold-standard in evaluating
classifier performance across a range of thresholds and allows for comparisons of multiple
machine learning models. Nonetheless, the AUC-ROC curve-based metric neglects to
address the balance of true positives and true negatives, a nuanced aspect that alternative
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measures, like Matthews Correlation Coefficient, precision, and recall, seek to address.
Albeit the evaluation of such measures is contingent upon setting a range of thresholds, a
practice known to yield variation in clinical practice. Finally, advanced machine learning
techniques such as deep learning, neural networks and support vector machines, which
are particularly effective in handling complex non-linear relationships were not used in
this study since they introduce challenges in terms of model interpretability and
explainability. Chapter 4 attempts to identify the key predictors associated with our safety
outcomes using CoxNet, a survival analysis machine learning method. Limitations of this

chapter in the context of the work as a whole are discussed further in Chapter 10.

3.4.3. Conclusions

This study represents the largest, registry-based machine learning prediction of safety and
failure outcomes in primary hip arthroplasty. The findings of superior predictive ability
associated with machine learning techniques suggest that ML can provide valuable
insights and enhance the decision-making in hip arthroplasty and may uncover non-linear
and high-dimensional associations that may be missed by conventional statistical
methods. However, researchers should consider the trade-off between model

performance and interpretability for a given study.

The next three chapters of this thesis concern the factors affecting the safety, failure rate,
and functional outcomes of hip arthroplasty. In Chapter 4, determinants predisposing to
mortality and revision, or re-operation, will be explored using an advanced machine
learning technique. In Chapter 7, machine learning algorithms to predict patient-reported
outcome measures will be considered along with the key factors driving these predictions.
Chapters 6 and 7 will explore the effect of implant fixation on revision rate due to
periprosthetic fracture risk using ML and propensity score matching techniques with
recommendations for optimal surgical practice for total hip replacement. As we will
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explore in Chapter 4, cementless femoral implants are associated with a higher risk of
revision and lower risk of mortality in comparison with cemented fixation. The cementless
femoral replacement, considered in the second part of this thesis, is designed with the aim
of addressing the problem of intraoperative periprosthetic fracture associated with
cementless fixation. The studies in Chapters 8 and 9 are aimed to discern whether this

objective is attained.
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Chapter 4 Determinants of mortality, revision, and re-operation

outcomes

4.1. Introduction

Chapter 3 of this thesis has highlighted the superior predictive ability exhibited by
machine learning techniques compared to traditional statistical models, which may be
attributed to algorithms' inherent capacity in intricate non-linear relationships. In
previous studies traditional inference testing methods were employed to evaluate certain
modifiable risk factors associated with increased early mortality risks following primary
hip arthroplasty at patient-level such as advancing age, male gender, co-morbid conditions,
and higher ASA grades (217, 241, 382), surgical-level such as cement type (217, 346), surgical
approach (12), and diagnosis group (217) and implant-level such as prosthesis type,
fixation, and articulation (12, 13). Similarly, statistical approaches using univariate and
multivariate analyses were employed to analyse risk factors associated with increased
risks of revision surgery. However, these studies inherently embark an incremental linear
association assumption by utilising traditional statistical models. In addition, the selection

of factors under investigation may introduce selection bias.

As outlined in Section 1.9, the risk factors pertaining to mortality, revision, and
unfavourable functional outcomes in primary THR have been extensively investigated.
Examination of SHAR and NJR annual reports reveals that the clinical decision-making,
implant choice, and patient selection for primary elective hip replacement varies
depending on a magnitude of factors, suggesting multilayer interactions among patient,
surgical, and implant factors that predispose to safer outcomes (5, 6). Amongst these

factors, there remains insufficient evidence about the importance of BMI, co-morbidities,
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pre-operative diagnosis, and implant design, specifically fixation technique, on THR
outcomes. Identification of these factors using machine learning techniques may provide

an unbiased perspective for patient selection and better outcomes.

The aim of this chapter is to delineate the determinants of safety outcomes predicted in
Chapter 3 and to address the issues of multicollinearity, overfitting, and factor selection
by using the Cox proportional hazards model with elastic net regularisation (CoxNet
algorithm) on the high-dimension SHAR and HES/N]JR cohorts described in Chapter 2

and 3.

4.2. Patients and Methods

4.2.1. Data sources

This study uses the SHAR and HES/N]JR linked datasets described previously. Chapter 2
provides a comprehensive description of the three data sources utilised in this study,
including information on data collection, processing, and linkage. All patients who
underwent primary elective hip arthroplasty in the SHAR extract between 2000 and 2018
(n=154,595) and the HES/N]JR extract between 2009 and 2018 (n=355,933) were identified.
Similar to Chapter 3, this study is in two parts; the first part uses the SHAR dataset to
identify key factors driving safety and implant failure outcomes (mortality, revision and
re-operation) followed by univariate and multivariate statistical analyses, and the second
uses HES/N]JR linked data to delineate the determinants for each of the mortality and

revision outcomes. Table 4-1 represents the variables used in each dataset.
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SHAR NJR HES
Age Age Age
Gender Gender Gender
Patient BMI BMI
factors ASA grade ASA grade
Side of operation Side of operation
Hospital type Unit type Unit type
Operation type Operation type Procedure type
Diagnosis group Diagnosis group Length of stay
Surgical Incision type Incision type
factors
Prothesis group Prosthesis group
Cement type Cement type
Fixation Fixation
Resurfacing Resurfacing
Cup Articulation Articulation
implant
factors Modular or Monoblock Modular or Monoblock
Inner diameter Inner diameter
Modification Modification
Fixation Fixation
Femoral Stem resurfacing Stem resurfacing
implant
factors Articulation Articulation
Head size Head size
Death 1-year Death 1-year
(data linked with HES)
2-year 2-year
Outcomes y e
CoxNet Revision 5-year Revision 5-year
Survival 1 -
Analysis 0-year
2-year
Re- 5-year
operation y
10-year

Table 4-1 Sources of data

The structured dataset used in the study comprised a total of twenty-one variables. These
variables can be categorised into six patient-related variables, four surgical variables, and
eleven implant-specific variables. The six patient variables included in the dataset are age,
gender, body mass index (BMI), American Society of Anaesthesiologists (ASA) score, the
side of the operation (left or right), and the type of hospital where the procedure was

performed. The four surgical variables captured in the dataset are the diagnosis group
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(indicating the specific condition or reason for the surgery), incision type (the type of
surgical incision made), prosthesis group (categorising the type of hip prosthesis used),
and cement type (the type of cement utilised in the procedure). The eleven implant-
specific variables were further divided into six cup variables and five femoral variables.
The cup variables included fixation type (how the cup component is secured to the bone),
resurfacing (whether the cup is a total hip replacement or hip resurfacing), articulation
type (the materials used for the bearing surfaces), modular or monoblock design (the
structure of the implant), implant size, and the additional variable "modification" related
to the cup. The femoral variables encompassed fixation type, resurfacing, articulation

type, modular or monoblock design, and implant size.

4.2.2. Exposures

For both parts of the study, machine learning models were applied to forecast the
outcomes of hip arthroplasty. Analyses were restricted to patients undergoing elective
primary hip replacement. Patients who had undergone hip arthroplasty due to specific
diagnoses such as trauma, tumour-related conditions, and degenerative conditions other
than osteoarthritis were excluded. Patients below the age of 18 were excluded to minimise
potential confounding factors that could arise from the different outcomes observed in

paediatric patients (369-371).

4.2.3. Outcomes of interest

There were three primary outcome measures in the SHAR dataset: mortality, revision, and
re-operation, and two primary outcome measures in the HES/NJR dataset: mortality and
revision. Re-operation is defined as any additional surgery to the hip, regardless of the
actions taken to any of the implant components (replaced, extracted or left untouched)
whereas revision is defined as a re-operation where at least one component is exchanged,

extracted from, or added, to the prosthesis. Machine learning survival analysis techniques
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(CoxNet) were used with an analysis of time-to-event and a selection of key predictor
variables that were assigned appropriate weights, whilst shrinking other variables’
coefficients towards zero (see ‘machine learning and statistical methods” below). For
mortality, we considered 1-year survival analysis. For re-operations and revisions, we
considered survival analyses for 2 years, 5 years and 10 years as separate outcomes of

interest.

4.2.4. Machine learning and statistical methods

4.2.4.1. Descriptive statistics
Descriptive statistics were performed and described in Chapter 3 using Kaplan-Meier
(KM) non-parametric estimates to describe mortality and implant survival probabilities

over time across various age, sex groups, and by year in both datasets (372).

4.2.4.2. Model specification

Predictors of mortality and implant survival were examined using lasso penalised Cox
proportional hazard regression (CoxNet). To compute survival models using approach,
we used a combination of elastic net regularisation, through using lasso penalties for
feature selections, and their corresponding coefficients for the predictors. Variable
selection in CoxNet refers to the process of applying a penalty to the coefficients and
shrinking some coefficients towards zero, or in other words, identifying a subset of
features that are most relevant for predicting survival outcomes. Univariable hazard
ratios, 95% confidence intervals, and the P values were generated to evaluate the overall
effect of each CoxNet-selected predictor on each outcome endpoint. Multivariable models
were fitted with further adjustments for age, gender and/or ASA to calculate the relative
effect sizes of the machine learning selected predictors. As before, analyses were

performed using R statistical computing environment version 4.3.0 R. Packages ‘glmnet’
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(version 4.1.7) and “survival” (version 3.5.5) were used for computing the lasso penalised

Cox proportional hazard regression (CoxNet) model.

4.3. Results

4.3.1. Swedish Hip Arthroplasty Register
Descriptive figures related to the SHAR survival outcome measures for death, revision,

and re-operation are presented in Table 4-1.

. . Derivation cohort
Time from primary

Outcome operation (N=154,595)
N %
Mortality 1 year 1,301 0.84
2 years 3,011 1.95
Revision 5 years 4,179 2.70
10 years 5,133 3.32
2 years 4,428 2.86
Re-operation 5 years 5,897 3.81
10 years 7,045 4.56

Table 4-2 SHAR survival outcomes

4.3.1.1. Summary statistics of outcomes

Summary statistics, Kaplan-Meier (KM) estimates, and Hazard Ratios (HR) for cumulative
incidence of mortality, revision, and re-operation outcomes, respectively, at each time
point by age and sex, and by year are shown in Chapter 3 (Tables 3-3, 3-4, 3-5, 3-6, and

Appendices A3.1 & A3.2).

4.3.1.2. Lasso penalised Cox proportional hazard regression (CoxNet model)

The elastic net regularisation, utilising lasso penalty terms, identified a set of eight
variables (ten features) and their corresponding coefficients that are most relevant for
predicting one-year mortality survival outcome. These features are categorised into
patient, diagnostic, and implant factors, as illustrated in Table 4-3. Modifiable factors were

comprised of implant-specific features, primarily dual mobility cups and cemented
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femoral fixation, whilst intrinsic features included: age, male gender, ASA group, low
Body Mass Index (BMI), private hospitals, and idiopathic necrosis/ other diagnosis group.
A positive coefficient indicates that the feature increases the risk of mortality whilst a

negative coefficient, such as “Private Hospital”, is protective.

One-year
CoxNet-selected mortality
. Features . .
variables (n) coefficient
(n=8)
Age +0.045
»  Gender Male +0.259
< ASA +0.820
g
© Underweight Group
o  BM 0- 185) +0.340
Hospital Type Private - 0.066
L
£ Idiopathic Necrosis ~ +1.033
&
E Diagnosis
2
a Other +0.451
< o DMC-Monoblock +0.234
.g Cup Articulation/
&S Modularit
£ e DMC-Modular +4,065
-
£ Femoral Fixaton ~ Cemented +0.040

Table 4-3 SHAR one-year mortality CoxNet model
selected variables and coefficients

The CoxNet-selected features for predicting revision survival outcomes at two-year, five-
year and ten-year periods are shown in Table 4-4, alongside their coefficients. In total,
eight variables (ten features) were selected for each of the two-year and five-year
endpoints and eleven variables (fifteen features) for the 10-year revision outcome. Patient
factors, such as age, showed minimal negative impact on revision risk and is likely a
confounding factor whilst Male gender and higher ASA grades had positive coefficients,
indicating an increased risk of revision at all time points. In contrast to the SHAR one-year

mortality CoxNet-selected features, obesity and rural hospitals were possibly linked with
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higher and protective revision risks, respectively. The diagnosis of idiopathic necrosis had
positive coefficients across all time intervals, in line with the mortality survival outcome.
Implant factors, such as cup resurfacing, metal cup articulation, and cementless femoral
implant fixation, showed positive coefficients, indicating an increased risk of revision

across the three revision endpoints.

CoxNet-selected Two-year  Five-year  Ten-year

variables Features revision revision revision
coefficient coefficient coefficien
() fficient fficient fficient
(n=8) (n=8) (n=11)
Age - 0.001
Gender Male +0.34 +0.34 +0.30
w» ASA +0.24 +0.15 +0.11
S
g Obesity Class |
z 130 - 35) +0.12 +0.09 +0.11
< awi gge_s%)Class T voa2 +032 +032
Sat(e)sny Classlll | 0.77 +0.56 +0.49
Hospital Type Rural - 0.001 - 0.006 -0.04
w
g
8 Idiopathic
5 Diagnosis N;‘(’;’;gsis +0.44 +0.42 +0.36
=)
5
(72}
Cup Resurfacing Resurfaced +0.47 +0.92
Metal (Standard) +0.69
Cup Articulation
Poly (X-link) -0.23
4
% Cup Modularity Modular +0.09
s Standard -0.03 -0.13 -0.15
£ Cup Modification
Liped +0.010
Femoral Fixation Cementless +0.18 +0.18 +0.22
Femoral Articulation Head Metal +0.06

(Non-titanium)
Table 4-4 SHAR revision CoxNet models
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Table 4-5 illustrates the CoxNet-selected variables for re-operation survival outcomes at
two-year, five-year, and ten-year periods with their corresponding coefficients. Overall,
similar features to revision outcomes were identified. Inflammatory and secondary
arthritis were linked with higher risks for re-operation at five and ten years. Similarly, a
posterior approach had a negative coefficient indicating a lower risk of re-operation at all
time points. Cementless femoral fixation had a higher risk of re-operation and comparable
coefficients to revision outcomes. Cup implant factors, such as resurfacing and specific
types of cup articulation, have varying effects on re-operation risk, with Poly (X-link)

seeming to have a negative protective effect.
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CoxNet- Two-year Five-year Ten-year
selected re-operation  re-operation  re-operation
. Features - L -
variables coefficient coefficient coefficient
(n) (n=10) (n=11) (n=14)
Age - 0.001
Gender Male +0.38 +0.37 +0.34
ASA +0.30 +0.22 +0.18
2 Obesity Class |
o
2 [30 - 35) +0.26 +0.21 +0.20
< Obesity Class |l
E BMI [35 - 40) +0.60 +0.48 +0.45
Obesity Class Il
> 40 +0.86 +0.67 +0.56
Count +0.04 +0.008 +0.04
Hospital uny
T
ye Rural -0.16 -0.16 -0.15
lopathic +0.59 +0.56 +0.26
ecrosis
£ Diagnosis ~ Other Secondary 1, +0.22 +0.48
£ Arthrosis
&
g Inflammatory +0.09 +0.27
3
. Direct Lateral +0.005
Incision
T
yoe Posterior -0.15 -0.11 -0.09
Resurfacing  Resurfaced +0.51 +1.19
Size Inner Diameter -0.01
g DMC Monoblock ~ +0.23 +0.02
S
'3: DMC Modular +1.39 +0.54 +0.31
< Atticulation
E Metal (Standard) +0.21 +1.30
3
Poly (X-link) -0.10 -0.27
Standard -0.04 -0.08 -0.08
Modification
Liped +0.07
o
g Fixation Cementless +0.11 +0.15 +0.20
8
g Head Metal
S N ead Meta
..?E_’ Articulation (Non-tanium) +0.06 +0.06 +0.13

Table 4-5 SHAR re-operation CoxNet models
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4.3.1.3. Factors affecting safety

Univariable and multivariable one-year mortality survival analyses based on CoxNet-
selected variables are displayed in 4-6 and 4-7, respectively. Primary hip arthroplasty
procedures were safer in younger patients, females, those with less co-morbidities (lower
ASA grade), and patients with a BMI of 18.5 or above. There was a strong trend towards

superior survival in the independent sector when compared to public hospitals.

_— . Univariable analysis Univariable analysis
CoxNet-selected Univariable analysis diusted f d diusted f
variables (non-adjusted) (adjusted for age an (adjusted for age,
gender) gender and ASA)
Hazard ratio p Hazard ratio p Hazard ratio p
(95% CI) value (95% ClI) value (95% ClI) value
A e 1 08 *kk 108 *kk 1 06 *kk
g (1.07-1.08) (1.07-1.08) (1.05-1.06)
1 44 *kk 1 72 *kk 1 58 *kk
Gender Male (1.29-1.60) (1.54-1.92) (1.41-1.76)
ASA 337 *kk 262 *kk 262 *kk
(3.10-3.66) (2.40-2.87) (2.40-2.87)
BMI Underweight 3.28 b 2.83 b 259 b
[0-18.5) (2.31-4.66) (1.98-4.03) (1.82-3.70)
Hospital type Private 048 v 0.57 ” 065 ”
(0.40-0.56) (0.48-0.67) (0.55-0.77)
Idiopathic 4.23 b 4.27 b 3.50 b
Necrosis (3.51-5.10) (3.54-5.15) (2.90-4.23)
Diagnosis
Other 571 *kk 608 *kk 409 *kk
(2.56-12.75) (2.72-13.56) (1.83-9.14)
DMC 417 b 2.87 b 2.08 b
Cup Articulation/ Monoblock (3.07-5.65) (2.12-3.90) (1.53-2.83)
Modularity DMC 5741 b 2745 b 112.47 b
Modular (14.34-229.8) (68.18-1105.91) (27.89-453.48)
_— 2.84 b 1.36 i 1.37 b
Femoral Fixation =~ Cemented (2.44-3.30) (1.45-1.61) (146-1.62)

Table 4-6 SHAR one-year mortality univariate analysis using CoxNet-selected variables
* p<0.05, ** p<0.01, *** p<0.001

A pre-operative diagnosis of idiopathic necrosis or “other”, which includes cases other
than degenerative osteoarthritis, inflammatory or secondary arthritis, is associated with a
higher risk of mortality. The choice of cemented femoral fixation was significantly
correlated with an increased risk of mortality in comparison to cementless seating.

Similarly, the use of dual mobility cups (DMC), whether modular or monoblock, had a
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higher risk of death. However, the wide confidence interval for DMC modular (n = 5,

Table 2-1) cups reduces the precision of the findings.

CoxNet-selected

Multivariable analysis

Multivariable analysis
(adjusted for age and

Multivariable analysis
(adjusted for age,

variables (non-adjusted) gender) gender and ASA)
Hazard ratio p Hazard ratio p Hazard ratio p
(95% CI) value (95% CI) value (95% ClI) value
105 *kk
Age (1.04-1.06) - - - -
1.67
Gender Male (1.50-1.87) - - - -
244 ok 242 .
ASA (2.23-2.67) (2.21-2.64) B -
BMI Underweight 2.22 . 218 . 210 .
[0-18.5) (1.55-3.17) (1.52-3.13) (1.46-3.04)
Hospital type Private 0.70 o 0.71 o 0.73 ek
(0.59-0.83) (0.60-0.84) (0.62-0.87)
Idiopathic 317 . 2.93 . 2.89 .
Necrosis (2.61-3.84) (2.41-3.56) (2.37-3.54)
Diagnosis
Other 4.08 . 3.24 " 343 -
(1.82-9.13) (1.43-7.34) (1.50-7.86)
DMC 1.48 . 1.41 . 1.38 .
Cup Atticulation/ Monoblock (1.08-2.02) (1.03-1.94) (1.00-1.92)
Modularity DMC 130.37 s 82.46 e 58.24 ik
Modular (32.26-526.74) (17.40-390.64) (9.95-340.72)
N 1.36 . 1.44 . 1.44 .
Femoral Fixation =~ Cemented (1.15-1.60) (121-1.71) (1.20-1.72)

Table 4-7 SHAR one-year mortality multivariate analysis using CoxNet-selected variables
* p<0.05, ** p<0.01, *** p<0.001

4.3.1.4. Factors affecting implant survival

Multivariable two- and five-year revision and re-operation survival analyses are
displayed in 4-8 and 4-9, respectively. Unlike mortality, age was not selected by the
CoxNet model whilst obesity increased the risk of revision and re-operation at two and
five years. Female gender, lower ASA grades and procedures undertaken in rural
hospitals had a statistically significant lower risk of revision and re-operation at two and

five years.
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A pre-operative diagnosis of idiopathic necrosis was significantly correlated with elevated
risks of revision and re-operation, whereas the diagnosis of secondary arthritis exhibited
an increased risk of re-operation, while inflammatory arthritis was found to elevate the

risk of re-operation specifically at the five-year interval only.

Two-year revision Two-year revision Five-year revision Five-year revision
CoxNet-selected Multivariable Multivariable Multivariable Multivariable
variables analysis analysis (adjusted analysis analysis (adjusted
(non-adjusted) for age and gender) (non-adjusted) for age and gender)
HR p HR p HR p HR p
(95% Cl)  value (95% CI) value  (95% Cl) value (95% CI) value
1.65 - 1.61 ek
Gender Male (1.53-1.77) - T (1511.71) - -
ASA 1 41 ke 1 32 *kk 130 ke 127 kK
(1.33-1.49) (1.24-1.40) (1.23-1.36) (1.21-1.34)
Obesity Class | 1.42 " 1.47 . 1.35 " 1.36 "
[30 - 35) (1.30-1.54) (1.35-1.61) (1.25-1.45) (1.26-1.46)
BMI Obesity Class Il 2.02 " 2.19 . 1.80 " 1.84 "
[35 - 40) (1.78-2.29) (1.92-2.49) (1.25-1.45) (1.64-2.06)
Obesity Class Il 3.08 . 3.46 . 2.59 . 2.68 .
240 (2.50-3.80) (2.80-4.28) (2.13-3.14) (2.20-3.27)
Hospital type Rural 085 b 085 b 086 b 086 i
(0.78-0.92) (0.79-0.92) (0.80-0.92) (0.80-0.92)
Diaanosis Idiopathic 2.03 . 2.14 . 1.99 . 2.07 s
g Necrosis (1.73-2.39) (1.82-2.52) (1.73-2.28) (1.79-2.38)
Cup Resurfacing  Resurfaced (1 9‘%35 91) b @ 12465’ 2) b
. 1.08 1.09
Cup Modularity Monoblock (0.94-1.25) / (0.95-1.26) /
o 0.87 . 0.84 . 0.82 . 0.81 .
Cup Modification  Standard (0.77-0.99) (0.74-0.95) (0.76-0.88) (0.75-0.87)
Femoral Fixation = Cementless 1.32 o 1.52 ek 1.34 o 141 ek
(1.20-1.45) (1.37-1.68) (1.24-1.44) (1.30-1.53)

Table 4-8 SHAR two-year and five-year revision multivariate analysis using CoxNet-selected variables
* p<0.05, ** p<0.01, *** p<0.001

Within the realm of implant-specific factors, the use of a standard cup modification
decreased the risk of implant failure. While the use of a metal cup heightened the
probability of requiring a re-operation after five years, poly x-link material substantially
reduced this likelihood. Cemented femoral fixation demonstrated favourable effects by
reducing the implant failure risks whilst hip resurfacing was identified as a contributor to

increased revision and re-operation risks at the five-year mark.
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. Five-year
Two-year Five-year .
Two-year . . re-operation
. re-operation re-operation HI,
CoxNet-selected re-operation i i Multivariable
. L . Multivariable Multivariable . .
variables Multivariable analysis . . . analysis (adjusted
. analysis (adjusted analysis
(non-adjusted) / for age and
for age and gender) (non-adjusted)
gender)
HR HR HR p HR p
(95% Cl) value (95% Cl) value (95% Cl) value  (95%Cl)  value
1.61 i 1.58 .
Gender Male (1521.71) - (150-1.66) - -
ASA 1 42 *kk 1 35 *kk 1 31 *kk 1 28 *kk
(1.35-1.48) (1.28-1.42) (1.25-1.36) (1.23-1.34)
Obesity Class | 1.48 . 1.53 . 1.41 . 1.42 -
[30 - 35) (1.38-1.59) (1.42-1.64) (1.32-1.50) (1.33-1.51)
BMI Obesity Class I 212 . 2.25 . 1.89 . 1.92 -
[35 - 40) (1.91-2.35) (2.02-2.50) (1.72-2.08) (1.75-2.12)
Obesity Class Il 2.92 . 3.22 . 245 . 2.56 -
=240 (2.44-3.49) (2.68-3.87) (2.07-2.91) (2.15-3.04)
Count 1.14 . 1.12 o 1.08 " 1.07 .
y (1.06-1.23) (1.04-1.21) (1.02-1.16) (1.01-1.15)
Hospital Type 0.82 0.82 0.81 0.81
Rural (0.76-0.89) (0.76-0.88) (0.76-0.87) (0.76-0.87)
Idiopathic 2,07 i 212 . 2.03 . 2.07 ok
Necrosis (1.81-2.36) (1.85-2.43) (1.80-2.28) (1.83-2.33)
Diaanosis Other Secondary 1.39 . 1.47 . 1.49 . 1.52 -
9 Arthrosis (1.19-1.63) (1.25-1.72) (1.31-1.69) (1.33-1.73)
Inflammatory 1.51 b .58 b
(1.25-1.82) (1.31-1.91)
. 0.98 1.03
Direct Lateral (0.61-1.57) / (0.64-1.64) /
inclslon Type 0.75 0.78 0.79 0.79
Posterior ; / ' / . b . b
(0.47-1.91) (0.49-1.24) (0.75-0.83) (0.75-0.83)
Cup Resurfacing Resurfaced (1 727'_12357) b (1 826226 74) b
1.58 . 1.43 - 1.24 . 1.17
DMC Monoblock 4 951 g) (1.13-1.82) (1.00-1.54) (094-146)
5.77
773 o 5.25 . .
DMC Modular 1 95.31.13) NA- O NA T ra021.13) (1.40
Cup Articulation 23.17)
2.01 . 1.96 .
Metal (Standard) (1.33-3.05) (1.29-2.97)
. 079 *kk 079 *kk
Poly (X-link) (0.75-0.84) (0.74-0.84)
I 0.92 . 0.89 o 0.92 . 0.91 -
Cup Modification Standard (0.86-0.99) (0.83-0.96) (0.86-0.98) (0.85-0.97)
Femoral Fixation Cementless 1.22 b 1.36 b .31 b 1.37 b
(1.13-1.31) (1.25-1.47) (1.23-1.39) (1.28-1.47)
Femoral Articulation Head Metal 1.24 - 1.18 e 1.23 e 1.22 e
(Non-titanium) (1.13-1.35) (1.08-1.29) (1.15-1.33) (1.13-1.31)

Table 4-9 SHAR two-year and five-year re-operation multivariate analysis using CoxNet-selected

variables * p<0.05, ** p<0.01, *** p<0.001
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4.3.2. National Joint Registry
Descriptive figures related to the NJR survival outcome measures for death and revision

are presented in Table 4-10.

i NJR Derivation
Time from
Outcome primary cohort
operation (N=355,933)
N %
30 days 506 0.14
60 days 782 0.21
Mortality
90 days 1,047 0.29
1 year 3,636 1.02
6 months 1,824 051
1 year 2,450 0.68
Revision
2 years 3,362 0.94
5 years 4,671 131

Table 4-10 NJR survival outcomes
4.3.2.1. Summary statistics of outcomes
Summary statistics, Kaplan-Meier (KM) estimates, and Hazard Ratios (HR) for the
cumulative incidence of mortality, and revision outcomes, respectively, and at each time
point by age and sex, and by year, are shown in Chapter 3 (Tables 3-9, 3-10, 3-11, and 3-

12).

4.3.2.2. Lasso penalised Cox proportional hazard regression (CoxNet model)

The CoxNet model identified a set of ten variables (thirteen features) and their
corresponding coefficients that are most relevant for predicting one-year mortality
survival outcome. Table 4-11 categorises these features into patient, diagnostic, and
implant factors. Modifiable implant-specific features primarily included fixation and cup
and femoral articulation, whilst patient features comprised of age, male gender, ASA
group, low Body Mass Index (BMI), non-private hospitals and idiopathic necrosis/other

diagnosis group.
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CoxNet-selected 22?,;!&”
variables Features Aty
() coefficient
(n=10)
Age +0.053
Gender Male +0.390
4
§ ASA +0.894
E Underweight Group
£ BMI [0-185) +0.230
o
Public +0.049
Hospital Type
University +0.062
Idiopathic Necrosis ~ +0.506
s
S . .
£ Diagnosis Primary arthrosis -0.155
8
=
S Other +1.204
(72}
Incision Type Other -0.031
g Cup Articulation DMC Modular +0.172
g
= Cup Fixation Cementless -0.038
=
£ Femoral Articulation ~ Metal +0.100

Table 4-11 NJR mortality CoxNet models

The CoxNet-selected variables for revision survival outcomes at two-year and five-year
periods are shown in Table 4-12. Seven variables were selected for the two-year revision
mark (twelve features) and five variables were CoxNet-selected for the five-year revision
endpoints (six features). Age showed a minimal negative impact on the five-year revision
risk and is likely a confounding factor, whilst Male gender and higher ASA grades had
positive coefficients, indicating an increased two-year revision risk. In contrast, in the one-
year mortality features, obesity was shown to increase revision risk. The diagnosis of
idiopathic necrosis had a positive two-year coefficient, in line with the mortality survival

outcome. Implant factors including cementless femoral implant fixation, monoblock cups,
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and metal cup articulation showed positive coefficients, indicating an increased risk of

revision as highlighted in Table 4-12.

CoxNet-selected Two-year  Five-year
variables Features revision revision
(n) coefficient  coefficient
(n=7) (n=5)
Age - 0.006
Gender Male +0.091
ASA +0.050
L Healthy weight
-0.027
§ [18.5-25)
k= Overweight
@ -0.011 -0.007
E [25 - 30)
BMI [c;ge_sgtg)mass ' Ret Ref.
Obesity Class I
[35 - 40) +0196
Stj‘%sny Classlll | 0.323 +0.009
|diopathic
Necrosis +0053
g Diagnosis Primary arthrosis - 0.172
g
w
o
> Other secondary
a arthrosis +0.662
Incision Type Posterior - 0.006
Prosthesis Group Cementless +0.013
g Cup Articulation Metal (Standard) +0.641
S
'32 Cup Modularity Monoblock +0.125
-
E  Femoral Fixation Cementless +0.112 +0.070

Table 4-12 NJR revision CoxNet models
4.3.2.3. Factors affecting safety

Multivariable one-year mortality survival analyses based on CoxNet-selected variables
are displayed in 4-13. Primary hip arthroplasty procedures in the NJR were safer in

younger patients, females, those with lower ASA grades and patients with a BMI of 18.5
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or above. There was a strong trend towards inferior survival in public and university

hospitals.

CoxNet-selected Multivariable Multivariable
variables analysis analysis (adjusted
(non-adjusted) for age and gender)
Hazard ratio p Hazard ratio p
(95% Cl) value (95% Cl) value
1.05 .
Age (1.05-1.06) - -
Gender Male (1 51 4'?1577) b - -
2.46 . 243 -
ASA (2.32-2.6) (2.30-2.58)
BMI Underweight 1.38 - 1.34 "
[0-18.5) (1.28-1.49) (1.24-1.45)
. 143 ok 1.41 .
Public (1.28-150) (1.27-157)
Hospital type 19 v
University (1 3.1 69) (1.30-167)
Idiopathic 1.85 . 1.89 "
Necrosis (1.38-2.50) (1.40-2.54)
Diaanosis Primary 0.84 0.91
g arthrosis (0.64-1.10) (0.70-1.19)
3.58 i 3.74 -
Other (2.62-4.90) (2.73-5.13)
Cup Articulation/ DMC 1.44 . 1.38 N
Modularity Monoblock (1.07-1.94) (1.02-1.87)
_— 0.92 . 0.92 .
Cup Fixation Cementless (0.85-0.99) (0.86-0.99)
. . 1.21 ok 1.28 .
Femoral Articulation ~ Metal (1.10-1.34) (1.16-142)

Table 4-13 NJR one-year mortality multivariate analysis
without and with adjustment to age and gender
* p<0.05, ** p<0.01, *** p<0.001

A pre-operative diagnosis of idiopathic necrosis or “other” were associated with a higher

mortality risk. The choice of cementless cup fixation significantly correlated with a

decreased risk of mortality in comparison to cemented fixation. Similarly, the use of dual

mobility monoblock cups (DMC) or metal femoral heads had a higher risk of death.
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4.3.2.4. Factors affecting implant survival

The multivariable survival analyses for revisions at both the two-year and five-year time

points are presented in Table 4-14.

Two-year revision Two-year revision Five-year revision Five-year revision
CoxNet-selected Multivariable Multivariable Multivariable Multivariable
variables analysis analysis (adjusted analysis analysis (adjusted
(non-adjusted) for age and gender) (non-adjusted) for age and gender)
Hazard ratio p Hazard ratio p Hazard ratio p H::t?;d p
(95% Cl) value (95% CI) value (95% Cl) value (95% Cl) value
0.98 .
Age - " (098099) - -
Gender Male 1 115'_214 34) b - -
1.15 . 1.15 .
ASA (1.07-123) (1.07-1.24)
Overweight 0.81 - 0.81 . 0.82 - 0.81 .
[25-30) (0.74-0.90) (0.74-0.89) (0.75-0.90) (0.74-0.89)
Obesity Class |
[30 - 35) Ref. Ref. Ref. Ref.
BMI
Obesity Class I 1.29 ”_ 1.28 ”
[35 - 40) (1.14-1.45) (1.14-1.45)
Obesity Class Il 1.55 . 1.53 . 1.36 . 1.40 -
=40 (1.31-1.83) (1.30-1.82) (1.14-1.64) (1.17-1.68)
Idiopathic 1.28 1.27
Necrosis (0.98-1.68) (0.97-1.67)
; ; Primary arthrosis 0.72 * 0.76 b
Diagnosis (0.60-0.88) (0.62-0.92)
Other Secondary 3.26 ”_ 3.26 ”
Arthrosis (1.87-5.69) (1.87-5.69)
Incision Type Posterior 0.86 o 0.86 o
(0.79-0.93) (0.79-0.93)
Prosthesis Group ~ Cementless 0 811.?14 34) © 812'?153 4)
Cup Articulation Metal (1 92;22 %) b 1 926420 93) b
Femoral Fixation Cementless 1.35 e 1.35 o 1.19 1.20
(1.25-1.46) (1.25-1.47) (0.93-1.53) (0.93-1.53)

Table 4-14 NJR two-year and five-year revision multivariate analysis using without and with adjustment
to age and gender * p<0.05, ** p<0.01, *** p<0.001

In contrast to its effect on mortality, obesity was found to elevate the risk of revision at
both the two-year and five-year junctures. In contrast, female gender and lower ASA

grades were associated with a statistically significant reduction in the risk of revision at
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the two-year interval. On the other hand, a diagnosis of idiopathic necrosis was not
associated with increased revision risks, whereas the diagnosis of secondary arthritis
exhibited an increased revision risk at the two-year interval only. In terms of implant-
specific factors, the use of cementless femoral fixation is significantly associated with a
heightened risk of revision within the first two years postoperatively, albeit not at the five-
year mark. Conversely, metal cups exhibit detrimental effects by diminishing the survival

of implants over a five-year duration.

4.4. Discussion

This study introduced a combined survival machine learning approach and multivariate
analyses to identify and examine the factors predicting mortality and implant failure
outcomes following primary elective total hip replacement. The outcomes of this study
can be used to assist in the selection of patients and implant designs for better surgical

outcomes.

4.4.1. Patient factors

Increasing age has been identified to be associated with a significant, albeit small, increase
in mortality risk and a decrease in long-term revision risk in the two registries. Similarly,
males exhibited higher risks for both outcomes. Although no adjustments for co-
morbidities were conducted in this study, these findings are in agreement with the KM
estimates described in Chapter 3 and with previous studies, suggesting a possible
physiological aging process in the elderly and the likelihood of surpassing the lifetime risk
in younger individuals (see Section 1.9 and (226-228)). Moreover, the existing evidence
supports the absence of a significant association between gender and mortality or revision
outcomes following primary total hip arthroplasty (227, 283-285). Therefore, age and

gender differences were adjusted for in our multivariate analyses.

139



Chapter 4: Determinants of mortality, revision, and re-operation outcomes

Co-morbidities, as measured by the ASA grade, increased the incidences of mortality and
implant failure at all time points, and were more pronounced in the former outcome.
Following adjustments to age and gender, higher ASA grades increased mortality risks by
almost 2.5 times (HRsuar 2.42, HRnjr 2.43, p < 0.001) and two-year implant failure risk by
approximately 15% (in the NJR; HRrevision 1.15) and 32 - 35% (in the SHAR; HRrevision 1.32,
HReop. 1.35). Whilst this aligns with the existing moderate evidence suggesting an elevated
risk of revision associated with higher co-morbidity indices (see Section 1.9), it

underscores the importance of prospective clinical trials in this domain.

This study furnishes substantiation of an augmented mortality hazard within the
underweight patient cohort, alongside a heightened risk of revision surgery observed
among the obese patient group. This is in concurrence with prior research reporting
similar obesity paradox patterns (see Section 1.9 and (12, 243, 244)). Whilst our study is
inherently limited to suggest restriction of intervention solely based on an individual’s

BM]I, it is prudent to consider the trade-off between these two factors.

4.4.2. Surgical factors

Private healthcare provision was shown in both registries to have superior safety
outcomes compared to public hospitals, whilst rural hospitals in the SHAR, but not in the
NJR, were associated with lower incidences of re-do procedures. Examination of the
SHAR annual report alludes to the increasing proportion of procedures undertaken at
private healthcare facilities with the majority of private patients having lower ASA grades
and a pre-operative diagnosis of primary osteoarthritis (5). Likewise, the posterior surgical
approach in the NJR was found to reduce two-year revision risk by approximately 14%,
concurring with previous studies (293, 311), however, this was not pronounced at the five-
year period nor in the SHAR dataset. Overall, it is important to note that neither of our
extracted data included information pertaining to unit volume or surgical expertise,
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therefore, such associations and their significance are likely attributed to selection bias and

should be interpreted with caution.

In terms of surgical indication, a pre-operative diagnosis of non-traumatic idiopathic
necrosis approximately doubled the risk of death in both registries. Whilst this effect
persisted, alongside inflammatory arthritis for re-operation risk, with statistical
significance for implant failure outcomes in the SHAR (p < 0.001), it was not statistically
significant in the NJR. Although there is limited recent evidence focusing on the effect of
avascular necrosis on mortality and revision outcomes, a previous SHAR study, of 427,806
observations between 1995 and 2011 reported heightened revision risk in patients with
non-traumatic femoral head necrosis, particularly in the first two-years postoperatively
(383). The evidence, however, remains disputed with earlier clinical studies having
reported high failure rates for this patient group (384, 385), whereas other observational
studies highlighted comparable revision outcomes to the primary osteoarthritis group
(386-388). The discrepancy between these studies was thought to be primarily attributed
to the varying durations of follow-up as well as potential implant selection bias or

insufficient sample sizes (383).

4.4.3. Implant factors

Metal articulation was found to increase the one-year mortality risk associated with the
use of metal heads by 28%, and the five-year revision risk associated with the use of metal
cups by 2.4 times in the NJR. Whilst in the SHAR, only hip resurfacing arthroplasty was
found to increase the five-year revision risk by 2.6 times. Previous studies emphasised the
adverse events associated with metal-on-metal wear, local tissue reactions, and the
elevated metal ion levels, which all potentially contribute to the inferior outcomes for
metal articulations (320, 321). Additionally, there are several factors that might confound
the association between hip resurfacing arthroplasty and increased five-year revision risk
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in the SHAR: the limitations of using revision as an end point (see Section 1.8); the low
proportion of HRA in Sweden with no procedures performed in 2022 (5); limited
adjustment for patient activity levels pre- and post-operatively; unit and surgeon volume

and expertise; and patient selection.

Cemented fixation and dual mobility cups were found to have a statistically significant
increase in mortality risk in both registries whilst the NJR identified metal femoral heads
as having a similar effect. However, the association between dual mobility cups and the
outcome is likely of a confounding nature and could be influenced by the characteristics
of the patient population who receive these implants (6). Our adjusted multivariate
analyses highlight that cemented fixation may increase the one-year mortality risk by 9%
(NJR, cemented cups) and 44% (SHAR, cemented stems), whilst lowering the implant
failure risk by 35% (NJR, uncemented stems) and 52% (SHAR, uncemented stems). The
discrepancy between the two registries in the identified component-related (stem versus
cup) mortality risk adds an additional layer of complexity. Garland ef al. in a SHAR
matched cohort study, whilst not reaching statistical significance, reported an increased
risk of death in the hybrid group (cemented femoral component), proposing that
cemented femoral fixation is likely associated with higher incidences of thromboembolic
events (348). Similarly, Trela-Larsen et al. applied a flexible parametric survival regression
for personalised estimation of one-year mortality risk after elective hip and knee
arthroplasty using the NJR as a training platform and externally validated their algorithms
using the Norwegian Arthroplasty Register (NAR) (378). The authors in their
supplementary materials reported similar findings for the Norwegian Arthroplasty
Registry (NAR; n = 60,814, HR 1.43 95% CI1.01 to 2.02, p = 0.04), but not the National Joint
Registry for England and Wales (NJR; n = 340,033, HR 1.06, 95% CI 0.96 to 1.17, p = 0.25).

While this holds for our SHAR findings, it contrasts with the NJR, suggesting the need for
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further investigations. It is noteworthy, however, that our study did not investigate for
specific reasons for mortality or revision risks. Interpreting the findings considering
existing literature (expounded in Section 1.11), the risk-benefit assessment of fixation type
in primary THR needs to account for multiple co-variates to address issues related to
selection bias and confounding by indication. Chapter 7 will explore the effect of implant
fixation on safety and implant failure outcomes using a propensity score matching

technique.

4.4.4. Findings in context

The literature on risk factors of death and implant failure in primary THR is highly
debated and is covered in-depth in Sections 1.9 and 1.10. This study supports the approach
of Lopez-Lopez et al, in highlighting that a combination of factors, in their study [metal-
on-metal, small femoral head sizes and cemented fixation], are associated with varying
outcome endpoints (322). Our study underscores the effects of different factors
documented in previous literature, and metaphorically projects the significance of
Malcolm Gladwell’s idea of “The Law of the Few”, wherein changes (even if relatively
small) in patient or implant selection can have a disproportionate impact and reach “The
Tipping Point” in terms of mortality and revision outcomes. Of note, our study
highlighted the varying effects of patient’s preoperative BMI (the trade-off between
underweight and obesity), diagnosis (non-traumatic idiopathic necrosis), and co-
morbidities (higher ASA grades) as well as implant factors specifically fixation type

(cemented versus cementless fixations) and articulation surfaces (metal heads or cups).

4.4.5. Strengths and limitations
The strengths of this study include the large study population using two of the largest hip
registries coupled with the use of machine learning survival techniques to select key

predictors of outcomes. This enables an unbiased variable selection and adjustment for
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potential confounding factors. The agreement in findings between the two registries
further strengthens our confidence in the precision of measurements and the reliability of
our adjusted multivariate analyses, suggesting that they may be generalised at a

population level.

Limitations include, similar to Chapter 3, the observational nature of the study
underpinned by unmeasured biases of registry data, and limited specifics on the severity
of co-morbidities and the reasons for death or implant failure. The large amount of missing
data in both registries, particularly incomplete ASA grades in the SHAR prior to year 2008
and BMI in the NJR, and our assumption of missing completely at random by eliminating
missing observations rather than imputing variables, may have introduced bias to the
findings. However, imputation introduces uncertainty and may result in biased estimates,
which our methodology aimed to avoid (389). Similarly, our study lacked information
related to patient-reported outcomes and thus falls short of adequately addressing the
primary goal of primary elective total hip replacement, which is improving patients’
quality of life and physical function. This is especially crucial when evaluating the

effectiveness of interventions such as hip resurfacing arthroplasty.

4.4.6. Conclusions

This study has identified significant patient, surgical, and implant design factors
predicting mortality and implant failure outcomes in primary elective total hip
arthroplasty. Notably, the trade-off between augmented mortality incidence in
underweight patients and heightened revision risk in obese individuals is to be
considered. Particular caution should be exercised in patients with a pre-operative
diagnosis of non-traumatic femoral head necrosis and those with higher co-morbidities to

mitigate unfavourable outcomes.
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Femoral fixation stands out as a significant modifiable prognostic factor. In this study,
cemented fixation demonstrated superior implant survivability but higher mortality rates.
Whilst this finding supports prior literature, further studies are needed to address issues
related to selection bias, confounding by indication, and patient-reported outcome
measures (PROMs). In Chapter 5, predictive models for PROMs following primary THR
will be explored, whilst Chapters 6 and 7 will investigate the risk factors of periprosthetic

femoral fractures necessitating revision surgery.
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Chapter 5 Predicting quality of life measures following primary hip

arthroplasty

5.1. Introduction

Mortality and revision outcomes are the most commonly reported variables following
arthroplasty, initially collected by joint registries for the purpose of implant safety
surveillance. However, these do not reflect the ultimate outcome for patients (limitations
related to revision as endpoint outcome are discussed in Section 1.8). On the other hand,
pain and poor health-related quality of life (HRQoL) measures serve as the primary
indication for primary elective total hip arthroplasty (181). The efforts undertaken by hip
joint registries to monitor outcomes related to THR culminated in the adoption of HRQoL
and disease-specific patient-reported outcome measures (PROMs) collection, commenced
in 2002 in the SHAR and 2009 in the NJR for England and Wales, and underscore their
commitment to address patient experience. Whilst previous studies examined the
differences in these measures (181, 390, 391), it remains challenging to predict whether
THR delivers the patient-anticipated improvements due to variations in baseline health
status, quality of life, and daily activities. Forecasting this exerts a multi-tiered impact,
benefitting individuals by facilitating shared decision making, enhancing care delivery at

the local level, and informing national policy and economic evaluations.

The European HRQoL 5-Dimensions (EQ-5D), despite conceptual differences compared
to joint-specific PROMs, such as the Oxford Hip Score (OHS) and Harris Hip Score (HHS),
uses standardised questions to comprehensively assess individuals” physical and mental
wellbeing, and pain and functional levels across five domains: mobility, self-care, usual

activities, pain/discomfort, and anxiety/depression. The EQ-5D index represents a global
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measure of the HQoL, calculated based on specific weight value set, whilst a visual
analogue scale (EQ-VAS) is separately recorded for general health (392). This tool was
shown to have concurrent validity, acceptable ceiling effects, and high discriminatory
power in several patient groups including THR (393-396). See Section 1.8.3 for further

information regarding the measures of functional outcome in THR.

A recent systematic review sought to discern the predictors of EQ-5D and EQ-VAS
changes among individual patients undergoing THR with findings indicative of limited
or inconclusive evidence in this regard (397). Two studies constructed machine learning
models to forecast changes in PROMs (EQ-5D index and EQ-VAS) following hip
arthroplasty, however, despite achieving a good binary discriminative power, they were
constrained either by their limited and non-representative sample size or the absence of

relevant clinical data (398, 399).

The aim of this chapter is to develop machine learning models that predict meaningful
improvements in one-year HRQoL and compare their predictive ability to traditional

statistical linear models, using a large dataset from the Swedish Hip Arthroplasty Register.

5.2. Patients and Methods

5.2.1. Data sources

This study uses the SHAR dataset described previously in Chapter 2. All patients who
underwent primary elective hip arthroplasty in the SHAR extract between 2008 and 2018
(n=154,595) were included. Observations characterised by the absence of recorded pre-
operative and post-operative PROMs data (Charlney classification, EQ-5D index, EQ-
VAS) were omitted from the dataset, resulting in a final dataset of 82,526 THRs. This study

is in two parts; the first part uses the SHAR dataset to develop and internally validate the
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machine learning algorithms in predicting one-year clinically important improvements in
EQ-5D index, EQ-VAS and combined EQ-5D/EQ-VAS scores. This is followed by a
comparison of the essential features influencing these predictions in the best performing
machine learning model, coupled with multivariate analyses of these factors. Table 6-1

provides the variables used in the SHAR dataset.

SHAR

Patient factors

Age

Gender

BMI

ASA grade

Side of operation

Hospital type

Surgical factors

Operation type

Diagnosis group

Incision type

Prothesis group

Cement type
Fixation
Resurfacing
Cup Articulation
implant factors  podular or Monoblock
Inner diameter
Modification
Fixation
Femoral Stem resurfacing
implant factors Articulation
Head size
EQ-5D
Pre-operative
PROMs EQ-VAS
Charnley classification
EQ-5D, SRM threshold
EQ-5D, Paired threshold
One-year
Outcomes EQ-VAS

Combined EQ-5D (SRM)/EQ-VAS

Combined EQ-5D (Paired)/EQ-VAS

Table 5-1 Sources of data
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5.2.2. Exposures (from previous chapter)

For both parts of the study, machine learning models were applied to forecast the
outcomes of hip arthroplasty. Analyses were restricted to patients undergoing elective
primary hip replacement. Patients who had undergone hip arthroplasty due to specific
diagnoses such as trauma, tumour-related conditions, and degenerative conditions other
than osteoarthritis were excluded. Patients below the age of 18 were excluded to minimise
potential confounding factors that could arise from the different outcomes observed in

paediatric patients (369-371).

5.2.3. Outcome of interest

The primary outcome measure in the SHAR dataset was one-year improvements in the
EQ-5D index, EQ-VAS and combined EQ-5D/EQ-VAS scores, as set by the minimal
clinically important difference (MCID) thresholds described below in sub-Section 5.2.3.4.

More details pertaining to the data collection process are found in Chapter 2.

Broadly speaking, there are two variations of the EQ-5D questionnaire: a three-level (3L)
version and the newer five-level (5L) release, which added two additional layers of
severity response levels in attempts to address the ceiling effects, the low sensitivity, and
enhance the discriminatory power of the 3L version (395, 400, 401). The SHAR adopted
PROMs data collection using the 3L version up until 2017, at which point it transitioned
to the 5L version. Eneqvist ef al. compared the two versions in Western Sweden in terms
of redistribution of responses, ceiling and floor effects, and correlations of EQ-VAS and
EQ-5D indices (402). The authors reported a good agreement for EQ-VAS (Spearman’s
rank correlation coefficient, r = 0.71 pre-operatively, Spearman r = 0.87 post-operatively)

whilst 5L had 7% lower ceiling effects when compared to 3L.

149



Chapter 5: Predicting quality of life measures following primary hip arthroplasty

5.2.3.1. EQ-5D index, EQ-VAS and combined EQ-5D/EQ-VAS

The differences between the pre-operative and one-year post-operative EQ-5D index and
EQ-VAS were calculated and assigned a binary outcome “improved” and “not improved”
based on set MCID thresholds. Additionally, the overall combined improvement of the

EQ-5D index and EQ-VAS was assessed. Table 5-3 describes the study outcomes.

5.2.3.2. Minimal Clinically Important Difference (MCID)

MCID refers to the smallest improvement deemed significant and meaningful by a patient
and vary by patient cohort, conditions, and instrument (403, 404). Several methods exist
to calculate this, including: paired-data specific; anchor-based; and distribution-based
MCIDs. The choice of which value to select depends on the nature of the study and the
research question. Previous studies selected MCID for the EQ-5D index using either the
Walters et al.’s (405) anchor-based MCID of 0.074, or the statistical effect size of Cohen’s d
MCID of 0.2 (406). However, these thresholds are uncertain and not specific to hip

osteoarthritis or THR treatment (397).

More recently, Kang measured the internal responsiveness of the EQ-5D index for hip
replacement using NHS PROMs data between 2009 and 2015 (n = 181,424) and a variety
of methods including univariate and multivariate standardised response mean (SRM),
standardised effect size (SES) and paired data-specific MCID whilst adjusting for baseline
co-variates such as age, gender, and co-morbidities (407). They reported EQ-5D index
MCID values of 0.196 for the SRM-applied method with a desired effect size equivalent to
Cohen's medium effect (0.5) - a value exceeding 0.196 signifies a meaningful improvement
from a clinical perspective. The adjusted multivariate capacity of benefit score, using the
paired-data method with applied SRM as a desired effect size, was measured to be 0.428.
The latter represents the magnitude of improvement that would be considered of

substantial clinical benefit.
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In terms of EQ-VAS, a recent study applied machine learning models and derived an
MCID value of 7.81 using the change difference method in a sample of 1,843 total hip
arthroplasties with an AUC of 0.84 (399), which is within the range of a Danish study,
which used multiple anchor-based approaches and reported a calculated hip minimal
MCID range between 5 and 23 (408). Table 5-2 highlights the designated MCIDs in this

study.

Outcome MCID
EQ-5D, SRM 0.196
EQ-5D, Capacity of benefit 0.428
EQ-VAS 7.81

Table 5-2 MCID thresholds per outcome

5.2.4. Model development, comparison, and internal validation

Six machine learning algorithms were developed, namely random forest (RF), gradient
boosting machine (GBM), penalized logistic regression (with Lasso and Ridge penalty),
and classification tree (with and without pruning), and then compared to traditional
statistical model logistic regression to predict the improvement in one-year PROMs. The
SHAR derivation cohort of 82,526 observations was used for model development and
internal validation. The data extract was randomly split into a training dataset (N=66,020,
80% of the patients) and an internal validation cohort (N=16,506, 20% of the patients). The
training cohort was used to train the ML models and to adjust their hyperparameters via
cross-validation whereas the validation cohort was used to assess the models’
performance on unseen data. Model performance was evaluated and compared in terms
of area under the receiver operating characteristic curve (AUC) in each dataset. The top
performing machine learning model was used to identify the key features driving its

performance.
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5.2.5. Statistical analysis and feature importance

Descriptive statistics including mean, median, and percentage were used to describe the
rates of one-year PROMs changes, and across various prosthesis groups. R statistical
computing environment version 4.3.0 R packages was used for data analyses. The
packages used for machine learning model development are mentioned in Chapter 3

(Section 3.2.5).

5.3. Results

5.3.1. Summary statistics of outcomes

Descriptive figures related to the changes in one-year PROMs across the different
thresholds are presented in Table 5-3. Using the SRM cut-off, approximately two-thirds of
patients reported a one-year improvement in each HRQoL domain (EQ-5D index = 66.3%,
EQ-VAS = 69.1%). This decreased to 51.7% when we combined improvements between
the two outcomes. Using a higher cut-off value for EQ-5D index yielded lower rates (~40%

for the EQ-5D index and 31.3 for the combined one).

Derivation cohort

Outcome at one-year (N=82,526)

N %
EQ-5D index, SRM threshold (Improved) 54,734 66.3
EQ-5D index, CoB threshold (Improved) 32,890 39.9
EQ-VAS (Improved) 57,064 69.1
Combined SRM EQ-5DSRM and EQ-VAS (Improved) 42,653 51.7
Combined EQ-5DC°E and EQ-VAS (Improved) 25,849 313

Table 5-3 SHAR study outcomes

Table 5-4 shows the percentages of improvements per prosthesis group across the five
outcomes. Overall, hip resurfacing or uncemented and reverse hybrid fixations were

variably observed to have the highest rates of improvements in one-year PROMs.
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. CEQEDC  EQ.5DM EQUAs  Sombined  CommimdEd
Prosthesis group improvement improvement Improvement EQVAS EQVAS
n (%) n (%) n (%) n (%) n (%)

Cemented 21,289 (39.2) 34,750 (64.0) 36,834 (67.8)  16,440(30.2) 26,789 (49.3)
Uncemented 6,088 (40.4) 10,777 (71.6) 10,807 (71.8) 4,956 (32.9) 8,574 (56.9)
Hybrid 850 (45.3) 1,335 (71.2) 1,213 (64.7) 630 (33.6) 979 (52.2)
Reverse hybrid 4,442 (41.9) 7,326 (69.2) 7,631 (72.0) 3,623 (34.2) 5,848 (55.2)
Resurfacing 221(29.0) 546 (71.6) 579 (75.9) 200 (26.2) 463 (60.7)

Table 5-4 Outcomes per prosthesis group

5.3.2. ML models training and internal validation

Prediction performance of the machine learning algorithms in the internal validation

cohort are presented in Table 5-5. Gradient boosting machine (GBM) was consistently the

best performing machine learning algorithm in predicting significant -clinical

improvements in one-year PROMs (AUCs range 0.80 - 0.97%), outperforming the other

models by a narrow margin.

Outcome

Model performance: AUC % (95% ClI)

Gradient

Classification

Random : Ridge Lasso Logistic Classification .
f boosting . . . tree with

orest . regression regression  regression tree :
machine pruning

: 0.82 0.83 0.81 0.79
EQSDindex, SRM 1 81.083)  (0.82-0.84) (0.80-0.82) (0.78:0.79)

EQS5D index. CoB 0.96 0.97 0.94 0.96 0.95 0.96 0.96
’ (0.95-0.96) (0.96-0.97)  (0.94-0.95) (0.95-0.96)  (0.95-0.96) (0.96-0.96) (0.95-0.96)

EQUAS 0.80 0.82 0.80 0.80 0.80 0.79 0.75
(0.79-0.81) (0.81-0.82)  (0.80-0.81) (0.80-0.81)  (0.80-0.81) (0.78-0.80) (0.74-0.76)

Combined. CoB 0.94 0.95 0.93 0.93 0.93 0.94 0.93
’ (0.94-0.95) (0.95-0.95)  (0.93-0.93) (0.93-0.93)  (0.93-0.94) (0.94-0.94) (0.93-0.94)

Combined. SRM 0.79 0.80 0.76 0.76 0.76 0.78 0.70
' (078-0.80)  (0.79-0.81)  (0.75-0.76) (0.75-0.77)  (0.75-0.77) (0.77-0.78) (0.69-0.71)

Table 5-5 Prediction performance of all applied machine learning algorithms in the internal validation

5.3.3. Feature importance and response analysis

cohort. The best-performing models for each outcome are highlighted in bold font
AUC = area under the receiver operating characteristic curve, CI = confidence interval

As the GBM was the top-performing model, we proceeded to examine the responses and

the significance of the features identified by this model. Whilst these features provide

insights into the model internal decision-making process, caution is strongly advised
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when interpreting the results since feature importance is not subject to inferential testing

and does not establish statistical significance (see Section 5.4.2).

Three features consistently emerged as key drivers for the predictions of changes in the
EQ-5D index (SRM and CoB thresholds), and EQ-VAS, and these include in ranked
sequence: pre-operative EQ-5D index (importance: SRM 73.1%; and 95.8% for CoB) and
EQ-VAS (importance 72.2%), respectively; pre-operative Charnley classification
(importance: SRM 9.0%; CoB 0.9%; and 6.3% for EQ-VAS) and age (importance: SRM 3.3%;

CoB 0.6%; and 4.2% for EQ-VAS) (Figure 5-1).
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Figure 5-1 The three most important features for the GBM predictive models
The top two are the number one feature for EQ-5D index and EQ-VAS outcomes, respectively. Pre-operatively
Charnley classification and age were the second and third ranked features, respectively

A lower pre-operative PROMs score appeared to be linked with better post-operative
improvements. On the other hand, age below 75 years tended to have a similar
improvement in HRQoL but this sharply declined with increasing age. Given the high
importance of these three features in driving the EQ-5D CoB threshold model (totalling
97.3%), we excluded further feature analysis for the remaining 2.7%. Table 5-6 identified
the remaining six key features driving the predictions for changes in EQ-5D index (SRM

threshold) and EQ-VAS.
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Table 5-6 Feature importance for EQ-5D index (left) and EQ-VAS (right) GBM models

There appeared to be a positive correlation between two arms of the EQ-5D (index and

VAS), wherein higher pre-operative values in one arm seemed to improve one-year

PROMs in the other. In both outcomes, the extremes of ASA grades were identified by the

model to augment one-year PROMs, whilst obesity classes I - III were observed to have




Chapter 5: Predicting quality of life measures following primary hip arthroplasty

less pronounced improvements. Hip resurfacing and uncemented and reverse hybrid
fixation were shown by the model to have the highest response effect on one-year PROMs.
Care delivered at private units was identified to have better improvements in one-year
EQ-VAS scores but not E5-5D. There were similar improvement levels among all surgical

indications studied, except for the “other” group.

5.4. Discussion

5.4.1. Summary of results

This study has shown that predicting one-year improvements in HRQoL following
primary elective hip arthroplasty using machine learning algorithms achieved a good to
excellent binary discriminative power and slightly outperformed conventional statistical
predictive models. This is the first study to incorporate clinical and implant-specific
registry data to generate personalised stratification models, which if applied in clinical

practice, may improve the shared decision-making process.

The descriptive statistics alludes to the fact that approximately two-thirds of individuals
reach a significant clinical improvement at one-year post-operatively in the health utility
index (66.3%) and general health (69.1%), whilst only 40% reached substantial meaningful
improvement in their EQ-5D index score at one-year. Our figures are comparable to
previous studies (398, 399, 409), reporting 53.4% (“%) - 58 %) and 44.5% (%) - 66.3% (%) of
patients reaching EQ-5D and EQ-VAS MCIDs, respectively, using similar cut-off levels.

This denotes the population-level consistency and generalisability of our dataset.

With regards to EQ-VAS, our machine learning models showed strong classification
performance in identifying patients with meaningful clinical improvement following THR

after one year, equating 0.82 AUC for EQ-VAS using the GBM model. The model found
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that lower pre-operative VAS health and Charnley categories and ages less than 75 years
to be predictor factors of general health improvement, totalling around 83% of feature
importance. Huber et al. used the NHS PROMs hip dataset (n = 62,429) between 2015 and
2017 to predict changes in EQ-VAS with a minimal important difference (MID) threshold
of 11 points (398). The authors reported an AUC value of 0.87 for the Gradient Boosting
Machine model outperforming linear models and highlighted that pre-operative VAS
scores and limping to be the key predictors behind their algorithms. While it aligns with
our findings, the lack of clinical and implant-specific data and the use of half a standard
deviation of baseline preoperative-VAS score as a MID threshold, rather than the
standardised response mean or paired data-specific MCID, may have limited the clinical

applicability and generalisability of their models.

In terms of health utility (EQ-5D) index, the GBM models reached AUC values of 0.83 and
0.97 in forecasting significant and substantial clinical improvements at one year. Similar
to EQ-VAS, this predictive performance heavily relied on the three aforementioned
features, with the caveat of pre-operative EQ-5D index score rather than EQ-VAS,
reaching 85.4% - 97.3% feature importance for significant and substantial improvements,
respectively. This agrees with a recent German study, which provided instrumental
calculations for the MCID of 7.83 for EQ-VAS which was implemented in this study (399).
The research team analysed 1,843 THR observations collected from nine hospitals in
Germany with AUC values of 0.81 for the EQ-5D index and 0.84 for the EQ-VAS, echoing
prior results. However, the authors acknowledged the need for a larger and representative

sample size to enhance the models” external validity.

When we predicted overall combined improvement of EQ-5D and EQ-VAS, our predictive
accuracy marginally declined by approximately 2%, permitting further differentiation of
patients likely to have higher HRQoL improvements postoperatively. While the majority
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of GBM's predictive ability stemmed from these three features, our models highlighted
additional factors possibly contributing to the predictions. Of particular importance, obese
patients were noted to exhibit lower improvement scores, while procedures such as hip
resurfacing and uncemented femoral fixation displayed the highest response effect. The
latter observations were also evident in our descriptive figures. Interpreting these findings
in light of prior literature (see Sections 1.9 and 1.11), previous studies tend to learn towards
excluding BMI as a predictor of functional improvements. However, it is important to note
that most of these studies focused on condition-specific PROMs rather than HRQoL. In
contrast, while some authors have attributed the increased safety portfolio of HRA to
patient selection bias (12, 14), there is strong evidence to support superior functional

outcomes in HRA (see Section 1.9).

5.4.2. Limitations and further work

Whilst the limitations related to the retrospective observational design using a single
national dataset remain, the alignment with prior research findings, in terms of descriptive
statistics and AUC values, may indicate a degree of population-level consistency. The lack
of control groups prevented the construct of patient trajectories without THR, meaning
the study cannot discern whether the limited improvements post-operatively were solely
attributed to the procedure itself or if THR prevented a substantial deterioration in
HRQoL. Moreover, it is important to acknowledge that the PROMs only offer a snapshot
assessment of health-related quality of life on a single day, potentially not accounting for
temporal variations. Similarly, while standardised cut-off MCID levels were carefully
employed, different thresholds may yield different results, whereas the choice of a binary
outcome (improvement or no improvement) may have restricted the models” ability in
forecasting the extent of changes. Finally, although the features identified by the best

performing model provided insights into its ensemble internal decision-making process,
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this approach is not subject to inferential testing assumptions and therefore inherently
limited in evaluating associations. Future studies should seek to externally validate our
algorithms on other datasets, such as the NJR for England and Wales, as well as forecast
improvements using condition-specific PROMs such as the OHS or HHS, which are not
captured by the SHAR. Prospective clinical trials are needed to assess the applicability and

accuracy of these predictions using a mix of PROMs in clinical settings.

5.4.3. Conclusions

This is the first study to incorporate patient, surgical and implant-specific factors to
forecast one-year improvements in HRQoL measures following primary elective THR.
The internally validated machine learning models for each outcome marginally
outperformed the logistic regression model and showed good to excellent discriminative
power in predicting significant and substantial clinical improvements, respectively. Three
features appeared to account for over 80% of the algorithmic power in the ensemble
gradient boosting machine (GBM) model including: pre-operative baseline outcome score;
pre-operative Charnley classification; and age. Additional research is needed to
investigate the optimal set of PROMs, such as EQ-5D, OHS and HHS, that aid surgical

decision-making.
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Chapter 6 Predicting revision risk due to periprosthetic fracture

6.1. Introduction

Chapter 4 of this thesis highlighted the key determinants for short- and long-term revision
risks following primary hip arthroplasty. This includes, besides patient and diagnostics
factors, implant selection. Cementless femoral fixation was significantly associated with a
higher revision risk at two years postoperatively. Previous studies reported a higher
incidence of periprosthetic fractures (PPF) after press-fit techniques (410-412) with
intraoperative PPFs fourteen times more likely to occur postoperatively with cementless

implants (410).

Examination of the SHAR’s 2022 annual report reveals that periprosthetic fracture (PPF)
is the third leading cause for first-time revision hip arthroplasty (13.2%) following aseptic
loosening (44 %) and infection (24.5%). The report lacks specific information regarding the
periprosthetic fracture risk comparison between cemented and uncemented fixation in
primary elective hip arthroplasty. However, it indicates that the risk of implant fracture,
which is a rare complication involving a fracture of the prosthesis stem, is increased in the
use of certain cemented stems in comparison to cementless fixation (0.06% versus 0.02%)
(5). In contrast, a previous study conducted by the Swedish Hip Arthroplasty Register
between 1992 and 2007 found a higher risk of periprosthetic stem fracture following
primary total hip arthroplasty in cementless fixation compared to cemented fixation (17 %

versus 6%; Adjusted RR 8.0 [4.5-14]) (345).

The annual report of the National Joint Registry of England and Wales in 2022 yields
similar findings with PPF being the four predominant causes for revision being aseptic
loosening (24.6%), dislocation/subluxation (17.4%), periprosthetic fracture (15.7%) and
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infection (15.2%). The annual report shows a higher incidence of revisions per 1,000
prosthesis-years for periprosthetic fracture following primary hip arthroplasty in
cementless fixation (0.67%) than cemented fixation (0.53%) with hybrid fixation (0.86%)

and reverse hybrid fixation (0.66%) also displaying relatively elevated rates (6).

According to the Australian Orthopaedic Association National Joint Replacement
Registry’s (AOANJRR) annual report of 2022 (7), PPF is the third leading reason for
revision following primary total hip arthroplasty (21.8%), after infection (22.7%) and
prosthesis dislocation/instability (22.0%). AOANJRR reports no difference in revision rate
between cemented and hybrid fixations for all age groups, whilst cementless fixation has
a higher revision risk following primary THR compared to hybrid and cemented fixation
in patients aged 75 and above, and a time-dependant increased revision risk for the 55-64

(first month postoperatively) and 65-74 (1.5 years postoperatively) age groups.

As outlined in Chapter 3, machine learning models exhibit a superior predictive ability to
better forecast the occurrence of events than traditional statistics and offer a new
perspective taking into consideration varied patient and surgical factors and their complex
interactions. Although relatively rare, the occurrence of postoperative periprosthetic
fractures is on the rise and presents significant challenges in the context of primary hip
arthroplasty. These complications are linked to a heightened risk of negative health
outcomes, increased mortality rates, significant financial burdens, and pose technical

difficulties for surgeons (413, 414).

The aim of this chapter is to develop ML-based risk prediction models and compare their
predictive ability to traditional statistical linear models using large datasets from the
Swedish Hip Arthroplasty Register. The outcome measure will be to predict the risk of re-

operation and revision due to periprosthetic fracture at multiple time points ranging from
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thirty days to one year postoperatively using the SHAR dataset. Chapter 7 employs a
propensity score matching technique to investigate the effect of implant fixation on

periprosthetic fracture outcome.

6.2. Patients and Methods

6.2.1. Data sources

This study uses the SHAR datasets described previously in Chapter 2. All patients who
underwent primary elective hip arthroplasty in the SHAR extract between 2008 and 2018
(n=154,539) were included. Twenty cases related to acetabular periprosthetic fractures
were excluded (n=154,519). This study is in two parts; the first part uses the SHAR dataset
to develop and internally validate the machine learning algorithms in predicting revision
and re-operation outcomes due to periprosthetic fracture, followed by a comparison of the
key features driving the predictions for the top performing machine learning model and
the traditional statistical model, logistic regression. Table 6-1 provides the variables used

in the SHAR dataset.
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SHAR

Age

Gender
BMI
ASA grade

Patient factors

Side of operation

Hospital type

Operation type

Diagnosis group

Surgical factors  Incision type

Prothesis group

Cement type

Fixation

Resurfacing

Cup Articulation

implant factors  \jodular or Monoblock

Inner diameter

Modification

Fixation

Femoral Stem resurfacing
implant factors  articyiation

Head size

30-day
Revisiondueto  60-day
periprosthetic
fracture 90-day

1-year

Outcomes

30-day
Re-operation
due to 60-day
periprosthetic 90-day
fracture

1-year

Table 6-1 Sources of data

6.2.2. Exposures

For both parts of the study, machine learning models were applied to forecast the
outcomes of hip arthroplasty. Analyses were restricted to patients undergoing elective
primary hip replacement. Patients who had undergone hip arthroplasty due to specific
diagnoses such as trauma, tumour-related conditions, and degenerative conditions other
than osteoarthritis were excluded. Patients below the age of 18 were excluded to minimise
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potential confounding factors that could arise from the different outcomes observed in

paediatric patients (369-371).

6.2.3. Outcome of interest

The primary outcome measure in the SHAR dataset was femoral periprosthetic fracture
risk leading to either a revision or re-operation procedure within 30, 60, 90 days and 1 year
postoperatively. As described before, re-operation is defined as any additional surgery to
the hip, regardless of the actions taken to any of the implant components (replaced,
extracted, or left untouched) whereas revision is defined as a re-operation where at least
one component is exchanged, extracted from, or added to the prosthesis. Several machine
learning models (described below in Section 6.2.4) were developed and compared based
on their accuracy in predicting revision risk and re-operation due to periprosthetic
fracture following elective primary hip arthroplasty at 30, 60, 90 days and 1-year intervals

(Table 6-1).

6.2.4. Model development, comparison, and internal validation

We applied six machine learning algorithms, namely random forest (RF), gradient
boosting machine (GBM), penalised logistic regression (with Lasso and Ridge penalty),
and classification tree (with and without pruning), and compared them to traditional
statistical model logistic regression to predict the occurrence of intra-/post-operative
periprosthetic fracture necessitating a revision procedure. The SHAR derivation cohort of
154,519 observations was used for model development and internal validation. The data
extract was randomly split into a training dataset (N=123,615, 80% of the patients) and an
internal validation cohort (N=30,904, 20% of the patients). The training cohort was used
to train the ML models and to adjust their hyperparameters via cross-validation whereas
the validation cohort was used to assess the models” performance on unseen data. For a

more comprehensive understanding of each variable and a detailed summary of the
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SHAR dataset, please refer to Appendix 2. Model performance was evaluated and
compared in terms of area under the receiver operating characteristic curve (AUC) in each
dataset. The top performing machine learning model was used to identify the key features

driving its performance.

6.2.5. Statistical analysis and feature importance

Descriptive statistics, including mean and percentage, were used to describe the rates of
implant fracture across various age and sex groups as well as per year in the SHAR
datasets. Kaplan-Meier (KM) non-parametric estimates (372) were employed to describe
the rates of periprosthetic fracture leading to revision or re-operation procedures across
various age and sex groups in the SHAR dataset. As before, analyses were performed
using R statistical computing environment version 4.3.0. R packages used for the machine

learning model development are mentioned in Chapter 3 (Section 3.2.5).

6.3. Results

6.3.1. Summary statistics of outcomes
Descriptive figures related to the SHAR femoral periprosthetic fracture outcome are
presented in Table 6-1. The one-year rates for revision and re-operation were 0.17% and

0.23%, respectively.
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Derivation cohort

Outcome Time from primary operation (N=154,519)
N %
30 days 120 0.07
Revision due to 60 days 169 0.10
periprosthetic
fractures 90 days 196 0.12
1 year 266 017
30 days 139 0.08
Re-operation due g0 days 202 0.13
to periprosthetic
fractures 90 days 239 0.15
1 year 369 0.23

Table 6-2 SHAR study outcomes

Table 6-3 provides Kaplan-Meier estimates with 95% confidence intervals for the

percentage of patients experiencing revision due to periprosthetic fractures at different

time intervals following primary elective hip arthroplasty, stratified by gender and age

groups. Overall, one-year revision rates due to fracture ranged from 0.00% to 0.23% with

no apparent discrepancy between gender groups.

30-day revision

60-day revision

90-day revision

1-year revision

N total N KM estimate N KM estimate N KM estimate N KM estimate
(95% CI) (95% Cl) (95% Cl) (95% Cl)

All patients 154519 120  0.05% (0.02-0.10) 169  0.08% (0.03-0.13) 196  0.10% (0.05-0.15) 266  0.13% (0.07-0.19)
All 66,830 50  0.05%(0.02-0.10) 68  0.08% (0.03-0.13) 84  0.10% (0.05-0.16) 130  0.15% (0.08-0.22)
18-34 years 393 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00)
35-49 years 4,244 1 0.02% (0.00-0.07) 2 0.05% (0.00-0.11) 3 0.07% (0.00-0.15) 5 0.12% (0.02-0.23)

é 50-59 years 11,264 12 0.11%(0.05-0.17) 18  0.16%(0.09-0.24) 21 0.19% (0.11-0.27) 24 0.22% (0.13-0.31)
60-69 years 22,783 15 0.07%(0.03-0.10) 21  0.09%(0.05-0.13) 26  0.12% (0.07-0.16) 49  0.23% (0.16-0.29)
70-79 years 21,276 17 0.08%(0.04-0.12) 19  0.09%(0.05-0.13) 24  0.11%(0.07-0.16) 41 0.20% (0.14-0.26)
= 80 years 6,870 5 0.07% (0.01-0.14) 8 0.12% (0.04-0.20) 10  0.15%(0.06-0.24) 11 0.17% (0.07-0.26)
All 87,689 70 0.06% (0.02-0.10) 101 0.09% (0.04-0.14) 112  0.10% (0.05-0.15) 136  0.12% (0.06-0.17)
18-34 years 415 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00)

° 35-49 years 3,325 2 0.06% (0.00-0.14) 3 0.09% (0.00-0.19) 3 0.09% (0.00-0.19) 3 0.09% (0.00-0.19)

% 50-59 years 10,903 12 0.11%(0.05-0.17) 19  0.18%(0.10-0.26) 20  0.19% (0.10-0.27) 21 0.20% (0.11-0.28)

w
60-69 years 27,548 32 0.12%(0.08-0.16) 40  0.15% (0.10-0.19) 42  0.15% (0.11-0.20) 52  0.19% (0.14-0.24)
70-79 years 32,267 21 0.07%(0.04-0.09) 33  0.10% (0.07-0.14) 39  0.12% (0.08-0.16) 46  0.15% (0.10-0.19)
= 80 years 13,231 3 0.02% (0.00-0.05) 6 0.05% (0.01-0.08) 8 0.06% (0.02-0.10) 14 0.11% (0.05-0.17)

Table 6-3 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of revision outcomes
due to periprosthetic fractures at each time point by age and sex using the SHAR
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Table 6-4 highlights the temporal variations in Kaplan-Meier estimates for revision due to

periprosthetic fracture over successive years between 2008 and 2018. No statistically
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significant differences were detected throughout all the years (p > 0.05).

30-day revision

60-day revision

90-day revision

1-year revision

Year N total N KM MR KM iR KM "R KM HR
estimate  (95% CI)$ estimate  (95% CI)$ estimate (95% CI)$ estimate (95% CI)8
2008 11058 6 005% 100 10 009% 100 10  009% 1.00 15 0.14% 1.00
200 130 16 0% g0 18 0% oSS 20 otew A @ oz o oh
0 157 4 00w oo 8 oo (a0 0 oo 8 oamw o
I R T XL I L o R
212 1396 11 00 o P. 11 ook (0T w0t gl 2 ot o6
T T A - B X O LR R
214 U267 01z (SR 2 oMk gty 2 01k oo 8 0 bl
W15 w40 12 00 g5 2 odmk B 2 o B o orew P
2016 15000 8  0.05% (o.3(2i-929.85) " 007% (0.3%?11_92) 16 0.1% (0.513;_1;60) 25 017% (0.615_2;3 "
2017 15515 9 0.06% (0.318?;03) 10 0.06% (0.2%_711_72) o0 o 414?2925) 90 4‘)6'?11.79)
2018 16105 12 0.08% (0.51?f32.78) 2 015% (0.715?30.38) 24 0.16% (0.815_757 g B 0% (0.811'?289)

Kaplan-Meier estimates, stratified by age and gender, for the cumulative incidence of re-
operation due to periprosthetic fractures at four intervals are presented in Table 6-5. No

observed differences were found between males and females, whilst the incidence of

Table 6-4 Change in revision rates due to periprosthetic fracture

by year of primary operation in the SHAR

§ Adjusted for Age and Gender
KM = Kaplan-Meier; HR = Hazard Ratio; CI = confidence interval
No statistically significant differences were identified across years

fractures necessitating re-operation was highest in the 50-69 age groups.
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30-day re-operation

60-day re-operation

90-day re-operation

1-year re-operation

N total N KM estimate N KM estimate N KM estimate N KM estimate
(95% CI) (95% CI) (95% CI) (95% CI)

All patients 154,519 139  0.07% (0.02-0.11) 202 0.10 (0.05-0.16) 239 0.12%(0.06-0.19) 369  0.20% (0.12-0.28)
Al 66,830 53  0.06% (0.02-0.10) 76  0.09% (0.04-0.14) 97  0.12%(0.06-0.19) 166  0.21% (0.12-0.29)
18-34 years 393 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00)
35-49 years 4,244 1 0.02% (0.00-0.07) 2 0.05% (0.00-0.11) 4 0.10% (0.00-0.19) 8 0.20% (0.06-0.33)

é 50-59 years 11,264 13 0.12%(0.05-0.18) 21 0.19%(0.11-0.27) 25  0.23%(0.14-0.32) 28  0.26% (0.16-0.35)
60-69 years 22,783 16 0.07%(0.04-0.11) 23  0.10% (0.06-0.14) 28  0.13% (0.08-0.17) 59  0.27% (0.20-0.34)
70-79 years 21,276 18  0.09% (0.05-0.12) 21  0.10% (0.06-0.14) 28  0.13% (0.08-0.18) 54  0.27% (0.20-0.34)
= 80 years 6,870 5 0.07% (0.01-0.14) 9 0.13%(0.05-0.22) 12 0.18%(0.08-0.28) 17  0.26% (0.14-0.38)
Al 87,680 86  0.08%(0.03-0.12) 126  0.12%(0.06-0.18) 142  0.13%(0.07-0.19) 203  0.20% (0.12-0.28)
18-34 years 415 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00) 0 0.00% (0.00-0.00)

o 35-49years 3,325 3 0.09% (0.00-0.19) 5 0.15% (0.02-0.28) 5 0.15% (0.02-0.28) 9 0.28% (0.10-0.46)

% 50-59 years 10,903 13 0.12%(0.05-0.18) 20  0.19%(0.10-0.27) 21 0.19%(0.11-0.28) 23  0.21% (0.13-0.30)

w
60-69 years 27548 37 0.13%(0.09-0.18) 49  0.18%(0.13-023) 52  0.19%(0.14-0.24) 71  0.26% (0.20-0.33)
70-79 years 32,267 24  0.07%(0.04-0.10) 39  0.12%(0.08-0.16) 46  0.14%(0.10-0.19) 69  0.22% (0.17-0.27)
= 80 years 13,231 9 0.07% (0.02-0.11) 13 0.10% (0.05-0.15) 18  0.14%(0.07-0.20) 31  0.24% (0.16-0.33)

Table 6-5 Summary and Kaplan-Meier (KM) estimates for the cumulative incidence of re-operation

outcomes due to periprosthetic fractures at each time point by age and sex using the SHAR

Table 6-6 illustrates the fluctuations in Kaplan-Meier estimates for re-operation due to

periprosthetic fracture between 2008 and 2018. No statistically significant differences were

detected throughout all the years (p > 0.05).
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30-day re-operation

60-day re-operation

90-day re-operation

1-year re-operation

Year N total KM "R KM iR KM "R KM "R
estimate  (95% CI)$ estimate  (95% CI)8 estimate (95% CI)8 estimate (95% CI)8
2008 1105 9 008% 100 13 012% 100 14 013% 1,00 27 025% 100
200 1306 19 0% ot 2 00 ot 28 02 ot a8 0am (09
o0 1357 5 oo o8 10 oo (8 2 oo BPo  oam e
201 1369 11 008% 0o 17 0% (LD 2 o (AT oz o8
212 13946 12 009% Yy o 12 009% (0‘3%_713‘6 p 15 0% 401'?15‘76) 27 0wk 4%_71?35)
2013 1397 t6 ot oot 20 o oo Bo 2w ok Pl s 0m oot
214 w426 17 oA oo 2 o (B ot D s oz g
2015 14410 13 009% 417'_122‘62) 26 0.18% (0‘719'_534. o B 020% (0‘811'?24‘ o 3 026% (0.614'?1?73)
216 15000 11 00% o9l 15 010% 0 2 omsw 4D s oz o8
21715515 12 008 grmy 15 0% ot 2 ot STz o ot
2018 16105 14 00 oD 25 o (B ot s 02 g

Table 6-6 Change in re-operation rates due to periprosthetic fracture
by year of primary operation in the SHAR

KM = Kaplan-Meier; HR = Hazard Ratio; CI = confidence interval
No statistically significant differences were identified across years

§ Adjusted for Age and Gender

6.3.2. Machine Learning models training and internal validation

Gradient boosting machine (GBM) was consistently the top performing machine learning
algorithm in predicting revision and re-operation risks due to periprosthetic femoral
fracture at all time points, except for 30-day revision, in which least absolute shrinkage
and selection operator (LASSO) regression outperformed GBM by a narrow margin.
Prediction performance of the applied machine learning algorithms in the internal

validation cohort are presented in Table 6-7. All models exhibited a remarkably similar

area under the curve (AUC) of approximately 0.80.
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Outcome Model performance: AUC in % (95% ClI)
Random Sézg:?:t Ridge Lasso Logistic Classification Classification tree
forest maching regression regression regression tree with pruning

Revision due to periprosthetic fracture

30 davs 0.83 0.84 0.83 0.85 0.83 0.82 0.82
¥S (079-088)  (0.80-0.88) (0.79-0.88)  (0.81-0.89)  (0.78-0.88) (0.78-0.85) (0.78-0.85)

60 davs 0.81 0.86 0.85 0.85 0.85 0.84 0.84
¥S (076-086)  (0.83-0.89) (0.81-0.89)  (0.81-0.89)  (0.81-0.89) (0.80-0.87) (0.80-0.87)

90 davs 0.80 0.86 0.84 0.84 0.82 0.83 0.83
¥S  (075-085)  (0.82-0.89) (0.81-0.88)  (0.80-0.88)  (0.76-0.87) (0.80-0.86) (0.80-0.86)

1 vear 0.71 0.80 0.79 0.79 0.79 0.76 0.76
Y (0.650.77)  (0.75-0.85) (0.74-0.84)  (0.74-0.84)  (0.73-0.84) (0.71-0.82) (0.71-0.82)

Re-operation due to periprosthetic fracture

20 dave 0.77 0.84 0.83 0.83 0.83 0.80 0.80
¥ (069-084)  (0.79-0.89) (0.78-0.88)  (0.78-0.88)  (0.77-0.88) (0.74-0.85) (0.74-0.85)

60 davs 0.80 0.86 0.85 0.85 0.85 0.82 0.82
¥S (075-086)  (0.83-0.89) (0.81-0.89)  (0.81-0.89)  (0.81-0.89) (0.78-0.86) (0.78-0.86)

90 dave 0.76 0.85 0.83 0.83 0.81 0.80 0.80
¥ (069-082)  (0.81-0.88) (0.80-0.87)  (0.78-0.87)  (0.76-0.86) (0.76-0.84) (0.76-0.84)

1 vear 0.66 0.79 0.78 0.78 0.77 0.71 0.71
Y (0.60-0.73)  (0.74-0.84) (0.73-0.83)  (0.73-0.83)  (0.72-0.82) (0.66-0.76) (0.66-0.76)

Table 6-7 Prediction performance of all applied machine learning algorithms in the internal validation
cohort. The best-performing models for each outcome are highlighted in bold font
AUC = area under the receiver operating characteristic curve, CI = confidence interval

6.3.3. Feature importance and response analysis

The following sub-sections delve into the analysis of response and feature importance for
the best-performing machine learning model at each time point. As before, caution is
advised when interpreting these findings since they are not subject to inferential testing

and statistical significance (see Section 6.4.2).

6.3.3.1. 30-day femoral periprosthetic fracture

Lasso regression and GBM were the best performing ML models for 30-day revision and
re-operation due to femoral periprosthetic fracture, respectively. Tables 6-8 and 6-9
identified the key features driving these predictions. The choice of prosthesis, primarily
cementless femoral fixation or hip resurfacing, increased fracture risk leading to revision

or re-operation whilst patient features, namely obesity class III and higher ASA grades,

170



Chapter 6: Predicting revision risk due to periprosthetic fracture

played a secondary key part. Age and liped cups were both identified as drivers for
increased re-operation risk due to femoral fracture but not revision, which had an

increased risk with the use of monoblock stems.
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Rank | Feature Coeff.
1 Cementless femoral fixation | +2.93
2 Femoral Monoblock +2.40
3 Resurfacing +1.04
4 Idiopathic necrosis +0.73
5 Obesity class III +0.67
6 ASA grade +0.48
7 Reverse hybrid fixation +0.41

Table 6-8 Feature importance for
30-day revision LASSO model

6.3.2.2 60-day femoral periprosthetic fracture

Increasing age, BMI and ASA variably seemed to
increase the incidences of periprosthetic femoral
fractures leading to revision or re-operation
(Table 6-10). Like the 30-day outcome, cementless
femoral fixation, hip resurfacing and reverse
hybrid fixation increased fracture risks
necessitating an intervention. Large femoral head
sizes (> 52 mm) or very small ones (< 25 mm)
appeared to be a relatively important feature
used in the GBM models, accounting for ~ 5% and
~12% of the predictive power for revision and re-

operation, respectively.
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Revision Re-operation
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Table 6-10 Feature importance for 60-day revision (left) and re-operation (right) GBM models

6.3.3.3. 90-day femoral periprosthetic fracture

When compared with the 60-day fracture, no significant changes in response graphs were

observed for the 90-day end point (Table 6-11). In the revision model, diagnosis group

(idiopathic necrosis), rather than femoral head size, was ranked in the top six features.
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Revision Re-operation
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Table 6-11 Feature importance for 90-day revision (left) and re-operation (right) GBM models

6.3.3.4. 1-year femoral periprosthetic fracture

At the one-year interval, pre-operative diagnosis of idiopathic necrosis or inflammatory

arthritis became apparent and increased long-term re-do surgery (Table 6-12). Similar

observations were found regarding very small (< 35 mm) or large (> 45 mm) femoral head
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sizes. Within the prosthesis group, hip resurfacing was assigned a slightly higher weight

compared to fixation type.
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Table 6-12 Feature importance for 1-year revision (left) and re-operation (right) GBM models
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6.4. Discussion

6.4.1. Summary of results

This study has demonstrated that machine learning-based predictive models for revision,
and re-operation due to periprosthetic femoral fractures (PPFF) after primary hip
arthroplasty achieved a relatively higher level of accuracy, as determined by the area
under the curve (AUC), compared to the logistic regression linear model. To our

knowledge, this is the first study to develop individualised risk assessment for PPFF.

Descriptive statistics of the SHAR database revealed no statistically significant difference
temporal trends concerning the cumulative incidences of both revision and re-operation,
suggesting consistency in these measures over the studied time period. While no gender
discrepancies were apparent, the incidence of fractures seemed to be most pronounced in
the 50 - 79 age groups. Although the recent SHAR annual report lacks specific data related
to femoral periprosthetic fractures, it highlights that the number of revisions performed
in the past decade was relatively constant with no significant differences based on gender
(). In contrast, the National Joint Registry for England and Wales” annual report of 2022,
highlighted a decline in the incidence of revisions in the last decade compared to year
2008, and an inverse relationship between revision probability and the patient’s age with
greater variability among females at younger ages and among males at older ages (6). A
New Zealand Joint Registry study showed a markedly greater lifetime risk of
periprosthetic fracture following primary THR in males across all age bands, and

particularly in the younger age groups (5.31%:2.82% in the 45 - 50 year age band) (415).

Our machine learning models showed good binary discriminative power in
distinguishing between the positive and negative cases across various threshold settings,

ranging between AUC 0.79 - 0.86 for both revision and re-operation predictions due to
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femoral fractures. The Gradient Boosting Machine (GBM) was consistently the best
performing model (except for 30-day revision; GBM AUC 0.84, LASSO AUC 0.85), and
marginally outperformed the linear logistic regression model. Our model has a practical
application in surgical practice and can be implemented either using a formula or a web

calculator interface, in light of the limitations discussed in the following sub-section.

Two studies developed predictive models to forecast the risks of revision and re-revision
following primary total hip arthroplasty (380, 381). Klemt et al. were able to achieve a
discriminative ability of AUCs of 0.82 - 0.87 for all-case revision (380) and 0.80 - 0.86 for
re-revision (381) following THR. However, their models were developed on data derived
from a single tertiary referral centre in the United States; had a limited sample size (Nrevision
= 566, Nrerevision = 408); and did not include disease severity, pre-operative diagnosis, or
implant-specific factors in their models - all of which were observed to be leading players

in driving our predictions.

Our findings identified several patient characteristics and implant-specific features to be
associated with revision and re-operation after THR due to PPFF at each time point. For

the early (30 to 90 days) re-do surgery, these included:

e DPatient features: increasing age and co-morbidities (ASA > 3); obesity classes II
and III; and higher ASA grade (> 3) increased risks of both revision and re-
operation.

e DPre-operative diagnosis: idiopathic necrosis increased revision risk.

¢ Implant design: cementless femoral fixation; hybrid fixation; hip resurfacing; and

small (< 35 mm) or large (> 52 mm) femoral heads increased both risks.

In addition to the abovementioned, a pre-operative diagnosis of inflammatory arthritis

was identified to have increased revision and re-operations risks at one year.
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The risk factors identified in this study are in concordance with previous observational
studies (214). Wright et al.’s systematic review of eighty-six studies found younger age,
greater co-morbidity, pre-operative diagnosis of avascular necrosis, and the extremes of
femoral head size all to be associated with increased revision risk (214). However, their
findings with regards to prosthesis materials and fixation method, whilst favouring the
use of cement, was inconclusive and this could be primarily attributed to the methodology
employed which excluded studies of small sample sizes and those examining failure of a
specific component, such as the stem. In contrast to the available evidence suggesting that
youth predispose to exceeding the lifetime risk of revision surgery (227, 228), our study
focused on a specific reason for short-term (up to one year) re-do surgery due to femoral
fracture, thus, our augmented one-year implant failure risk with increasing age is likely
attributed to the underlying aging physiological processes (see Section 1.9.1, (226, 416)).
With regard to comorbid status and body mass index, our findings support the available
evidence indicating increased odds of early revision THA with higher co-morbidity

indices (277, 278) and BMI (see Section 1.9.1).

Our study showed that prosthesis choice, specifically cementless femoral fixation and hip
resurfacing arthroplasty, seem to be the strongest risk factor for periprosthetic femoral
fracture. That said, the limitations of using revision as an endpoint outcome when making
comparisons between implants ought to be considered and are discussed in Section 1.8.
The following chapter investigates the effect of implant fixation on mortality, revision and

periprosthetic femoral fracture risks using a propensity score matching method.

6.4.2. Limitations and further work

The study findings should be interpreted in light of several limitations. First of all, the
limitations related to the retrospective observational nature of the study using a single
national joint registry as well as the limitations concerning the use of revision/re-
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operation as endpoint outcomes, as discussed in the previous chapters, remain and hinder
the clinical applicability to other settings. Similarly, our models were compared using the
area under the curve (AUC) metric, which is regarded as a gold-standard in evaluating
classifier performance across a range of thresholds and allow comparisons of multiple
machine learning models. However, the AUC-ROC curve-based metric neglects to
address the balance of true positives and true negatives, which alternative measures seek
to address. However, the need to specify a threshold in other approaches is known to
introduce variations in clinical practice. Additionally, the feature importance identified by
our models whilst seeking to provide insights into the risk factors, are not subject to
inferential testing assumptions, hence cannot establish associations. Future studies should
aim to externally validate our machine learning models on other datasets, such as the NJR
in the United Kingdom, and prospective clinical trials are required to investigate the
effects of certain risk factors like co-morbidity indices (see Section 1.9) and fixation

methods on patient outcomes.

6.4.3. Conclusions

This is the first study to develop machine learning models to forecast the risk of
periprosthetic femoral fractures necessitating re-do surgery. Several risk factors were
identified by our models, and these including: cementless fixation type; hip resurfacing
arthroplasty; the extremes of femoral head sizes; a pre-operative diagnosis of idiopathic
necrosis or inflammatory arthritis; and increasing age, BMI, and ASA co-morbidity
grades. Our validated machine learning models on a large-scale national database showed
good discrimination that estimates individuals’ risk of femoral fracture and can be readily

applied to surgical practice to aid clinical decision-making.
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Chapter 7 The effect of implant fixation on safety, survival and
periprosthetic fracture outcomes in primary elective hip

arthroplasty

7.1. Introduction

Despite the prevalent use of cemented and cementless fixation in elective primary hip
arthroplasty, the evidence behind the use of one fixation over the other is contentious (see
Section 1.11). Cementless femoral fixation has been demonstrated in previous chapters to
be a safer intervention with a lower mortality risk compared to cemented implants,
however, its re-revision rate is higher. Chapter 4 employed Cox proportional hazards
model with penalty regularisation coupled with multivariate analyses to investigate short-
and long-term safety and implant survival following primary hip arthroplasty. Whilst the
model is particularly useful for exploring complex high-dimensional predictor-outcome
relationships, it might be influenced by unmeasured confounders. Despite implant
survival being the predominant outcome measure in registry datasets, its utility is limited
due to inherent constraints, as outlined in Section 1.8.2, leading to an ongoing debate
among researchers regarding the risk-benefit assessment of cemented and cementless

implants in primary hip arthroplasty.

As described in Chapter 6, the Swedish Hip Arthroplasty Register (SHAR) lacks specific
information regarding the periprosthetic fracture risk comparison between cemented and
uncemented fixation in primary elective hip arthroplasty. However, a previous study
using the SHAR database between 1992 and 2007 reported an increased periprosthetic

stem fracture risk in the use of cemented stems compared to cementless fixation (17%
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versus 6%) (5, 345). This study is in line with the National Joint Registry of England and
Wales (NJR), which shows an increased fracture risk following cementless and reverse
hybrid fixation (0.67% and 0.66%) in comparison to cemented fixation (0.53%) (6), and the
Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR)
which highlights an age-group-dependent increased fracture risk for cementless implants
(7). On the other hand, primary elective hip arthroplasty exhibits a consistently low and
variable mortality rate across the three registries. The 90-day mortality rates in 2022 are
reported to be 1.9% (SHAR) and 0.46% (NJR), respectively, (5, 6) while the AOANJRR

reports a one-year mortality risk of 1.6% (7).

Most randomised controlled trials for primary hip arthroplasty targeted neck of femur
fractures or congenital dysplasia. The single-centre RCT in literature for primary elective
hip replacement among two surgeons followed 124 patients for 17 years and reported
superior survivorship status for cementless implants, especially in younger patients (349).
Observational and registry studies for elective primary hip arthroplasty vary in their
susceptibility to bias and confounding by indication. These studies often have limited
adjustments for patient characteristics, diagnosis, or surgical factors that may influence
treatment decisions and outcomes. As a result of this, practice with respect to fixation in
primary elective hip replacement varies widely among centres and surgeons. Debate
continues as to whether cemented fixations yield superior safety and survival outcomes
(347). Thus, it is important to carefully consider the balance between mortality and

revision risks and the potential confounding factors.

This chapter aims to determine the effect of cementless femoral fixation on outcome, both
in terms of safety and implant survival, using the Swedish Hip Arthroplasty Register
database. Multiple outcomes will be investigated including mortality, revision, and
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revision due to periprosthetic fracture between thirty days and two years. To mitigate the
issue of confounding by indication, propensity score matching techniques have been
employed to create matched groups of patients. The details of these techniques can be
found in Section 7.3. Part two of this thesis uses a biomechanics approach to
understanding strain behaviour, fixation, and fracture risk using cementless femoral

implants.

7.2. Method

7.2.1. Data sources
The data sources used in this chapter are derived from the SHAR datasets, first described
in Chapters 2 and 3, and encountered in Chapter 6. The variables used are displayed in

Table 6-1.

7.2.2. Exposures and outcomes

Analyses were restricted to patients undergoing primary elective hip replacement.
Patients who had undergone hip arthroplasty due to specific diagnoses such as trauma,
tumour-related conditions, and degenerative conditions other than osteoarthritis were
excluded. Patients below the age of 18 were excluded to minimise potential confounding

factors that could arise from the different outcomes observed amongst paediatric patients

(369-371).

Revision included patients who underwent an additional surgery to the hip where at least
one component (cup and/or stem) is exchanged, extracted from, or added to the

prosthesis. The failure rates of cemented and uncemented femoral fixation were compared
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by three metrics: death, rates of revision and rates of revision due to femoral periprosthetic

fractures, between thirty days and two years.

7.2.3. Statistical analysis

7.2.3.1. Propensity score matching

Propensity score matching techniques facilitate the creation of matched comparison
cohorts to mitigate the influence of variation in baseline characteristics, minimise
confounding by indication and enable a robust assessment of the treatment effect (417,
418). Unlike logistic regression for estimating the propensity scores, generalised boosted
regression modelling (GBM) is a non-parametric machine learning technique capable of
handling complex covariate interactions and non-linear relationships. GBM was
employed, using the “twang” package, to calculate the weights for the comparison cases
(cemented versus cementless), estimating the average treatment effect on the treated
(ATT) over multiple iterations and interaction depths. The measured pre-treatment
covariates in the weighted treatment (cementless fixation) and the control group
(cemented fixation) were assessed for balance, or equivalence. The optimal number of
GBM iterations, which minimises the differences in covariates between the treatment and
control groups, was chosen based on the absolute standardised mean difference, often
referred to as the effect size, using the mean of the balance metric across variables. The
resulting estimates were used to compute a propensity score signifying the probability of
each observation receiving a cementless femoral fixation. A one-to-one “nearest
neighbour” matching approach with a narrow calibration width was implemented, where
each cemented was matched to a single cementless femoral fixation based on the
propensity score. Table 7-1 provides an overview of the confounders considered in the
propensity score calculations.
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Propensity score matching covariates

Age Body mass index (BMI)
Gender Hospital type
ASA grade Pre-operative diagnosis

Table 7-1 Covariates used for the propensity score estimation
7.2.3.2. Diagnostics and sensitivity analyses

Tabular and graphical balance diagnostics were used to evaluate inter-group baseline
values, ensuring that the matching process was successful in creating comparable control
and treatment groups. Tabular assessment included crude and matched summary
statistics including mean, percentage, standardised mean difference (SMD), and p-value
of chi-squared (for categorical covariates) or t-test (for continuous covariates). Graphical
assessment included evaluating the distribution of control and treatment groups using
histograms and boxplots. Given the balanced nature of baseline characteristics post-
matching, unconditional univariable logistic regression models for the binary outcomes
(mortality, revision, and periprosthetic femoral fracture) and Kaplan Meier survival
models for 30, 60, 90 days, and 1 and 2 years were used. As before, analyses were
performed using R statistical computing environment version 4.3.0. R packages used for
the propensity score matching include: ‘Matchlt’ (version 4.5.3), ‘survival’ (version 3.5.5),

‘twang’ (version 2.5), and ‘optmatch’ (version 0.10.6).

7.3. Results

7.3.1. Crude summary statistics
A total of 154,519 SHAR records (101,523 cemented and 52,996 cementless) were available

for the purpose of matching. Baseline crude variables are shown in Table 7-2.
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Crude
Covariates Pvalue SMD
Cemented Cementless
Number of operations 101,523 52,996
Age at surgery 72.1(8.3) 59.9 (10.0) <0.001  1.312
Sex (Male) 38,585 (38 %) 28,245(53.2%) <0.001  0.311
Unit type <0.001  0.395
University Hospital 5,895 (5.8%) 6,366 (12.0 %)
County Hospital 31,798 (31.3 %) 15,220 (28.7 %)
Rural Hospital 44,591 (43.9%) 15,624 (29.8 %)
Private Hospital 19,239 (19.0%) 15,786 (46.7%)
Body Mass Index (BMI) <0.001  0.131
Underweight 956 (0.94 %) 242 (0.45 %)
Normal 33,200 (32.7 %) 14,828 (27.9 %)
Overweight 43,075 (42.4 %) 23,287 (43.9 %)
Obesity Class | 18,713 (18.4 %) 11,025 (20.8 %)
Obesity Class Il 4,658 (4.5 %) 2,981 (5.62 %)
Obesity Class Il 921 (0.9 %) 633 (1.19 %)
American Society of Anaesthesiologists grade <0.001 0.436
1 1,7981 (17.7 %) 18,833 (35.5 %)
2 63,727 (62.7 %) 28,304 (53.4 %)
3+ 19,815(19.5%) 5,859 (11.0%)
Pre-operative Diagnosis <0.001 0.258
Primary arthrosis 94,752 (93.3 %) 46,572 (87.9 %)
Inflammatory 1,301 (1.3 %) 661 (1.2 %)
Childhood dx 910 (0.9 %) 2,351 (4.4 %)
Idiopathic necrosis 2,510 (2.5 %) 1,230 (2.3 %)
Secondary arthrosis 1,962 (1.9%) 2,140 (4.0 %)
Other 88 (0.1 %) 42 (0.1 %)

Table 7-2 Baseline crude variables pre-matching
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7.3.2. Matching
983 GBM iterations were used to minimise the differences in covariates between the
treatment (cementless) and control (cemented) groups, in other words, to optimise the

mean effect size of the average treatment effect on the treated (Figure 7-1).
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Figure 7-1 Propensity score matching process
Left - The effect size of average treatment effect on the treated (cementless fixation) using the maximum of
the balance metric over 500 iterations. Right - Propensity scores for the control and treatment groups
pre-matching

Distribution of propensity scores before and after matching are illustrated in Figures 7-1
to 7-3. Satisfactory graphical balance was achieved between groups. Statistical balance

diagnostics were performed and are presented in the following sub-section.
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Figure 7-2 Propensity scores distribution post-matching
Left - Distribution of propensity scores for unmatched and matched treatment and control groups, Right - Propensity
score distribution for the control and treatment groups
post-matching
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Figure 7-3 Distribution of crude and matched groups per propensity score

7.3.3. Matched summary statistics

Using the propensity scores, it was possible to one-to-one match 30,032 out of 52,996
(56.6%) cementless with cemented fixation. Baseline variables post-matching are
presented in Table 7-3. Overall, there was no statistically significant differences between
groups (p > 0.05). These patient cohorts were used to compare safety and implant failure

outcomes in this study.
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Matched
Covariates Pvalue SMD
Cemented Cementless
Number of operations 30,032 30,032
Age at surgery 65.36 (7.88%) 65.29 (8.06%)  0.301 0.008
Sex (Male) 14,823 (49.4%) 14,833 (49.4%) 0.941 0.001
Unit type 0.134 0.019
University Hospital 2,727 (9.1%) 2,891 (9.6%)
County Hospital 9,949 (33.1%) 9,921 (33.0%)
Rural Hospital 10,160 (33.8%) 10,123 (33.7%)
Private Hospital 7,196 (24.0%) 7,097 (23.6%)
Body Mass Index (BMI) 0.619 0.015
Underweight 100 (0.3%) 122 (0.4%)
Normal 8,681 (28.9%) 8,653 (28.8%)
Overweight 13,309 (44.3%) 13,199 (43.9%)
Obesity Class | 6,100 (20.3%) 6,192 (20.6%)
Obesity Class Il 1,554 (5.2%) 1,574 (5.2%)
Obesity Class Il 288 (1.0%) 292 (1.0%)
American Society of Anaesthesiologists grade 0.415 0.013
1 7,727 (25.7%) 7,754 (25.8%)
2 18,079 (60.2%) 17,999 (59.9%)
3+ 4,226 (14.1%) 4,279 (14.3%)
Pre-operative Diagnosis 0.064 0.026
Primary arthrosis 28,236 (94%) 28,061 (93.4%)
Inflammatory 270 (0.9%) 281 (0.9%)
Childhood dx 472 (1.6%) 518 (1.7%)
Idiopathic necrosis 441 (1.5 %) 483 (1.6%)
Secondary arthrosis 606 (2.0%) 676 (2.3%)
Other 7(0.0%) 13 (0.0%)

Table 7-3 Baseline variables post-matching

7.3.4. Comparison of safety and failures

Non-time-dependent unconditional logistic regression odds ratio showed that mortality
was significantly less likely with cementless femoral fixation whilst revision and femoral

periprosthetic fractures were significantly more likely to occur in the crude and matched
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comparisons (Table 7-4). However, the effect on mortality was greater in the crude

comparisons and vice-versa for the effect of periprosthetic femoral fracture.

Crude comparisons Propensity matched comparisons
Odds ratio Significance  Odds ratio Significance
Revision 1.51(1.43-1.60) <0.001 1.51(1.38-1.65)  <0.001
Periprosthetic femoral fracture 157 (1.37-1.81)  <0.001 2.40(1.92-299) <0.001
Death 0.28 (0.26-0.29) < 0.001 0.73(0.69-0.78)  <0.001

Table 7-4 Crude and matched logistic models
Odds ratios <1 favour cementless femoral fixation

7.3.5. Survival comparison

At two years, the unadjusted hazard ratio for mortality for cementless femoral fixation
was HR 0.82 (95% CI 0.71-0.94, p = 0.006) compared to the cemented group (Figure 7-4).
Whilst statistically significant at two years, the unadjusted hazard ratio for short-term

mortality outcome was not significant between the two groups (Table 7-5).
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Figure 7-4 Mortality rates of cemented and cementless femoral fixation
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Outcome Time-point  Survival (Cemented) Survival (Cementless) Cox HR Significance
30 days 99.6 (99.5-99.7) 99.1(99.0-99.2) 2.16 (1.73-2.68) <0.001
evison 90 days 99.4 (99.3-99.5) 98.6 (98.5-95.8) 2.27 (1.90-2.71) <0.001
1 year 99.0 (98.9-9.91) 97.9 (97.8-98.1) 2.14 (1.85-2.46) <0.001
2 years 98.7 (98.5-98.8) 97.2(97.0-97.4) 2.07 (1.83-2.34) <0.001
30 days 100 (100-100) 99.7 (99.7-99.8) 411(101-167.2)  <0.001
Revision due to femoral 90 days 100 (100-100) 99.6 (99.5-99.7) 17.5 (8.18-37.5) <0.001
periprosthetic fracture 4y 99.9 (99.9-100) 99.5 (99.4-99.6) 6.88(4.35-10.89)  <0.001
2 years 99.9 (99.9-99.9) 99.5 (99.4-99.6) 5.54 (3.70-8.29) <0.001
30 days 99.9 (99.9-99.9) 99.9 (99.9-100) 0.88 (0.50-155) 070
eat 90 days 99.8 (99.8-99.9) 99.8 (99.8-99.9) 0.80 (0.54-1.19)  0.30
1 year 99.3 (99.2-99.4) 99.4 (99.4-99.5) 0.83(0.67-1.03)  0.09
2 years 98.4 (98.2-98.5) 98.7 (98.5-98.8) 0.82(0.71-0.94)  0.006

Table 7-5 Matched survival models at two years

Hazard ratios <1 favour cementless femoral fixation

In matched patients, revision was more prevalent in the cementless group (Table 7-5).

Unadjusted hazard ratios for revision for the different time points were statistically

significant (p < 0.001) and ranged between HR 2.07 (1.83-2.34) at two years, and HR 2.27

(1.90-2.71) at 90 days (Figure 7-5). At two-years, overall implant survival was 98.7% (95%

CI 98.5-98.8) for cemented and 97.2% (95% CI 97.0-97.4) for cementless fixation.

Incorporating all case revisions diminished the overall survival statistics and attenuated

the difference between cemented and cementless cohorts.
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When revisions due to femoral periprosthetic fracture were studied, the effect was
augmented and still significant, particularly in the short interval postoperatively (30-day
HR 41.1, 95% CI10.1-167.2, p < 0.001, Figure 7-6). There were more femoral periprosthetic
fractures for the cementless group in the first 90 days post-operatively (HR 17.5, 95% CI

8.18-37.5), before the hazard plateaued (Table 7-5 and Figure 7-6).
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Figure 7-6 Rates of revision due to periprosthetic femoral fracture
of cemented and cementless femoral fixation

In-depth sensitivity analyses with broader calibre widths consistently led to the same

conclusions across all outcome measures.

7.4. Discussion

7.4.1. Summary of results
This study has demonstrated the effect of femoral fixation type in primary elective hip
arthroplasty on mortality and implant failure outcomes. Here we showed, similar to our

findings in Chapter 4, that in a matched cohort of individuals of similar baseline
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characteristics, cementless fixation has a significantly lower two-year mortality risk but

higher incidences of short-term femoral periprosthetic fracture and all-case revision.

Patients who undergo cemented femoral fixation appear to have an overall 27% increased
risk of mortality in which 18% of that is likely due to an increase at the two-year interval
postoperatively. Previous studies highlighted superior safety outcomes of uncemented
femoral implants (see Chapter 1.11; (346, 419-421)). A retrospective Nordic Arthroplasty
Register study reported higher mortality rates in the crude comparisons between
cemented and cementless fixations at 30-day (Crude HR 1.7, 95% CI 1.3-2.1) and 90-day
(HR 1.6, 95% CI 1.4-1.9) postoperatively, favouring cementless fixation (422). However,
when they adjusted for age, gender, year of surgery, and comorbidity, they found no
statistically significant differences (30-day HR 0.94, 95% CI 0.71-1.3; 90-day HR 0.97, 95%
CI 0.79-1.2). Notwithstanding the absence of adjustments for variables such as body mass
index (BMI), hospital type, and pre-operative diagnosis, their outcomes align with our
own, which similarly did not demonstrate statistical significance at earlier time points. In
contrast, Garland et al. matched individuals who underwent either cemented or
cementless fixation for total hip arthroplasty (146,818 cemented) with 862,294 unexposed
individuals from the general population and reported a statistically significant increased
risk of early death in patients receiving cemented THA that is reversed from two weeks
postoperatively, but not in the cementless-control groups, leading the authors to suggest
that cemented femoral fixation is likely associated with higher incidences of
thromboembolic events (348). While it can be contended that the association between to
the fixation method and the occurrence of mortality diminishes as time elapses since the

primary THR (423), the augmented two-year mortality risk in our matched cohorts
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warrants further investigations into the factors leading to a time-dependent impact (see

Chapter 4).

In terms of revision and femoral periprosthetic fracture, uncemented fixations were
shown to be significantly associated with increased risks at all time points (all-case
revision OR 1.51, 95% CI 1.38-1.65; revision due to fracture OR 2.40, 95% CI 1.92-2.99), and
particularly in the short-term interval postoperatively, which harmonises with findings
from earlier studies in the literature (see Section 1.11 and (422)). This suggests that when
selecting fixation method, one ought to account for the heightened revision and fracture
risks associated with cementless fixations as well as the mortality associated with such

secondary procedures.

7.4.2. Limitations and further work

Whilst the observed difference between cemented and cementless femoral fixations are
partially explained by diagnostic, patient, and surgical factors that were matched in this
study, our findings alluded to a residual difference in survival between the fixation
groups. Other factors are likely to contribute to the calculated hazards, including patient
factors (specific co-morbidities, stage of disease, and socioeconomic and lifestyle
variables), pre- and post-operative care (the use of mechanical or chemical
thromboprophylaxis), and surgical factors (surgical expertise and technique). However,
we lacked access to such information in its entirety. If the use of thromboprophylaxis, or
surgical expertise, are shown to be related to the fixation method, our findings would be
confronted with residual confounding. Future studies also need to explore the effect of
fixation type on patient-reported outcome measures and assess pre- and post-operative

radiographs.
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Likewise, our findings are constrained to the studied Swedish population wherein most
fixations are cemented. These may bear varying results if assessed using different
populations such as the National Joint Registry of England and Wales. Furthermore, we
implemented a matching protocol with a narrow calibre width to attain a high level of
covariate balance, acknowledging the trade-off of reduced sample size and treatment
effect precision. Nonetheless, our sample size remained sufficiently robust to detect
meaningful differences, and our sensitivity analyses, which incorporated wider calibre

widths, consistently supported our conclusions.

7.4.3. Conclusions

The evidence from this study indicates the potential for improved long-term safety
outcomes associated with uncemented femoral implants, albeit with a trade-off of
increased risks of revision and periprosthetic femoral fracture. The underlying reasons for
this discrepancy are multifaceted and not entirely accounted for in the SHAR dataset. As
explored in Chapter 4, patient factors (age, BMI, co-morbidities, and gender); pre-
operative diagnosis; and unit type appear to play a significant role in this phenomenon.
However, further investigations are warranted to understand the effects of competing
variables such as: surgical technique and expertise; pre- and post-operative care; and

lifestyle and socioeconomic factors.
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Summary, Part One:
Machine Learning & Outcomes following
Primary Hip Arthroplasty

The findings from Part I of this PhD work shed a light on the importance of implant
fixation method (cemented versus cementless) as a significant modifiable prognostic
factor. Chapter 4 highlighted that cemented fixation appears to be associated with higher
mortality rates, but lower rates of implant failure compared to cementless fixation. This is
in agreement with prior literature on the Swedish and Norwegian registries (348, 378). The
limitations of the study in Chapter 4, of not evaluating the reasons for revision nor
adjusting for various co-variates could have augmented the effect of confounding by
indication, informed Chapter 6 to predict the risk of periprosthetic femoral fracture
necessitating re-do surgery, and Chapter 7 to investigate the effect of implant fixation on

safety and implant failure outcomes using a propensity score matching technique.

Again, the findings from both chapters highlighted that uncemented femoral implants are
associated with an increased risk of periprosthetic femoral fracture and revision risks. The
machine learning models in Chapter 6 identified cementless implants as a driving feature
for increased revision and re-operation risks necessitating an intervention, whilst Chapter
7 reported in a matched cohort of cemented and cementless fixations that uncemented
femoral implants is associated with an improved long-term safety profile but a statistically
significant increased risk of revision and periprosthetic femoral fracture. These findings
are in agreement with previous literature (346, 348, 419-422) and with reports from the
joint registries in Australia, Sweden and the United Kingdom showing that periprosthetic
femoral fractures are the third most common cause for revision in THR. Likewise,
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previous literature alluded to the fact that there remains heterogeneity in surgical
technique and experience for cementless stem impaction and implant seating, wherein the
impaction energy must be sufficient enough to seat the broach/implant fully but not

excessively as to result in fractures (424, 425).

Part II of this thesis provides directional research translation, from the bedside (Part I) to
the bench (Part II). It aims to address this question and enhance our understanding of this
modifiable surgical technique of cementless femoral implant seating and fixation through
two major biomechanical laboratory studies. Chapter 8 will use a digital image correlation
technique and a validated rig that accounts for soft tissue compliance to measure strain
behaviour in the proximal femur using synthetic bones of low and normal mineral
densities. Chapter 9 will further test these findings in cadaveric “healthy bone” specimens
using rosette strain gauges, providing guidance for further bench-side experiments in the

field.
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Results, Part Two:
Optimising cementless short-stem femoral
fixation using biomechanical approaches
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Chapter 8 The effect of impaction energy and bone quality on
cementless femoral implant fixation and femoral periprosthetic

fracture risk

8.1. Introduction

Total hip arthroplasties are effective orthopaedic surgeries, typically indicated in patients
with end-stage osteoarthritis (426). Cementless fixation for the femoral stem became
popular in the late 1980s and has become the fixation of choice in Australia, Canada
England and Wales, and Italy, (427). However, there remains controversy about whether
cemented or cementless fixation provides superior outcomes. Cementless fixation can be
more expensive than cemented, but this is offset by a shorter operative time. Cementless
fixation also has a higher risk of periprosthetic fracture owing to the press-fit required to
achieve primary stability of the stem. If the risk of periprosthetic fracture can be reduced,

it will improve the outcome of cementless stems.

Initial cementless fixation relies on sequential impaction strikes to provide press-fit
stability. Long term stability is provided by bone ingrowth, achieved via good initial bone
and implant apposition (347). Appropriate impaction technique involves two key stages;
a broaching step to prepare the intermedullary canal and a femoral implant insertion step,
both of which are crucial to ensure satisfactory long-term osseointegration occurs between
the cementless implant and the bone (428). The impaction energy must be sufficient
enough to seat the broach/implant fully but not too excessive as to result in fractures (424).

A previous study investigated the effect of strike technique on the seating and stability of
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the cementless acetabular component, assembling femoral head and influencing tapper-

trunnion stability (429-431).

Currently, surgeons rely on proprioceptive estimations of ideal impaction energy and
number of strikes to achieve an optimal balance between stem/broach seating and
fracture risk (432). An understanding of the biomechanical properties of a human femur
may provide empirical evidence to improve fixation and minimise fracture risk. Strain
measurement techniques can reliably predict regions of high stress in the bone during
impaction. Cummins et al. (433) calculated the threshold force required for femoral
impaction grafting using strain gauges, which was further validated by Flannery et al.’s
findings (434). Strain gauges, however, only allows for discrete point measurements to be
obtained (435), making it challenging to measure strain over the full duration of impaction.
Non-contact optical digital image correlation (DIC) can give detailed directional strain
magnitudes on three dimensional surfaces and is suitable for complex irregular structures
such as femoral bone models (436, 437). DIC captures sequential images of a specimen
during mechanical testing and computes deformation, strain, and displacement through
analysis of spatial correspondences (438, 439). Previous studies used DIC to measure
failure in proximal femurs under quasi-static loading conditions (440, 441), but if applied
to the dynamic impaction process could yield new understandings of how strain fields are

generated.

The aim of this study is twofold, firstly we propose a new method combining DIC with
high-speed cameras to capture the rapid changes in bone strain during femoral impaction.
Secondly, we investigate strain behaviour, fracture risk, and implant fixation in synthetic
bone models during cementless femoral broaching and stem impaction. In other words,

do higher impaction strikes lead to higher fracture risks or better fixation outcomes?
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8.2. Materials and Methods

8.2.1. Specimen preparation

In this study, a total of 20 synthetic bones were used: 12 healthy synthetic specimens and
8 osteoporotic. All Sawbones® models were adult left femurs and manufactured by
Sawbones® (Pacific Laboratories, Malmo, Sweden). The healthy and osteoporotic
specimens were composed from 30 PCF and 15 PCF respectively thereby representing
normal and low bone density. All specimens, healthy and osteoporotic, were prepared
using a standard THA direct anterior approach (442). Instruments for cementless THA
(Furlong Evolution, JRI Orthopaedics, Sheffield) were used to prepare femurs for

impaction and during impaction testing itself.

Using an oscillating saw, each specimen was transversely cut at 17cm proximal to the
intercondylar fossa. The mid-point between the lesser trochanter and the femoral head
was identified using a resection guide, the neck was then resected at 45° to the long axis
of the femur. To gain access to the medullary canal, a box osteotome was used to remove

a section of cancellous bone from the upper-lateral aspect of the femoral neck (442).

To open the medullary canal a T-handled taper reamer was used to prepare the canal for
broaching, with care taken to ensure that the reamer was aligned with the femoral shaft
axis. The reamer was used until the minimum depth, as indicated on the instrument, had

been met.

To prepare the intramedullary canal for receiving the femoral stem implant, the smallest
sized broach (size 6) was attached to the broach handle and repeatedly hammered in and

out to remove the synthetic cancellous bone. The broach was impacted until the proximal
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part of the broach handle was aligned with the osteotomy level. To avoid varus
positioning, a posterior lateral pressure was applied to the broach handle during

impaction.

8.2.2. Application of the speckle pattern

For the DIC system to accurately capture data, a specially prepared high-contrast speckle
pattern is applied to the surface of interest (443). DIC records and tracks the movement of
the speckle pattern during mechanical testing, thus allowing surface strain to be computed
(444). To achieve the speckle pattern, white and black paints were applied to each
specimen two hours prior to impaction. In a well-ventilated space, the anterior surface of
the femur was sprayed with a coat of white paint (VHT SP101) and set aside to dry for
twenty minutes (445). Black spray paint (VHT SP102, Sherwin-Williams, California) was
then used to apply the speckles by lightly pressing the trigger to achieve the required
pattern. All specimens were sprayed from a distance to ensure only thin layers of paint
were applied. GOM Correlate Professional, a post-processing software, was used to assess

pattern quality prior to testing (440).

8.2.3. Set-up

When a specimen was ready for testing, it was placed into a custom 3D printed holder
and secured onto the impaction platen (Figure 8-1) in a vertical loading axis at a 7° tilt

(446).
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Main Base
conformal to femur

Figure 8-1 Assembly of platen and bone onto the rig

As seen in Figure 8-2, the impaction platen is secured to a spring/dashpot support. This
provides the same displacement and acceleration rates as would be observed
intraoperatively, thus accounting for soft tissue compliance and movement of the human
femur (447). Strikes were delivered to each specimen by releasing the drop platen onto a
secured broach handle below and subsequently the specimen. The rig drop platen was
used to deliver impaction strikes to the specimen. A platen drop weight of 1.2 kg was
chosen, representing the average mass of a THA surgical mallet. To vary the energy at
which the specimens were impacted, the platen was released from pre-determined heights

corresponding to specific energies.
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Figure 8-2 Experimental set up illustrating the in-vitro drop rig used for impaction (444, 448)

8.2.4. Testing

Using the in-vitro drop rig (Figure 8-2), femoral broaches of increasing size (7, 8, 9 and 10)
were impacted into the femoral canal of each specimen. Beginning with a size 7 rasp,
consecutive strikes were applied to the broach handle by releasing the drop platen to
repeatedly impact the rasp into the femur. Consecutive strikes were applied until the rasp
was seated. Broaches were hammered out of the femoral canal following every third
strike. Following withdrawal, the broach was cleared of fragments and a further 3 strikes

were then applied, with this process continued until the broach was seated.
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The broach was considered seated once the cutting teeth were parallel to the depth of the
neck resection, at which point the broach was hammered out, removed from the handle,
replaced with the next size and the impaction process re-started. The broaching process
was repeated, sequentially increasing the broach size until size 10, which was the size of

the selected implant.

The intramedullary canal was deemed prepared for receiving the cementless stem
prosthesis when the final broach, size 10, had been adequately seated and disengaged
from the canal. A size 10 JRI Furlong femoral stem implant was then attached to an
introducer and engaged into the femoral canal by hand. The introduction of the stem was

completed by impacting the introducer until a tight metaphyseal fit was achieved (442).

Impaction energy levels were divided into three categories: low, medium, and high. Each
energy level was defined based on measurements recorded in a study by Doyle et al. (448).
In that study, a consultant orthopaedic surgeon simulated three levels of impact to the
cadaveric specimens for both acetabular and femoral components; one mimicking the
force used for patients with healthy bones, another mimicking the gentleness employed
for patients with osteoporotic bones, and an intermediate impact (448). Three energy

levels (J) were recorded Erow = 1.26; E Medium = 4.84; and Enignh = 10.78.

Given that energy (J) is the product of mass (platen drop, kg) and the square of the
velocity, energy levels generated for our study used a standard “mallet” weight of 1.20 kg
and varied velocities (Table 8-1). The maximum velocity achieved by the rig was 4.08
(m/s), therefore, the high energy level in our study was 9.99 (J). On the healthy synthetic
bone specimens, this protocol was performed at low, medium and high impaction

energies. Whilst for the osteoporotic specimens the protocol was only performed at low
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and medium energy levels since high velocity fractured low BMD sawbones during our

pilot testing.
Energy Level Low Medium High*
Drop Mass (kg) 1.20 1.20 1.20
Drop Velocity (m/s) 1.45 2.84 4.08
Energy () 1.26 4.84 9.99

Table 8-1 The impaction energy levels investigated: low, medium and high
*Only healthy bones were impacted at this energy level

Twenty synthetic bones were tested totalling 600 impaction strikes; 12 normal BMD
specimens were impacted at low, medium and high energy levels; and 8 low BMD samples
were impacted at low, and medium energy levels (n=4 per energy level). As a result of
the large number of strikes required to seat both broaches and implants at low and
medium velocities, data analysis occurred for every third strike (i.e. strike 3, strike 6, strike

9...), and the average peak strain was calculated across velocities.

8.2.5. Digital image correlation (DIC)

To measure strain during mechanical testing images were captured using a three-
dimension DIC system (441, 449). Two high-speed cameras (Phantom Miro) were set up
as shown in Figure 8-3 (450). Both cameras were secured to a custom-made stand and
rotated internally at a 12.5° angle. The impaction process was captured at 3,268 frames per
second at a resolution of 768 x 768 pixels. The DIC system was calibrated prior to testing
using a calibration model to establish the event volume. To increase specimen visibility
during testing, additional lighting was used to illuminate the synthetic surface pattern
(451). For osteoporotic bones each strike was analysed for peak strain measurements in
regions representing Gruen zones 1, 2, 6 and 7. On the 12 healthy bones, the peak strain

measurements were measured at regions representing Gruen zones 1,2, 3, 5, 6 and 7.
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HE ™ Specimen

Camera

DIC analysis

Figure 8-3 3D-DIC System setup
On the left a photograph taken by the author, and on the right a schematic of the 3D-DIC setup done by
Kim et al. (452)

8.2.6. Fixation strength

To evaluate the initial stability of the femoral stem implant, pull-out fixation tests were
conducted on a uniaxial loading testing machine (Instron model 5565; Instron, High
Wycombe, UK) (Figure 8-4) (453). The femoral holder was secured to the test frame so that
the actuator motion of the Instron was perpendicular to the axis of the femur. Implants
were pulled out using an 11mm diameter steel rod which fixed distally to the implant and
proximally to the machine actuator head. Tensile load was applied at a crosshead

displacement rate of 0.2mm/min until the implant dislodged from the specimen (454).
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Figure 8-4 Pull-out test set-up using a uniaxial Instron

8.2.7. Statistical analysis

Variations in strain data between low, medium, and high velocity strikes in normal and
low BMD specimens were evaluated for statistical differences. A two-way ANOVA
determined statistical significance for normally distributed data whereas the equivalent
non-parametric Friedman test was used for non-normally distributed data. The level of
significance was established as a = 0.05 for all tests. All analyses were performed using

SPSS Version 26.0 and Microsoft Excel Version 22.0.

8.3. Results

For both normal BMD and low BMD specimens, a greater number of strikes was required
for the low velocity versus either medium/high velocities for both broaching (two-way
ANOVA; p=0.0015, p=0.043) and seating an implant (two-way ANOVA; p<0.0001,
p=0.013, respectively). For normal BMD, no difference was detected regarding the number
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of strikes between medium and high velocities for broaching (p = 0.88) and implant
seating (p = 0.56). Figure 8-5 shows the mean number of strikes during mechanical testing

for both specimen types at each impaction velocity.

Number of strikes required for broaching and seating
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Figure 8-5 Average number of strikes required to seat broaches 7-10 and a size 10 implant at different
mallet velocities in both normal BMD (healthy) and low BMD (osteoporotic) bones

Figure 8-6a represents a contour plot of DIC strain for a normal BMD specimen pre-
impaction. Figure 8-6b represents a contour plot of DIC strain for a normal BMD specimen
undergoing implant insertion with 9.99 energy (J) / 4.08 velocity (m/s). The pattern of
strain is shown on the anterior proximal femur and the contour plot goes from -100.000
[%/s] to 100.000 [ % /s]. Figure 8-6¢ is representative of a general pattern of strain observed
during impaction in bone samples across all impaction velocities in Gruen Zones 1, 2, 6,
and 7 in the direction of highest deformation. As shown in Figure 8-6¢, after the strike an
initial peak compressive strain was followed by a tensile strain. This was further followed

by a post-strike tensile strain which diminished in magnitude prior to stabilising.
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Figure 8-6 Illustrative contour plot pre-impaction (8-6a), during broaching impaction (8-6b) and (8-6¢)
showing strain behaviour during impaction from a bone sample

For normal BMD specimens, the average peak strain increased with each impaction
velocity in the lateral Gruen zones (low vs medium p<0.001; medium vs high p<0.05; and
low vs high p<0.001) (Figure 8-7a). For the medial Gruen zones the average peak strain

increased for medium velocity compared to low velocity (low vs medium p<0.05) but did
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not increase further for high impaction velocity (Figure 8-7a). In low BMD samples, there
was no difference in peak strain for the different velocities in either the lateral (p=0.080)

or medial (p=0.833) side (Figure 8-7b).

Broaching cementless femoral canal
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Figure 8-7 Average peak strain to broach a cementless femoral canal in normal (8-7a) and low BMD bones
(8-7b) *p<0.05; **p<0.01; ***<p<0.001
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For normal BMD specimens, there was no difference in the force required to remove
specimens impacted by low or medium velocity strikes (p=0.604) with a mean of 685 N
and 553 N, respectively (Figure 8-8). Similarly, there was no statistically significant
difference between the force required to remove specimens impacted by high velocity
strikes (mean = 1091 N) in comparison to low velocity strikes (p = 0.169). For the low BMD
specimens, there was no difference in the force required to remove the stem from
specimens impacted with either impaction velocity (p = 0.229). There was a clear
difference between the force required to remove the stem from low BMD specimens and
normal BMD specimens.
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Figure 8-8 The average force required to remove the implant from osteoporotic and healthy femoral
Sawbones® following impaction at different energy levels at 95% confidence interval
*p<0.05; **p<0.01; ***<p<0.001
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8.4. Discussion

8.4.1. Summary of results

This is the first biomechanical study to use DIC technology to analyse strain in synthetic
femurs and highlights the importance of impaction technique for THA. As hypothesised,
increased impaction velocity led to higher levels of peak strain (fracture risk) but did not
significantly affect implant stability. In other words, the higher the impaction energy, the
higher the resultant strain and the greater risk of periprosthetic fracture. In terms of
implant stability, there was no statistically significant difference among the different
velocities in both normal and low BMD samples, meaning that stability remains the same

regardless of the amount of force.

The reason for this phenomenon may be explained by works by Doyle et al. and Mold et
al., who both highlighted a theory in their works known as the “law of diminishing
returns” whereby increased impaction velocity fails to result in increased implant stability
and furthermore, that a limit is reached beyond which any additional energy produces
diminishing additional fixation (444, 455). This is highlighted in Figure 8-8, which shows
that higher impaction does not result in better implant stability as represented by pull-out

force.

For both specimen types, a strain behaviour pattern was identified in the femur during
broaching. During impaction, a compressive peak strain was subsequently followed by a
tensile peak strain, as highlighted in Figure 4c. Both mean peak strain and mean residual
strains across all Gruen zones (GZs) were tensile in the direction of highest deformation.
Following the peak tensile bone strain, a period of oscillation occurred which decayed and

resulted in post-strike tensile strain. Despite no fractures occurring during mechanical
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testing, both peak and tensile compressive strains are potential contributors to femoral
fractures. A similar pattern of strain has been highlighted in a previous study (444), in
which peak tensile strain, peak compressive strain and a similar period of oscillation

resulting in a post-strike strain in synthetic acetabular cups can be identified.

In the healthy and osteoporotic bone specimens, the highest tensile strain levels - peak
and residual, were greatest on the lateral aspect of the femur (GZ 1-3) in the direction of
highest deformation, for all impaction velocities. Previous studies have demonstrated that
the risk of fracture is increased when bones are in a tensile state, as a result of weakening
of the cortical bone, indicating that the higher the tensile strain, the greater the fracture
risk (435, 456-458). Thus, applying our results with those in the literature it could be
suggested that if fractures had occurred in this study, they would most likely have
occurred along the lateral femoral axis, equivalent to GZ 1-3. One hypothesis previously
reported that the fracture pattern could be ascribed to both the configuration of the
femoral rasp and the femur thus initiating implant-bone contact stresses (459).
Furthermore, a study by Cummins et al. found that although not reaching statical
significance, there was a correlation between the GZ where the largest strain was recorded
and the location of the fracture (433). This was further supported by Flannery et al., despite
most of the fractures occurring on the medial zone of the proximal femur, their study
found that the location of maximal strain recorded was closest to that of the fracture, with
the number of specimen recording maximal strain at failure in lateral zones half the
number of those in the medial zones (n=10/ n=19) (434). Multiple factors could account
for the variation in the location of maximum strain. In their study, the researchers
employed a model that utilised femoral morphology of revision hip arthroplasty; they

used long stem Exeter implants cemented into femurs fixed in cement and applied an
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Instron machine of increasing force. On the other hand, in our study, we utilised synthetic
bone models to represent both healthy and osteoporotic bone conditions. These models
were prepared and broached for primary short stem cementless femoral implant using a

validated rig that accounts for soft tissue compliance.

8.4.2. Strengths and limitations

This work should be considered in the context of several limitations. First of all, synthetic
bone does not require preservation and replicates similar mechanical properties and
minimises the variability among specimens (460, 461). However, the differences in
physical properties are likely to result in differences in the mechanical response during
impaction, with the artificial bone geometry only offering an estimation of the complex
pelvic anatomy and in vivo operative fixation. Future cadaveric studies are needed to
validate our preliminary findings. Furthermore, the number and location of surface points
used for the digital image correlation (DIC) and the accompanying GOM software varied
among the samples and were influenced by several variables. These factors included the
limited coverage of surface component, as only two cameras were used for capturing
images, and the influence of bone curvature. Furthermore, the characteristics of the
artificial stochastic pattern may play a role in determining the selection of surface points.
The use of multicamera stereo-DIC technology presents a promising opportunity to
capture three-dimensional views of specimens (462). Likewise, strain measurements in
our study targeted the proximal femur to just below the femoral stem, failing to take into
account strain behaviour related to Vancouver type C fractures (see Section 1.5.4), which
represents approximately 24.6% of femoral periprosthetic fractures in cementless THR
(410). Moreover, our impaction protocol employed a vertical loading axis with a 7° tilt.

Whilst this approach yielded a standard testing environment across all specimens, it is
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important to acknowledge that altering the inclination angle is poised to engender a
spectrum of strain behaviours and fracture patterns, thus, future studies ought to
investigate the effect of the loading angle on bone strain behaviour. Lastly, while our
validated impaction rig provides a controlled and reliable method for research purposes,
it is important to consider that surgical impaction in operative procedures tends to be less
precise and accurate, which may potentially impact the significance and applicability of

our data in practical settings.

Primary implant fixation is a critical factor in determining the technical success of the
arthroplasty and patient morbidity. Based on this study, recommendations for clinical
practice cannot currently be made, however, the study currently suggests that multiple
lower impaction strikes may be preferable for the cementless technique to minimise

fracture risk and maximise implant stability.

8.4.3. Conclusions

The results of this study may suggest that in normal- and low-density bones, a high
number of low-energy strikes during femoral broaching and implant seating may provide
lower peak strains with similar or increased implant stability. Presently,
recommendations for clinical practice cannot be made from this study due to it being
conducted on Sawbones®. The next chapter uses cadaveric specimen to validate these
findings and assess the optimum impaction technique for normal BMD bones. Future
studies should consider other variables such as strike orientation, implant displacement,

and mallet mass to help establish an optimal cementless impaction technique.
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Chapter 9 A cadaveric study on the effect of impaction force on
cementless femoral periprosthetic fracture risk and implant

stability in normal quality bone

9.1. Introduction

The previous chapter demonstrated that in normal- and low-density synthetic bones,
higher impaction energies during cementless short-stem femoral broaching and implant
seating may lead to higher fracture risks but similar implant fixation outcomes
irrespective of the energy level. Whilst these artificial skeletal structures mimic the
anatomical and mechanical properties of a human femur, their efficacy must be rigorously
validated through cadaveric studies to adjust for the biomechanical complexities of
human bones. To this regard, the utilisation of cadavers of normal bone mineral density
(BMD) was employed in this study to delineate the biomechanical features associated with

different impaction energy levels.

This study, involving femoral short stem cementless fixation in normal BMD cadavers,

pursues a threefold set of objectives:

1. To compare the effects of three different energy levels on implant seating and
femoral periprosthetic fracture risk during femoral broaching and implant seating,

2. To quantify and compare principal and residual strains in four Gruen zones for
different energy levels, and

3. To illustrate femoral periprosthetic fracture threshold pattern exhibited upon

impact to failure per energy level.
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9.2. Materials and Methods

The investigations conformed with the research principles related to the Human Tissue
Act (2004), and the study protocol was approved by the ethics board and Imperial College
Healthcare Tissue Bank (reference number: R14088-3A, HTA licence 12275; Appendix 1,
A1.2). The testing took place in a dedicated biomechanics laboratory at Imperial College

London.

9.2.1. Specimen preparation

Sixteen fresh-frozen cadaveric hips (5 male; age, 48 + 9 years; body mass index [BMI], 25
+ 5) were acquired from a tissue bank. The specimens had another use to examine young
adult hip pathologies. A computed tomography (CT) scanner (Somatom Perspective;
Siemens, Erlangen, Germany) was used to screen donors. Although some of the specimens
indicated morphologies of femoroacetabular impingement (cam or pincer / acetabular
retroversion), or developmental dysplasia of the hip, none of the specimens indicated any
other hip pathologies (such as slipped capital femoral epiphysis and Perthes disease);
arthritis; joint-space narrowing (< 2mm); or had a documented history of neuro-
/musculo-skeletal trauma, injury, surgery, disability, or cancer. Imaging data were used
to quantify bone morphology, particularly neck angle and femoral anteversion (Table 9-

1).
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Parameter Measurement
Specimens (n) 16
Sides (left:right, n) 8:8
Mean age, years (SD) 48 (9)
Mean body mass index, kg/m?2 (SD) 25 (5)
Mean femoral head diameter, mm (SD) 44 (4)
Mean femoral anteversion, ° (SD) 15 (6)
Mean femoral neck-shaft angle, ° (SD) 129 (3)
Mean acetabular version, ° (SD) 25 (8)
Mean acetabular centre-edge angle, ° (SD) 28 (4)

Table 9-1 Descriptive demographic and anatomical parameters of the specimens

Cadavers were denuded to bone and frozen. Prior to testing, each specimen was defrosted
and the distal end of femurs mounted in metal fixtures using methyl methacrylate bone
cement and distal screws drilled into the cement to achieve a stable metal-cement
construct. All specimens were prepared using a standard THA direct anterior approach
and instruments for cementless THA (Furlong Evolution, JRI Orthopaedics, Sheffield)
(442). Bone preparation is described in the previous chapter (see Section 8.2.1) and
included: femoral neck resection; accessing the medullary canal with a box osteotome
followed by a T-handled taper reamer in the posterolateral corner aligned with the femoral
shaft axis; and the removal of medullary canal cancellous bone using the smallest broach

size (size 6).

9.2.2. Strain measurement

Unlike synthetic bones, creating an adhesive contrasted stochastic speckle pattern on
biological specimens is challenging due to their sleek lubricating physiological texture;
paint film delamination and dissolution under high tensile deformation; and possible

alterations to the native tissue mechanics, all of which are known to significantly affect the
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DIC measurements (463). Given the advancements in materials science and speckle
pattern fixation (440, 451, 463-465), we pilot-tested the application of speckle patterns to
three distal femur cadaveric specimens, as described by Hensley et al. (466). In one
specimen, we trialled the use of an abrasive paper for surface refinement, which may affect
biomechanical properties as a trade-off when opting for DIC as the chosen technique.
Despite this, we were unable to gain adhesive and durable speckle patterns suitable for

DIC testing.

Electro-based mechanical strain measurement, such as strain gauge techniques, convert
electrical signal changes into strain values and are commonly used as the ‘gold standard’
approach in the measurement of strain in biological tissues (467). In contrast to optical full-
field three-dimensional DIC techniques, single strain gauges measure strain in a single
direction and at the application site. Strain gauge rosettes, on the other hand, are
composed of two or more strain gauges oriented in three arbitrary directions and allow
strain analysis in a biaxial state. In cadaveric femurs, strain gauge rosettes and DIC
showed a correlation in measurements with a significant average difference of 74 + 95 pe
in maximum principal strain and 52+ 31 pe in minimum principal strain (466). Taken
together and for pragmatic reasons, we employed rosettes for strain measurements in this

study.

9.2.3. Strain Gauge Rosette attachment

Four pre-wired three-grid rosettes (350 Q; 3 mm; 3-leads; wire length 3 metres, KFH-3-
350-D17-11L3M3S, Omega Engineering Ltd., Manchester, United Kingdom) (Figure 9-1)
were bonded to the anterior aspect of each proximal femoral cortex at identical positions
in three different co-planar angles (0°, 45°, 90°), allowing for the calculation of first and
second principal strains (1, €2) and their corresponding angles.
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Figure 9-1 Pre-wired Rosettes oriented in three co-planar angles (0°,45°,90°)
Copyright: Omega Engineering Ltd

Positions for the rosettes followed a previously described standardised procedure (468-
470). The two proximal rosettes were placed at the level of lesser trochanter (M1) and at
the same level just below the greater trochanter laterally (L1), corresponding to Gruen
zones 7 and 1, respectively. The two other rosettes were placed 32 mm below the lesser
trochanter medially (M2) and laterally (L2), corresponding to Gruen zones 6 and 2,
respectively (Figure 9-2). Prior to mounting the strain gauges, the cortical surfaces were
further dissected removing remnants of periosteum, refined using delicately textured
abrasive paper, and then degreased with acetone (471-474). All strain gauge rosettes were
mounted parallel to the vertical femoral shaft axis using industrial grade superglue GP
(CYN20; viscosity at 25° - 100 cps; set time range 5-15 seconds, Everbuild, Leeds, United

Kingdom) followed by the application of cling film for adequate mounting (471-474).
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Figure 9-2 Positions of strain gauge rosette on the proximal femur
9.2.4. Set-up

When a specimen was ready for testing, the distal cemented part was placed into the metal
holder and secured onto the impaction platen (Figure 9-3) in a vertical loading axis. Strain
gauge wires were then connected to the half-bridge completion circuitry, preamplifier, 24-
bit analogue to digital converters and serial data processor. Data capturing and storage
was done using a computer and MATLAB software (2015a, MathWorks, Massachusetts,

USA).

221



Chapter 9: A cadaveric study on the effect of impaction force on cementless femoral

periprosthetic fracture risk and implant stability in normal quality bone

Figure 9-3 Experimental setup using a validated in-vitro rig

A validated in-vitro rig (Figure 8-2), with spring-dashpot support to account for soft tissue
compliance, was used for testing (see Chapter 8) (447). Similar to the previous chapter, a
platen drop weight of 1.2 kg was chosen to mirror the typical mass of a surgical mallet
used in total hip arthroplasty. Impacts were administered to each sample through the
controlled descent of a dropping platen onto a securely positioned broach/implant handle
beneath. Given that energy (J) is the product of the mass (platen drop, kg) and the square
of the velocity (see equation below), three energy levels mimicking surgical practice were
generated by releasing the platen from three pre-determined heights (m/s) whilst using a

standard “mallet” mass of 1.20 kg (Table 9-2) (448).
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m (kg) * v*(m/s)

KE =

0) -

Where:

KE = Kinematic energy (joule); m = mass weight (kg); v? = velocity (m/s).
Energy Level Low Medium High
Drop Mass (kg) 1.20 1.20 1.20
Drop Velocity (m/s) 1.45 2.84 4.08
Energy (J) 1.26 4.84 9.99

Table 9-2 Impaction energy levels

9.2.5. Testing
Sixteen fresh-frozen cadaveric hips representing healthy BMD were tested at low (n = 5),

medium (n = 5), and high (n = 6) velocities.

9.2.5.1. Broaching and implant seating

Femoral broaches of increasing sizes ranging between seven and eleven, were impacted
into the femoral canal. Three consecutive strikes were administered with the broach
removed after each third strike, replicating the approach commonly seen in surgical
procedures. The broach was deemed seated once the cutting teeth were parallel to the
depth of the neck resection. The choice of implant size and its fixation relied on clinical
assessment; however, the overarching strategy followed was to opt for a maximal implant

size that the bone could safely accommodate.

9.2.5.2. Implant stability

After seating an implant, the twelve circuits were disengaged from the analogue and the
metal platen and its specimen were attached to a uniaxial loading testing machine (Instron

model 5565; Instron, High Wycombe, UK). Pull-out fixation tests evaluated implant
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stability using an eleven-millimetre steel rod to connect the implant to the Instron's
actuator head and then applying a tensile load at a displacement rate of 0.2mm/min (see

Figure 8-4) (454).

9.2.5.3. Fracture threshold

Once the implant was removed, the platen and specimen were set-up again on the rig for
the impaction-to-fracture phase. Using the same implant size, twenty consecutive strikes
at each weight level were delivered, with increasing drop mass weight, ranging from 1.2
kg to 8 kg (Table 9-3). The test concluded either upon bone fracture or upon completing

twenty impacts of the 8 kg drop weight.

Energy levels Low Medium High
Drop Velocity (m/s) 1.45 2.84 4.08
Energy (J)

1.20 1.2615 4.83936 9.98784
1.50 1.576875 6.0492 12.4848
1.80 1.89225 7.25904 14.98176
2.10 2.207625 8.46888 17.47872
240 2.523 9.67872 19.97568

EO 2.70 2.838375 10.88856 22.47264

f; 3.00 3.15375 12.0984 24.9696

E 3.30 3.469125 13.30824 27.46656
3.60 3.7845 14.51808 29.96352
3.90 4.099875 15.72792 32.46048
5.00 5.25625 20.164 41.616
6.00 6.3075 241968 49.9392
8.00 8.41 32.2624 66.5856

Table 9-3 Impaction-to-fracture energy levels per velocity
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9.2.6. Data processing and measurements

Each single impaction generated an excel file of 50,000 rows containing: velocity; strike
load; base load; and strain measurements over time for the twelve channels. The files per
specimen were renamed and uploaded to MATLAB software (2021b, MathWorks,
Massachusetts, USA). Adjustments related to the offset between post-strike strain and
consecutive pre-strike initial strain were accounted for. A Butterworth electronic signal
processing filter was applied to minimise high-frequency noise or fluctuations in raw data
whilst enhancing the integrity and quality of strain measurements via providing a smooth

transition between the passband and stopband.

First and second principal strains, as measures of deformation, together with their
directions were calculated using the micro-strain (ue) values and the following equations

(Omega Engineering Ltd., Manchester, United Kingdom):

1
€pg = 3 [81 + & £ \/(51 — £3)% + (26, — &1 — &3)?

282—81— &3
2 &1 — &3

Where:
€ = strain in gauge 1; € = strain in gauge 2; € = strain in gauge 3; &pg = principal strains;
Hp,q = the acute angle from the axis of gauge 1 to the nearest principal axis. When positive, the direction is the same as that of the gauge

numbering and, when negative, opposite.

First principal strain represents the magnitude of strain experienced by the bone and
commonly refers to the tensile force corresponding to bone strength and fracture risk.
Second principal strain refers to the shear loading, or compression force, experienced by

the bone in a direction that is orthogonal to the first principal strain and is of significant
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value to assess bone stability under shear forces. Maximal first and second principal

strains were calculated and averaged inter- and intra-specimens.

Residual strain is the change in bone innate strain due to impaction, and provides
information related to change in bone behaviour and material properties. The difference
between post-strike residual and pre-strike baseline strains was measured at identical

timepoints for each strike.

ER = Epost-strike — Epre—strike

Where:

€R = residual strain per strike; €post-strike = strain value at x axis value 49,000; €pre-strike = strain value at x axis value 500.

With regards to the fracture threshold calculation, the energy delivered to each specimen
per energy level over the entirety of procedural phases was calculated using the following

equations:

Eprocedural step — KEstep * nstep
Especimen(]) = EB7 + EBB + EB9 + EBlO + EImplant + E1.2kg + E1.5kg

Etotal per energy level (]) = mean (Especimen 1t Especimen 2 )

Where:

KEstep = Kinematic energy (J) per procedural step; n = number of strikes delivered per step.

9.2.7. Statistical analysis

Strain variations resulting from strikes of the three velocities (low, medium, and high)
were evaluated using a two-way T test for inter-group comparisons. A one-way Analysis

of Variance (ANOVA) test, followed by Tukey's Honestly Significant Difference (HSD)

post hoc test, was employed to assess differences among the groups. The level of
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significance was established as a = 0.05 for all tests. Strain data per group were normally
distributed. Descriptive statistics are also presented. MATLAB software (2021b,

MathWorks, Massachusetts, USA) was used to analyse all data.

9.3. Results

All specimens for high (n = 6), medium (n = 5), and low (n = 5) were tested for broaching,
implant seating, and pull-out tests. Due to testing artifacts including dislodging of rosette
strain gauges (nw = 2) and testing error during pull-out tests (nnigh = 1), these samples
were not tested for the impaction-to-fracture steps and the latter was excluded from the
pull-out test analysis. Two samples (Niow = 1, Nmedium = 1) were excluded from the analysis
due to dislodgement of rosette strain gauges and poor invalid data quality. Table 9-4

highlights the number of samples tested and analysed for each step.

Tested Analysed
Low Medium High Low Medium High
Procedural phase
(n) (n) (n) (n) (n) (n)
Broaching and implant seating 5 5 6 4 4 6
Pull-out tests 5 5 6 5 5 5
Impaction-to-fracture 3 5 5 3 5 5

Table 9-4 Number of specimens tested and analysed per procedural steps

A greater number of strikes was required for the low velocity versus either medium/high
velocities for broaching (one-way ANOVA; p < 0.05) and seating an implant (one-way
ANOVA; p=0.0458), as shown in Table 9-5. No difference was detected regarding the
number of strikes between medium versus high velocities for broaching (two-way t-test,

p > 0.05 for different broach sizes) and implant seating (two-way t-test, p = 0.47). Figure
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9-4 shows the mean number of strikes during mechanical testing at each impaction

velocity.

One-way
Two-way t-test
ANOVA
Comparison
P value P value
groups
Low vs medium 0.0022
Broach 7 0.0002 Low vs high 0.0016
Medium vs high 0.2611
Low vs medium 0.0022
Broach 8 0.0083 Low vs high 0.0792
Medium vs high 0.1200
Low vs medium 0.0022
Broach 9 0.0007 Low vs high 0.0069
Medium vs high 0.1166
Low vs medium 0.0161
Broach 10 0.0256 Low vs high 0.2113
Medium vs high 0.0591
Low vs medium 0.1110
Implant 0.0458 Low vs high 0.0484
Medium vs high 0.4761

Table 9-5 Number of strikes among and between groups comparisons
for different procedural steps per energy level
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Figure 9-4 Average number of strikes required to seat broaches 7-10 and implant
for different energy levels. The x-axis demonstrates the procedural step related
to the size of broach used or implant seating

The average first principal strain was statistically significant among the three energy levels
in the superior Gruen zones (one-way ANOVA; medial p = 0.016, lateral p = 0.002) (Figure
9-5). Two-way t-test comparisons, and post hoc Tukey's Honestly Significant Difference
(HSD) adjustments, showed increased average first principal strain between the high and
the two other energy levels in Gruen zone 7 (high-to-low p = 0.045; high-to-medium p =
0.037 but not low-to-medium p = 0.189) whilst in Gruen zone 1, only high-to-low was
statistically significant p = 0.004. For the inferior region the average first principal strain
increased in the inferomedial region (Gruen zone 6, one-way ANOVA p =0.0001) and was
only statistically significant when comparing high to low and medium velocities (p < 0.001
each) but did not differ between low and medium energies (p = 0.99). There was no
statistically significant difference among the three energy levels in the inferolateral area

(Gruen zone 2, one-way ANOVA p = 0.418) (Figure 9-5).
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Figure 9-5 Average maximal first and second principal strains during broaching and implant seating per
three velocities and four Gruen zones. The x-axis demonstrates the rosettes strain gauge locations on the
cortical bone corresponding to the four Gruen zones: superomedial (GZ 7); inferomedial (GZ 6);
superolateral (GZ 1); and inferomedial (GZ2)

The average second principal strain was statistically significant among the three energy
levels in Gruen zones 2 and 7 (one-way ANOVA; p = 0.011 and p = 0.023, respectively).
However, following inter-group comparisons the difference remained statistically
significant only for the medium-to-high group in Gruen zone 7 (two-way t-test; p = 0.041,
post hoc HSD; p = 0.046), whilst in Gruen zone 2 medium velocity was different to the

other two groups (medium-to-low p = 0.003; medium-to-high p = 0.025).

With regards to the directions of first and second principal strains, they averaged between
20° and 30° and there was only a statistically significant difference in the superolateral
region (Gruen zone 1, one-way ANOVA; peist = 0.012, poana = 0.003) (Figure 9-6). Sub-
group analyses, using post hoc HSD and a two-way t-test, in that zone showed no

difference in the average direction of the first principal strain between low and medium
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velocities but a statistically significant difference between high and low energies (two-way
t-test: pe1st = 0.029; post hoc HSD: pe1s: = 0.045) and between high and medium velocities
(two-way t-test: peist = 0.025; post hoc HSD: pe1s: = 0.028), whilst the average direction of
the second principal strain was only statistically significant between the medium and high

groups (two-way t-test: peona = 0.004; post hoc HSD: peana = 0.003).
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Figure 9-6 Average direction for maximal first and second principal strains during broaching and implant
seating per three velocities and four Gruen zones. The x-axis demonstrates the rosettes strain gauge
locations on the cortical bone corresponding to the four Gruen zones: superomedial (GZ 7); inferomedial
(GZ 6); superolateral (GZ 1); and inferomedial (GZ2)

In terms of average cumulative residual strain, similar to the first principal strain, high
velocity yielded the highest residual strain in three of the Gruen zones (1, 6 and 7). There
was a statistically significant difference among groups in these zones (one-way ANOVA:
superomedial p = 0.002; inferomedial p = 0.011, superolateral p = 0.001) but not in the
inferolateral region (p = 0.388) (Figure 9-7). In the superior Gruen zones, there was an
increased average residual strain between high and the two other energy levels in Gruen
zone 7 (two-way t-test: high-to-low p = 0.005; high-to-medium p = 0.026, medium-to-low
p = 0.002, post hoc HSD: p < 0.001 each) and Gruen zone 1 (two-way t-test: high-to-low p

= 0.006; high-to-medium p = 0.013, medium-to-low p = 0.234, post hoc HSD: p < 0.001
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each). Sub-group analyses for the inferomedial region (Gruen zone 6) showed a
statistically significant difference between high velocity and the low (two-way t-test p =
0.040, post hoc HSD p = 0.049) and medium (two-way t-test p = 0.019, post hoc HSD p =

0.021) but not between low-to-medium velocities (two-way t-test p = 0.621, post hoc HSD

p = 0.971).
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Figure 9-7 Average cumulative residual strain during broaching and implant
seating per three velocities and four Gruen zones. The x-axis demonstrates the rosettes strain gauge
locations on the cortical bone corresponding to the four Gruen zones: superomedial (GZ 7); inferomedial
(GZ 6); superolateral (GZ 1); and inferomedial (GZ2)

There was no difference in the force required to remove specimens impacted by low,
medium, or high velocity strikes (one-way ANOVA: p = 0.208; two-way t-test: high-to-
low p = 0.773, high-to-medium p = 0.058, medium-to-low p = 0.200) with a mean of 1,605

N, 1,065 N and 1,731 N, respectively (Figure 9-8).

232



Chapter 9: A cadaveric study on the effect of impaction force on cementless femoral

periprosthetic fracture risk and implant stability in normal quality bone

2500 r 1
—— |
|
|
2000 r q
z
8
5 1500 | : 1
L |
) |
= |
o !
2 1000 - | | 1
< |
|
' [
|
1 S
500 q
0 1 1 1
Low Medium High

Energy Levels

Figure 9-8 Average force during the pull-out test per three velocities and four Gruen zones (p = 0.208).
The x-axis demonstrated the energy levels used: low, medium, or high

Figures 9-9, 9-10, and 9-11 highlight the changes in average maximal first, second
principal, and residual micro-strains over the procedural phases at each Gruen zone.
Overall, all high (nhigh = 5) and medium (Nmedium = 5) velocity specimens fractured along
the procedural steps post implant seating and removal with the earliest fracture
happening at the 1.2 kg step with the later fractures ending at the 2.1 kg and 2.4 kg steps,
respectively. Two out of the three low energy samples (niow = 2) tested for fracture
threshold did not fracture despite delivering 260 strikes with increasing mass weight from

1.2 kg to 8 kg whilst one specimen (niw = 1) fractured at the 6 kg step.
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Figure 9-9 Average maximal first principal strain per procedural phases
the position and number of hollow circles indicate fracture occurrence

In the superior zones, first principal (Figure 9-9) and residual strains (Figure 9-11) for the

high velocity specimens were significantly higher than the other two groups throughout

the procedural steps and just before fracture occurrence in the medium energy group,

whilst no striking differences were witnessed in the inferior zones.
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Figure 9-10 Average maximal second principal strain per procedural phases
the position and number of hollow circles indicate fracture occurrence

In the graphs pertaining to the second principal strain (Figure 9-10), high velocity samples
appeared to have lower micro-strain values in the superior zones whilst no significant

differences among the groups were observed in the inferior Gruen zones.
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Figure 9-11 Average residual strain per procedural phases
the position and number of hollow circles indicate fracture occurrence

The total accumulated energy delivered for each specimen per energy group over the
entire procedural phases are shown in Figure 9-12. Despite the earlier occurrence of
fractures in the high velocity group (Figure 9-9), the accumulated energy delivered to the
bone did not significantly differ among the three energy groups (one-way ANOVA p =
0.08, two-way t-test: high-to-medium p = 0.054; high-to-low p = 0.461, medium-to-low p
= 0.082). The average fracture thresholds per each energy group were: high (n =5, 1390.7

J [426 - 2600]); medium (n =5, 496.0 J [145 - 953]); and low (n =1, 893.3 ]).
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Figure 9-12 Accumulated energy (J), ranging from 0 - 2500, delivered to each specimen over the entirety of
the procedural phases. Markers indicate fractures; all high- and medium-energy specimens fractured,
whilst only one (n =1 out of 3) low-energy specimen fractured. The dotted line indicates the accumulated
low-energy pattern for the other two non-fractured hips

9.4. Discussion

9.4.1. Summary of results

Our findings closely resemble the outcomes observed in the preceding investigation on
synthetic bones, demonstrating that higher energy impactions during cementless femoral
broaching and implant seating in cadaveric specimens are associated with increased levels
of first and second principal strains (periprosthetic fracture risk and bone deformation)
without affecting implant fixation to the bone. In this study, we have also shown that
whilst lower force significantly requires a higher number of strikes, the post-strike
residual strain is augmented with high energy impactions which may also contribute to

the early fracture pattern witnessed with higher energies.

237



Chapter 9: A cadaveric study on the effect of impaction force on cementless femoral

periprosthetic fracture risk and implant stability in normal quality bone

The first and second principal strain levels corresponding to tensile (fracture risk) and
compressive (shear loading or deformation) forces, respectively, were greatest in the
proximal femur, Gruen zones 1 and 7, in the 23° - 28° direction. For low and medium
velocities, tensile strain was highest on the superolateral side of the femur and this is in
agreement with our previous study suggesting that fractures during impaction are more
likely to occur due to increased tensile strain (435, 456-458) along the lateral femoral axis
(Gruen zones 1 and 2), whilst compressive strain remained minimal and did not
significantly differ between low and medium energies. However, principal strains for the
high energy group were highest in both superior Gruen zones: tensile (medial > lateral)

and compressive (lateral > medial).

A handful of studies investigated the effect of impaction on femoral strain behaviour.
Flannery et al.’s experiment using an axial Instron loading machine for long-stem
cemented impaction in revision hip arthroplasty recorded double the number of fractures
in the medial zones (n =19) compared to the lateral side (n = 10), which may explain the
elevated first principal strains in the upper-medial Gruen zone for the high energy cohort
in our findings (434). Nonetheless, whilst the authors reported wide variation in bone
surface strain with failure ranging between 1,040 and 15,800 micro-strains, data was not
available to correlate whether medial femoral axis fractures occurred at higher micro-
strain levels. Despite the differences in their study design (see Section 8.4.1) and
considering that fracture pattern could also be attributed to configuration of the femoral
rasp (459), it can be argued that higher energy impactions may increase fracture risk in the
superomedial and superolateral zones whilst low and medium energy levels increase

bone tensile strain along the superolateral femoral region.

238



Chapter 9: A cadaveric study on the effect of impaction force on cementless femoral

periprosthetic fracture risk and implant stability in normal quality bone

This phenomenon can be further explored through analysing cumulative residual strain
in our study, which for the high energy group was greatest and tensile (positive) in the
superior aspect of the femur (medial > lateral) with statistically significant differences
compared to the compressive (negative) residual strains of medium/low velocities. This
may indicate that during high energy impactions, medial compressive strain may
transition to a tensile state under substantial energy loads. Recent studies investigating
stress shielding through both in-vitro quasi-physiological experimental assays and finite
element analyses (FEA), using both press-fit polyether ether-ketone hip and control
generic cementless THR (Ti6Al4V) prostheses, demonstrated similar stress distribution of
lateral tensile strain and medial compressive strain. However, the highest stress shielding
increase was seen in both superomedial and superolateral Gruen zones, which support
our findings (470, 475). Nevertheless, the researchers employed an axial loading model
using the Instron machine of increasing force from 500 - 1200 N on synthetic bones to
replicate daily activities rather than impaction, making them incapable of reproducing

high-energy collision scenarios seen in femoral impaction.

In terms of implant stability, there was no statistically significant difference among the
different velocities, meaning that implant stability remains the same regardless of the
amount of force per strike. Likewise, our findings show that a greater number of strikes
was required for both broaching and implant seating in the low velocity cohort compared
to medium and high velocities. This is in agreement with a recent study by Depuy-Synthes
analysing the parameters of press-fit femoral stem impaction and that found, whilst
lacking experimental bone strain data, that a greater number of lower energy hits reduces
both the axial stresses in the introducer and the manual strength required by surgeons

without affecting implant fixation (476).
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In relation to the cumulative energy administered during the procedural stages, it was
observed that while the high-energy group received heightened energy levels through
fewer strikes, no statistically significant distinction was evident among the groups.
Similarly, two specimens in the low-energy group failed to fracture despite reaching
comparable cumulative force to medium and high velocity. This implies that the incidence
of fractures is likely attributed to the increased tensile force generated, rather than the
cumulative energy levels in the bone. This is in agreement with previous literature
demonstrating a correlation between bone tensile state and fracture risk as a result of
cortical bone weakening (435, 456-458). No previous studies investigated fracture
threshold during cementless femoral impaction in primary hip arthroplasty. Cummins et
al. identified threshold force using Instron axial cyclic loading in cemented long-stem
revision hip arthroplasty to be 0.5 kN with the majority of cadaveric femurs (15/17)
fractured at or above 1.6 kN (433). Whilst our study measured the cumulative force at
fracture point in healthy cadaveric femurs to be 893 J, 496 ], and 1390 ] for low-, medium-
and high-energy hits, respectively, this is of limited significance given the wide confidence
intervals and with the low fractured sample size (n = 1) for the low-energy group,

however, it may provide a foundation for future studies in this field.

9.4.2. Strengths and limitations
This work should be interpreted considering several limitations. The three limitations

discussed in the preceding chapter (Section 8.4.2) persist and include:

1) The absence of strain measurements in the distal femur results in a significant
omission of a quarter of Vancouver type C periprosthetic fractures occurring in

cementless THR;
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2) Strike orientation was not uniform across all specimens for pragmatic testing
reasons, which may significantly alter strain behaviours and fracture patterns; and
3) The controlled testing environment might not accurately emulate the constrained

precision in surgical practice.

In addition, limitations related to the use of strain gauge rosettes are well-chronicled in
literature and were discussed in Section 9.2.2. Notably, strain gauges provide limited point
strain measurements; are amenable to temperature effects; and misalignment and
positioning issues resulting in inaccurate strain readings. To mitigate these challenges, our
study followed a previously described standardised procedure with the rosettes placed at
identical positions and alignments whilst conducting the experiments under exact testing
conditions. Finally, the study utilised Furlong Evolution instruments (JRI Orthopaedics,

Sheffield) and the outcomes may differ with alternative implant designs.

9.4.3. Conclusions

This study highlights that there is an increased probability of fracture risk and bone
deformation in the proximal femur, particularly in the superomedial area, resulting from
high-energy impacts during cementless femoral broaching and implant seating
conversely, the incidence is considerably reduced with low or medium velocity strikes,
while implant fixation remains uniform across varying energy levels. However, further
investigations are warranted to understand the effects of competing variables such as
strike orientation, implant design and rosettes” positioning - all of which can potentially

influence the observed strain behaviour.
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Chapter 10 Discussion

10.1. Summary of findings

The work presented in this PhD thesis has provided valuable understanding into the
predictive factors and outcomes in primary elective total hip replacement. The
dissemination of findings aspires towards a more informed and collaborative shared
decision-making approach. Using personalised risk stratification models in surgical
practice may help balance the safety, implant failure, and functional outcomes in the
context of implant selection and patient characteristics. The work alluded to a
heterogenous technique for cementless femoral broaching and implant seating, wherein
non-clinical laboratory-based recommendations for surgical impaction were provided to

minimise the risks of intra-operative periprosthetic femoral fractures and loosening.

10.1.1. Part I: Machine learning and outcomes following primary THR

The study outlined in Chapter 3 represents the largest, dual-validated registry-based
machine learning study forecasting post-operative safety and failure outcomes following
primary THR. ML models outperformed conventional logistic regression in predicting all
outcome variables in both databases. Whilst forecasting mortality risks achieved “good”
binary discriminative power with area under the curve (AUC) > 0.80, predicting implant
failure risk was more challenging (SHAR AUCevision = 0.72, AUCre-operation = 0.77; NJR
AUCevision = 0.61). Five studies developed machine learning models to predict the risks of
mortality, revision, or re-revision following primary elective THR using different datasets
from Norway, Sweden, the United Kingdom and the United States (377-381). Whilst their
predictive power was comparably reported to range between 0.75 and 0.80 for mortality

and 0.80 - 0.87 for implant failure, significant limitations variably hindered their
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generalisability and applicability in clinical practice. These included the exclusion of
uncemented implants, limited sample size, the absence of patient censoring in survival
modelling, and under-representation of the studied outcomes. The Bland-Altman
estimates reported in Chapter 3 highlighted no systematic difference in the AUC
measurements between the two registries with a narrow line of bias suggesting a high
level of concurrent validity of the developed models. Garland et al. reported building a
web-based calculator for mortality risk, however, the user interface (UI) appears to be
inaccessible (377, 477). Future studies should seek to implement and validate the
algorithms in clinical settings with emphasis on intuitive Ul and user experience (UX) as
well as the principles of behavioural science to mitigate possible resistance, ethical
considerations related to patient consent and data privacy, and maintenance strategies

and reinforcement learning techniques to optimise predictions over time.

Chapter 4 identified the patient, surgical, and implant-specific factors associated with
poor mortality and revision outcomes using a ML variable-selection approach. A
statistically significant trade-off pattern was found encompassing a heightened mortality
risk in patients with low body mass index (BMI) and an augmented revision risk in obese
individuals. Trela-Larsen et al. implemented a flexible parametric survival regression to
provide individualised estimations of one-year mortality risk after elective hip and knee
arthroplasty using the NJR as a training platform and externally validated their model
using the Norwegian Arthroplasty Register (NAR) (378). The authors reported in their
supplementary materials a U-shaped curve for mortality hazard ratio for categorical,
linear, and non-linear fractional polynomial functions of body mass index, indicating that
underweight and obese patients were both at increased risk of one-year mortality
following primary THR - a phenomenon described in Chapter 4. Furthermore, patients

with higher co-morbidities or with a pre-operative diagnosis of non-traumatic avascular
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necrosis were at significantly increased risks of unfavourable outcomes. Elderly patients
were at a small increased risk of mortality but a lower revision risk, whilst males exhibited
higher risks for both outcomes. Similar to these findings, previous ML models identified
increasing age, male gender, higher co-morbidities, and body mass index to significantly
increase mortality and revision risks in primary THR (377, 380). However, considering
prior literature, age and gender were likely attributed to confounders and were adjusted
for in the multivariate analyses. Of importance in Chapter 4, the fixation method stood
out as a significant modifiable prognostic factor wherein cemented fixation was associated
with higher mortality rates, but lower rates of implant failure compared to cementless
fixation. Whilst this agrees with prior studies on the Swedish and Norwegian registries
(348, 378), statistical significance for mortality risk was not found in the NJR (HR 1.06, 95%
CI0.96 to 1.17, p = 0.25). It was acknowledged, however, that the study in Chapter 4 did
not evaluate the reasons for revision nor adjusted for various co-variates that could have
augmented the effect of confounding by indication. These limitations informed Chapter 6
to predict the risk of periprosthetic femoral fracture necessitating re-do surgery, and
Chapter 7 to investigate the effect of implant fixation on safety and implant failure

outcomes using a propensity score matching technique.

In Chapter 5, predictive models to forecast one-year improvement in health-related
quality of life (HRQoL) measures were evaluated using the SHAR dataset. Here too, ML
models yielded superior AUC values compared to logistic regression and showed “good”
to “excellent” discriminative power in classifying significant and substantial clinical
improvements, respectively. The top performing model, gradient boosting machine
(GBM), identified the three features accounting for over 80% of the ensemble algorithmic
function. Primarily, healthier pre-operative baseline PROM and Charnley scores

decreased the likelihood of reaching a minimal clinically important difference (MCID),
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whilst a sharp increase in this probability was observed for EQ-5D index values of < 0.50,
EQ-VAS < 50 and in individuals below 75 years of age. Two previous studies using
datasets from Germany (n = 1,843, EQ-5D index AUC = 0.81, EQ-VAS AUC = 0.84) and
the United Kingdom (n = 62,429, EQ-VAS index AUC = 0.87), whilst having limitations in
terms of clinical applicability and generalisability, reported similar findings (398, 399).
The authors in both studies found the GBM model to be the most superior, outperforming
logistic regression, but slightly lower AUC values than those reported in Chapter 5.
Similarly, both studies identified pre-operative baseline PROM value (EQ-5D index or EQ-
VAS) to be the most important feature driving the predictions. Chapter 5, however,
acknowledges the need for further research to validate the models and investigate other

PROMs such as the Oxford Hip Score (OHS).

The study in Chapter 6 evaluated different machine learning models in predicting the risk
of periprosthetic femoral fractures necessitating re-do procedures using the SHAR. Again,
ML models showed superior power to traditional statistical approaches with AUCs
ranging between 0.79 and 0.86 for revision and re-operation risks between thirty days and
one year. Whilst no previous studies attempted to predict periprosthetic femoral fracture
risks requiring an intervention, two aforementioned studies forecasted the risks of all-case
revision and re-revision following primary THR from a single tertiary referral centre in
the United States and reported comparable AUC values (380, 381). However, their limited
training dataset size and the absence of disease severity, pre-operative diagnosis, and
implant-specific factors in their feature selection may have limited further in-depth
explorations. Similar to the previous chapter, the top performing models in Chapter 6
identified the predictors of femoral fractures. These included: cementless fixation type;
hip resurfacing arthroplasty; the extremes of femoral head sizes; a pre-operative diagnosis

of non-traumatic idiopathic necrosis or inflammatory arthritis; and increasing age, BMI,
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and ASA co-morbidity grades. It is noteworthy, however, that the study design did not
aim to infer association but to provide insights into these features driving the internal

decisions made by the GBM - all of which were thoroughly discussed in the chapter.

Since cementless fixation was identified here and in Chapter 4 to be a predictor of
increased revision risk, Chapter 7 examined the effect of cementless fixation on mortality,
revision and periprosthetic femoral fracture using the propensity score matching
technique and the SHAR dataset. The study reported in a matched cohort of cemented
and cementless fixations that uncemented femoral implants in the Swedish population is
associated with an improved long-term safety profile but a statistically significant
increased risk of revision and periprosthetic femoral fracture. Whilst this is in agreement
with previous literature (346, 348, 419-422), the absence of competing variables such as
surgical technique and expertise, perioperative care and functional measures warrants the

need for prospective trials to investigate the causality.

10.1.2. Part II: Optimising cementless short-stem femoral fixation using biomechanical
approaches

Part I identified the augmented risk of periprosthetic femoral fractures (PPFFs) associated
with cementless femoral fixation. This comes in common with previous reports from the
joint registries in Australia, Sweden and the United Kingdom highlighting that PPFFs are
the third most common cause for revision in THR. Whilst not measured in Part I, previous
studies alluded to the fact that there remains heterogeneity in surgical technique and
experience for cementless stem impaction and implant seating, wherein the impaction
energy must be sufficient enough to seat the broach/implant fully but not excessively as
to result in fractures (424, 425). As such, the two major studies in Part II of this thesis
investigated the effect of femoral impaction energy levels on bone strain behaviour,
fracture risk, and implant fixation in cementless short-stem femoral implants.
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The study presented in Chapter 8 represents the first study to investigate the effect on
impaction energy levels on femoral fracture risk and implant stability using a digital
image correlation (DIC) technique and a validated rig that accounts for soft tissue
compliance in twenty synthetic bones of low (n = 8) and normal (n = 12) bone mineral
density attributes. The laboratory-based experimental study suggested that in low- and
normal-density bones and at a fixed impaction angle, a high number of low-energy strikes
during femoral broaching and implant seating may provide lower peak strains with
similar implant fixation. This phenomenon was thought to be underpinned by the “law of
diminishing returns” whereby increased impaction velocity fails to result in an increased
implant fixation, beyond which any additional energy produces diminishing additional

fixation (444, 455).

To further evaluate the hypothesis generated in this study, Chapter 9 investigated the
effect of impact energy on femoral fracture risk, implant stability and fracture threshold
in sixteen fresh-frozen cadaveric hips representing the healthy state of bone density. The
findings from this study highlighted that there is a statistically significant increased risk
of fracture and bone deformation, particularly in the superomedial region of the proximal
femur, associated with high-energy strikes during cementless femoral impaction
compared to medium and low velocities, whilst implant fixation remains uniform across
the varying energy levels. Despite this, several limitations were acknowledged, and are
discussed in the following section, and provide a scope for future research in the field

prior to translating the findings to the bedside.

10.2. Limitations and future work

This work brought together the fields of health data science, biomechanical engineering,

and surgery to understand some of the predictive factors and outcomes after primary
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elective THR using machine learning techniques to investigate the effect through which
these features could be altered. The depth of knowledge within each domain is vast, and
this thesis can only provide limited exploration of these fields and there remains a wide

scope for further research.

The first part of this thesis focused on the use of large registry-based datasets, and
although they can monitor the safety and failure profiles of different implants, they are
not patient safety registries. National joint registries (NJRs) are classified as level 2 (and
more recently level 3) on the hierarchical tier system of data (as explored in Section 1.7),
lacking thorough collections of radiographs, and in most cases overlooking data related
to human and technical factors. Whilst national programmes in the United Kingdom, such
as the “Getting It Right First Time”, aspire to enhance the quality of care delivered in the
NHS, there remains an academic clinical appetite for a holistic and rich national-level

database that permits thorough assessments of patient-centred outcomes.

Whilst the concept of NJRs in research can have political implications, the work
undertaken in this thesis was conducted at a unit well-known for its work on hip
resurfacing arthroplasty (HRA). The principal supervisor is a lead member of a ceramic-
on-ceramic HRA (H1) implant, declares grant funding from the Michael Uren Foundation,
and has patents and stocks (and stock options) for Embody Orthopaedic Limited, activities
outside the confines of this work. The co-supervisor is from an engineering background
and has multiple crossovers with industry, is a senior board member of OSSTEC Limited
for knee implants and was part of the design team for H1 implant and Additive
Instruments Limited. The latter produced a surgical impaction power tool for controlled
intra-operative impaction energies, a spin-out company from a doctoral work conducted
at Imperial College London and that was recently acquired by Smith & Nephew Limited.
Whilst such relationships are difficult to avoid, the author was independently funded by
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Imperial College’s President’s PhD scholarship and is confident that the output produced
here refrained from any undue biases or pressures. However, the researcher
acknowledges that in the realm of pioneering orthopaedic research, industrial partners
form a predominant source of financial support and there remains a need for the research
community to establish mechanisms for navigating the funding landscape to mitigate

possible external influences.

10.2.1. Part I: Machine learning and outcomes following primary THR

Part I is predicated upon the use of large national observational datasets and machine
learning techniques. The size of observations in these studies ensured sufficient sample
size and diversity of patient characteristics, surgical practice, and implant factors. This
allowed for detailed comparisons of multiple determinants at a country level. In
particular, the use of two national registries with comparable findings in Chapters 3 and
4 may point towards a high external validity. Despite this, the limitations of retrospective
observational studies were explored in Section 1.7. Whilst each chapter sought to report
the relevant existing confounders, there remains a substantial risk of unmeasured

confounding.

With regards to confounders related to patient and disease factors, these include: the
severity and specificities of co-morbidities; educational and ethnic backgrounds;
medication and social histories; previous relevant surgical history; patient expectations;
disease severity; PROMs; and functional status. Whilst the latter three were studied in
Chapter 5, they were excluded from the other studies as a trade-off for the high level of
missingness in their data collection. Nevertheless, it remains crucial to acknowledge that
scrutinising registry-derived data and the exclusion of missing variables may
inadvertently perpetuate disparities in outcomes. Future studies should seek to
investigate the broader dimensions of health inequities pertinent to hip arthroplasty
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procedures. In terms of surgical factors, unit and surgeon volume, surgical expertise, and
learning curve were not possible to evaluate and are known to form important sources of
unmeasured confounding (102, 308). Similarly, data related to peri-operative care, the use
of thromboprophylaxis, and more detailed information related to the prosthesis design
and brand, other than these included in our study, were also not available. These factors

may invariably alter the effect size of the outcomes.

The most significant unmeasured confounders are likely to be surgical expertise, severity
of co-morbidities, peri-operative care, and disease severity. Surgical expertise is
multifaceted and encompasses technical skills, adaptability in theatres, and decision-
making skills, whereas surgical experience is often measured by the volume of procedures
performed, grade level or years in practice. In other words, two surgeons may possess an
equivalent level of experience but exhibit varying degrees of expertise. Whilst previous
studies found a significant effect of surgical experience on patient outcomes in THR (292,
307, 308), the lack of objective metrics to evaluate surgical expertise remains a challenge.
Recent advancements in virtual reality appear to accurately measure surgical skill
acquisition in THR through assessing procedural sequence, efficiency of movement, and
visuospatial accuracy (478). In order to account for such unmeasured confounders, there
remains a need to develop and implement standardised, transparent, and objective
metrics of procedural skills at a national scale and identify gaps in clinical training that

could be improved.

Another source of an unobserved confounding factor is the severity of co-morbidity.
National joint registries often use classification systems, such as the American Society of
Anaesthesiologists classification or the Charlson Co-morbidity index, to quantify the
overall health of patients. Previous literature discussed in Section 1.9 highlighted the
association between different medical conditions and mortality and functional outcomes
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post-operatively. Likewise, the method, type, and duration of venous thromboembolism
(VTE) prophylaxis are established causes to influence mortality outcomes in elective THR
(479). The availability and completeness of these variables are unevenly reported in
national registries, and future work should seek to address the effect response of these on
predictive models. Of these, two-linked RCTs are currently in progress to investigate the

strategies for thromboprophylaxis in lower limb immobilisation (480).

In terms of disease severity, the HRQoL predictions presented in Chapter 5 accepted the
reduced sample size related to equal variable missingness in HRQoL and disease status
and highlighted the feature importance of baseline PROM and Charnley classifications.
These variables were excluded from the other studies in this thesis as a trade-off for an
increased sample size, which may have limited the predictive power and introduced
unobserved bias. On the other hand, the machine learning models in Chapter 5 focused
on short term one-year improvements in HRQoL, and it is not clear whether further

insights would be identified over the lifetime of THR.

Last but not least, the SHAR surgical practice may be considered heterogenous in terms
of fixation methods with over two-thirds of implants being cemented. Therefore, the
translation of these findings requires external validation on other national registry
datasets such as the NJR in the United Kingdom. Another area that prompts further
investigations is the cost-effectiveness of different interventions at a population level,

which may yield valuable information to inform policy makers for resource allocation.

10.2.2. Part II: Optimising cementless short-stem femoral fixation using biomechanical
approaches
The second part of the thesis concerns the use of a biomechanical lens to understand the

bone strain behaviour, fracture risk and implant stability during cementless short-stem
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femoral broaching and implant seating. Whilst significant and time-consuming efforts
went into setting up a previously validated rig for femoral impaction, systematic specimen
preparations, and analyses of the extensive data, the limitations are largely related to the
controlled bench-side environment, which were explored in Chapters 8 and 9. These
include: strike orientation angle; the absence of strain measurements in the distal femur;
the use of single instrument design (Furlong Evolution); and constraints related to the use
of digital image correlation and rosette strain gauges. Future studies ought to isolate these

specific factors to understand their influence on the studied outcomes.

From a translational perspective, the implementation of such recommendations in surgical
practice requires the development of intra-operative instruments that deliver consistent,
and reduce variations in, energy levels to reduce the likelihood of fracture. An example of
this is represented by Doyle et al’s work on acetabular cups (444, 447, 448), which
developed into a spin-out company, Additive Instruments Limited, translating their
bench-side findings to the bed-side through generating a surgical power tool that is set for

approval by the Food and Drug Administration (FDA) in the United States (481).

10.3. Conclusions

Non-linear machine learning techniques have a superior binary discriminatory power
compared to conventional logistic regression models in predicting post-operative

outcomes in THR.

Important features in terms of patient characteristics, surgical practice, and implant design
have been identified to improve health-related quality of life measures and reduce

mortality, implant failure, and periprosthetic femoral fracture outcomes.
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Cementless femoral fixation appears to have a significant effect on improving the long-
term safety profile but seem to increase the risks of revision and periprosthetic femoral

fractures.

To reduce this risk, laboratory-based experiments seem to suggest that a high number of
low-energy strikes during femoral broaching and implant seating may reduce the fracture

risk without affecting implant fixation.
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Appendix 1: Ethics approvals

A1.1. Swedish Hip Arthroplasty Register
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A1.2. Imperial College Healthcare Tissue Bank

Eg Iimperial College Healthcare Tissue Bank
Department of Surgery and Cancer
[ Charing Cross Hospital
A Fulham Palace Road

2 London W6 BRF
i Tel: 0203 311 T173
Email: tissuebank@imperial.ac.uk

ICHTB HTA licence: 12275
REC Wales approval: 17/\WAJ/0161

Dear Dr Jonathan Jeffers,

Re: Tissue Bank application number R14088-3A
Project title: Quantifying the importance of soft-tissues for hip joint stability

I am pleased to confirm that the Imperial College Healthcare Tissue Bank has received and
approved the following amendments:

Amendment 34 - Adding of the tenth aim of the project and adding work package seven

In order to satisfy HTA tracking reguirements, would you please ensure the samples you use are
reported to the tissue bank via the online database and sub-collection, along with any publications
you produce, that should contain the acknowledgment wording as per the signed MTAL

Yours sincerely,

"’j.&_ua.g

Professor lain McNeish
DI, HTA Research Licence.

(43 = Imperial College
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Appendix 2: Variable definition list

Variable

Definition

Data type

Age

The age of the patient at the time of primary or re-do procedure

Integer

ASA grade

The class of ASA

Integer; values 110 5

BMI

Body mass index at the time of procedure

Decimal, converted to categorical in
the studies for clinical relevance

Cement type

Cemented or cementless, and if cemented specify the type of cement
used

Integer, around 100 classes exist in
the SHAR. Re-classified into five
groups: cementless, antibiotic and
high viscosity, antibiotic and low
viscosity, no antibiotic and high
viscosity, no antibiotic and low
viscosity

Date

Date of primary or re-do procedure

Datetime

Diagnosis group

Primary pre-operative diagnosis

Integer; primary arthrosis,
inflammatory, acute trauma hip
fracture, childhood disease, idiopathic
necrosis, complication after fracture
or trauma, tumour, other secondary
arthrosis, acute trauma others, other

Gender

Male or Female

Integer

Hospital type

The type of hospital where procedure was undertaken

Integer: university, county, rural, or
private

Integer, re-classified into five groups:

Incision type Indicative of surgical approach posterior, direct lateral, direct
anterior, trochanteric, other
Operation side Right or left Integer
Procedure type Total or hemi hip arthroplasty Integer
Prosthesis group All-cemented, all-cementless, hybrid, reverse hybrid or resurfacing Integer
_— Refers to the method or mechanism used to secure or fixate the cup Integer, classified into: cemented,
Cup fixation

component of the hip prosthesis

cementless or resurfaced

Cup articulation

The material used for the cup articulation surface

Integer, classified into standard
metal, resurfaced metal, ceramic,
dual mobility (monoblock or modular),
standard polyethylene, cross-linked
polyethylene, unclear

Cup inner diameter

Refers to the size of the inner opening or bore of the cup component

Integer

Cup modification

Refers to alterations or adjustments made to the cup component

Integer, classified into: standard (non-
modified), lipped, dual articular,
constrained, unclear

Cup modularity

Refers to the design feature of the cup component, which can be
detached from other parts of the implant with a liner (modular), or a
single, integrated piece without separable components (monoblock)

Integer, classified into modular or
monoblock

Cup resurfacing

Whether the acetabulum was resurfaced with a cup-like component

Integer

Femoral head size

Refers to the diameter of the spherical-shaped top portion of the
femoral head that articulates with the acetabular cup

Integer
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Refers to the method or mechanism used to secure or fixate the stem  Integer, classified into: cemented,

Femoral fixation component of the hip prosthesis cementless or resurfaced

Refers to the design feature of the femoral component, which can be
Femoral modularity ~ detached from other parts of the implant (modular), or a single,
integrated piece without separable components (monoblock)

Integer, classified into modular or
monoblock

Femoral resurfacing ~ Whether the femoral head was resurfaced with a stem-like component  Integer

258



Appendices

Appendix 3: Descriptive data from Chapter 3

A3.1 Change in revision rates by year of primary operation in the SHAR

6-month revision

1-year revision

2-year revision

5-year revision

10-year revision

e Now N KM HR KM HR KM HR KM HR y KM HR
(%) (95% CI)S (%) (95% CIS (%) (95%CI) (%) (95% OIS (%) (95% CI)
ea 1M1s5 91 082 10 1% 119 10 213 191 10 338 303 10 67 56 10
2009 13027 118 091 (0.5131 g 165127 (0.:13l(1).3) 240 184 (o.gl?. y 78 2% (o.gl?. y 82 4 (0.70_'08. o
200 13546 113 088 0. 186 115 00T, 225 186 78 34 201 o0 s 438 b
21 13697 w6 107 P 190 130 oot 267 195 oo a0 s a0 s s 00
212 13946 164 18, 11_f8)** 201 144 (o.;ﬁ. y 25 20 (0.;;?2) 454 326 (0.;;(1).2) 520 373 (0.5%.67)***
013 13080 66 119 L 2m0 rs ot arsones R s s 00 s 325 A
014 w26 82 128 M5 20 rer Sl s 2 8 s see a0 as sos S5
W15 1403 65 115 0P 22 ar o oofo o e 08 s 2m )P0 s 28 S
016 14995 27 145 '3_12"72)*** 20 187 .2_11'?9)*** 76 250 ! f5)** 406 271 (0.%?.0) w6 211 4?6%5)***
217 15512 200 135,50 258 tes S ae ne0 8% 2 s (80 e 1e0 80
18 1000 244 152 3. 2% te S ase te 0% 2 e S5 2 160 0%

§ Adjusted for Age and Gender; * p<0.05, ** p<0.01, *** p<0.001

KM = Kaplan-Meier; HR = Hazard Ratio; CI = Confidence Interval
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A3.2 Change in re-operation rates by year of primary operation in the SHAR

6-month re-operation

1-year re-operation

2-year re-operation

5-year re-operation

10-year re-operation

vear Noow N KM HR N Ku HR N KM HR N Ku HR N KM HR
(%) (95% Cl)s (%) (95% CI)s (%) (95% Cl)s (%) (95% CI)s (%) (95% CI)s
2000-
2003 11155 196 176 10 251 2.25 10 342 307 10 502 4.50 10 857 768 1.0
0.9 0.9 0.9 0.9 0.8
009 13027 225 173 g 282 216 g, 379 201 g0n, 546 419 oot 86T 686 g 0
0.8 08 0.9 0.9 0.7
010 1354 205 151 ou, 203 200 gou, 380 281 gon 596 440 o050 830 613 g i
1.0 1.0 0.9 1.0 0.7
011 13607 247 180 o 311227 g 414302 g0n 625 486 .0 760 555 o
1.1 1.0 10 1.1 0.7
012 13946 275 197 g4y MM 247 g, 471338 gon, 691 485 oon, 768 551 b
1.0 1.0 0.9 0.9 0.5
013 13989 267 191 (o 3B 231 o 414206 00 601 430 et 626 447 o
10 1.0 0.9 0.9 05
014 14226 263 185 o 38 231 g 430 302 gen. 54 418 oS0 594 418 o
10 0.9 0.9 0.7 04
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