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ABSTRACT

Biologic therapies and the need for hip and knee replacement
amongst patients with rheumatoid arthritis: A population-based
epidemiology study using electronic medical records and registry data

Samuel Hawley, Lady Margaret Hall, Michaelmas 2018

Registry reports indicate over 200,000 hip or knee replacements are performed annually
in England, Wales and Northern Ireland, with approximately 1-2% carried out for
inflammatory conditions such as rheumatoid arthritis (RA). The aim of this DPhil was to
estimate the impact of biologic therapies on the need for major joint replacement
amongst RA patients using observational health data.

An interrupted time-series analysis was used to estimate the impact of NICE approval of
biologics on population-level temporal trends of total hip replacement (THR) and total
knee replacement (TKR) amongst RA patients in England and Wales. Similar analyses
were repeated for Denmark and Ontario. Overall, these studies indicated a decrease in
TKR but not THR for RA patients following the introduction of biologics. When the rates
in non-RA patients were taken into account (in Denmark and Ontario only), there was an
inferred reduction in both THR and TKR for RA patients within the biologic era. There was
a lack of guidance on sample size planning for such analyses, so a simulation study was
also conducted to estimate power in various time-series scenarios.

A patient-level analysis was then conducted using UK registry data, applying various
novel methodologies to account for the inherent problem of confounding by indication.
The results suggested no significant impact of biologics on rates of joint replacement,
although in age-stratified analyses biologics was associated with a 40% reduction in THR
rates amongst patients >60 years old.

To conclude, a reduction is observed in population-level rates of THR and TKR amongst
RA patients (compared to non-RA patients) following the introduction of biologics.
Patient-level analyses confirmed a favourable impact on THR rates amongst older
patients, but otherwise no significant associations. More patient-level analyses are
required to confirm and/or further elucidate the impact of biologic therapies on the need
for joint replacement in RA.
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THESIS OVERVIEW

The thesis begins (chapter 1) with a review of the literature on the management of
rheumatoid arthritis (RA) and the existing data on the impact of pharmacotherapy,
particularly biologic therapy, on a number of clinical outcomes. It describes the growing
body of observational data that suggest the number and/or rate of joint replacement
amongst RA patients is in decline across the developed world. Existing data on the
estimated association between biologics and joint replacement in RA is described at the
population-level and patient-level. Possible study designs for investigating this research
guestion are explored and the challenges of using routinely collected health data for
comparative effectiveness research is discussed. The methodological advancements
within the field of pharmacoepidemiology are introduced, particularly in the form of
guasi-experiments. The chapter ends with stating the key aims and objectives of the

DPhil.

Chapter 2 describes the data sources used throughout the main experimental chapters
of the thesis (chapters 3-7). These consist of routinely collected health data from the UK,
Denmark and Ontario (Canada). The RA specific drug register data used from the UK is
also described in detail. An overview is given of the role of collaborators in extracting

and managing these data.



The first experimental chapter (chapter 3) introduces the concept that although the
natural history of RA is well known, less is known of the descriptive epidemiology of the
comparatively long-term outcome of joint replacement. The chapter proceeds to report
and discuss analyses carried out in order to better elucidate the descriptive epidemiology
of total hip replacement (THR) and total knee replacement (TKR) within UK RA patients.
The validity of these outcomes within the primary care setting (against hospital
procedure codes) is presented, and key epidemiological parameters are subsequently
estimated. These measures include 10-year and 20-year cumulative incidence, median
time-to-outcome and incidence rates. Stratified incidence rates are also reported across
a number of key demographic characteristics: age, sex, body mass index (BMI), smoking

status, geographic region and deprivation score.

Chapter 4 moves from descriptive epidemiology to the explicit estimation of the
population-level impact of the introduction of biologics (in the form of NICE approval in
2002) on subsequent rates of THR and TKR amongst UK RA patients. This chapter
introduces and utilises interrupted time-series (ITS) methodology in order to adjust for
the level and trend of outcome prior to the introduction of biologics. ITS is the first of
several quasi-experimental methods used throughout the DPhil and the strengths of the

method are described.

Chapter 5 builds upon the analyses within chapter 4 by using “big data” external to the
UK in order to provide some form of validation of results. It reports on the application of

ITS to data from Denmark and Ontario and how this methodology was extended through
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the analysis of control populations not exposed to biologics, thus permitting the use of a
difference-in-differences approach. The results from an age-stratified ITS analysis using
the Canadian data are reported, as are those from an ITS analysis of prescriptions data

of both conventional and biologic therapies.

Chapter 6 is something of a methodological tangent and focusses on the issue of
statistical power in ITS. The lack of existing guidance on sample size planning for ITS is
discussed and a proposed solution is presented in the form of a simulation study.
Specifically, results are presented from a Monte-Carlo simulation in which power was
estimated as a function of a range of parameters such as number of timepoints, mean
sample-size per timepoint and location of intervention within the time-series. The
simulation used the analysis of TKR in chapter 4 as a case-study and a Stata programme
is presented, allowing researchers to enter values for numerous parameters in order to

generate their own estimates of required sample size for proposed future ITS studies.

The central clinical question of the patient-level impact of biologics (specifically, tumour
necrosis factor inhibitor (TNFi) therapy) versus conventional therapy (without TNFi) on
subsequent rates of THR and TKR amongst UK RA patients is then addressed in chapter
7. The British Society for Rheumatology Biologics Register (BSRBR) drug registry is
leveraged, with the use of additional quasi-experimental methodologies to minimise the
bias inherent in estimation of comparative effectiveness using observational data.
Results from the main analysis using propensity score matching is reported, as are

sensitivity analyses using firstly an instrumental variable approach and secondly a
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regression discontinuity approach. These various methods are evaluated, and the

potential mechanisms/explanations of findings are discussed.

Chapter 8 describes the main findings of the overall DPhil and draws together the
numerous pieces of evidence. A discussion of the comparative strengths and limitations
of the different approaches used throughout different chapters is included and
explanations of findings are offered. Potential clinical implications of these findings are
proposed as are future research priorities. Final conclusions are made concerning the

guestion of the impact of biologics on need for joint replacement in RA patients.
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1. LITERATURE REVIEW

Rheumatoid arthritis (RA)

RA is a chronic autoimmune disease that is clinically characterised by persistent joint
inflammation and progressive damage to cartilage and bone (1, 2). Classification criteria
to differentiate RA from other forms of joint disease first emerged from the late 1950s
although these have evolved considerably (1, 3). Patients experience stiffness, swelling
and pain in multiple joints (3) that are often symmetrically affected bilaterally (4). In
addition to symptoms at the joint, the natural course of RA involves increased risk of
developing various secondary conditions including depression, asthma, cardiovascular
events, malignancies and COPD (5). Related to these is the increased risk of mortality (1).
RA significantly reduces quality of life (6-9) and leads to many patients stopping work
(10, 11). Prevalence of RA is highest at ~0.5% in Western Europe, North America and
Australasia (12), although UK prevalence has previously been reported at ~1% (13, 14).
It is globally ranked as the 42" highest contributor to global disability, just below malaria

(12).

RA aetiology / risk factors

The exact causes of RA remain unknown (15, 16) but it’s generally described as being the
consequence of genetic susceptibility combined with a sufficiently forceful although as
yet unknown external trigger (17, 18). It's been estimated that between 50%-60% of

susceptibility for developing RA can be attributed to genetic factors (6, 19), of which 50%



are associated with the HLA region of the short arm of chromosome 6 (20). Risk
associated with various HLA DRB1 alleles have been reported, ranging from odds ratio
(OR) =1.0[95% Cl: 0.8 to 1.5] to OR = 3.5 [95% ClI: 1.8 to 6.8] for different variants (21).
RA is more prevalent in women, with several hormonal risk factors described including
prolactin which is likely to explain the significant 11-fold increase in risk of developing
RA after a woman’s first pregnancy (6, 21). Linked to this is that men with low
testosterone levels are at increased risk of RA (21) as are obese individuals (although this
is less clear), a possible explanation being heightened oestrogens in the case of high BMI
(21). The differential risk by sex is reduced in older age which may again be explained by
hormonal changes (6). Although there is evidence that vaccination against infectious
agents may in particular cases precede and likely trigger RA incidence (18), this must
constitute a very small number of cases (6). Many infectious agents have also been
studied as possible triggers but none of these investigations have identified strong
evidence for any particular organism (22). Some dietary factors have been linked with
lower rates of RA although this is not clear, in contrast to fairly consistent data that

indicates smoking is a significant risk factor (21).

RA pathophysiology and joint damage

While the synovium of healthy joints normally allows minimal cellular migration, in the
state of RA there is an influx of immune cells due to upregulation of pro-inflammatory
cytokines (including tumour necrosis factor (TNF)), which induces a state of synovitis (15,
23). Associated with this is increased cartilage degradation and bone resorption leading

to juxta-articular bone erosions (23, 24). A very high percentage of early RA patients have
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such bone erosions in hand and wrist joints (25), with recent data indicating an
approximate 70% prevalence of at least one erosion detectable from ultra-sound within
12 months of RA diagnosis (26). The longitudinal radiological assessment of patients’
joints has over time given rise to a progressive evolution of measurements to quantify
joint destruction in the form of number and/or severity of erosions and/or joint space
narrowing (due to cartilage loss) (27, 28). The most usual pattern is progression and
proliferation joint damage in a linear fashion over time (25, 29) at approximately 2% of
maximal damage (as per the scoring system used) per year (30), with an estimated 40%
of possible maximum damage occurring in smaller joints within 20 years (25). Other
patterns are also common, including a significant minority without erosive progression
at all (31) and others with accelerated progression in the early years (32). Clinical
manifestations of joint damage include joint swelling and tenderness, while patient-
based symptoms include considerable pain, disability and the increased risk of various
comorbidities (1). Despite a high comorbidity prevalence rate in RA (5), it is estimated
that joint destruction accounts for approximately 25% of disability in established disease

(25).

RA joint damage and joint replacement

The progressive and often permanent nature of radiographic joint damage, in
conjunction with associated pain, loss of function and failure to adequately respond to
therapeutic options are strong indications for eventual joint replacement surgery, which
can be considered as the ultimate marker of joint destruction (33, 34). While progression

of structural damage in RA has been well described (25, 30), long-term clinical outcomes
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such as the incidence of joint replacement remains less well studied (35). RA-related joint
damage has been shown to evolve most in patient’s smaller joints (25), with feet being
eroded earlier than hands (31, 36). However, RA-related joint replacement procedures
most commonly carried out are for the hip and knee (37, 38). This preponderance of
major lower limb replacements most likely reflects surgeons’ expectation of predictably
good outcomes (37), although replacement of other joints such as shoulder, elbow and
ankle are also prevalent (38). For example, in the US approximately 25% of elbow joint
replacements performed in 2002 were RA-related (38). Conversely, RA-related hip and
knee replacements only constituting approximately 3% of the total number of hip and
knee replacements carried out in the US study, yet these were still by far the most
common joint replacement procedures provided to RA patients considering that the
overall total incidence overall was high at 31 and 65 per 100,000 people for hip and knee
replacement, respectively (38). For context, the incidence of elbow replacement was
only 0.3 per 100,000 in the overall population (38). Likewise, recent National Joint
Registry (NJR) estimates from England, Wales and Northern Ireland indicate
inflammatory arthritides account for only 1-2% of all THR and TKR procedures performed
but that this is still a substantial number given >200,000 hip and knee replacements were

carried out across all indications in 2016 alone (39, 40).

Management of RA

The American College of Rheumatology (ACR) began publishing guidance for the
management of RA in the mid 1990s (41) and early 2000s (42), which primarily focussed

on describing acceptable practice for use of pharmacologic treatment (43). Guidance of
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a more prescriptive nature on the holistic and multi-faceted approach to the
management of RA was provided by the British Society for Rheumatology (BSR), firstly
pertaining to the care of early RA patients (44) and later to the longer-term management
in more established RA (45). This BSR guidance referred to a “window of opportunity”
(44) following onset of RA, and stressed the need for early diagnosis, streamlined
transference to specialist multi-disciplinary care, intensive education and immediate
initiation and subsequent monitoring of disease modifying therapy. Also recommended
was use of analgesics and low dose non-steroidal anti-inflammatory steroids (NSAIDS),
assessment/management of sleep disturbance, availability of hydrotherapy and
encouragement of exercise. Various specialists should be available including
rheumatologists, nurses, physiotherapists, occupational therapists, orthopaedic
surgeons and health professionals to discuss sexuality and relationship issues (44). Whilst
24 recommendations were made in total, one of the few termed “grade A” was that
patients should be initiated a disease modifying medication as soon as possible with
aggressive escalation/progression of therapies where necessary. This was expanded in
the subsequent guidance pertaining to patients with more established disease, in that
these therapies should be considered “medium- to long-term treatments... ... , Whose
withdrawal usually results in flare and disease progression” (45). Many of these
recommendations were similarly enshrined into routine clinical practice in England and
Wales through National Institute for Health and Care Excellence (NICE) clinical guideline

79 (46).
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Therapies for RA

Treatments for RA have evolved markedly over the approximate 150 years since the
disease was recognised within the medical literature (47), and particularly over the last
30 years (48). There have been at least two watershed moments in this evolution: the
introduction of methotrexate in the late 1980s and the introduction of biologics in the

late 1990s (48). Each of these have been described as treatment revolutions (49, 50).

Traditional therapies can be broadly categorised as those primarily targeting symptoms
and those that modify the actual disease process through slowing clinical and/or
radiographic progression (50). Common examples of the former are NSAIDS (e.g.
ibuprofen) and analgesics which address swelling and pain, respectively. While
glucocorticoid steroids can have structural benefits, they’re not considered disease
modifying (23) but are fast-acting suppressors of inflammation which are useful in early
RA or in managing a flare of disease activity (45). Use of steroids is only recommended
over the short-term due to serious side-effects including increased risk of myocardial
infarction and osteoporosis, in addition to many less serious unfavourable outcomes
(e.g. acne) (51, 52). In terms of conventional synthetic disease modifying anti-rheumatic
drugs (csDMARDs), the three most commonly used are methotrexate, sulfasalazine and
leflunomide (17, 53) which have various modes of action (54) although precise
mechanisms of effect is not known (23). The disease modifying efficacy of methotrexate
has been clearly demonstrated in the randomised controlled trial (RCT) setting since
1985 (55, 56) and has thereafter entered widespread usage, being described as “the

cornerstone in the treatment in RA” (54). It is recommended by NICE as first-line therapy
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for RA in the UK, in conjunction with other csDMARDs (46) and is recommended by ACR
and European League Against Rheumatism (EULAR) as the first DMARD to be prescribed
to DMARD naive patients with symptomatic early/active RA (57, 58). Sulfasalazine has
been used widely for RA since the 1980s (55), with RCT efficacy data following on
reducing various measures of disease activity (59, 60). Likewise, Leflunomide has been
shown to have efficacy on numerous clinical and structural outcomes, and to an extent
that is equivalent to methotrexate (58, 61). Other options generally considered
csDMARDs are antimalarials hydroxychloroquine and chloroquine, which although
lacking the potency of other csDMARDs in reducing disease activity (58) nonetheless
have a relatively strong safety profile and are therefore still used for milder disease (62).
Combinations of csDMARDS are often used, e.g. methotrexate, sulfasalazine and
hydroxychloroquine as “triple therapy” (57). The exact treatment choice will factor in the
patient specific benefit-risk ratio, contraindications, drug interactions and poor response

(57, 58).

The introduction of biological (b)DMARDs in the late 1990s demonstrated a shift away
from empirical approaches to RA treatment (i.e. the use of therapies for reasons almost
solely based on observed beneficial effects) and towards the use of drugs of known
mechanism and therapeutic target (63, 64). In the case of bDMARDs, these are proteins
derived from human genes to target some specific step within the auto-inflammatory
disease process and so to ideally prevent ensuing structural damage (50). Feldmann and
colleagues provided a necessary pre-cursor to this revolution by demonstrating that TNF

played a key role in upregulating downstream pro-inflammatory cytokine cascades that
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were known to be continually expressed in RA synovial tissue and were associated with
joint damage (63). Furthermore, they subsequently conducted the first clinical trial of
TNF inhibitor (TNFi) therapy for RA and reported favourable clinical and laboratory
responses, both over the short-term (65) and long-term (66). Unequivocal data from
large RCTs soon followed that clearly revealed TNFi therapy as an effective treatment for
RA (67, 68). Guidelines for the use of TNFi for RA within the UK were developed by the
BSR in 2001 (69) and subsequently adopted in their entirety by NICE in March 2002 (70).
These recommended TNFi for patients with continuing severe RA (disease activity score
(DAS) >5.1) who had already failed to respond to two 6-month long regimens of
csDMARDs. The proviso was also made that any prescribing consultant must enrol the
patient within the BSR Biologics Registry for Rheumatoid Arthritis (BSRBR-RA) (71), based
in Manchester, UK. Interestingly, this guidance is now at odds to the general
international consensus of leading rheumatology societies, in that these advocate

initiation of bDMARDs for patients with a DAS >3.6 following csDMARD therapy (72).

Although blocking/inhibition of TNF was the start of the biologic-era for RA treatment,
since then many other bDMARDs have been developed with different targeted
mechanisms of action (50). These include inhibition of various interleukin receptors (e.g.
Tocilizumab, Anakinra), B-cell depletion/inhibition (e.g. Rituximab), T-cell co-stimulation

(e.g. Abatacept) and RANKL inhibition (e.g. Denosumab) (54).
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Biologics and joint damage

It has become axiomatic in the rheumatology community that early and effective
management of disease activity is key to minimising long-term irreversible joint damage,
(64) and the emphasis of many clinical guidelines across the world has been on early and
aggressive treatment (44, 45, 57, 58, 73, 74). Some studies suggest that existent joint
destruction can even be reversed with potent TNFi therapy regimens (75-77), although
this is considered rare (16, 24). In terms of the UK, BSR guidance (44) states that, “The
main aim of management of RA is to control the symptoms and signs of disease, maintain
function and foster self-efficacy. All three are most likely to be achieved if inflammation
is supressed... The aim should be remission”. (44) The subsequent ‘treat-to-target’
guidelines, developed by international experts, were even more specific, “The primary
goal of treating the patient with rheumatoid arthritis is to maximise long-term health-
related quality of life through control of symptoms, prevention of structural damage,
normalisation of function and social participation. ...Abrogation of inflammation is the

most important way to achieve these goals” (78).

Following the early days of biologics, there has been a wealth of RCT studies
demonstrating the efficacy of bDMARDSs for RA (50, 79, 80). The primary outcomes of
most of these trials are the ACR response criteria (80-82), defined (in the case of ACR20)
as “20% improvement in tender and swollen joint counts and 20% improvement in 3 of
the 5 remaining ACR core set measures: patient and physician global assessments, pain,
disability, and an acute-phase reactant” (80). ACR20, ACR50 and ACR70 are all commonly

used (80). The impact of biological therapies on patients’ DAS is less well known but the
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few trials investigating this outcome have reported favourable responses that mirror ACR
criteria (50). Improvement in DAS following exposure to biologic therapies has been
demonstrated in the observational setting (83). Numerous RCTs have demonstrated a
favourable impact of biologic therapies on radiographic progression, although there
have been mixed results (79, 84-88), most likely reflective of heterogeneity in the
comparators used across these various trials (89, 90). For example, one meta-analysis
demonstrated the structure-sparing effect after 1-year of bDMARD exposure compared
to csDMARD monotherapy, reporting a 30% increased relative risk of non-progression of
joint damage (radiographically) (88). However, another large meta-analysis reported
that whilst radiographic progression was significantly lower at 1-year among those on
bDMARD versus placebo, an almost identical reduction was achieved amongst those on

a combination csDMARD regimen (85).

Temporal trends in joint replacement for RA

Over recent years there has been a growing body of evidence suggesting that the need
for joint replacement has been in decline for RA patients, leading to speculation
regarding some role of bDMARDs and their joint structure-sparing effects in these
downward trends (91-94). The existing data on trends in joint replacement for RA is
entirely observational in nature with a great deal of heterogeneity in study designs
employed. The simplest of these are numerous reports on trends in count data of joint
replacement for which RA is the main reason, and/or trends in the prevalence
(proportion) of RA amongst all joint replacements performed for a given population.

Such studies include the NJR for England, Wales and Northern Ireland which reported in
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2004 that an indication of RA accounted for 3.1% of all THRs performed and 1.5% of all
TKRs (95). In 2007 this was only 1% of THRs (percentage among TKRs not reported) (96)
whilst in 2012 this was only 1% of TKRs (percentage among THRs not reported) (39).
Similar data have been reported from the United States (US) where David et al.
interrogated the very large Nationwide Inpatient Sample and found the raw number of
all THR and TKR procedures carried out - for which RA was a primary diagnosis —
significantly declined from 1993 to 2008. David et al. proceeded to estimate that the
introduction of TNFi was associated with a 32% and 24% reduction in the prevalence of
a primary RA diagnosis amongst all TKRs and THRs performed, respectively. Interestingly,
when the same US study sample was recently interrogated for similar purposes, there
was found to be a negligible increase from 2002 to 2012 in the prevalence of RA among
all THRs and TKRs performed, probably explained by this latter study considering any

diagnosis of RA — both primary and secondary (38).

Other studies have analysed trends of the burden of joint replacement actually within
RA patients. This includes Harty et al. who performed a study of 57 public hospitals from
the republic of Ireland (Rol) (94) and reported a “profound” reduction from 1995 to 2010
in the number of musculoskeletal surgical procedures in RA patients. The authors
reported that despite numbers of THR and TKR increasing dramatically amongst the Rol
general population, numbers of TKR decreased amongst patients with an RA diagnosis
although numbers of THR remained approximately stable. Although not reporting on
specific THR/TKR trends, another previous analysis of two UK inception cohorts of RA

patients (97) found the 5-year and 10-year cumulative incidence of major joint
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interventions (including joint replacement at any site) remained stable from 1986 to
2006. Likewise, whilst not explicitly investigating THR/TKR, Leon et al. (93) performed a
retrospective medical record review of over 40 Spanish rheumatology units in order to
compare the prevalence of orthopaedic surgery (since RA diagnosis) amongst a sample
of 1,272 RA patients in 2010 to that in a similar sample taken ten years previously. The
authors concluded this proportion had declined from 25.9% to 7.4% from 2000 to 2010.
A similar methodology was used by Shourt et al. (98) who reported that the 10-year
cumulative incidence of THR and TKR within 813 RA patients in Minnesota was lower
throughout 1995-2007 relative to 1980-1994, although neither of these reached
statistical significance. A study from a single institute in Japan indicated the number of
prosthetic joint replacements per 1,000 RA outpatients peaked at approximately

16/1,000 RA outpatients in 2003 but had declined to approximately 9/1,000 in 2012 (99).

A slight variation on study design has been to investigate the incidence of RA-related
joint replacement amongst the general population. Mertelsmann-Voss et al. (92)
analysed 2,839,325 joint replacement procedures in the US, categorising them by
whether they were performed for inflammatory or non-inflammatory reasons. They
used census data to estimate incidence rates, showing that incidence of inflammatory-
related joint replacements remained stable at 5.1/100,000 of the population from 1991
to 2005, despite the incidence of non-inflammatory-related joint replacement increasing
from 124.5 to 247.5/100,000 of the population over the same timeframe. Similarly,
Nystad et al. found the incidence of RA-related THR and TKR significantly reduced from

approximately 4/100,000 inhabitants in 1994 to approximately 3/100,000 inhabitants in
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2012.Inanalmost identical approach, Jamsen et al. analysed 245,854 joint replacements
and found the incidence of all RA-related procedures to significantly decline from
18.5/100,000 in 1995 to 10.7/100,000 in 2010. Related to this approach is a study of joint
replacement amongst an estimated RA population in California (100), using a
combination of hospitalization data and RA prevalence estimates from survey data. This
study suggested rates of THR and TKR (considering all ages together) had remained
stable at approximately 300/100,000 RA patients and 450/100,000 RA patients from

1983 to 2007.

Finally, and possibly of highest quality in terms of methodology are those studies that
have estimated temporal trends in the actual incidence (in person-years) of joint
replacement in RA patients. These studies include that of Rodriguez-Rodriguez et al.
(101) and Hekmat et al. (102). The former of these showed the 5-year incidence of THR
and/or TKR among 1812 RA patients attending a single hospital in Madrid, Spain to
decrease from 10.8 [95% Cl: 7.3 to 16.2] / 1,000PYs to 6.9 [95% CI: 4.5 to 10.6] /1,000
PYs from 1994-1999 to 2005-2009. Hekmat and colleagues followed up 2,164 RA patients
and reported incidence of THR fell from 12.6/1,000 PYs to 6.6/1,000 PYs, comparing the
time periods 1998-2001 versus 2002-2006; (rate ratio (RR) = 0.52 [95% Cl: 0.35 to 0.76].
The same estimates for TKR were 4.8/1,000 PYs and 6.8/1,000 PYs; RR=1.43 [95% Cl: 0.89

to 2.31].

Overall, these findings tend to suggest some reduction in joint replacements for RA

patients over latter years, although by no means is this unanimous as not all studies
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report a decline and various limitations to the different methodologies used undermine
the findings to a lesser or greater extent. While these issues are discussed and addressed
in detail in chapter 4, it suffices to comment that none of the existing studies offer an
explicit estimate of the trend-adjusted impact of introducing biologics on joint

replacement rates within RA patients.

Other observational data on biologics and joint replacement

Apart from temporal trends of joint replacement, there are a small number of
observational studies describing the burden of joint replacement in RA patients
according to bDMARD exposure, although these are generally low in methodological
quality. Several studies merely report on either the prevalence or incidence of joint
replacement amongst RA biologic users versus non-users. One such study (103) found
that the annual prevalence of orthopaedic surgery across years 2004 to 2007 amongst a
Japanese RA cohort was on the whole greater (range 5.9% to 12.0%) for those receiving
a biologic than those who did not (range 4.7% to 6.2%). Koenig et al. (104) likewise
reviewed the US MarketScan database and identified a cohort of 90,545 incident,
biologic-naive RA patients. The authors reported that ~11% of those who subsequently
initiated a biologic also subsequently underwent THR/TKR surgery, while this proportion
was only ~7% amongst those who did not initiate a biologic. Ollendorf et al. (105)
conducted another US database study comparing joint surgery interventions amongst
RA patients after receiving Leflunomide, stratified by those also initiated etanercept,

infliximab or not receiving a biologic. They found approximately equivalent 1-year
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cumulative incidence of joint replacement: 12.2% (etanercept), 9.1% (infliximab) and

10.8% (no biologic).

Other studies have yielded more controlled estimates of the impact of exposure to
biologics on subsequent need for joint replacement in RA. Two of these utilise large
population-based health databases in Canada (106, 107). That by Widdifield et al. studied
two large elderly (=65 years old) cohorts of RA patients, one from Ontario (n=20,918)
and the other from Quebec (n=6,754), in order to estimate the effect of early intensive
therapy in general on joint replacement rates. Exposure to anti-TNF therapy over follow-
up was entered as a time-dependent covariate into survival models adjusted for many
other factors, which yielded a HR of 2.50 [95% Cl: 0.72-8.65] and 1.13 [95% Cl: 0.91-1.39]
per year of exposure for Ontario and Quebec, respectively. The study by Moura et al.
(106) investigated a very similar research question for all-aged incident RA patients in
Quebec who had at least 1 year of follow-up. They found that anti-TNF use prior to
follow-up was not associated with subsequent joint replacement surgery (HR of 1.00
[95% Cl: 0.35 to 2.85]) nor was drug use during follow-up: HR of 1.13 [95% Cl: 0.99 to
1.29] and HR of 1.37 [95% Cl: 0.61 to 3.08] for exposure to anti-TNF and other biologics,
respectively. One previous study has attempted to estimate the patient-level impact of
biologics versus csDMARD amongst RA patients using drug registry data from Finland
(108). This study found higher rates of primary joint replacement in bDMARD users (3.90
[95% Cl: 3.42 to 4.43] / 100 PYs) compared to those only on csDMARD (2.64 [95% Cl: 2.35
to 2.95) / 100 PYs], although that study was relatively small and failed to adjust for many

important characteristics such as disease severity, prior medications and comorbidities,
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which likely confounded their reported associations. Indeed, confounding is one of the
key challenges to address in such comparisons of observational data and is one that the

field of pharmacoepidemiology is continually seeking to better overcome.

Quasi-experiments in epidemiology

One of the fundamental challenges being specifically faced within the field of
pharmacoepidemiology is that of the issue of confounding by indication. This biases
estimation of treatment-outcome relationships, owing to the reasons (i.e. indications)
for the treatment under study (109). In the case of biologic therapy and subsequent need
for joint replacement, it is likely that users of biologics are - on average - at significantly
higher baseline risk of joint replacement than non-users. This may be due, for example,
to a higher disease severity (34) or greater degree of prior joint destruction. Failing to
account for these systematic differences between biologic treated and untreated
patients in an observational comparative effectiveness study would render results
unreliable (110). Conversely, the RCT is often described as the gold standard of medical
research (111, 112) given that treatment arms only differ according to exposure status
and are otherwise balanced. That is, in a sufficiently large and well-conducted RCT the
random allocation of treatment leads to equivalent groups allowing comparison of a
primary outcome from the study data in such a way that is unconfounded by either
measured or unmeasured characteristics (113). This is an enormous benefit and provides

a means for making causal statements, for example about treatment efficacy.
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However, there hasn’t been an RCT investigating the impact of biologics on the need for
joint replacement in RA despite there being appetite for such data, for example by health
economists seeking to better model the cost-effectiveness of these therapies. Reasons
for the dearth of good quality evidence are probably because of the large sample size
and long follow-up that would be required to study such an outcome using an RCT (and
associated costs) and likely ethical implications of randomly withholding biologic therapy
to eligible patients. There are other hypothetical reasons to be wary of over reliance on
RCT data. Inclusion criteria for most RCTs are often stringent and lead to study samples
that are different to the “real world”, often selecting healthier and younger participants
with less co-morbidities and co-medications (114, 115). This often generates findings
that have high internal validity (owing to random treatment assignment) but with

potentially very low generalizability (114, 116).

In this context, there has been increasing development and use of novel methodologies
within the field to better minimise the bias resulting from the use of population-based
observational datasets and the inherent confounding by indication problem (117, 118).
These include various methods that are termed “quasi-experimental” (119) and which
offer the opportunity for causal inference where an RCT is likely to be unfeasible (112,
116). The underlying principle of these methods consists of having a natural or derived
variable in the analytical dataset that is ‘exogenous’, i.e. not dependent on other
variables in the system and the value of which is not controlled by the investigator (120,
121). This gives rise to the possibility of a research opportunity where “quasi-

randomisation” can be achieved through careful consideration of who and/or when to
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measure rather than who and/or when to allocate (119). Several of these methods can
therefore vyield estimates that account for not only measured but unmeasured
confounding (122) and so have unique strengths due to high internal validity (higher than
conventional regression-stratification approaches to observational data analysis), but
simultaneously possessing much greater external validity compared to the typical RCT
setting (116). However, the individual quasi-experimental methodologies each comes
with a set of assumptions that are typically much stronger than those required in an RCT,
some of which are generally untestable yet if invalidated then may lead to biased
estimation (122). Important quasi-experimental examples include interrupted time-
series (ITS), instrumental variable (IV) and regression discontinuity design (RDD) analyses

(118, 122). These will each be described in subsequent chapters.

Aims and objectives of DPhil

In the light of this introduction, the aims of this thesis are set out below. The overarching
purpose is to provide clinically useful findings on the relationship between TNFi therapy
and need for joint replacement in RA, whilst advancing research methodologies as used
where beneficial and as feasible. The project will use large health datasets and simulated
data in conjunction with quasi-experimental approaches to address limitations

surrounding analysis of observational data.

e Aim 1: Describe the epidemiology of THR and TKR in RA, from a UK perspective.

Objectives include: estimate validity of THR/TKR codes in primary care data; estimate
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overall incidence rates (per 1,000 PYs) and cumulative incidence; estimate stratified
incidence rates and cumulative incidence according to key demographic variables;

estimate overall average time-to-event from RA diagnosis.

Aim 2: Estimate the population-level impact of the historical introduction/approval
of TNFi on rates of THR and TKR among RA patients in England and Wales.
Objectives include: estimate incidence rates over study period; estimate the impact
of TNFi introduction on level/trend of incidence using interrupted time-series

approach

Aim 3: Validate findings from aim 2 in external datasets for RA populations in
countries (and healthcare systems) outside the UK. Objectives include: estimate
incidence rates in RA patients over study period; estimate the impact of TNFi
introduction on level/trend of incidence in RA patients using interrupted time-series
approach; estimate incidence rates and changes in level/trend of incidence in non-
RA individuals using interrupted time-series approach; estimate changes in the
incidence delta between RA patients and non-RA patients following introduction of

TNFi using interrupted time-series approach

Aim 4: Estimate the patient-level impact of TNFi use vs. csDMARD use on
subsequent need for THR and TKR surgery for RA patients in the UK. Objectives
include: overcome issue of missing data in UK drug registry data; match TNFi users
to csDMARD users using propensity scores; estimate rates of joint replacement;

perform survival analysis to estimate hazard ratios; stratify analyses according to
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potential effect modifiers; perform instrumental variable and regression
discontinuity design sensitivity analyses to explore impact of unmeasured

confounding

Aim 5: Develop the relatively novel interrupted time-series methodology used for
aim 2, as feasible within the scope of the project. Objectives: develop simulation
approach to estimate power in interrupted time-series; explore impact of various
scenario-specific parameters on power; provide tool for estimating required sample

size to achieve adequate power for interrupted time-series analysis.
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2. DATA USED

Introduction

As the title of this thesis indicates, and as has been introduced in chapter 1, the question
to be addressed in forthcoming chapters is the impact of TNFi on need for THR/TKR. This
will be estimated using electronic medical records and/or administrative databases
(from the UK, Denmark and Canada) and observational drug registry data (from the UK).
This relatively brief chapter provides an overview of the various data sources used
throughout the project. Each dataset is described in turn and finally the role of

collaborators is provided.

Clinical Practice Research Datalink (CPRD) and the Hospital Episode Statistics (HES)

CPRD GOLD was used for analyses in chapters 3 & 4. CPRD is a database of UK primary
care health records. the UK National Health Service (NHS) primary care is
offered/provided free of charge through general practitioners (GPs), with almost the
entirety of the population registered to a local GP practice (123). GPs act as the ‘gatepost’
to the UK NHS, providing free consultations to registered patients and providing
subsequent non-emergency healthcare, prescriptions, diagnostic tests or referral to
secondary care where necessary. The GP is required to make notes following
consultations, which may include patient symptoms, test results, diagnoses, clinical
measurements (e.g. BMI and smoking status) and medicines prescribed. These notes are

almost invariably in digital format which provides a self-contained longitudinal medical



record for each patient. Furthermore, where patients are seen in secondary care then
letters and/or discharge sheets are sent from such secondary care providers to the local
GP for appropriate action and inclusion in the patient’s medical record. CPRD is a sample
of such GP routinely collected medical records and as of 2013 cumulatively contained
data from over 600 GP practices and covered approximately 11 million people (123). It’s
been previously shown to be representative of the UK in terms of age, sex and ethnicity

(123).

Symptoms, diagnoses, operations, procedures and other health-related information is
recorded into CPRD using Read/Oxford Medical Information Systems (OXMIS) coding
(124). A bespoke dataset of RA patients was requested, along with a number of baseline
characteristics and outcome identifier using Read/OXMIS code lists that are included in
appendix file 1 & 2, and as used previously (125, 126). Raw data were subsequently
provided by CPRD GOLD for these patients, which also included linked Office for National
Statistics (ONS) mortality data, index of multiple deprivation (IMD) and secondary care
hospital data (Hospital Episode Statistics [HES]). These raw data were provided in the
form of multiple text files that were then cleaned and merged by a senior data manager
to create a pre-analytical dataset. Any proposed study of CPRD leading to publication
must be submitted to the Independent Scientific Advisory Committee (ISAC) for review
and this had previously been carried out with permission received for the current DPhil

project.
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Danish National Patient Register (DNPR)

The DNPR was used in chapter 5 and is an internationally regarded resource of secondary
care health data, set up in 1977 and covering the entirety of in- and out-patient hospital
visits across Denmark (127). It contains data on each hospital department visited, date
of admission, diagnoses given, operations performed, and treatments provided. Surgical
procedures were coded, as of 1996, using the NOMESCO Nordic Classification of Surgical
Procedures (NCDP). Since the year 2000 the DNPR has formed the basis of payment to
public hospitals, and therefore is assumed to be a complete account of all health-care

provided.

Civil Registration System (CRS)

The CRS was used in chapter 5 and is a population-wide administrative database
containing information such as date of birth, sex, citizenship, civil status and vital status
on all individuals in Denmark (128). It’s great usefulness in epidemiology research has
been previously described given that it contains the civil person register number, which
can then be used to link to a host of other Danish registers and databases. It was here
used to identify an age, sex and municipality matched control cohort to compare to that
of the RA cohort identified through the DNPR. Furthermore, it was used to censor

patients given the vital status not only includes death but migration out of the country.

Ontario Rheumatoid Arthritis administrative Database (ORAD)

ORAD was used in chapter 5 and is an administrative database of RA patients covering a

denominator population of approximately 14 million people (as of 2014) and is designed
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to contain information on all RA patients in Ontario, Canada. As of 2010 ORAD included
nearly 100,000 RA patients (129) but was estimated prior to data access to have grown
to 150,000 patients. Along with its linked datasets, it contains information on all visits to
both primary and secondary care, in addition to demographic and (publicly funded)
pharmacy data (129). It has previously been validated and shown to have high sensitivity
and specificity when compared to either primary-care (130) or secondary-care (131) gold
standards. Patients are included into the ORAD if they fulfil either of the following
conditions (129, 131). Firstly, if they’ve ever had an RA hospitalization code as according
to either the Canadian Institute for Health Information Discharge Abstract Database
(covering all hospital admissions) or the National Ambulatory Care Reporting System
(covering all ambulance activity). Secondly, if they have three of more RA-related
insurance claims to the Ontario Health Insurance Plan (OHIP) database (with more than
one being from a specialist), which all Ontario physicians must use for reimbursement
purposes. RA-related claims are determined using ICD-8 or ICD-9 codes associated with

each claim in order to identify the main reason for the consultation.

The OHIP Registered Persons Database was also used to identify non-RA controls for
matching purposes. This is a collection of demographic data (including vital status, age,
sex and place of residence) on all individuals living in Ontario who are eligible for OHIP
coverage. ORAD is also linked to the Ontario Drug Benefit Program (ODBP) database and
this linkage was used to identify pharmacy claims on all individuals included in the study
who were >65 years old (132). The reason why ODBP only contains pharmacy data on

seniors is because these are by default covered by the Ontario public drug insurance
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program, whereas those under 65 must meet various conditions to be covered for

medication and is not usual.

British Society for Rheumatology Biologics Register - Rheumatoid Arthritis (BSRBR-RA)

The BSRBR-RA was used in chapter 7 and contains prospectively collected observational
data on over 20,000 RA patients recruited from 2001 onwards, primarily in order to
evaluate the real-world safety of TNFi. The initial UK NICE guidance on use of TNFi
stipulated clinicians initiating such therapy must register the patient into the BSRBR-RA,
and recruitment continued originally until the target of at least 4,000 patients per TNFi

|II

cohort (etanercept, infliximab or adalimumab) was reached (71) (last “original” patient
recruited 2008) but reopened recruitment to these three originator drugs from 2010
onwards. NICE guidance restricts NHS prescribing of TNFi to patients with a sustained 28-
joint disease activity score (DAS28) >5.1 who have failed to adequately respond to two
csDMARDs, with each treatment lasting 26 months. The BSRBR-RA contains an additional
comparator cohort of non-biologic treated RA patients on csDMARDs, entry into which

was dependent on having active disease (guide DAS28 >4.2). Recruitment to this cohort

closed in 2008.

Participants in all study cohorts are followed up using physician questionnaires sent from
BSRBR-RA to the patients’ rheumatology clinic. These were sent every six months for a
patients’ first three years of follow-up, and annually thereafter. In addition to collecting
data on changes to therapy and disease details, physicians were asked what serious and

adverse events had occurred since last follow-up date. In addition, patients were asked
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to complete a health diary every six months for the first three years in the study in which
they detailed any hospital admissions. These free text responses were coded by BSRBR-
RA staff using the MedRA hierarchy (Medical Dictionary for Regulatory Activities (133)).
Mortality data for participants were obtained from the Health and Social Care
Information Centre (HSCIC) (now merged into NHS Digital) via alerts generated from ONS
records. The BSRBR steering committee provided approval for the project, granting data
access in 2016. All patients provided written informed consent, no further approvals

were necessary.

Collaborator roles in data extraction/management

The various data linkages and extractions from the above databases were performed by
collaborating partners (data managers) with expertise in such large-scale data
management of the respective databases. The senior database manager for the Oxford
pharmaco- and device-epidemiology research group performed the data extraction from
CPRD-provided raw data and merged individual variables into a combined pre-analytical
dataset, using a data dictionary as developed in collaboration with my supervisors and
myself, and applying pre-established health big data standard operating procedures (see
appendix 3). In the case of Danish data, this pre-analytical processing was carried out in
a fashion to replicate the form of the CPRD dataset although this was performed
remotely almost entirely independently from myself (I attended a meeting in
Copenhagen to facilitate this). In the case of the Canadian dataset, the pre-analytical
data processing was carried out by collaborators in Ontario, working to a protocol as

developed by my supervisor and myself. | visited the BSRBR-RA management team in
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Manchester to explore data availability and submitted the application for data. These
were subsequently provided in the form of baseline, follow-up and medication tables. |

merged these and derived the required variables for the required analytical dataset.
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3. DESCRIPTIVE EPIDEMIOLOGY OF THR AND TKR IN RA

INTRODUCTION

As introduced in chapter 1, although the natural history of structural damage in RA has
been previously described (25, 30), long-term clinical outcomes such as the incidence of
joint replacement remains less well studied (35). Notwithstanding the prior studies
reporting on the prevalence of RA among larger samples of joint replacement procedures
(38,91, 92, 134, 135), good quality data pertaining to the incidence of joint replacement
following RA diagnosis is arguably more useful in terms of better understanding the
longer term natural history of RA. However, these data are still only emerging (35, 93,
94, 97, 98, 102, 106, 108, 136, 137). Generalizable, population-based estimates of joint
replacement incidence among RA patients and the potential influence of demographic
and clinical characteristics are scarce. Such data would provide clinicians and other stake
holders a more thorough understanding of the long-term prognosis for specific RA
patients and allow a greater ability to plan healthcare resource utilisation. This is a
worthwhile consideration given the UK and US estimates mentioned above of 1-3% of
hip and knee replacements being carried out for RA, and the recently estimated cost of

between £6,000 and £7,000 per THR/TKR operation (138).

The aim of the work reported in this chapter was therefore to describe the epidemiology,

from a UK perspective, of THR and TKR following a diagnosis of RA using population-



based electronic medical record data. Objectives included the validation of THR/TKR
coding in primary care data, estimation of overall incidence rates (per 1,000 PYs) and 10-
and 20-year cumulative incidence of THR/TKR, estimation of stratified incidence rates
and 10-year cumulative incidence according to key demographic variables, and

estimation of overall average time-to-THR/TKR from RA diagnosis.

METHODS

Data and participants

Primary care health data were obtained from the UK Clinical Practice Research Datalink
(CPRD) for the period April 1995 to September 2014. These are described in detail in
chapter 2. In brief, incident RA patients with at least 1 year of CPRD GOLD data prior to
index (diagnosis) date were identified using a pre-defined READ code list (appendix file
1) as developed elsewhere (125), with the date of first recorded RA considered as
diagnosis date. Data on gender, age, BMI, smoking status and index of multiple
deprivation (IMD) were extracted from CPRD. The values for these variables were taken
as recorded either on the date of diagnosis or otherwise the last prior value before date
of RA diagnosis. Patients diagnosed with RA before the study period were excluded as
were those with either a prior or subsequent diagnosis of a different inflammatory
arthritis (lupus, ankylosing spondylitis, psoriatic arthritis or crystal arthropathy) due to

possible diagnosis or coding errors. Patients aged <18 years old were also excluded.
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Outcome

Outcome of interest was first occurrence of THR or TKR following RA diagnosis. These
were identified using CPRD Read codes (appendix file 2) as used previously in the
published literature (126, 139). THR and TKR were considered separately so patients
could potentially have both outcomes of interest. Patients were followed up from date

of RA diagnosis until the first date of either outcome event, death or loss-to-follow up.

Outcome Validation

As a preliminary step, the validity of THR and TKR Read codes as recorded in CPRD were
assessed by comparing them to linked secondary care HES data. The following
epidemiological measures were estimated: sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV) (140). THR and TKR as recorded in HES
was considered the reference standard as it’s been shown to be comparable to the NJR,
which itself has a near 100% compliance against levy returns for the number of implants
sold (141). Given that some patients may have bilateral hip or knee replacement (the
likelihood of which increases over follow up) and that laterality data was not available in
CPRD, a time window was introduced around the first coded event in either database
around which to ‘look’ for an event in the reciprocal data source. This time window was
a-priori set to 60 days, with 30 days and 180 days explored as sensitivity definitions. Only
the first occurrence of THR or TKR (analysed separately) during follow up in either data
source was available. In this way, if an event was identified in CPRD with no
corresponding HES event within the time window then it was considered a ‘false positive’

in CPRD. Conversely, if an event was identified in HES with no event in CPRD within the
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time window then a ‘false negative’ in CPRD was considered to have occurred.

Statistical analysis

In addition to baseline patient characteristics, standard epidemiological descriptive
statistics were calculated for the whole study sample. These were: number of patients
included in analyses, total number of person-years contributed by all included patients,
median follow-up time (in years) per patient with associated IQR, number of outcome
events, median time to outcome event (in years) with associated IQR, incidence rate (per
1,000 person years) of outcome event with associated 95% Cl and cumulative probability
(accounting for death as a competing risk) at 10 and 20 year timepoints with associated

95% Cl. To explore data graphically, cumulative incidence function plots were generated.

Similarly, number of patients, number of outcome events, incidence rates (per 1,000 PYs)
with associated 95% Cl and cumulative probability at 10 years with associated 95% ClI
were generated according to a number of pre-determined stratification variables.
Characteristics explored in this fashion were: gender, age group, BMI category, smoking
status, IMD quintile and geographic region. Univariate Cox models were used to test for
proportional differences in hazard rates/curves (i.e. the instantaneous probability of
event of interest occurring at a given time of follow-up, conditional on surviving event-
free up until that time) across levels of stratification variables. p-values from these
models were used to assess the conformity of data to what would be expected under
the null hypothesis of no difference in rates between strata. Specifically, p-values from

these Cox models were used to assess for differences between binary stratification
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variables while p-trend was used to assess evidence of linear trend across ordinal
categorical variables. Geographic region and smoking were considered nominal
categorical variables (i.e. neither binary nor ordinal) and p-values for equality were

generated using a chi-squared test.

RESULTS

Outcome validation

The total CPRD sample consisted of 27,607 incident RA patients, of whom 15,215 (55.1%)
had HES linkage. In validation analyses constricted to this subset, there were a recorded
548 THR procedures and 816 recorded TKR procedures within the linked HES dataset. Of
these procedures, 441 (80.5%) and 590 (83.6%) had a corresponding event recorded in
CPRD (within a period of +£60 days) (Table 3.1). This yielded a sensitivity of 80.5 and 83.6
for THR and TKR, respectively. Likewise, specificity was 98.6 and 98.5 for THR and TKR,
respectively. Corresponding values for PPV were 68.5 and 72.5, whilst those for NPV
were 99.3 and 99.2 (Table 3.2). All estimates were similar in analyses varying the length
of time widow for agreement to 30 days and 180 days (appendix table 3.1). Given this
apparent good validity of CPRD coding, the full study sample of 27,607 incident RA

patients was used in subsequent analyses.
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TABLE 3.1: CROSS TABULATION OF IDENTIFIED OUTCOME EVENTS DURING FOLLOW-UP ACCORDING TO CPRD

VERSUS HES (ALLOWING 60-DAY TIME WINDOW FOR AGREEMENT): FOR THR AND TKR

Total Hip Replacement

Positive
CPRD Negative
Total

Total Knee Replacement

Positive
CPRD Negative
Total

HES
Positive Negative Total
441 203 644
107 14,464 14,571
548 14,667 15,215
HES
Positive Negative Total
590 224 814
116 14,285 14,509
706 14,401 15,215

TABLE 3.2: VALIDATION MEASURES OF OUTCOME EVENTS DURING FOLLOW-UP ACCORDING TO CPRD VERSUS

HES (ALLOWING 60-DAY TIME WINDOW FOR AGREEMENT): FOR THR AND TKR

Sensitivity Specificity

=
=

80.5

KNEE 83.6

98.6

98.5

Baseline Characteristics

Of the total 33,044 RA patients identified, 5,437 were excluded (figure 3.1). The

subsequent study sample consisted of 27,607 incident RA patients (Table 3.3) with a

mean age of 61 [IQR: 50, 72] and of whom 70.6% were female. Mean BMI was 27.3 kg/m?

and 37% had never smoked while 22% were ex-smokers and 19% were current smokers

45



(Table 3.3). 23% of patients from England resided in an area ranked within the least

deprived quintile of the country, while 14% resided in an area ranked within the most

deprived quintile (Table 3.3). The number of RA patients diagnosed per region ranged

from 565 (2% of the total sample) in the North East to 3,330 (12.1%) in the North West

(Table 3.3).

Eligible RA patients (N=33,044)

Diagnosed before Jan 1995 (n=1,155)
Diagnosed after Sept 2014 (n=143)

Age <18 (n=221)

>1 type of inflammatory arthritis (n=4,141)
TOTAL EXCLUDED: N=5,437

Included RA patients (N=27,607)

- No HES linkage (n=12,360)
- Inadequate HES linkage quality (n=32)
- TOTAL EXCLUDED: N=12,392

MAIN
ANALYSIS
(N=27,607)

Validation
Analysis
(N=15,215)

FIGURE 3.1: POPULATION FLOW DIAGRAM

Overall incidence

Overall, 1,028 patients received a primary THR subsequent to their RA diagnosis (Table

3.3) during a total of 161,211 person-years (PYs) and median follow-up of 4.9 [IQR: 2.2,

8.7] years. This yielded an incidence rate of 6.38 [95% C.I. 6.00 to 6.78] per 1,000 PYs
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THR AND TKR
No. patients THR
N % No. IR (95% Cl) / 1,000 Pys 10-year cumulative
Outcome % probability (95%
Cl)
Overall 27,607 100 1,028 6.38 (6.00 - 6.78) 5.2 (4.9-5.6)
Gender
Men 8,107 29.4 239 5.25 (4.63 - 5.96) 4.2 (3.6-4.8)
Women 19,500 70.6 789 6.82 (6.36 - 7.31) 5.7(5.2-6.1)
P-value <0.001
Age
<45 4305 156| 58 2.12 (1.64 - 2.74) 2.2(1.6-3.0)
45-54 4,979 18.0 128 3.85(3.24 - 4.58) 3.8(3.1-4.6)
55-64 6,755 245 296 6.81 (6.07 - 7.63) 6.2 (5.4 -7.0)
65-74 6,194 22.4 360 10.46 (9.43 - 11.60) 7.9(7.0-8.7)
275 5,374 19.5 186 8.20(7.10 - 9.46) 4.4(3.8-5.1)
P-trend <0.001
BMI
Under weight (<18.5) 454 1.6 10 4.66 (2.52 - 8.66) 2.4(1.2-4.4)
Normal weight (18.5 - 24.9) 6,852 24.8| 222 5.92 (5.19 - 6.76) 4.8(4.1-5.6)
Over weight (25 -29.9) 6,689 24.2| 249 7.13 (6.29 - 8.07) 5.9 (5.1-6.7)
Obese / Severly Obese (30-34.9) | 3,207 11.6| 115 7.03 (5.86 - 8.84) 6.3(5.1-7.7)
More obese (235) 1,835 6.7 33 3.64 (2.59 - 5.12) 3.3(2.2-4.8)
Unknown 8,570 31.0 399 6.52 (5.91 - 7.19) 5.3(4.8-5.9)
P-trend 0.54
IMD*
Least deprived 3,899 228 171 7.49 (6.45 - 8.70) 6.5(5.5-7.6)
Less deprived 3,834 224 176 7.88 (6.80 - 9.13) 6.3(53-7.3)
Mid deprived 3,609 21.1 125 5.91 (4.96 - 7.04) 50(4.1-6.1)
More deproved 3,348 19.5| 121 6.20 (5.19 - 7.41) 4.7 (3.8-5.6)
Most deprived 2,442 143| 71 5.07 (4.02 - 6.40) 4.2(3.2-5.3)
Unknown 10,475 21.6| 149 5.56 (4.73 - 6.53) 5.0 (4.3 -5.8)
P-trend 0.001
Region
London 2,511 9.1 78 5.63 (4.51 - 7.02) 4.6 (3.5 - 5.8)
North West 3,330 121 118 5.63 (4.70 - 6.75) 4.4(3.6-5.3)
Yorkshire & Humber 1,228 45 39 5.48 (4.00 - 7.50) 4.6 (3.2-6.4)
East Midlands 1,246 45 52 6.85 (5.22 - 8.99) 6.0(4.5-7.8)
West Midlands 2,492 9 89 6.16 (5.00 - 7.58) 5.3 (4.2 - 6.6)
East of England 2,681 9.7 111 7.20 (5.98 - 8.67) 5.8 (4.7-7.1)
South West 2,469 8.9 93 6.85 (5.59 - 8.40) 5.7 (4.5 - 7.0)
South Central 2,547 9.2 101 6.95 (5.72 - 8.45) 5.4 (4.3 -6.6)
North East 565 2 13 3.82(2.22 - 6.57) 3.1(1.7-5.2)
South East Coast 2,786 10.1 119 7.58 (6.34 - 9.07) 6.5(5.3-7.8)
Northern Ireland 944 3.4 41 6.82 (5.02 - 9.27) 5.4(3.9-7.4)
Scotland 2,410 8.7 102 7.40 (6.10 - 8.99) 5.9(4.7-7.2)
Wales 2,398 8.7 72 4.86 (3.86 - 6.13) 4.1(3.1-5.2)
P-value 0.11
Time period
1995-2004 11,699 42.4 645 6.59 (6.10 - 7.12) 5.4 (5.0-5.9)
2005-2014 15,908 57.6 383 6.05 (5.47 - 6.68) 4.9(4.2-5.7)
P-value 0.16

Continued on next page...

TABLE 3.3: BASELINE CHARACTERISTICS, OUTCOME EVENTS AND INCIDENCE RATES DURING FOLLOW-UP: FOR
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...Continued from prior page

No. patients TKR
N % No. IR (95% Cl) / 1,000 Pys  10-year cumulative
Outcome % probability (95%
a)
Overall 27,607 100 1,366 8.57 (8.12 - 9.04) 7.0 (6.6 -7.4)
Gender
Men 8,107 294 382 8.54 (7.73 - 9.44) 6.5(5.8-7.2)
Women 19,500 70.6 984 8.58 (8.06 - 9.14) 7.2(6.7-7.7)
P-value 0.92
Age
<45 4305 156| 87 3.18 (2.58 - 3.93) 3.0(2.2-3.8)
45-54 4979 18.0| 202 6.15 (5.36 - 7.06) 5.6 (4.7 - 6.5)
55-64 6,755 24.5 437 10.22 (9.31- 11.22) 9.2 (8.3-10.1)
65-74 6,194 224 398 11.69 (10.60 - 12.90) 8.9(8.0-9.9)
>75 5,374 19.5 242 10.82 (9.54 - 12.27) 6.1(5.3-6.9)
P-trend <0.001
BMI
Under weight (<18.5) 454 1.6 16 7.64 (4.68 - 12.47) 5.1(2.7 - 8.5)
Normal weight (18.5 - 24.9) 6,852 24.8 217 5.80 (5.08 - 6.62) 4.6 (4.0-5.4)
Over weight (25 -29.9) 6,689 24.2| 286 8.21(7.31-9.22) 6.9 (6.0 - 7.9)
Obese / Severly Obese (30 - 34.9) 3,207 116 167 10.39 (8.93 - 12.09 8.3(7.0-9.9)
More obese (235) 1,835 6.7 | 116 13.33 (11.11 - 15.99) 11.1 (9.0 - 13.4)
Unknown 8,570 31.0 564 9.36 (8.62 - 10.17) 7.5(6.9-8.2)
P-trend <0.001
IMD*
Least deprived 3,899 228 205 9.06 (7.90 - 10.39) 7.2(6.2-8.3)
Less deprived 3,834 224 197 8.87 (7.72 - 10.20) 7.4 (6.4 -8.6)
Mid deprived 3,609 21.1 191 9.21(7.99 - 10.61) 7.8 (6.6 - 9.0)
More deproved 3,348 19.5| 150 7.76 (6.62 - 9.12) 5.9 (4.9 -7.0)
Most deprived 2,442 143 101 7.30 (6.00 - 8.87) 6.0 (4.8-7.3)
Unknown 10,475 21.6 226 8.52 (7.48 - 9.70) 7.3(6.5-8.3)
P-trend 0.041
Region
London 2,511 9.1 96 6.96 (5.70 - 8.50) 6.0 (4.7 - 7.4)
North West 3,330 121 137 6.59 (5.57 - 7.79) 5.6 (4.6 - 6.6)
Yorkshire & Humber 1,228 4.5 57 8.13 (6.27 - 10.54) 6.3 (4.7 -8.3)
East Midlands 1,246 4.5 71 9.43 (7.47 - 11.90) 7.9 (6.1-10.0)
West Midlands 2,492 9 146 10.34 (8.79 - 12.16) 8.1(6.8-9.6)
East of England 2,681 9.7 127 8.29 (6.97 - 9.87) 6.5(5.4-7.8)
South West 2,469 8.9 123 9.14 (7.66 - 10.91) 7.5(6.2-9.1)
South Central 2,547 9.2 138 9.58 (8.11 - 11.32) 7.3(6.0-8.6)
North East 565 2 31 9.32 (6.55 - 13.25) 8.3 (5.5-11.8)
South East Coast 2,786 10.1 144 9.28 (7.88 - 10.92) 7.1(5.9-8.4)
Northern Ireland 944 3.4 43 7.16 (5.31 - 9.65) 5.7 (4.0-7.8)
Scotland 2,410 8.7 119 8.70 (7.27 - 10.42) 7.6(6.2-9.2)
Wales 2,398 8.7 134 9.28 (7.84 - 10.99) 7.8(6.4-9.3)
P-value 0.034
Time period
1995-2004 11,699 42.4 858 8.89 (8.31 - 9.50) 7.2(6.7-7.7)
2005-2014 15,908 57.6 508 8.08 (7.41 - 8.82) 6.6 (5.4 -7.8)
P-value 0.091

* Values unknown for Wales, Scotland and Northern Ireland

(Table 3.3), with median time from diagnosis to THR being 3.2 [IQR: 1.3, 6.5] years.

Similarly, there were 1,366 patients who received a primary TKR during a total of 159,384
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PYs at an incidence rate of 8.57 [95% C.I. 8.12 to 9.04] per 1,000 PYs (Table 3.3). Median
follow-up in the TKR analysis was 4.9 [IQR: 2.1, 8.6] overall and median time from RA
until TKR was 3.5 [IQR: 1.5, 6.7] years. The overall 10-year cumulative percentage
probability for THR and TKR were 5.2% [95% C.I. 4.9, 5.6] and 7.0% [95% C.I. 6.6, 7.4],
respectively (Table 3.3). At 20 years these values were 8.4% [95% C.I. 7.3,9.7] and 11.1%

[95% C.1. 10.0, 12.4], respectively (Figure 3.2).
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FIGURE 3.2 CUMULATIVE INCIDENCE FUNCTION PLOTS FOR THR AND TKR OVER STUDY FOLLOW-UP
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Incidence by sex and age

Among those receiving a THR, the proportion of females was 76.8% and mean age at
surgery was 68.4 years. Among the TKR cohort, the proportion of females was 72.0% and
mean age was 67.6 years. While rates of THR were significantly higher in women (6.82
[95% C.I. 6.36 — 7.31] per 1,000 PYs) than in men (5.25 [95% C.I. 4.63 — 5.96] per 1,000
PYs), the rates of TKR were approximately equal between genders (Table 3.3, Figure 3.3).
Rates were lowest among those aged <45 years of age (2.12 [95% C.I. 1.64 — 2.74] per
1,000 PYs for THR and 3.18 [95% C.I. 2.58, 3.93] per 1,000 PYs for TKR), with rates rising
significantly with increasing age up to those aged 65-74 years old (10.46 [95% C.I. 9.44 —
11.64] per 1,000 PYs for THR and 11.69 [95% C.I. 10.60 — 12.90] per 1,000 PYs for TKR)
(Table 3.3, Figure 3.4). However, rates then began to decline in those 75 years (Table

3.3, Figure 3.4).
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Incidence by BMI and smoking

BMI had little impact on rates of THR, with incidence rates approximately constant.
However, a significant upward trend (p<0.001) was seen in TKR procedures with
increasing BMI, with incidence rates lowest among those at a normal weight (5.80 [95%
C.l. 5.08 — 6.62] per 1,000 PYs) (Table 3.3, Figure 3.5). Those with a BMI 230 had an
incidence of TKR nearly twice as large as those with a normal weight (11.42 [95% C.I.
10.17 — 12.83] per 1,000 PYs) (Table 3.3, Figure 3.5). BMI was not known for 31% of the
sample, within whom the incidence of THR and TKR was 6.52 [95% C.I. 5.91 — 7.19] and
9.36[95% C.I. 8.62 —10.17] per 1,000 PYs, respectively (Table 3.3). There were significant
differences in incidence according to smoking status (Never, Ex-, current), with lowest
rates observed among the “current smoker” category (Table 3.3, Figure 3.6). However,

22% of the sample had unknown smoking status, in whom rates of THR and TKR were
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6.65 [95% C.I. 5.96 — 7.42] and 9.96 [95% C.I. 4.42 — 10.90] per 1,000 PYs, respectively

(Table 3.3).
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FIGURE 3.5: INCIDENCE RATES OF THR AND TKR: STRATIFIED BY BMI
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Incidence by deprivation and geographic region

A significant downward trend in joint replacement rates with greater deprivation was
observed for both THR and TKR, p-trend=0.001 and p-trend=0.041, respectively (Table
3.3, Figure 3.7). Estimated rates of THR were >30% lower in those most deprived versus
least deprived (5.07 [95% C.I. 4.02 — 6.40] versus 7.49 [95% C.I. 6.45 — 8.71] per 1,000
PYs) (Table 3.3, Figure 3.7). For TKR there was an approximate 20% decrease in incidence
among those most deprived versus least deprived (7.30 [95% C.l. 6.00 — 8.87] versus 9.06
[95% C.I. 7.90 — 10.39] per 1,000 PYs) (Table 3.3, Figure 3.7). There was little evidence
for regional variation of THR (p-value=0.11), with incidence being lowest in the North
East (3.82 [95% C.I. 2.22 — 6.57] per 1,000 PYs) and highest on the South East Coast (7.58
[95% C.I. 6.34 — 9.07] per 1,000 PYs) (Table 3.3, Figure 3.8). Weak evidence was found
for variation of TKR (p=0.034), with incidence being lowest in the North West (6.59 [95%
C.l. 5.57 — 7.79] per 1,000 PYs) and highest in the West Midlands (10.34 [95% C.I. 8.79 —

12.16]) (Table 3.3, Figure 3.8).
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FIGURE 3.7: INCIDENCE OF THR AND TKR: STRATIFIED BY INDEX OF MULTIPLE DEPRIVATION
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DISCUSSION

Outcome Validation

The Read code list used to identify THR and TKR has been developed and used in prior
CPRD investigations studying THR/TKR (126, 139). The present validation exercise
appears to be the first time that the accuracy of these code lists has been evaluated and
addresses a limitation of previous studies using these lists given the primary care nature

of CPRD and that joint replacement is carried out in secondary care, thus giving rise to
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the potential of miscoding. However, the high sensitivity found for THR (80.5%) and TKR
(83.6%) indicate that the majority of “true” events as recorded in HES are also recorded
in CPRD, whilst the very high specificity (>98.0%) indicates the vast majority of patients
THR/TKR negative as recorded in HES are also THR/TKR negative in CPRD. The PPV
estimates indicate that for a given THR/TKR event identified in CPRD, there is 68.5% and
72.5% probability that these events are correctly identified (as indicated in HES) for THR
and TKR, respectively. On the other hand, the NPV of 99.6 and 99.2 indicates that where
an individual is identified in CPRD as being THR/TKR negative then there is >99.0%
probability that this is correct (as indicated in HES). While these results demonstrate
acceptable agreement, the lower values for PPV indicate there is a significant minority
of procedures identified in CPRD which are not identified in HES. One probable
explanation for this is that only NHS-funded procedures are required to be entered into
HES. So, while patients receiving a privately funded operation are still likely to visit their
GP post-operatively and therefore appear in CPRD, they may not have a corresponding
HES record. Indeed, this has previously been found to be the exact reason for 9% of TKRs

in NJR not appearing in HES (142).

Summary of Main Findings

This study demonstrates from a large population-based sample that there is a moderate
incidence of major lower limb joint replacement among UK RA patients, and that risk
develops in an approximately linear fashion over time (Figure 3.2). From RA diagnosis,
the 10-year cumulative % probability of THR and TKR was approximately 5% and 7%,

respectively, while at 20 years these values were 8% and 11%, respectively. Rates of
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THR/TKR increased with age (except for the very elderly) but decreased with greater
degrees of deprivation status and greater exposure to smoking. Women experienced
higher rates of THR but not TKR than men. Those with a BMI 230 at time of RA diagnosis
had a subsequent TKR incidence rate nearly twice as large as those with a normal weight.
Regional variation was relatively minor, although there was evidence for differences in
TKR rates by geography, specifically that rates were generally higher in Southerly and
Midland regions while being lower in London and the North West. There were significant
downward trends in THR and TKR rates according to small-areas with greater relative

deprivation.

Strengths and limitations

One of the key strengths of the analysis is the large study sample with a breadth of
demographic variables and long follow-up available. This allowed PY incidence rates to
be estimated not only for the overall RA population but for various sub-groups of
interest. The generalisability of CPRD also greatly adds to the value of the investigation,
with the resource having been demonstrated to be broadly representative to the wider
UK in terms of age, sex, ethnicity and BMI (123). The linkage to ONS mortality data meant
that the follow-up of each patient accurately took into account when a patient died.
Furthermore, the linkage to the HES database here allowed the accuracy of the defined
THR/TKR Read code lists to be evaluated against in-hospital secondary care data, which
showed a high degree of agreement. HES was here treated as the reference standard as
the NJR has been reported to be 93% compliant with HES and the Patient Episode

Database Wales (143). While entries into the NJR are very comparable with levies raised
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on protheses sold, in a NJR case-study of NHS-funded TKRs performed in England for the
period 2003 — 2011, 4% of the total identified in the NJR were not identified in HES and
had no known reason for not being so (142). This therefore introduces a slight limitation
in that while good agreement was here demonstrated between CPRD and HES, it is likely

that HES itself has some (albeit minor) degree of incompleteness.

A standard approach to survival analysis is the Kaplan-Meier method, as used for
example by the NJR for England, Wales and Northern Ireland. This estimates the
probability of survival at each time interval of follow-up in which an event occurs,
conditional on survival just before that time interval. The strength of this approach over
a standard cross tabulation of outcome being that the length of follow-up time for each
patient is used. However, in the Kaplan-Meier context ‘survival’ merely means still being
active in the study and not having had the event of interest. This has been shown to
overestimate the incidence of an outcome over time where there is the competing risk
of an alternative event (e.g. death) that precludes the outcome of interest (144, 145).
This was here addressed by generating cumulative incidence functions incorporating
death as a competing risk, i.e. calculating the cumulative probability of THR/TKR

conditional on being alive (not just uncensored) (145).

There are a number of other limitations. Although it has been previously demonstrated
that RA can be identified with high sensitivity and specificity from CPRD (125), various
definitions have been used in the past, of which the one implemented here is relatively

simple. For example, the requirement to have been prescribed a DMARD was not
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included in the definition. However, patients with a prior or subsequent diagnosis of a
different inflammatory arthritis were excluded due to possible misdiagnosis. Added to
this issue is that other researchers have reported on a likely delay between onset of RA
symptoms and coding of the disease in a patient’s record (146). Although this should not
have a large impact on the subsequent rates of THR/TKR as reported here, it does mean
that the estimates of time from diagnosis to event should not be interpreted overly
precisely. Likewise, the cumulative incidence estimates over 10- and 20-year time frames
should not be interpreted overly precisely either. Despite these issues, it is reassuring (as
discussed below) that incidence rates are comparable with studies from elsewhere in
Europe and that the 10-year % probability estimates accord with previous UK inception

cohorts, both indicators of good external validation.

Approximately 30% of the sample were missing BMI data, approximately 20% missing
smoking status and approximately 20% missing a value for IMD. Imputation of missing
data was not carried out here as the number of variables with which to predict missing
values would likely lead to unreliability, and that the impact of missing data appeared
relatively minimal given the purpose of assessing univariate stratified rates. Inevitably
however there is a resultant risk of bias, for example if patients from more deprived
areas were systematically more likely to have missing IMD values, a phenomenon which
may have some support given the distribution of IMD values among the present study
sample. Even were that to be the case though, the rates of joint replacement among
patients with missing data were not significantly different to other strata for any of the

variables with missing data (with the exception of the ‘unknown’ versus ‘current’
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categories of smoking status). Another important caveat to the estimates are that they
are all unadjusted given the aim of providing “real-life” burden of disease estimates
rather than controlled for confounding factors in order to investigate causality or make
comparisons to external populations. This means restraint is required so as to not make
interpretations that are not strictly supported by the data given the lack of adjustment
in the analysis. While such an undertaking would be a logical next step, unfortunately
the data availability here is not sufficient to build a clinically meaningful multivariable

model with which to predict joint replacement.

Overall incidence

This seems to be the first UK population-based study to estimate PY incidence rates
following RA diagnosis. As such it provides a better understanding of long-term prognosis
for RA patients, both overall and for specific sub-groups. Previous knowledge of the
prevalence of RA among all THRs/TKRs performed (for example, from the NJR) is of little
use to a clinician or newly diagnosed RA patient wanting a better understanding of the

likely subsequent need for a major lower limb joint replacement.

UK data examining the occurrence of joint replacement in RA are emerging, which mainly
focus on cumulative incidence estimates (97, 136, 137). These are discussed below
although it is difficult to make direct comparisons to the present study due to differences
in study design, length of follow-up and exact measurements used. The overall
cumulative % probabilities for THR and TKR are consistent with an analysis by Nikiphorou

et al. combining two UK inception cohorts of RA patients, in which the authors there
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reported a 10-year cumulative incidence of major joint replacement of 11.7% [95% CI
10.4 - 13.4%] (97). Although the 10-year estimates from the present analysis for THR
(5.2% [95% Cl 4.9 — 5.6]) and TKR (7.0% [95% CI 6.6 — 7.4]) would total 11.8%, this should
not be directly compared to the Nikiphorou paper given that some patients in the
present analysis have both a THR and TKR and as such would contribute twice to such an
amalgamation. A more valid comparison to the Nikiphorou estimate would be using
results from an analysis of a combined THR/TKR outcome (considered together), which
for CPRD at 10-years was 11.1% [95% Cl: 10.7 — 11.6] (results not shown). Although this
is almost identical to the 11.7% from the inception cohorts, it should be noted that they

also included elbow and shoulder events in their estimate.

Continuing the comparison to previous UK data on the subject, less informative
estimates have previously been generated simply expressing the proportion of RA
patients at or near diagnosis who receive joint replacement during a given period of
follow-up (136, 137). While these are useful, there is no accounting for the loss to follow-
up or mortality that inevitably happens during what can be a long follow-up period for a
given study (137). James et al. analysed 1,064 early RA patients, following them up for 5
years and reporting that 17% of them had at least one orthopaedic procedure and 7%
had a major (including hip, knee, elbow and shoulder) joint replacement surgery (136).
This would be comparable with the present CPRD data in which the cumulative %
probability of a combined THR/TKR outcome (as discussed in the preceding paragraph)
at 5 years was 6.6% [95% Cl: 6.3 — 6.9]. Although the similarity in rates is reassuring, it

should be noted that the estimate using CPRD accounts for censoring while the estimate
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by James et al. does not, hence their estimate is likely to underestimate the actual
percentage of people at baseline who would proceed to receive a joint replacement
during follow-up. The fact our estimates are practically identical despite this issue may
be due to their ‘major joint replacement’ outcome including shoulder and elbow which
compensated for any underestimation. Similar to this, Gwinnutt et al. have recently
published data from the Norfolk Arthritis Register, in which 17% of early RA patients
underwent a major joint surgery over the subsequent period of 20 years (137).
Specifically, of all the major joint surgeries carried out among this 17% of patients, 68
(37.7%) were hip replacements and 58 (32.2%) knee replacements. These estimates are
somewhat lower than the present CPRD study, however a major factor for this is again
likely to be that over half their original sample either died or were lost to follow-up over

the 20 year period but their estimates do not account for this attrition.

In terms of studies from outside the UK, there is growing data on the incidence of joint
replacement among RA patients (93, 101, 102, 106-108). The rates found in the present
analysis accord well with those of a 2013 study utilising data from a Swedish RA register,
which reports multiple incidence rates for THR and TKR for different calendar time
periods, the most recent of which (2002-2006/7) were 6.6 per 1,000 PYS for THR and 6.8
per 1,000 PYs for TKR (102). Similar rates were reported by Aaltonen and colleagues for
joint replacement rates among RA patients in Finland on different therapy regimens,
with incidence (reported per 100 PYs) among DMARD users being 0.89 [95% CI: 0.73 —
1.08] and 1.11 [95% CI: 0.93 — 1.32] for hip and knee replacements, respectively (108).

Elsewhere from Europe, a recent Spanish investigation performed by Rodriguez-
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Rodriguez et al analysed 1,812 newly diagnosed RA patients and reported an incident
rate of 9.2 [95% Cl: 7.2 — 11.6] per 1,000 PYs for a combined THR/TKR outcome (101).
While this is lower than the estimates from the current CPRD investigation, Rodriguez-
Rodriguez only followed patients up during the first 5 years from RA diagnosis (101)
which may partly explain the lower rates. Conversely, another study using data on 1,272
patients from 47 specialist units around Spain reported a rate of 2.25 per 100 PYs (i.e.
22.5 per 1,000 PYs), which is relatively high although this estimate includes all joint
replacement procedures identified (not just hip and knee) (93). Canadian studies have
reported similar incidence rates (considering joint replacement at any site) among large

cohorts of RA patients to be 1.09 (106), 1.4 (107) and 2.0 (107) per 100 PYs.

Itis interesting to note that the 10-year risk of THR and TKR has been previously reported
for the UK general population using CPRD, by Culliford and colleagues (147). Although
direct comparisons should be carried out cautiously given differences in study design, it
is still noteworthy that Culliford’s 10-year risk estimates for people aged 60 years old
were 3.5% [95% Cl: 2.8 —4.1] and 2.2% [95% CI: 1.7 — 2.7] for THR in females and males,
respectively. This is approximately half that of the 5.7% [95% Cl: 5.2 —6.1] and 4.2% [95%
Cl: 3.6 — 4.8] THR estimates for the RA patients here analysed for females and males,
respectively. Likewise, Culliford’s estimates for TKR in the general population were 3.1%
[95% Cl: 2.5 —3.7] and 2.6% [95% Cl: 2.0 — 3.1] for females and males, respectively. This
is substantially lower than among the present RA sample: 7.2% [95% Cl: 6.7 — 7.7] and

6.5% [95% Cl: 5.8 — 7.2] for females and males, respectively. These differences are also
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somewhat conservative given the fact the present analysis corrected for the over-

estimation of the Kaplan-Meier method whereas Culliford’s did not.

Incidence by age

The increase in THR/TKR incidence according to age is something of an expected finding
given that joint destruction is progressive among patients with insufficiently managed
RA, leading to the accumulation of pain and loss of function over time and an increase in
need for a joint replacement. Although the incidence of osteoarthritis which increases
with age (148) is also a likely factor. The recent UK analysis by Gwinnutt et al. found that
age at RA diagnosis was predictive of undergoing a joint replacement during their study
follow-up, with each year increase in baseline age associated with a 2% increase in risk
of subsequent surgery (137). Likewise, in the UK inception cohort studied by James et
al., 11.1% of patients aged >60 years had a major operation during 5-years of follow-up
whereas this estimate was only 3.5% amongst patients <45 years old (136). Richter et al.
recently reported age was significantly predictive of large joint surgery in RA patients in
their study of 1,077 RA patients in Olmsted County, Minnesota (OR=1.29 [95% Cl: 1.17 —

1.29]) per 10-years increase in age (149).

The decline in joint replacement rates seen here among patients over 75 is not surprising
given the heightened risks of complications (150, 151) and mortality (152, 153) that are
known to exist following major surgery for elderly frail patients. It may be that the
surgeon and/or patient perceive that these risks outweigh the benefits of surgery, which

are also known to be diminished in those who are elderly and less mobile (154, 155), for
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example Gordon et al. found improvement in post-THR quality of life to be blunted in
those approximately 70 years or older (156). It is a finding consistent with the previous
CPRD study by Culliford et al. who reported 10-year risk of THR or TKR among the general
population to increase according to age up until 80 years old, at which point 10-year risk

declined (147).

Incidence by sex

Previous studies that have explored potential predictors of joint replacement among RA
patients are not unanimously clear on whether patient sex plays a role. James et al. found
a significant odds ratio (OR) of 3.2 [95% Cl: 1.3 — 7.6] for female gender in relation to
subsequent intermediate joint replacement (136), although this used logistic regression
and did not account for censoring. When only larger joint replacements were considered,
this was attenuated and was no longer significant (136). Likewise, Leon et al. studied
1,272 RA patients and found female gender was associated with subsequent orthopaedic
surgery (OR =1.83[95% Cl: 1.05 — 3.19]; p=0.03) but not total joint replacement (p=>0.05).
Richer et al. also found that women had a higher rate of small joint surgery (OR=1.73
[95% Cl: 1.17 — 2.99]) but not large joint surgery (OR =1.06 [95% Cl: 0.79 — 1.43]) (149).
Gwinnutt et al. reported that within their study the proportion of patients who were
women was approximately the same among those who underwent subsequent joint

surgery (66%) and those who did not (71%) (137).
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An observation of higher THR rates among females is supported by prior findings from a
large international study of over 6,000 RA patients that found females had on average
higher disease activity than men and achieved remission less frequently (149). It is also
in accord with previous estimates of THR in the UK general population, where rates are
also generally higher among females (126). This finding is also supported by the NJR
report, in that 60% of all hip replacements are carried out for females (40). However, this
is most likely due to the higher prevalence rates of osteoarthritis in women than men
(148), which could also explain why females in the general population also receive a
higher proportion (56%) of all knee replacements, according to the NJR report (40). The
incidence of TKR here was almost identical between the genders (8.54 versus 8.58 per
1,000 PYs). This raises the question as to why there is divergence in THR but not TKR
rates between male and female RA patients. Although this is a subject for further
research, one very tentative explanation could be that within the inflammatory
processes of RA, the knee is more effected than the hip and therefore more equivalence
in joint destruction and subsequent need for joint replacement is seen between the
genders for the knee, whereas the hip may possibly be more influenced than the knee
by secondary osteoarthritis (the prevalence of which is highest in females (148)). While
this is a possibility, it should also be noted that the 10-year percentage probability of TKR
was slightly higher among women (8.3% [95% Cl: 7.7 — 8.9]) than men (7.8% [95% CI: 7.0

— 8.8]), although this was not statistically significant.

Incidence by BMI

The increase in TKR rates with increasing BMI (p-trend <0.001) is a pattern previously

reported by Leyland et al. for osteoarthritis patients (157), where being overweight or
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obese was associated with >40% and 100% increased risk of knee replacement, relative
to patients with normal weight. Furthermore, Leyland et al. describe increasing risk of
TKR according to BMI to be an approximately linear relationship, except some plateauing
of risk with very high values of BMI among those >68 years old (157). Increasing BMI is
strongly associated with increased risk of developing incident knee or hip osteoarthritis
(158), so greater degrees of co-existing osteoarthritis with higher BMI values could at
least partially explain the increase in TKR rates. However, it is also very biologically
plausible that greater weight bearing would likely exacerbate the process of
inflammatory-induced cartilage and bone destruction within effected knee joints of RA
patients. Although the slightly higher rate of TKR among underweight patients does not
have a ready explanation, the confidence intervals were wide for this estimate and it
may be linked to these patients being perceived as lowest risk of adverse outcomes, for
example it’s previously been observed that these patients have the lowest mortality

rates following TKR (159)).

The increase in TKR risk with increasing BMI was not here repeated for THR risk (p-trend
= 0.67). Findings from Culliford et al. related to the UK general population similarly
indicate that the prevalence of obesity among all TKRs performed is higher than that
among all THRs performed, and that this discrepancy is expected to become more
pronounced in the future (126). The reason for the drop-off in THR rates among obese
RA patients may reflect the fact that, although it’s known that high BMI is not a limiting
factor for clinically meaningful improvement in terms of pain or function after either TKR

(154) or THR (160), complications are known to be higher after THR surgery for patients
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with higher BMI (155). For example, a >4-fold increase in dislocation rates is reported for
those undergoing THR with a BMI >35 kg/m? relative to <25 kg/m?(161). While increased
post-operative mortality among obese THR inpatients may also possibly be a concern for
surgeons (given this heightened risk of complications), the literature actually suggests
something of an ‘obesity paradox’ where patients with higher BMI have a slightly lower
mortality rate than those with normal BMI (162). The recent study by Richter et al.
reported that obesity (BMI >30 kg/m?) was associated with a large increase in need for
large joint surgery amongst RA patients (OR=2.03 [95% Cl: 1.53 — 2.70]), although they
did not differentiate between hip and knee surgery (nor replacement versus non-

replacement) (149).

Incidence by smoking

The stratified incidence estimates according to smoking status may initially appear
counter-intuitive. Smoking is a risk factor for developing RA (6) and therefore could
rightly be expected to contribute to increased disease activity and more joint
destruction. However, it is also a strong predictor of both complications and mortality
following joint replacement (163) (e.g. OR for death = 3.08 [95% Cl: 2.21 — 4.29] (159)).
These known risks most likely influence surgeon preference for not operating on RA
patients who are current smokers, therefore leading to less provision for these patients.
Smoking has previously been found to be independent of the need for large joint surgery

in RA (149).
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Incidence by deprivation

The finding of significant linear trends of decreasing THR and TKR rates according to
lower IMD ranking is an interesting finding. Similar trends have been reported for
THR/TKR rates in the general UK population (164). Furthermore, Judge et al. reported a
decline in equity (provision of THR/TKR relative to need) among the general population
for those residing in areas of the UK with greater deprivation, with 70% less provision
relative to need among people living in the most deprived areas compared with least

deprived areas (165).

There is existing evidence that UK deprivation generally predicts worse outcome of TKR
(154) and that better outcomes have been observed following osteoarthritis-induced
THR among those with higher socio-economic status (155). While surgeon preference to
operate could potentially be influenced by such a perceived association between
deprivation and worse outcome, it’s previously been suggested that a more likely
explanation is that those from more deprived areas are more likely to tolerate greater
degrees of ill health and are therefore less likely to demonstrate healthcare-seeking
behaviour (154). However, it could also be the case that despite visiting their GPs,
individuals residing in more deprived areas may still be less likely to receive surgery due
to substandard provision (166), despite their willingness to consider arthroplasty (167).
While further research is needed to disentangle these issues, given that these are
univariate associations in the current study, it cannot be ruled out that IMD is here acting
more as a proxy for other confounding characteristics, either at the patient-level or

small-area-level that may be the primary drivers of the trend.

68



Incidence by geographic region

The differences in actual numbers of RA patients diagnosed in each geographic region
approximately reflects the distribution of GP practices contributing data to CPRD (123).
For example, within the study sample there is a relatively small proportion of RA patients
residing in the North East (2%), however this has the lowest density of GP practices
within CPRD, at only 12-19 in total (123). Whereas the North West had 12% of the study
sample, however this reflects the fact it has between 80-89 contributing practices (123).
The lack of significant variation in THR across regions is reassuring, however the regional
variation in TKR rates is concerning and is possibly a reflection of previous findings
highlighting a disparity between need and provision within the UK (165), which is greater
for knee replacement than hip (165, 168, 169). Specifically, although somewhat dated
data now, in the late 1990s the total deficit of hip replacement surgery in England
(compared to estimated need) was 2,500 per year (169), whereas similar estimates for
knee replacement showed an annual deficit that was approximately 10-fold larger
(26,500) (168). It must be noted though that the current study does not demonstrate
that the regional variation in TKR rates among the RA patients included is necessarily due
to unmet need, for example it could be the product of regional variation in management
of RA and/or the consequence of other confounding factors, e.g. BMI. Although
considering the previous data on unmet need of TKR within the UK, it would seem these
regional variations for TKR (at the most extreme: 6.6 versus 10.3 per 1,000 PYs) are of

interest and warrant further investigation in future studies.
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Conclusions

This chapter reports on the good validity of THR and TKR Read coding in CPRD as
compared to HES. It describes the overall incidence rates of THR (6.38 per 1,000 PYs) and
TKR (8.57 per 1,000 PYs) among a large UK cohort of newly diagnosed RA patients over
a maximum of 20 years, which accords well with estimates from elsewhere in Europe.
An informal comparison of 10-year risk from RA patients in the present study to previous
estimates for the general population suggest a greater need for THR and TKR in RA.
Average time-to-event, from RA diagnosis, was 3.2 [IQR: 1.3, 6.5] and 3.5 [IQR: 1.5, 6.7]
years for THR and TKR, respectively. Stratum specific rates indicate significant differences
and trends in rates of THR and TKR exist within a number of key demographic variables.
Further research is needed to further explore some of these associations, with variation
according to deprivation and geographic region (for TKR) a particularly interesting topic.
These findings on rates of major lower limb joint replacement offer clinicians, patients

and commissioners a better understanding of the long-term prognosis of RA in the UK.
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4. POPULATION-LEVEL IMPACT OF THE INTRODUCTION OF BIOLOGICS

ON SUBSEQUENT RATES OF THR AND TKR WITHIN ENGLAND AND

WALES

INTRODUCTION

As discussed in chapter 1, there has been a growing body of evidence of changing
temporal trends of RA-related joint replacement over recent years. Overall, these
findings tend to suggest a reduction of joint replacements for RA patients over latter
years, although not all such studies report a decline and various degrees of granularity

exist in terms of which joints were included in analyses.

Some of these prior studies have inferred some role of biologic therapies in this
reduction in joint replacement numbers/rates amongst RA patients (91, 93, 102, 135),
although few have formally tested such a hypothesis. Most report descriptive statistics
concerning the overall change in numbers/rates over time (or even before vs. after the
introduction of biologic therapies), however this has several limitations in relation to
suggesting a role for biologic therapy. Firstly, gradual changes in temporal trends of joint
replacement are likely to be the product of various potential factors of which biologics is
just one. This means a general description of a decreasing secular trend, or a comparison
of rates at the beginning versus the end of a long study period fails to provide a valid

guantified estimate of the effect attributable to the introduction of biologics per se.
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Secondly (although related to the first reason), where some studies have provided an
estimate of the difference in rates before versus after the introduction of biologics (102),
this has been in the form of the difference in some average estimate over several years
leading up to the introduction of biologics compared to some average estimate over the
biologic era. While these estimates are interesting and informative, they fail to account
for changes in secular trends during the study period that may well be quite pronounced
and are likely to confound any comparison of averages before vs. after the introduction
of biologics. A simple illustration of this fact could be where a constant linear decrease
in joint replacement rates is hypothetically in place over many years prior to biologics
being developed, which continues unchanged for many years into the biologic era. Here,
a simple comparison of average pre- versus post-rates would indicate rates were indeed
lower in the biologic era, potentially with a considerable magnitude. This however would
be a biased estimate of the ‘causal effect’ of biologics, such an analysis is greatly

confounded by a pre-existent secular trend.

Furthermore, differences in study design is an important consideration when
interpreting these data. For example, the reported decrease in the proportion of all joint
replacements that have RA as a primary indication may be driven by a decreasing
incidence of RA (or equally an increasing incidence of osteoarthritis (OA)) rather than
particularly demonstrating improved therapeutic management in RA has caused a
reduction in joint destruction. On the other hand, a decrease in the incidence of joint
replacement amongst RA patients is more supportive of an actual reduction in need of

these procedures for RA patients over recent decades.
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In this context of increasing availability of routinely collected health-care data on joint
replacement rates amongst RA patients, coupled with the real limitations of traditional
observational studies and the likely infeasibility of an RCT to determine the impact of
biologics, it is worth considering the strengths of quasi-experimental alternatives. As
introduced in chapter 1, quasi-experimental study designs implement strong methods
that facilitate causal inference regarding an exposure (170, 171). They take advantage of
the possibility to choose who and/or when to measure as opposed to in an RCT where
one chooses who and/or when to expose (119, 172). Interrupted time-series is such a
study design. This method is being increasingly used in epidemiology to evaluate the
population-level impact of health policy changes (170, 173, 174) or other naturally
occurring phenomena of interest (175, 176). It essentially entails modelling an outcome
measure repeatedly over time — both before and after some well-defined intervention —
and thereby providing a quantified estimate of the intervention impact on the outcome
whilst controlling for general secular trends. It is also a flexible method given it is possible
to make various extensions to a basic study design in order to better control for possible

confounding factors and strengthen the case for causal inference (119, 170, 171).

In this framework, the introduction of biologic therapies into routine clinical practice in
the UK is something of a “naturally” occurring event. This formally occurred for England
and Wales with the first national institute for health and care excellence (NICE) approval
for TNFi in March 2002, entitled “Guidance on the use of etanercept and infliximab for

the treatment of rheumatoid arthritis”. This was in the form of the publication
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“technological appraisal 36” (TA36). Although these biologic therapies recommended in
this official guidance had been licensed for RA in 2000, no NHS rheumatologist was
obliged to prescribe them, and indeed it was initially a selective “postcode lottery” given
they were still considered experimental and prohibitively expensive (69). On the other
hand, NICE technological appraisals function to “ensure that all NHS patients have
equitable access to the most clinically — and cost-effective treatments that are available”
(177). Treatments recommended within a technological appraisal should henceforth be
available throughout the NHS to any patient as recommended within 3 months of such

guidance being published (177).

The NICE TA36 publication provided guidance to NHS clinicians on use of etanercept and
infliximab for rheumatoid arthritis patients. It recommended that these therapies should
be used as per the guidance issued by the British Society for Rheumatology in April 2001
(69). This stated that these therapies were recommended options (infliximab only to be
used concurrently with methotrexate) for adults with persistent active RA as indicated
by two DAS28 measurements of >5.1 at least 1 month apart, who had already failed to
adequately respond to two csDMARD therapy regimens, each lasting at least 6 months

(69).

The aim therefore of the work as reported in this chapter was to estimate the impact of
the introduction of biologics, as defined by publication of NICE TA36, on population-level

temporal trends of THR and TKR amongst early RA patients in England and Wales.
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METHODS

Data and participants

Primary care health data were obtained from the UK Clinical Practice Research Datalink
(CPRD) for the period April 1995 to September 2014. These are described in chapter 2,
in addition to details of collaborator contributions in pre-analytical data acquisition and
processing. In brief, incident RA patients were identified using a pre-defined READ code
list, with the date of first recorded RA considered as diagnosis date. Data on gender, age,
BMI, smoking status and Charlson comorbidity score were extracted from CPRD at date
of RA diagnosis. Patients diagnosed with RA before the study period were excluded as
were those with either a prior or subsequent diagnosis of a different inflammatory
arthritis (lupus, ankylosing spondylitis, psoriatic arthritis or crystal arthropathy) due to
possible diagnosis or coding errors. Patients aged <18 years old were also excluded, as
were patients registered to a GP practice outside England and Wales (i.e. patients
registered in Scotland or Northern Ireland). The restriction of the sample to only England
and Wales was because the current study question concerned evaluating the impact of

NICE guidance, compliance to which is only mandatory for these countries.

Intervention

The intervention of interest was the first NICE approval for biologics, defined as the
publication of TA36 in March 2002. NICE is a non-departmental public body which aims
to reduce variation in the availability and quality of treatments and care within the NHS.
It is accountable to the government department of health and social care. NICE

technological appraisals are developed following a detailed and independent review of
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both the clinical and economic effectiveness of a given therapy or group of therapies,
the process of which is outlined on NICEs website (177). A brief overview of this process
is as follows. NICE identifies a broad range of consultees prior to appraisal, including the
company that produced the technology, patient representatives, the department of
health and clinical commissioning groups. Commentators are also appointed, such as
relevant academic research groups and companies of comparator technologies. These
consultees and commentators have the opportunity to input evidence and comments at
various points during the appraisal process. NICE drafts the scope of the appraisal and
commissions an independent academic centre to review the evidence and prepare a
report. An independent advisory committee (that meets in public) then reviews and
discusses all submitted evidence and prepares a document containing provisional
recommendations. After further rounds of consultation and possible appeals is
implemented before final recommendations are documented and the guidance is

formally issued.

Outcome

Outcome of interest was first occurrence of THR or TKR following RA diagnosis. These
were identified using CPRD Read codes as used previously in the published literature
(126, 139) and as used and validated for analyses reported in chapter 3. THR and TKR

were considered separately so patients could potentially have both outcomes of interest.
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Statistical analysis

Descriptive statistics were generated per calendar year throughout the study period. The
outcome time-series was derived by calculating 5-year incidence rates of THR and TKR
among newly diagnosed RA patients within each six months between 1995-2009. For
example, in the first six months (Apr-Sep 1995) all incident RA diagnoses were identified
and the 5-year incidence rate of THA for those RA patients was calculated by dividing the
number of THAs occurring within 5 years from RA diagnosis by the total number of
person-years contributed before any censoring event (death, loss to follow-up, last GP
data upload, event of interest or end of 5 years follow-up) (appendix figure 4.1). This was
then repeated for each 6-monthly period in the study (table 4.2 & 4.3). Incidence rates
were only based on the first five years after diagnosis so that the composition of patient
follow-up was approximately constant throughout the study period to allow valid rate
comparisons irrespective of when a patient was diagnosed. Otherwise, patients
diagnosed at the start of the study period would have much longer follow-up than those
diagnosed at the end, which would be a likely source of bias if degree of exposure to
biologics or the risk of joint replacement was different over different lengths of follow-
up from diagnosis. Incidence rates from the last five years of the study period (i.e. the
last 10 biannual proportions) were not included in the final analysis to account for the
fact these patients did not get a full five years follow-up (which may otherwise artificially
attenuate rates in the latter study years). The 5-year time window was chosen as this
was approximately the median follow-up, and because this captured the “early” years of
disease in which pro-active management of the disease is very much recommended. It
also meant the resultant time-series had an approximately equal number of biannual

timepoints before and after the intervention. In order to minimise confounding resulting
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from changes to the age and sex structure of the RA population over the study period,
the 5-year incidence rates measured at each six months were age and sex standardised
using the entire RA sample (1995 — 2009) as the reference population. This entailed
calculating the 5-year incidence rates within each of the specific sex-age strata
(approximate tertiles were used for age categories [<55, 55-69, >70]) at each timepoint
then calculating a weighted average according to the age-sex structure of the overall

study sample (140).

A segmented linear regression was performed on the aggregated standardised time-
series to estimate two parameters of interest associated with the publication of NICE TA
36: change in subsequent level of outcome and change in subsequent trend (171). Given
that the NICE guidance recommended that only patients having a failed response to two
(6 month) trials of csDMARD therapy should initiate a TNFi, a 1-year lag period following
March 2002 was decided upon a-priori in which data for the outcome was removed from
the time-series. The regression model was specified as following: Yi=60 + B1*time; +
B,*intervention; + B3*post_intervention_time: + e:;. Here, Y: is the 5-year incidence
among RA patients diagnosed at time point (i.e. 6-monthly period) t. 8o estimates the
baseline level of the outcome just before the beginning of the time series. 81 estimates
the pre-intervention trend, 8, the change in level between the time point immediately
before vs. after the lag period and 8; the change in trend occurring immediately after
the lag period. Analyses were based on 14 pre-intervention data points (Apr 1995 — Mar
2002) and 13 post-intervention data points (Apr 2003 — Sept 2009). Final model

specification was derived using a backward-stepwise approach (p-entry 0.049; p-exit
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0.20) to remove non-significant regression terms in order to maximise statistical power,
although results from full models were also reported. The Durbin-Watson statistics was
generated following final model fitting and compared to significance tables (178) to
inspect the assumption of no significant autocorrelation. Here the test statistics is
assessed in relation to a lower and upper bound of the critical value for the specific
combination of timepoints and regressors — with significant auto-correlation being
rejected if the test statistic falls above the upper bound. The null hypothesis of no auto-
correlation is not rejected if the statistics falls below the lower bound, and is deemed
inconclusive if falling between the lower and upper bound. The normality of residuals
was assessed using a Q-Q plot of quantiles of the distribution of model residuals against
those from a normal distribution and homoskedasticity by conducting the Breusch-Pagan
/ Cook-Weisberg test. Linearity of effect was visually assessed by inspecting plots of the

time-series data and from plots of residual versus fitted values.

Given that the intervention may impact either or both of: (i) level of outcome, (ii) trend
of outcome, it is arguably easier to interpret an overall measure of impact that combines
both of these changes. Such an overall estimate of the intervention effect was calculated
using regression coefficients to predict what would have been observed post-
intervention (i.e. counterfactual rates) had pre-intervention levels and/or trends
continued uninterrupted, and comparing this with what was modelled using observed
post-intervention data (171, 179). The midpoint of the post-intervention period was used
to calculate the average difference over the post-intervention time points. Confidence

intervals for this average absolute difference in outcome over the post-intervention time
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points were generated using the standard error of the level and/or trend change
coefficients, according to methods described by Zhang et al. (179, 180). The point
estimate was also expressed as a relative change (compared to the midpoint of the

counterfactual rates).

Sensitivity analyses

Due to likely delay in implementation of NICE recommendations and possible
heterogeneity in speed of uptake across the country, a 2-year lag period following
publication of NICE TA36 was used in a sensitivity analysis. A data-driven (with no pre-
specified time point/intervention) approach was also conducted in order to identify
where — if at all - any changes in linear trend occurred using the Joinpoint Regression
Program (version 4.3.1.0, National Cancer Institute) (181). An uncorrelated errors model
was specified given that no significant autocorrelation was previously detected. The grid
search method was used with a minimum number of joinpoints to be identified set at
zero and maximum number of joinpoints to be identified set at one in order to determine
whether the trend change associated with the introduction of TNFi (as per the main ITS
approach) would be identified. The required setting for the minimum number of
observations before and after each joinpoint was set at eight. Although the specification
of eight observations constrained the model to only focus on the approximate middle
half of the timeseries, eight observations pre- and post-intervention has previously been
recommended as a minimum for conducting an ITS (182). Model selection was carried
out using permutation tests (181) with a significance level set to 0.05 with Bonferroni

correction for any multiple testing. The permutation method involves testing for
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significant inflexions (i.e. joinpoints) at every possible location in the time-series dataset.
Here the null hypothesis was that of the minimum number of joinpoints (i.e. zero) and
the alternative hypothesis was that of the maximum number of joinpoints (i.e. one).
Monte Carlo simulation was used (n=5,000) to resample the original data for the ‘null
hypothesis’ model in order to test whether adding a joinpoint statistically improved the

model fit.

The reason for using Joinpoint regression as a sensitivity analysis was to test whether
any impact detected in the segmented regression (primary analysis) was still detectable
in a purely data driven approach which was hypothesis-free as to the location of any
inflexion. Whilst a powerful method, Joinpoint still relies on several assumptions being
made a-priori - e.g. concerning the number of joinpoints and number of timepoints
before and after any joinpoint - and can only detect changes in slope but not abrupt level
changes. For these reasons, and given | primarily wanted to evaluate the impact of NICE
TA36 (rather than merely detect all possible changes in trend of outcome) | used
segmented linear regression as the primary analysis as this is frequently used in the
literature to evaluate the impact of well-defined interventions (170, 171, 174), the
strengths of which include the accounting for secular trends and the ability to estimate

both step and slope changes in outcome.
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RESULTS

There was a total of 17,505 incident RA patients diagnosed in CPRD between 1995-2009
as per inclusion/exclusion criteria (figure 4.1). Patient characteristics are presented in
table 4.1. Mean age at RA diagnosis increased slightly from 58.7 in 1995 to 60.3 in 1999
(p=0.065), whilst the gender ratio remained fairly stable over the same time frame
(70.4% to 66.3% female; p=0.12). Prevalence of obesity (BMI 230), as reported at time of
RA diagnosis, increased from 11.5% in 1995 to 22.1% in 2009 (p=<0.001), whilst
concurrent smoking status decreased from 27.9% to 20.9% (p=0.011). Overall there were
465 THRs and 650 TKRs occurring within 5-years of RA diagnosis (figure 4.2), yielding a
crude incidence rate of 6.16/1,000 person years (PYs) [95% Cl: 5.63 to 6.75] and

8.65/1,000 PYs [95% Cl: 8.01 to 9.34], respectively.

Patient characteristics

Eligible RA patients (N=33,044)

- Diagnosed before Apr 1995 (n=1,390)

- Diagnosed after Sept 2009 (n=9,145)

- Age<18(n=221)

- >1type of inflammatory arthritis (n=4,141)
- Residing outside England/Wales (n=3,976)
TOTAL EXCLUDED: N=15,539

Included RA patients (N=17,505)

FIGURE 4.1: POPULATION FLOW CHART OF EXCLUDED/INCLUDED PATIENTS
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STRATIFIED BY YEAR

PATIENT CHARACTERISTICS AT TIME OF RA DIAGNOSIS:

TABLE 4.1
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* Apr-Sept only

FIGURE 4.2: NUMBER OF RA PATIENTS UNDERGOING THR OR TKR SURGERY WITHIN 5 YEARS OF RA DIAGNOSIS:

STRATIFIED BY YEAR OF DIAGNOSIS (APR-MAR)

TABLE 4.2: THR TIME-SERIES: 5-YEAR INCIDENCE RATE

No. RA No. with Person- ﬁ% Standardised 5- 5-year cumulative 5-year cumulative
timepoint year diagnoses subsequent THR  years of im year cumulative incidence of THR incidence of THR
dlagnoses (5-year) follow-up T incidence of THR  lower 95% C.I. upper 95% C.I.
1 1995 314 6 1,419 4.23 4.49 0.85 8.13
2 1995 287 6 1,319 4.55 4.70 0.90 8.51
3 1996 331 9 1,487 6.05 5.71 1.96 9.46
4 1996 330 11 1,472 7.47 7.21 2.94 11.48
5 1997 355 11 1,582 6.95 6.76 2.76 10.76
6 1997 455 13 2,023 6.43 6.53 2.99 10.07
7 1998 374 10 1,676 5.97 5.22 1.93 8.51
8 1998 398 9 1,754 5.13 5.17 1.78 8.56
9 1999 418 8 1,831 4.37 4.45 1.37 7.53
10 1999 551 10 2,430 4.12 3.99 1.50 6.48
11 2000 498 14 2,151 6.51 6.42 3.04 9.80
12 2000 662 19 2,898 6.56 6.72 3.70 9.74
13 2001 711 15 3,133 4.79 4.64 2.29 6.99
14 2001 780 23 3,411 6.74 6.75 4.00 9.50
15 2002 750 25 3,373 7.41 7.47 4.55 10.39
16 2002 774 13 3,426 3.80 3.78 1.73 5.83
17 2003 753 31 3,324 9.33 9.28 6.01 12.54
18 2003 823 41 3,629 11.30 11.60 8.08 15.12
19 2004 798 25 3,460 7.23 7.03 4.28 9.78
20 2004 836 18 3,626 4.96 4.86 2.61 7.10
21 2005 784 20 3,477 5.75 5.66 3.18 8.13
22 2005 694 23 3,033 7.58 7.67 4.55 10.80
23 2006 772 14 3,371 4.15 4.00 1.90 6.09
24 2006 660 23 2,817 8.17 8.28 491 11.64
25 2007 720 19 3,177 5.98 6.41 3.53 9.28
26 2007 649 21 2,756 7.62 7.67 4.40 10.93
27 2008 670 15 2,828 5.30 5.69 2.77 8.61
28 2008 697 6 3,052 1.97 1.94 0.37 3.51
29 2009 661 7 2,823 2.48 2.38 0.61 4.15
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TABLE 4.3: TKR TIME-SERIES: 5-YEAR INCIDENCE RATE OUTCOME

No. with Crude 5-year Standardised 5- Standardised 5- Standardised 5-
Person- X year . .
timepoint year .No. RA subsequent cars of 'cufn ulative cumulative .ye?r cumulative 'yee'zr cumulative
Hmepont diagnoses TKR (5- Jears oL incidence of — ... Incidence of TKR incidence of TKR
follow-up incidence of

year) TKR 7TKR lower 95% C.I.  upper 95% C.I.
1 1995 314 1,407 6.40 6.82 2.33 11.30
2 1995 287 5 1,323 3.78 4.97 0.62 9.33
3 1996 331 12 1,488 8.07 8.05 3.48 12.63
4 1996 330 6 1,482 4.05 4.26 0.84 7.69
5 1997 355 15 1,595 9.40 9.48 4.67 14.29
6 1997 455 19 2,010 9.45 9.92 5.48 14.35
7 1998 374 10 1,668 6.00 5.25 1.96 8.54
8 1998 398 13 1,759 7.39 7.61 3.48 11.74
9 1999 418 20 1,819 11.00 10.97 6.19 15.75
10 1999 551 24 2,395 10.02 10.28 6.14 14.43
11 2000 498 20 2,151 9.30 9.06 5.10 13.03
12 2000 662 21 2,892 7.26 7.76 4.46 11.06
13 2001 711 38 3,091 12.29 12.12 8.28 15.96
14 2001 780 30 3,414 8.79 8.95 5.76 12.13
15 2002 750 25 3,382 7.39 7.30 4.44 10.16
16 2002 774 29 3,409 8.51 8.66 5.49 11.83
17 2003 753 31 3,326 9.32 8.88 5.75 12.00
18 2003 823 47 3,609 13.02 13.18 9.44 16.92
19 2004 798 23 3,458 6.65 6.37 3.77 8.96
20 2004 836 36 3,596 10.01 9.72 6.55 12.89
21 2005 784 44 3,435 12.81 12.46 8.80 16.11
22 2005 694 24 3,022 7.94 7.99 4.81 11.17
23 2006 772 26 3,359 7.74 7.57 4.66 10.47
24 2006 660 18 2,817 6.39 6.33 341 9.25
25 2007 720 28 3,164 8.85 9.03 5.69 12.37
26 2007 649 22 2,754 7.99 7.89 4.60 11.19
27 2008 670 15 2,831 5.30 5.07 2.49 7.64
28 2008 697 22 3,016 7.29 6.98 4.03 9.92
29 2009 661 18 2,808 6.41 6.46 3.47 9.46

Time-series diagnostics

THR and TKR time-series rates are presented in tables 4.2 & 4.3. Four assumptions of the
linear regression model were checked: linearity of relationship, normality of residuals,
homoskedasticity and no auto-correlation. Time-series plots and plots of residual versus
fitted values (appendix figure 4.2) indicated both THR and TKR time-series followed a
linear relationship. QQ and kernel density plots of regression residuals indicated
residuals were approximately normally distributed, although this distribution was
‘flatter’ than expected (appendix figure 4.2). The Breusch-Pagan / Cook-Weisberg test

supported the null hypothesis of constant variance (p=0.38 and p=0.26 For THR and TKR
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time-series, respectively). Durban-Watson statistics were 1.69 and 2.75 for THR and TKR
time-series, respectively. These were both over the lower (1.24) and upper (1.56) bounds
of the critical value for significance as per Durbin-Watson significance tables (178),

indicating (at the 5% level) that no significant first-order auto-correlation was present.

THR time-series

Age and sex standardised 5-year incidence of THR at the start of the study period was
5.63/1,000 PYs [95% ClI: 4.74 to 6.54], which remained unchanged during the pre-TNFi
period (Apr 1995 — Mar 2002) (table 4.4; figure 4.3A). Immediately following the
intervention lag period there was a level increase in the incidence rate by 3.97/1,000 PYs
[95% CI: 1.79 to 6.14] but a subsequent downward trend of -0.47/1,000 PYs [95% ClI: -
0.71 to 0.22] per 6 months for the remainder of the post-NICE TA36 time period. Based
on these coefficients, the estimated incidence of THR at the mid-point of the post-NICE
TA36 time period was 6.57/1,000 PYs (table 4.5). The incidence at the same time point
estimated solely by extrapolating the pre-NICE TA36 level and trend was 5.63/1,000 PYs,
therefore translating to no significant average change in rates (0.95/1,000 PYs [95% Cl: -
2.66 to 4.56]). Results were unchanged in full models containing all time-series terms

(i.e. including estimation of a pre-intervention trend coefficient [appendix table 4.3]).
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FIGURE 4.3: AGE AND SEX STANDARDISED INCIDENCE RATES OF JOINT REPLACEMENT WITHIN 5 YEARS OF RA

DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) WITH 1-YEAR LAG POST-NICE TA 36: (A) THR AND (B)

TKR
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TABLE 4.4: TEMPORAL TRENDS IN 5-YEAR THR AND TKR INCIDENCE RATES AMONG INCIDENT RHEUMATOID

ARTHRITIS PATIENTS DIAGNOSED FROM 1995 TO 2009 (PER 1,000 PERSON-YEARS)

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value

Total Hip Replacement

Intercept 5.63 4.73 6.52 <0.001
Trend ' - - - -

Level change after NICE TA 36 3.97 1.79 6.14 0.001
Trend change after NICE TA 36 -0.47 -0.71 -0.22 0.001

Total Knee Replacement

Apr-Oct 1995 Incidence Rate 5.89 3.83 7.94 <0.001
Trend* 0.31 0.11 0.51 0.004
Level change after NICE TA 36 - - - -
Trend change after NICE TA 36 -0.68 -1.08 -0.28 0.002
-=P20.2

! per 6 months

TABLE 4.5: ESTIMATED IMPACT OF NICE TA36 IN TERMS OF INCIDENCE RATES (PER 1,000 PERSON YEARS) OF

THR AND TKR
POSt__’\”CE TA 36 midpoint Absolute Difference*
estimate (June 2006)
Without With .
. K . i estimate  lower 95% Cl upper 95% Cl
intervention  intervention
THR
5.63 6.57 0.95 -2.66 4.56
TKR
12.92 8.51 -4.41 -6.88 -1.94

* calculated by comparing estimated values for June 2006 (midpoint of post-intervention period) to counterfactual
values for the same timepoint (i.e. those estimated/expected for June 2006 but extrapolated from the pre-intervention
level and trend). Estimated from parsimonious models specified using backward-stepwise selection (p-entry 0.049 and
p-exit 0.20).

TKR time-series

The incidence of TKR was 5.89/1,000 PYs [95% Cl: 3.83 to 7.94] at the start of the study
period, which increased by 0.31/1,000 PYs [95% Cl: 3.83 to 7.94] per 6 months during
the pre-intervention period (table 4.4; figure 4.3B). Immediately following the 1-year lag
period there was a significant downward change in the prior upward trend by -
0.68/1,000 PYs [95% Cl: -1.08 to -0.28] per 6 months. Based on these coefficients the

modeled incidence for the midpoint of the post-intervention period was 8.51/1,000 PYs,
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which was significantly 4.41/1,000 PYs [95% C.I. 6.88 to 1.98] lower compared to that
estimated, had pre-intervention trends continued uninterrupted (table 4.5). This
equated to an approximate relative 34% reduction. Results were unchanged in full
models containing all time-series terms (i.e. including estimation of a post-intervention

step-change coefficient [appendix table 4.3]).

Sensitivity analysis

In sensitivity analyses using a 2-year lag, THR rates remained flat during the study period
while results for TKR remained unchanged from the main analysis (table 4.6, figure 4.4).
Conversely, Joinpoint analysis identified significant inflexions in upward trends in the
incidence of both THR and TKR, at the time points spanning Oct 2005 — Mar 2006

(p=0.034) and Apr 2001 — Sep 2001 (p=0.036), respectively (figure 4.5).

TABLE 4.6: TEMPORAL TRENDS IN 5-YEAR INCIDENCE RATES OF THR AND TKR AMONG 17,505 INCIDENT
RHEUMATOID ARTHRITIS PATIENTS DIAGNOSED FROM 1995 TO 2009 (PER 1,000 PERSON-YEARS): SENSITIVITY

ANALYSIS USING 2-YEAR LAG

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value

Total Hip Replacement

Intercept 5.62 4.96 6.27 <0.001
Trend ! - - - -
Level change after NICE TA 36 - - - -
Trend change after NICE TA 36 - - - -

Total Knee Replacement

Apr-Oct 1995 Incidence Rate 6.43 4.44 8.41 <0.001
Trend ! 0.22 0.03 0.41 0.024
Level change after NICE TA 36 - - - -
Trend change after NICE TA 36 -0.63 -1.09 -0.16 0.011
-=P20.2

! per 6 months
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Joinpoint analysis on THR time-series
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DISCUSSION

Summary of main findings

This chapter reports on the population-level impact of national guidance for biologics on

THR and TKR rates in a large sample of newly diagnosed RA patients in England and
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Wales. The results indicate that the introduction of TNFi therapies for the management
of early RA was associated with a significant reduction in 5-year incidence rates of TKR
but not THR. Specifically, whilst TKR incidence was increasing prior to TNFi approval, this
upward trend was reversed following the start of the biologic era, yielding a relative 34%
average reduction in the biologic era compared to counterfactual rates. The relationship
between THR incidence and TNFi approval was less clear, with no significant average

change in post-NICE TA 36 modelled rates compared to counterfactual values.

Findings in context and possible explanations of effect

The potential impact of TNFi therapy on need for joint replacement is mentioned in the
NICE TA 36 document, and inferred in the BSR guidelines upon which the NICE guidance
was based (69), although it is stated no such data was available. NICE technological
appraisals involve a very robust and thorough review of existing literature, and the
evidence-base summarised in TA36 indicates the plausibility of a relationship between
TNFi and reduced need for joint replacement. For example, results from a high quality
RCT were summarised, in which 31% of patients on methotrexate alone experienced
progression of structural damage at 54 weeks, whilst this was only 8% for patients on
methotrexate plus infliximab (70). Indeed, the clinical effectiveness of both etanercept
and infliximab in terms of reduced erosive damage as compared to methotrexate
monotherapy has been clearly demonstrated in the RCT setting (68, 183, 184). Given this
context, one major explanation for the lower rates of TKR here observed within the
biologic era is the population-level phenomenon of TNFi induced arrest of progression

(of joint destruction) amongst severe RA patients. Although data on joint destruction was
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not available in the routinely collected health data as used here, supportive of this
explanation is the recent report of significantly lower levels of disease activity in RA

patients diagnosed in the biologic era as opposed to pre-biologic (185).

The overall incidence of THR was lower than TKR, which is suggestive that there may be
less RA involvement at the hip (186) and which may partly explain why TNFi approval
was found to be associated with a reduction in TKR incidence but not THR. Previous
estimates of hip joint synovitis in early RA range between approximately 20-40% (187,
188) which is considerably lower than the 60% estimated for the knee (189). Also worth
mentioning is that while the knee joint featured in the 1987 ACR diagnostic criteria and
Disease Activity Score 28 (which itself has been shown to be a reliable indicator of
disease activity (190)), the hip joint did not (4, 191). Were this to be the case (i.e. greater
RA involvement at the knee over hip), then the lack of reduction in THR may be more a
feature of secondary osteoarthritis and/or that a reduction in hip destruction may

require a longer follow-up period that 5-years.

The decrease found in TKR rates is consistent with data from the UK NJR which indicate
the percentage of knee replacements for which RA was an indication fell from 3% to 2%
(2004 to 2010) (95, 192) and down to 1% by 2012 (39). The data also complements and
builds on a prior study from the Republic of Ireland where the overall number of THR
and TKR surgeries was found to increase dramatically from 1995 to 2010, whilst the
number of those amongst those with a diagnosis of RA significantly decreased for TKR

but remained stable for THR (94). On the other hand, Nikiphorou et al. have previously
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reported on the 5-year and 10-year cumulative incidence of joint surgeries within two
UK RA inception cohorts, where rates of major joint surgery stayed approximately stable
across 1986 — 2011 (97). One reason that the authors offer for this observation, despite
a significant decline in small joint surgeries is that routine clinical assessment/imaging of
patient’s larger joints is less frequently performed. This could potentially give rise to
undetected progression of joint destruction in larger joints of some patients who remain
untreated given controlled disease as assessed within their smaller joints. Although an
interesting hypothesis, this explanation relies upon a degree of independence between
disease control at large and small joints which is a subject that remains to be formally
investigated. Comparison to the present analysis is limited as this prior study was not
large enough to stratify by joint location, so their major outcome was a composite of
joint replacements at the hip, knee, shoulder and elbow, in addition to cervical spine

fusion and some other major surgical procedures (97).

Arthroplasty trends similar to those found here have been reported for other European
countries. Nystad et al. have previously found that the incidence of RA-related joint
replacement amongst the general population in Norway declined from 1994 to 2012
(p<0.001) despite the incidence of joint replacements for OA dramatically increasing over
the same time period (p<0.001) (135). Their data indicated hip and knee replacements
for RA declined in a very similar fashion to each other, but given the study design used
there, those trends are likely to partially be reflective of changes in the incidence of the
disease itself (RA versus OA) over and above any specific changes in the incidence within

RA. Similar data have emerged from Finland which show the proportion of all hip and
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knee replacements that were carried out for RA in 2010 was less than half that carried
outin 1995, along with a strong decline in incidence of RA-related hip/knee replacement
per 100,000 of the general population (p<0.001) (91). Interestingly, Hekmat et al. report
that a decline in the incidence of hip replacement amongst RA patients followed TNFi
introduction in Sweden, but that knee replacement remained unchanged (102). The
findings from the current analysis are therefore not altogether consistent with these
data from Sweden, although it must be noted that a limitation of their analysis was that
it simply compared pre- versus post-2002 average rates of joint replacement (rather than
controlling for secular trend). Incidence of total joint replacements amongst RA patients
in a recent Spanish study also failed to identify a significant reduction in 5-year rates

among RA patients diagnosed between 1994 — 2009 (101).

In terms of comparing the present data trends to those previously reported for the US,
one prior US study found significant reductions following the introduction of biologics in
terms of the number of both TKR and THR patients who had RA as the primary diagnosis
at surgery, whilst the numbers of TKR and THR for other reasons profoundly increased
(134). Conversely, a different US study using the US National Inpatient Sample found the
prevalence (%) of RA amongst all THR and TKR procedures to remain stable from 2002-
2012 (38). However, it would seem no investigators have reported on the incidence of

joint replacement actually within/among incident RA cases.
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Limitations

The lack of access to a comparator time-series of THR and TKR rates for the general
population is a key limitation to the present study. As such, real caution is required in
interpreting the findings. For example, the approximately stable incidence of THR could
be interpreted as a favourable outcome were THR incidence in the general population to
have undergone a significant concurrent increase. On the other hand, it may be that TKR
rates in the general population also decreased over latter years which would weaken the
case for a causal inference between declining TKR rates in RA patients and uptake of
biologics. Related to this point is that while the outcome (THR/TKR) was validated to HES
data (as described in chapter 3), the underlying reason for surgery was not available and
therefore the inclusion of at least some surgeries for secondary osteoarthritis is
probable. Although these are genuine limitations, it is reassuring that previous NJR data
for the general population do indicate an overall year-on-year increase in the frequencies
of both THR and TKR procedures carried out from 2003-2012 (193). This highlights the
importance of a decline in TKR as observed here among RA patients, and indicates that
any bias in the inclusion of THR/TKR procedures for OA may have biased trends towards

showing an increase in THR/TKR rates over the time course (but not a decrease).

Furthermore, other factors such as prescription rates of csDMARDs having markedly
increased within RA patients may have contributed to a reduced need for joint
replacement over the study period (106). This is indeed one of the most likely sources of
residual confounding in the present analysis. Early diagnosis and treatment of RA was

the dedicated subject of BSR guidance in 2006 (44), and ‘treat-to-target’
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recommendations were widely endorsed in 2010 (78). The impact of csDMARDs is
especially difficult to disentangle owing to the fact that clinicians following NICE TA36
were constrained to prescribe two 6-month-long regimens of csDMARDs prior to
initiating a TNFi. It’s likely therefore that NICE TA36 guidance gave rise to a tendency to
initiate csDMARDs earlier and possibly at a larger/more sustained dose in order to speed
up eligibility for TNFi. Conversely, a prior UK study investigating prescribing trends of
methotrexate in early RA over recent decades provides little support for increased
prescribing of csDMARDs in 2002, although possibly suggests rates of methotrexate were
temporarily elevated (194). However, this prior study does clearly show a marked
increase in such prescribing from 2006 onwards (associated with BSR guidance on early
treatment (44)), suggesting the latter years of the time-series of the present analysis are
likely to be confounded to a degree by this increased intensity of csDMARD prescribing.
The introduction of other biologics other than TNFi throughout the biologic era may also

have been influential.

There are other factors that may have introduced something of an ecologic fallacy here,
i.e. speculatively attributing population level associations to the person-level (195). This
is underlined by considering the possibility that the patients in whom the reduction in
TKR occurred may not have been patients who initiated biologics. For example, other
than increasing csDMARD prescribing, improvement in non-therapeutic aspects of RA
management may likewise have played a role (196), as may have a gradually declining
disease severity or smoking prevalence although these too are likely insufficient to

explain the relatively sudden inflexion observed in the TKR trend following NICE
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recommendations. The standardisation of the time-series by age and sex controls for
changes in these two factors, although some residual confounding may remain owing to
the extent of granularity in categorisation used in the standardisation (i.e. tertiles of age)
which was limited by the study sample size. Similarly, trends may have been affected by
a push by the government to reduce waiting times, for example by the expansion of NHS
capacity through independent sector treatment centres/supplementary contracts with
private providers to do orthopaedics. All these possible sources of confounding arise
from one of the assumptions of the ITS method, being that confounding events do not
occur around the same time as the ‘intervention’ under investigation. To properly
resolve these issues, further studies are needed. One insightful avenue would be to
replicate this same analysis in different countries with different health-care settings to
confirm and/or further elucidate the population-level impact of biologics on THR and TKR
rates. Additionally, a patient-level analysis comparing TNFi users versus non-users, whilst
controlling for all important confounding factors such as mentioned above would be an
equally logical next step, particularly in order to disentangle the effects of co-medication.

These additional research avenues will be the subject of chapters 5 and 7.

An alternative explanation for the decline in TKR rates as observed here could be that
the mere availability of biologics may have given rise to a greater tendency among
rheumatologists to delay referral for joint replacement given an increased optimism over
pharmacotherapy. Similarly, the availability of more treatments of greater perceived
efficacy may have encouraged clinicians to diagnose RA earlier due to greater hope of

successful management. Although the available data do not permit a thorough
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exploration of these hypotheses, earlier diagnoses of RA is not supported by the
observation that average comorbidity index worsened over the study period and that
there was no dramatic increase in incident RA diagnoses associated with the start of the

biologic era at the turn of the millennium (table 4.1).

Related to this point is that the biologics here investigated are not administered or
captured in the primary care setting and so could not be included in analyses. Although
a 1-year lag (and 2-year lag in sensitivity analyses) was used to account for a delay, it may
be that uptake was much slower or of varying intensity, for example according to region.
It’s reassuring to note however that by 2005 approximately 8,500 RA patients had been
recruited to the British Society for Rheumatology Biologics Register (BSRBR-RA) due to
being administered TNFi, according to one report (71). Given the authoritative and
widespread reach of NICE, a population-level increase in the use of etanercept and
infliximab (in line with the recommendations) would indeed be expected (197, 198)

despite any local regional variation in speed of uptake.

The use of Joinpoint regression indicated a downward inflexion in the TKR time-series
was best-placed 12-6 months prior to the publication of NICE TA 36 (figure 4.5B). This
may suggest some role for the 2001 BSR guidelines (upon which NICE TA 36 was based),
although it is difficult to determine this with much confidence given the close temporal
proximity and the limited data to allow much greater granularity. The significant trend
change in THR rates which the Joinpoint analysis identified was not consistent with the

main analysis and this is more likely the product of Joinpoint only identifying trend
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changes (rather than trend and/or step changes) and was driven by the particularly low
values for the last two time points of the time-series (figure 4.5A). This reveals a need
for further investigation of these methods, particularly the sensitivity to the number of
time points in pre- vs. post- intervention periods and the number of outcome events
occurring per time point. It maybe that more timepoints (e.g. quarterly or monthly data)
or rather less timepoint (e.g. annual data), instead of the bi-annual timepoints may have
been more appropriate in terms of power and bias. This precise issue will be the

dedicated subject of chapter 6.

Another important caveat is that all these findings pertain to the context of joint
replacements within the first 5 years after RA diagnosis. It is therefore probable that any
true impact of TNFi therapy maybe underestimated here due to not considering longer-
term outcomes. The fixed 5-year time window across the study period was primarily used
to prevent THR and TKR rates over time being influenced by underlying variation in the
length of follow-up available (i.e. the bias of patients at the beginning of the study period
systematically having longer enrolment in the database). Despite this being so, the use
of 5-years is still suitable given that this was approximately the median length of follow-
up and that prior data show rates of joint replacement in the first 5-years after RA
diagnosis is far from negligible (approximately 5% at 5-years amongst those with highest

disease activity (34)).
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Strengths

Notwithstanding these various limitations, the study has several strengths. Not least of
which is the large sample of RA patients identified from a data source generalizable to
the UK population in terms of age, sex and ethnicity (123). Rather than describing
temporal trends of RA as an indicator for THR/TKR surgery, the approach of using RA
patients as the denominator as used here is much more preferable because this accounts
for underlying changes in the incidence of RA over time. As described in the introduction,
the ITS method is another strength as this quasi-experimental method controls for
secular trends in the outcome prior to the intervention (170, 171). The importance of
this approach is made clear by considering that a conventional before-after impact
analysis would have here yielded no significant difference as there are two almost equal
but opposite trends in existence (Figure 2b). That is, pooling rates before biologics and
simply comparing them to pooled rates after their introduction would have masked the

inflexion.

The use of incidence rates as the repeated measure over time accounts for any changes
in rates of mortality or loss-to-follow-up during the study period, which would not have
been accounted for had these measures been 5-year cumulative incidence rates (as
initially used, although with little difference in results (199) [appendix table 4.14]). As
reported in chapter 3, the linkage to HES allowed for an internal validation of CPRD
coding of THR and TKR, with the basic five and ten-year cumulative incidence of a
combined THR/TKR outcome being very similar to reports from previous UK early RA

inception cohorts, at approximately 7% and 11%, respectively.
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Conclusions

This chapter reports that approval of TNFi therapies in England and Wales was
temporally associated with a significant and clinically meaningful decline in TKR
incidence among early RA patients. Specifically, that an estimated 34% relative reduction
in rates were observed in 5-year incidence rates compared to what would have been
expected had biologics not been introduced. However, there was no significant overall
change observed in 5-year THR incidence rates. The use of the ITS method as used here
amongst an incident cohort of RA patients has allowed for an explicit estimation of the
impact of the introduction of TNFi whilst addressing confounding by secular trend, which
has previously not been done in the literature. The lack of a control time-series (not
exposed to biologics) in a key limitation, as is the possibility of confounding by
earlier/more intense usage of csDMARDs. Further research as reported in chapters 5 and

7 will seek to address these issues.
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5. POPULATION-LEVEL IMPACT OF THE INTRODUCTION OF BIOLOGICS

ON SUBSEQUENT RATES OF THR AND TKR WITHIN DENMARK AND

ONTARIO, CANADA

INTRODUCTION

The previous chapter reported on the population-level analysis of temporal trends of
THR and TKR incidence for RA patients within England and Wales. The aim of the analysis
was to estimate the impact of the introduction and approval of TNFi on subsequent rates
of joint replacement. The main findings were that rates of TKR declined following the
introduction of TNFi in 2002, but no difference was observed in rates of THR. One of the
strengths of the analysis was the method used. ITS is a strong quasi-experimental
approach for the evaluation of population-level interventions, which controls for prior
level and trend and allows the sampling unit to act as its own control in a before-after

design.

However, not all ITS analyses are equally robust. There is a gradient in terms of the
strength of evidence produced and the degree of support provided for causal inference
(119, 170). For example, it is possible to investigate a single time-series of a repeated

measure of an exposure/outcome as was performed in the previous chapter. Whilst this



is still a stronger approach than a mere comparison of outcome means before vs. after
an intervention (which does not account for changing trends), one of the limitations of
such an analysis is that other confounding events occurring at the same time as the
‘intervention’ cannot be ruled out as influencing the changes in outcome observed. An
ecological fallacy is a possibility. In the case of the reduced rates of TKR in the biologic
era as reported in the previous chapter, it may be that the decrease was a function of
more general secular changes to rates of joint replacement for the entire UK population
(not just RA patients), for example possibly due to changes in NHS budgetary constraints.
One way to strengthen the level of evidence would be to repeat the analysis in a different
health care setting outside the UK to determine whether introduction of TNFi therapy in
other countries had a similar effect. Although not totally negating the threat to validity
by confounding events, it would be reassuring if similar estimates of the population-level

impact of TNFi were found in validation cohorts outside the UK.

Furthermore, the ITS method can be substantially strengthened with the use of a
negative control population, i.e. repeatedly estimating the outcome measure over time
- before and after the intervention — amongst a similar study cohort that was by
definition not eligible for exposure to the ‘intervention’ (171). This provides a means of
assessing whether any effect of the intervention in the primary study cohort was absent
in the cohort that should be unaffected by the intervention. This builds on the difference-
in-differences study design, most often employed in the social sciences, which evaluates
whether the difference in means between a treated and control group is itself different

post-treatment as compared to pre-treatment (119, 200-202), thus estimating an
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average treatment effect on the treated (ATT). This simple pre-post study design was
used in the foundational epidemiological investigations of John Snow who sought to
estimate the impact of pump handle removal on the transmittance of cholera in 1855
(202). However, the simple pre-post comparison of the difference in outcome between
exposure groups may still be confounded by secular trends quite apart from the
treatment effect when relatively long time periods are used to assess pre- and post-
intervention levels. The use of repeated measures pre- and post-intervention therefore
combines the strengths of both the ITS and simple difference-in-differences designs,
resulting in what is referred to variously as a controlled ITS (200, 201, 203), an ITS with a

non-equivalent no treatment control group (119) or a multiple group time-series (204).

An interesting previous example of how this method has been applied is a study of the
impact of direct-to-consumer television advertising of medications in Canada (205). To
estimate the impact of television advertising campaigns for etanercept, mometason and
tegaserod, the study authors evaluated the impact on trends of prescription rates
following the advertising campaigns for these medications within English speaking
provinces versus a predominantly French speaking province. All the direct-to-consumer
advertising of interest was performed in English on English television and therefore
would have little coverage in French speaking provinces. The authors observed a
significant increase in sales for some medications following direct-to-consumer
advertising in the English-speaking provinces, but not in the French speaking province.
While such a negative control time-series would have aided in interpreting the data in

chapter 4, for example looking at outcome trends in matched non-RA patients, no
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suitable alternative population within the UK was accessible in the available data for this

DPhil project.

The analyses reported in the present chapter therefore focuses on strengthening the
evidence as provided in chapter 4 through: (i) repeating the same analyses using two
different datasets from health-care settings from elsewhere in the world and (ii) making
use of negative control time-series within these validation cohorts. The aim of the
analyses was to estimate the population-level impact of TNFi on the incidence of THR
and TKR in RA for the two populations to which these external datasets pertain, whilst

controlling for secular trends and levels of outcome for both RA and non-RA patients.

METHODS

Successful application was made to gain access to two external datasets of incident RA
patients covering the entirety of Denmark and for the region of Ontario, Canada. These
datasets are described in chapter 2, in addition to details of collaborator contributions
in pre-analytical data acquisition and processing. For sake of clarity, the methods are

here described separately for the two validation datasets.
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DENMARK

Data sources

Danish data were obtained from two sources: the Danish National Patient Register
(DNPR) (127) and the Civil Registration System (CRS) (128). Register linkage between the
two had previously been made and an extract was obtained for the period 01/01/1996
to 31/05/2016. Over this period the DNPR collected all hospital visits to Danish hospitals
and private clinics, with discharge diagnoses recorded using ICD-10 codes and surgeries
recorded using Nordic Medico-Statistical Committee (NOMESCO) codes. The CRS

contained data on mortality and migrations out of the country for all residents.

Study participants

Two person-level cohorts were extracted. The first consisted of all incident RA cases as
identified according to the first ICD10 code for RA (M05-06) within the DNPR. ICD10
coding has previously been shown to have a high validity within the DNPR (206). DNPR
contains inpatient data from 1977 which enabled prevalent RA cases (i.e. those with an
RA code prior to the study period) to be identified and discounted. A second cohort was
assembled consisting of general population controls, matched at date of RA diagnosis on
age (year of birth), sex and geographic area. Ten general population controls were
matched to each incident RA patient, unless ten could not be identified in which case up
to ten were selected. Individuals within either cohort who were <18 years of age were

excluded, as were those with a prior THR (for the THR analysis) or TKR (for the TKR
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analysis). Exclusions were performed after matching and replacement of exclusions was

not carried out.

Intervention

A similar date for the introduction of TNFi was considered as per the UK analysis in
chapter 4. The start of 2002 was defined as the beginning of this introduction, with a
subsequent 1-year lag period to allow for the changes in TNFi prescribing to become
widespread. Reasons to support this choice were that the first Danish Institute for
Regional Pharmacotherapy was published in November 2002 (207), but that prior
assessment of reports by DANBIO (the Danish registry for biologic therapies) showed
negligible use of TNFi prior to 2002 but that a significant increase in prescribing began

throughout this year (208).

Outcome
Primary THR and TKR as recorded in DNPR (NOMESCO codes: THR, KNFB, TKR and KNGB)
were identified within 5-years of index date (i.e. diagnosis date for RA patients and

imputed matched date for controls).

Statistical analysis

As per analysis of UK data, an aggregated time-series of 5-year age and sex standardised
incidence rates of THR and TKR was derived consisting of repeated measures among

newly diagnosed/matched individuals within each six months of the study period. The
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person-year denominator for each of these 5-year incidence rates was calculated by
following up individuals from their index date until the first date of either THR/TKR
(analysed separately), death, emigration or end of 5 years of follow-up. The last 5-years
of the time-series, i.e. from 01/05/2011 onwards, were discounted to allow composition
of follow-up and comparability of rates throughout the study period. This yielded a total

of 12 pre-intervention timepoints and 17 post-intervention timepoints.

Segmented linear regression was then carried out to estimate change in level and/or
trend following the defined introduction of TNFi in 2002. This was performed separately
for the RA and non-RA cohorts. Backward stepwise selection was used as in chapter 4 to
specify the most parsimonious model given that unnecessary terms in the model can
reduce statistical power. The final regression coefficients were also used to estimate the
difference between the observed average post-intervention fitted values and those

expected had pre-intervention trends continued post-intervention, uninterrupted.

Given the availability of both RA and non-RA cohorts, the first of which was exposed to
some degree to biologics and the second unexposed, a difference-in-differences style
controlled ITS analysis was also performed (119, 205) to estimate any impact on the RA
cohort over and above the non-RA group. This analysis consisted of calculating the
difference in outcome between the two exposure cohorts at each timepoint, then
conducting a segmented linear regression on these differences as per the individual
time-series analysis. Here the null hypothesis was that the introduction of biologics had

no impact on these differences, i.e. no difference in the differences.
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Given that all work described should be assumed to have been carried out by myself
unless otherwise stated (as described in the acknowledgment section), it should be
noted that interrupted time-series analysis of the Danish data was initially carried out in
Oxford under my supervision by a visiting student from Denmark (Dr René Cordtz).
However, | subsequently repeated the analyses to generate all graphs and tables here
included, and additionally carried out the difference-in-differences time-series

approach.

ONTARIO, CANADA

Data sources

These are described in more detail in chapter 2. The Ontario Rheumatoid Arthritis
administrative Database (ORAD) is an administrative database covering an approximate
general population of 14 million people (as of 2014) and is designed to contain
information on all RA patients in Ontario, Canada (129). The OHIP Registered Persons
Database was also used to identify non-RA controls for matching purposes. This is a
collection of demographic data (including vital status, age, sex and place of residence)
on all individuals living in Ontario who are eligible for OHIP coverage. ORAD is also linked
to the Ontario Drug Benefit Program (ODBP) database and this linkage was used to
identify pharmacy claims on all individuals included in the study who were >65 years old

(132).
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Study participants

All individuals registered into ORAD as an incident RA patient were initially eligible for
inclusion. The final RA cohort used for creating the subsequent time-series was then
defined as follows. Only RA patients aged 18 years or older were selected for inclusion,
with the first diagnosis date between 1% April 1996 and 31 March 2015 considered their
index date. Patients with less than 1-year enrolment to OHIP prior to index-date were
excluded to ensure at least a period of 12 months to determine prevalent cases.
Furthermore, patients with any non-inflammatory arthritis diagnoses in the 3 years
preceding the index date were also excluded to reduce the bias of including misclassified
RA which may actually be a different inflammatory condition. Patients with a history of
hip or knee replacement in the previous 5 years were also excluded as these patients are
either not able to experience the outcome of interest or have a significantly reduced risk
of experiencing it. The 5-year lookback was used to increase consistency in this condition,
given that otherwise there would be varying degrees of ‘look back’, particularly for

patients of different ages and time period of RA diagnosis.

To each of the ORAD RA patients included, 5 non-RA individuals living in Ontario (and
eligible for OHIP) were matched using the OHIP registered persons database. Exclusion
criteria as applied to the RA cohort was applied to the OHIP database prior to matching,
so that each RA patient was matched to exactly 5 controls. The matching criteria included

sex, date of birth (+/- 90 days) and geographic region of residence within Ontario. The
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same index date for each RA patient was imputed into their controls. Change in RA status
(i.e. controls becoming RA cases) was handled by allowing these patients to switch to the
newly diagnosed RA cohort and then be matched accordingly (unless fulfilling one of the
exclusion criteria in which case the individual was merely censored at date of RA

diagnosis).

Intervention

The time period April 2001 — March 2002 was decided upon as a 1-year intervention
period to account for the introduction of biologics into routine clinical practice in treating
RA in Ontario. This was discussed with Prof. Gillian Hawker who is a local academic
rheumatologist and the reasons for this timepoint were that it incorporates the ACR
guidelines for using biologics, published in February 2002 (42), but accounts for the fact
that etanercept was nationally approved in December 2000 and infliximab in June 2001
(209), and that previously published data shows the prescribing of biologics had already
begun to increase in 2001 which has previously been considered as when biologics were
introduced into Ontario (132). Using the 1-year ‘phase in’ period also accounts for the
fact that similar to NICE guidelines, treatment in Canada is restricted to individuals with
severe RA who had already failed to adequately respond to csDMARD therapy, although
in Canada this only has to be for at least 3 months (210) (rather than 6 months in the

UK).
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Outcome

The study outcome (for both RA patients and matched controls) was first occurrence of
either (i) THR or (ii) TKR (analysed separately) during the first 5-years of follow-up from
index date. These were identified using the following Canadian Classification of

Intervention (CCl) codes as included in appendix file 4.

Given readily available linkage to pharmacy data in the senior population, i.e. those 66
years or older (previously shown to make up approximately 40% of RA patients (129)),
two secondary outcomes were examined: incidence of csDMARD (during the first year
of follow-up from index date) and incidence of biologics (during the first 5-years of
follow-up from index date). As a sensitivity analysis, the 1-year cumulative incidence of
csDMARDs and 5-year cumulative incidence of biologics was modelled as most patients
start methotrexate relatively early and therefore incidence rates over short follow-up

periods maybe difficult to interpret.

Statistical analysis

As described above (and in chapter 4), incident rates for all outcomes were estimated
per each 6 months of the study period — separately for patients in the RA cohort and
those in the non-RA matched control cohort. A parsimonious segmented linear
regression model fitted to the data, separately for the RA and non-RA cohorts. The final
regression coefficients were used to estimate the difference between the observed
average post-intervention fitted values and those expected had pre-intervention trends

continued post-intervention, uninterrupted. In order to model any differential changes
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in rates, following the introduction of biologics, between the RA and non-RA cohorts, a
difference-in-differences style approach was also performed. Here, the absolute
difference in outcome (incidence in RA cohort - incidence in non-RA cohort) was first
calculated for each timepoint, and then a segmented linear regression used to model the
impact of the intervention period on these differences, the null hypothesis being that
there would be no change in level or trend following the introduction of biologics (i.e. no

differential impact among the RA patients).

COMBINED POPULATION-LEVEL FOREST PLOT

The estimates of absolute risk difference at the midpoint of the post-intervention period
were graphed for the RA cohorts in Denmark, Ontario and England & Wales (chapter 4).
This was based on estimates from the parsimonious final models, after removal of non-
significant time-series terms (as described above), as this is recommended to maximise
power to detect ‘true’ intervention effects (171). However, full models were used in
cases where all time-series terms had been removed due to non-significance. Although
estimates derived from full models had larger confidence intervals due to forced entry
of all time-series terms, incorporating them in the forest plot seemed preferable to
excluding these estimates altogether. Results from the difference-in-difference ITS

analyses were graphed in similar fashion.
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RESULTS

DENMARK

Baseline characteristics

Baseline characteristics are in table 5.1. There were a total of 29,427 RA patients included
in the THR time-series analysis and 29,703 in the TKR time-series. The reason for the two
RA cohorts was to minimise unnecessary exclusions, only excluding patients with a prior
THR from the THR time-series analysis and excluding patients with a prior TKR from the
TKR time-series. The number of matched non-RA controls was 290,778 and 294,806 for
THR and TKR, respectively. Mean age at RA diagnosis — rounded to the nearest whole
year - was 58 years amongst RA patients (for both THR and TKR cohorts) whilst this was
54 years in the matched controls. The reason for discrepancy in age between matched
cohorts in DK was because exclusions were made of prior THR/TKR or other (non-RA)
inflammatory conditions after matching, with no replacement of patients excluded.
Exclusions were henceforth made prior to matching when using the Ontario dataset. The

gender split was 70% female in all cohorts.
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TABLE 5.1: COHORT CHARACTERISTICS AT BASELINE

RA non-RA controls
Denmark (THR cohort)
Number of individuals 29,427 290,816
Age, mean (S.D.) 58.3 (15.7) 53.9 (15.4)
Female sex, n (%) 20,612 (70.0) 203,232 (69.9)
Denmark (TKR cohort)
Number of individuals 29,703 294,813
Age, mean (S.D.) 58.5(15.7) 54.1 (15.4)
Female sex, n (%) 20,760 (69.9) 205,979 (69.9)
Ontario
Number of individuals 99,974 499,870
Age, mean (S.D.) 57.50 (16.0) 57.50 (16.0)
Female sex, n (%) 33,321 (33.3%) 166,623 (33.3%)

THR time-series

Results for the THR ITS analysis are depicted in figure 5.1A and described in table 5.2.
Age and sex standardised THR incidence (per 1,000 PYs) among RA patients at the start
of the study period was 8.72, which decreased by -0.19 [95% Cl: -0.32 to -0.06; p=0.006]
during the pre-intervention period. The introduction of biologics was however
associated with something of an abrupt increase in incidence of 2.23 [95% Cl: -0.23 to
4.70; p=0.073]. Conversely, among non-RA patients there was an upward trend in THR
incidence prior to biologics (0.05 [95% Cl: 0.03 to 0.08; p<0.001]) although a significant
downward inflexion occurred post-intervention: -0.04 [95% Cl: -0.09 to 0.00; p=0.04] per
timepoint. The difference in THR incidence (per 1,000 PYs) between the RA cohort and
non-RA cohort at the start of the study period was 5.59 [95% Cl: 4.39 to 6.80; p<0.001]
(figure 5.1B, table 5.3). This gap between the cohorts was closing at a rate of -0.21 [95%

Cl: -0.34 to -0.08; p=0.003] per timepoint prior to biologics being introduced, which
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continued to be the case post-intervention. However, the introduction of biologics was

associated with the delta growing by 1.95 [95% Cl: -0.45 to 4.36; p=0.11] (table 5.3).
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FIGURE 5.1: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN DENMARK OF THR WITHIN 5 YEARS

OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE INTRODUCTION OF

BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE RATES OF THR

BETWEEN COHORTS
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TABLE 5.2: ITS SEGMENTED LINEAR REGRESSION ANALYSIS FOR RHEUMATOID ARTHRITIS AND CONTROL

COHORTS WITHIN DENMARK AND ONTARIO: 5-YEAR INCIDENCE RATES OF THR (PER 1,000 PERSON-YEARS)

Denmark

RA*

non-RA*

Ontario

RA*

non-RA*

Parameter

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Coefficient  Lower 95% C.I. Upper 95% C.I. P-Value
8.72 7.48 9.95 <0.001
-0.19 -0.32 -0.06 0.006
2.23 -0.23 4.70 0.073
2.89 2.64 3.14 <0.001
0.05 0.03 0.08 <0.001
-0.04 -0.09 0.00 0.04
5.29 4.88 5.70 <0.001
-0.07 -0.14 0.01 0.093
0.68 0.57 0.79 <0.001
0.04 0.02 0.05 <0.001
-0.02 -0.04 0.00 0.035

*RA: rheumatoid arthritis

TABLE 5.3: ITS SEGMENTED LINEAR REGRESSION ANALYSIS FOR DIFFERENCES BETWEEN RHEUMATOID

ARTHRITIS AND CONTROL COHORTS WITHIN DENMARK AND ONTARIO: 5-YEAR INCIDENCE RATES OF THR (PER

1,000 PERSON-YEARS)

Denmark

Parameter

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics
Ontario, Canada

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Coefficient Lower 95% C.I. Upper 95% C.1. P-Value
5.59 4.39 6.80 <0.001
-0.21 -0.34 -0.08 0.003
1.95 -0.45 4.36 0.11
4.30 3.72 4.88 <0.001
-0.10 -0.17 -0.02 0.017
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These changes in THR associated with the intervention period corresponded to an
average absolute reduction (compared to counterfactual estimates) over the post-
intervention period of 2.24 [95% Cl: -0.11 to 4.58] in RA patients and -0.38 [95% Cl: -0.71
to -0.04] in non-RA patients (table 5.4). Comparing the average absolute difference-in-
differences post-intervention (relative to counterfactual differences) between the RA

cohort and non-RA cohort was 1.95 [-0.34 to 4.25] (table 5.4).

TABLE 5.4: ESTIMATED CHANGES IN 5-YEAR THR OUTCOMES FOLLOWING FIRST RA DIAGNOSIS, ASSOCIATED

WITH THE INTRODUCTION OF BIOLOGICS IN DENMARK AND ONTARIO, CANADA

'Post-intervention period' Absolute Change*
midpoint estimate
Without With

intervention intervention

estimate  lower 95% Cl upper 95% Cl

Denmark

Rheumatoid Arthritis (per 1,000 PYs) 4.39 6.63 2.24 -0.11 4.58
Non-Rheumatoid Arthritis (per 1,000 PYs) 4.11 3.74 -0.38 -0.71 -0.04
Difference (RA - non-RA) (per 1,000 PYs) 0.93 2.88 1.95 -0.34 4.25

Ontario, Canada

Rheumatoid Arthritis (per 1,000 PYs) 5.24 4.72 -0.52 -1.11 0.07
Non-Rheumatoid Arthritis (per 1,000 PYs) 1.41 1.23 -0.18 -0.34 -0.02
Difference (RA - non-RA) (per 1,000 PYs) 4.30 3.53 -0.76 -1.35 -0.18

* calculated by comparing estimated values for midpoint of post-intervention period to counterfactual values for the
same timepoint (i.e. those estimated/expected taking into account only the pre-intervention level and trend). Estimated
from final/parsimonious models specified using backward-stepwise selection (p-entry 0.049 and p-exit 0.20).

TKR time-series

Results for the TKR ITS analysis are depicted in figure 5.2A and table 5.5. Age and sex
standardised incidence (per 1,000 PYs) was 5.87 at the start of the study period and this
increased by 0.10 [95% CI: -0.05 to 0.24; p=0.17] during the pre-intervention period with

a subsequent downward trend change of -0.20 [95% ClI: -0.43 to 0.03; p=0.083] post-
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intervention, although neither of these trends were statistically significant at the p=0.05
level (table 5.5). For non-RA patients there was a similar pre-intervention trend as was
seen in the RA cohort (0.11 [95% Cl: 0.08 to 0.13]; p<0.001), likewise the intervention
was also associated with a downward trend change (-0.07 [95% Cl: -0.11 to -0.03];
p=0.003) although this was not as large (table 5.5) and comparison of significance should
be treated cautiously given the far larger sample size for the controls. The difference in
TKR rates between the cohorts at the start of the study was 5.38 [95% Cl: 4.76 to 6.01;
p<0.001] (figure 5.2B, table 5.6). This difference remained constant through the pre-
intervention period but began to significantly close at a rate of -0.15 [95% CI: -0.23 to -
0.07; p=0.001]) per timepoint following the introduction of biologics (table 5.6). In terms
of the estimated overall impact of introducing TNFi, the average absolute difference in
post-intervention modelled values compared to counterfactuals was -1.69 [95% Cl: -3.54
to 0.15] for RA patients and -0.57 [95% Cl: -0.91 to -0.23] for non-RA patients (table 5.7).
This yielded a significant average difference-in-differences of -1.24 [95% CI: -1.89 to -
0.59] over the post-intervention period (relative to counterfactual differences) (table

5.7).
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FIGURE 5.2: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN DENMARK OF TKR WITHIN 5 YEARS

OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE INTRODUCTION OF

BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE RATES OF TKR

BETWEEN COHORTS

121



TABLE 5.5: ITS SEGMENTED LINEAR REGRESSION ANALYSIS FOR RHEUMATOID ARTHRITIS AND CONTROL

COHORTS WITHIN DENMARK AND ONTARIO: 5-YEAR INCIDENCE RATES OF TKR (PER 1,000 PERSON-YEARS)

Denmark

Ontario

Parameter

RA* Baseline Incidence Rate
Trend (per 6 months)
Level change after Biologics
Trend change after Biologics

non-RA* Baseline Incidence Rate
Trend (per 6 months)
Level change after Biologics
Trend change after Biologics

RA* Baseline Incidence Rate
Trend (per 6 months)
Level change after Biologics
Trend change after Biologics

non-RA* Baseline Incidence Rate
Trend (per 6 months)
Level change after Biologics
Trend change after Biologics

Coefficient  Lower 95% C.I. Upper 95% C.I. P-Value
5.87 4.52 7.22 <0.001
0.10 -0.05 0.24 0.17
-0.20 -0.43 0.03 0.083
0.42 0.17 0.66 0.002
0.11 0.08 0.13 <0.001
-0.07 -0.11 -0.03 0.003
6.42 6.12 6.72 <0.001
0.77 0.68 0.86 <0.001
0.03 0.02 0.04 <0.001
0.19 0.00 0.37 0.048

*RA: rheumatoid arthritis

TABLE 5.6: ITS SEGMENTED LINEAR REGRESSION ANALYSIS FOR DIFFERENCES BETWEEN RHEUMATOID

ARTHRITIS AND CONTROL COHORTS WITHIN DENMARK AND ONTARIO: 5-YEAR INCIDENCE RATES OF TKR (PER

1,000 PERSON-YEARS)

Denmark

Ontario, Canada

Parameter

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Coefficient Lower 95% C.I. Upper 95% C.I. P-Value
5.38 4.76 6.01 <0.001
-0.15 -0.23 -0.07 0.001
5.34 4.92 5.76 <0.001
-0.04 -0.09 0.02 0.19
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TABLE 5.7: ESTIMATED CHANGES IN 5-YEAR TKR OUTCOMES FOLLOWING FIRST RA DIAGNOSIS, ASSOCIATED

WITH THE INTRODUCTION OF BIOLOGICS IN DENMARK AND ONTARIO, CANADA

'Post-intervention period' Absolute Change*
midpoint estimate
Without With
intervention intervention

estimate  lower 95% Cl upper 95% Cl

Denmark

Rheumatoid Arthritis (per 1,000 PYs) 8.07 6.37 -1.69 -3.54 0.15
Non-Rheumatoid Arthritis (per 1,000 PYs) 2.81 2.24 -0.57 -0.91 -0.23
Difference (RA - non-RA) (per 1,000 PYs) 5.38 414 -1.24 -1.89 -0.59

Ontario, Canada

Rheumatoid Arthritis (per 1,000 PYs) 6.42 6.42 0.00 - -
Non-Rheumatoid Arthritis (per 1,000 PYs) 1.30 1.48 0.19 0.01 0.37
Difference (RA - non-RA) (per 1,000 PYs) 5.38 5.05 -0.29 -0.71 0.13

* calculated by comparing estimated values for midpoint of post-intervention period to counterfactual values for the
same timepoint (i.e. those estimated/expected taking into account only the pre-intervention level and trend). Estimated
from final/parsimonious models specified using backward-stepwise selection (p-entry 0.049 and p-exit 0.20).

ONTARIO, CANADA

Baseline characteristics

Baseline characteristics of patient-level data prior to aggregation are reported in table
5.1. The THR/TKR time-series were based on a total of 99,974 RA patients and 499,870
non-RA controls. Mean age was 57 in both cohorts with identical sex ratios (70% female).
Median follow-up was 5-years for both THR and TKR analyses in both the RA and non-RA
cohorts. For the THR analysis there was a total of 400,729 PYs and 2,059,620 PYs of
follow-up in RA and non-RA cohorts, respectively. During this time there were a total of
2,814 (median time-to-event equalling 1.24 years) and 4,478 (median time-to-event
equalling 2.38 years) THR events in the RA and matched non-RA cohorts, respectively.
Likewise, for the TKR analyses there was a total of 395,403 PYs and 2,056,522 PYs of

follow-up in RA and non-RA cohorts, respectively. Over this time there was a total of
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4,790 (median time-to-event equalling 1.2 years) and 5,344 (median time-to-event
equalling 2.29 years) TKR events. Crude (i.e. unstandardized) incidence rates in the RA
cohort were 7.02/1,000 PYs for THR and 12.11/1,000 PYs and TKR. These rates in the

matched non-RA cohort were 2.17/1,000 PYs and 2.60/1,000 PYs, respectively.

THR time-series

Among the RA patient cohort, age and sex standardised 5-year incidence of THR (per
1,000 PYs) at the start of the study period was 5.29 [95% Cl: 4.88 to 5.70], which
remained unchanged during the pre-biologic period (Apr 1996 — Mar 2001) (figure 5.3A,
table 5.2). Immediately following the intervention lag period there was a small but non-
significant subsequent downward trend of -0.07 [95% Cl: -0.14 to 0.01; p=0.093] per 6
months for the remainder of the study period (table 5.2). Among the matched non-RA
cohort, the estimated standardized incidence of THR at the start of the study was 0.68
[95% CI: 0.57 to 0.79], but this increased by 0.04 [95% Cl: 0.02 to 0.05; p<0.001] per
timepoint throughout the pre-intervention period. Similar to the RA cohort, the
intervention period was associated with a -0.02 [95% Cl: -0.04 to 0.00; p=0.035] decrease
in the prior upward trend in the non-RA controls (table 5.2). The modelled difference in
THR between RA and non-RA patients at the start of the study was 4.30 [95% Cl: 3.72 to
4.88] which remained constant throughout the pre-intervention period (table 5.3).
However, after the introduction of biologics this delta steadily shrank by -0.10 [95% ClI: -
0.17 to -0.02; p=0.017] per timepoint throughout the post-intervention study period

(figure 5.3b).
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o THR incidence delta: RA cohort - non-RA cohort
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FIGURE 5.3: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO OF THR WITHIN 5 YEARS OF

RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE INTRODUCTION OF

BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE RATES OF THR

BETWEEN COHORTS

Based on these coefficients, the estimated incidence of THR at the mid-point of the

biologic era was 4.72 (table 5.4). The incidence at the same time point estimated solely

by extrapolating the pre-biologic level was 5.24, therefore translating to no significant

average change in rates (-0.52 [95% Cl: -1.11 to 0.07]) (table 5.4). Over the biologic era,

an absolute mean difference of -0.18 was observed in the modelled non-RA THR
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incidence rate values compared to counterfactual estimates, i.e. what would have been
observed for the non-RA individuals had their pre-intervention level/trend of outcome
continued un-interrupted (figure 5.3A, table 5.4). In terms of the difference-in-
differences, the coefficients yielded an average post-intervention reduction in
differences (compared to counterfactual differences) of -0.76 [95% ClI: -1.35 to -0.18]

(figure 5.3B, table 5.4)

TKR time-series

Among RA patients, age and sex standardised 5-year incidence of TKR (per 1,000 PYs) at
the start of the study period was 6.42 [95% Cl: 6.12 to 6.72], which remained stable for
the rest of the study period, with no significant changes observed following the
introduction of biologics (figure 5.4A, table 5.5). However, among the matched non-RA
cohort, the estimated incidence of TKR was 0.77 [95% Cl: 0.68 to 0.86], and this increased
by 0.03 [95% Cl: 0.02 to 0.04; p<0.001] per timepoint throughout the pre-intervention
period. The intervention period was associated with a further ‘step change’ increase in
rates of 0.19 [95% Cl: 0.00 to 0.37; p=0.048]. The modelled difference in TKR between
the RA and non-RA cohorts was 5.34 [95% Cl: 4.92 to 5.76] at the start of the study period
which remained constant until the introduction of biologics, at which point it began to
shrink by -0.04 [95% Cl: -0.09 to 0.02] per timepoint although this was non-significant,

p=0.19 (figure 5.4B, table 5.6).
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FIGURE 5.4: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO OF TKR WITHIN 5 YEARS OF
RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE INTRODUCTION OF
BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE RATES OF THR

BETWEEN COHORTS

Over the biologic era, the coefficients for TKR rate changes yielded a significant mean
absolute increase of 0.19 [95% Cl: 0.01 to 0.37] in the modelled non-RA TKR incidence
rates compared to counterfactual estimates, i.e. what would have been observed in the
non-RA cohort had pre-intervention level/trend of outcome continued un-interrupted

(figure 5.4A, table 5.7). This meant that overall there was a small and non-significant
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reduction in average absolute difference-in-differences of -0.29 [95% Cl: -0.71 to 0.13]
over the post-intervention timepoints (versus counterfactual estimated differences)

(table 5.7).

Prescriptions time-series (seniors only)

Among the senior patient sub-study, the incidence of csDMARD within the first year of
RA diagnosis (amongst csDMARD naive patients) at the start of the study period was
563.33/1,000 PYs [95% Cl: 450.18 to 676.49] (table 5.8). This 1-year incidence rate
increased dramatically throughout the study period (figure 5.5A), with an apparent
(although not statistically significant) increase in both level and trend of prescribing
following the introduction of biologics in 2001. The 5-year incidence of biologics was
approximately O at the start of the study period and increased by 0.27/1,000 PYs
throughout the study period, with an increase (although not statistically significant) of
1.59/1,000 PYs [95% ClI: -0.74 to 3.93] following the 2001 phase-in period (figure 5.5B,

table 5.8).
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FIGURE 5.5: AGE AND SEX STANDARDISED INCIDENCE RATES OF PRESCRIPTIONS AMONG SENIORS IN ONTARIO
FOLLOWING RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS). ESTIMATED BEFORE AND AFTER THE

INTRODUCTION OF BIOLOGICS: (A) CSDMARD (1-YEAR) AND (B) BIOLOGIC (5-YEAR)
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TABLE 5.8: ITS SEGMENTED LINEAR REGRESSION ANALYSIS FOR SENIOR RHEUMATOID ARTHRITIS PATIENTS

WITHIN ONTARIO: 1-YEAR INCIDENCE RATES OF CSDMARD AND 5-YEAR INCIDENCE RATES OF BIOLOGICS (PER

1,000 PERSON-YEARS)

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value

Ontario, Canada

csDMARD (1-year) Baseline Incidence Rate 563.33 450.18 676.49 <0.001
Trend (per 6 months) 15.65 -2.59 33.88 0.089
Level change after Biologics 102.34 -53.68 258.34 0.19
Trend change after Biologics 16.80 -3.53 37.13 0.10

Biologic (5-year) Baseline Incidence Rate -0.50 -1.67 0.66 0.38
Trend (per 6 months) 0.27 0.14 0.41 <0.001
Level change after Biologics 1.59 -0.74 3.93 0.17
Trend change after Biologics - - - -

In terms of the 1-year and 5-year cumulative incidence for csDMARD and biologics, these
were approximately 34% and 0%, respectively at the start of the study period but were
approximately 62% and 4% by the end of 2009 (appendix table 5.1, figure 5.6A). No
changes in the cumulative incidence of csDMARDs was detected following the
introduction of biologics in 2001, although there was a difference in cumulative

incidence of biologics (figure 5.6).
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FIGURE 5.6: AGE AND SEX STANDARDISED CUMULATIVE INCIDENCE OF PRESCRIPTIONS AMONG SENIORS IN
ONTARIO FOLLOWING RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS). ESTIMATED BEFORE AND

AFTER THE INTRODUCTION OF BIOLOGICS: (A) CSDMARD (1-YEAR) AND (B) BIOLOGIC (5-YEAR)

Age stratified THR time-series

For the THR outcome, the incidence (per 1,000 PYs) at the start of the study period
among the younger age category (<66 years old at index date), was 3.75 [95% Cl: 3.28 to
4.23] among RA patients (figure 5.7A, table 5.9), which was considerably lower than the
rate of 11.90 [95% Cl: 9.30 to 14.49] for RA patients 266 years old (figure 5.8A, table 5.9).

For younger RA patients, the introduction of biologics was associated with a subsequent

131



‘step change’ decrease in THR incidence of -0.89 [95% Cl: -1.49 to -0.28, p=0.006], whilst
a simultaneous increase (in the form of an upward trend change) was observed in the
younger non-RA cohort: 0.37 [95% Cl: 0.32 to 0.42, p<0.001]. This corresponded to a
step-change difference-in-difference estimate of -1.02 [95% Cl: -1.61 to -0.42; p=0.002]

associated with the introduction of biologics (figure 5.7B, table 5.9).
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FIGURE 5.7: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO (<66 YEARS OLD) OF THR
WITHIN 5 YEARS OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE
INTRODUCTION OF BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE

RATES OF THR BETWEEN COHORTS
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TABLE 5.9: ITS SEGMENTED LINEAR REGRESSION ANALYSIS OF 5-YEAR INCIDENCE (PER 1,000 PERSON-YEARS)

OF THR WITHIN ONTARIO AMONGST RHEUMATOID ARTHRITIS, CONTROL COHORTS AND DIFFERENCES

BETWEEN THE TWO: STRATIFIED BY AGE

<66 years

RA*

non-RA*

Diference (RA* - non-RA*)

266 years

RA*

non-RA*

Diference (RA - non-RA¥*)

Parameter

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Baseline Incidence Rate
Trend (per 6 months)

Level change after Biologics
Trend change after Biologics

Coefficient Lower 95% C.I. Upper 95% C.I. P-Value
3.75 3.28 4.23 <0.001
-0.89 -1.49 -0.28 0.006
0.37 0.32 0.42 <0.001
0.37 0.32 0.42 <0.001
3.38 2.9 3.85 <0.001
-1.02 -1.62 -0.42 0.002
11.90 9.30 14.49 <0.001
0.27 -0.05 0.59 0.091
-0.54 -1.02 -0.06 0.03
2.28 1.51 3.05 <0.001
0.26 0.17 0.36 <0.001
-0.25 -0.39 -0.11 0.001
9.67 8.36 10.98 <0.001
-0.28 -0.45 -0.11 0.003

*RA: rheumatoid arthritis

Among older RA patients, the incidence of THR increased prior to biologics being

introduced, but a significant downward inflexion occurred after the phase-in period,

equal to -0.54 [95% CI: -1.02 to -0.06, p=0.03] per timepoint (figure 5.8A, table 5.9).

However, a similar pattern was also observed in the non-RA cohort, although the

downward inflexion in the THR incidence trend was not so large for negative controls: -
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0.25

[95% Cl: -0.39 to -0.11, p=0.001] per timepoint, yielding a post-intervention

difference-in-difference trend change estimate of -0.28 [95% Cl: -0.45 to -0.11; p=0.00]

per timepoint for the senior age group (figure 5.8B, table 5.9).
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FIGURE 5.8: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO (=66 YEARS OLD) OF THR

WITHIN 5 YEARS OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE

INTRODUCTION OF BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE

RATES OF THR BETWEEN COHORTS
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Age stratified TKR time-series

In terms of TKR, the incidence at the start of the study period among the younger RA
patients was 3.96 [95% Cl: 3.34 to 4.58] (figure 5.9A, table 5.10), which was considerably
smaller than among those in the senior age category: 18.62 [95% Cl: 17.42 to 19.82]
(figure 5.10A, table 5.10). The incidence of TKR in RA patients remained approximately
stable for both age categories during the study period, although a non-significant upward
trend was observed in the younger age group. However, there was an almost identical
upward trend in TKR incidence in younger non-RA patients, whilst in the older non-RA
group the incidence of TKR increased both in terms of level and slope around the start
of the biologic era. This meant that the difference in TKR incidence between the RA and
non-RA cohort remained constant throughout the study period for the younger age
group (figure 5.9B, table 5.10) but that a difference-in-difference estimate of -0.24 [95%

Cl: -0.47 to -0.01; p=0.04] was found in the senior age group (figure 5.10B, table 5.10).
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FIGURE 5.9: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO (<66 YEARS OLD) OF TKR
WITHIN 5 YEARS OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE
INTRODUCTION OF BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE

RATES OF THR BETWEEN COHORTS
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FIGURE 5.10: (A) AGE AND SEX STANDARDISED INCIDENCE RATES WITHIN ONTARIO (=66 YEARS OLD) OF THR
WITHIN 5 YEARS OF RA DIAGNOSIS (CALCULATED AT 6-MONTHLY INTERVALS) BEFORE AND AFTER THE
INTRODUCTION OF BIOLOGICS: STRATIFIED BY COHORT; (B) DIFFERENCE-IN-DIFFERENCES IN 5-YEAR INCIDENCE

RATES OF THR BETWEEN COHORTS
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TABLE 5.10: ITS SEGMENTED LINEAR REGRESSION ANALYSIS OF 5-YEAR INCIDENCE (PER 1,000 PERSON-YEARS)
OF TKR WITHIN ONTARIO AMONGST RHEUMATOID ARTHRITIS, CONTROL COHORTS AND DIFFERENCES

BETWEEN THE TWO: STRATIFIED BY AGE

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value
<66 years
RA* Baseline Incidence Rate 3.96 3.34 4.58 <0.001
Trend (per 6 months) 0.03 -0.01 0.07 0.099
Level change after Biologics - - - -
Trend change after Biologics - - - -
non-RA* Baseline Incidence Rate 0.31 0.23 0.39 <0.001
Trend (per 6 months) 0.02 0.02 0.03 <0.001
Level change after Biologics - - - -
Trend change after Biologics - - - -
Diference (RA* - non-RA*)  Baseline Incidence Rate 3.75 3.46 4.03 <0.001
Trend (per 6 months) - - - -
Level change after Biologics - - - -
Trend change after Biologics - - - -
266 years
RA* Baseline Incidence Rate 18.62 17.42 19.82 <0.001
Trend (per 6 months) - - - -
Level change after Biologics - - - -
Trend change after Biologics - - - -
non-RA* Baseline Incidence Rate 3.50 3.08 3.92 <0.001
Trend (per 6 months) - - - -
Level change after Biologics 1.15 0.33 1.97 0.008
Trend change after Biologics 0.08 0.01 0.15 0.034
Diference (RA - non-RA¥*) Baseline Incidence Rate 15.27 13.53 17.00 <0.001
Trend (per 6 months) - - - -
Level change after Biologics - - - -
Trend change after Biologics -0.24 -0.47 -0.01 0.04

*RA: rheumatoid arthritis

COMBINED POPULATION-LEVEL FOREST PLOT

The absolute rate differences between average post-intervention fitted values compared
to counterfactual estimates amongst the various RA cohorts are presented in figure 5.11.

This indicates that overall rates of THR remained approximately stable post-introduction
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of TNFi, although non-significantly elevated in Denmark, whilst there was an estimated
average reduction in rates of TKR across the different populations. Difference-in-
difference analyses revealed the delta (per 1,000 PYs) between RA and non-RA cohorts

shrank for both the THR and TKR outcome in Denmark and Ontario (figure 5.12).

Impact of introducing TNFi on population-level rates of joint replacement:
difference in average post-intervention estimated rates compared to counterfactuals

Absolute
Rate Difference, per

Sample 1,000 PYs (95% ClI)
THR
England & Wales —_— 0.95 (-2.66, 4.56)
Denmark —— 2.24 (-0.11, 4.58)
Ontario g -0.52 (-1.11, 0.07)
TKR
England & Wales —_— -4.41 (-6.88, -1.94)
Denmark *> -1.69 (-3.54, 0.15)
Ontario* —_— -1.01 (-3.94, 1.91)
T T
-10 0 10
Reduction in TNFi era Increase in TNFi era

* indicates full rather than parsimonious model used

FIGURE 5.11: FOREST PLOT OF ESTIMATES OF AVERAGE ABSOLUTE RISK DIFFERENCE BETWEEN TNFI-ERA

(FITTED VALUES FROM ITS REGRESSION MODELS) COMPARED TO COUNTERFACTUAL ESTIMATES, AMONGST

RA COHORTS
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Impact of introducing TNFi on population-level difference-in-differences of joint replacement rates:
difference in average post-intervention estimated rates compared to counterfactuals™

Absolute

Rate Difference, per

Sample 1,000 PYs (95% CI)
THR
Denmark — 1.95 (-0.34, 4.25)
Ontario gl -0.76 (-1.35, -0.18)
TKR
Denmark - -1.24 (-1.89, -0.59)
Ontario -+ -0.29 (-0.71, 0.13)
T T
-10 0 10

Reduction in TNFiera Increase in TNFi era

* estimates from parsimonious models used

FIGURE 5.12: FOREST PLOT OF DIFFERENCE-IN-DIFFERENCES IN JOINT REPLACEMENT RATES: POST-
INTERVENTION DIFFERENCE IN AVERAGE ESTIMATED DIFFERENCES (BETWEEN THE DISEASE COHORTS)

COMPARED TO COUNTERFACTUAL DIFFERENCES

DISCUSSION

Main findings

The aim of this chapter was to use external datasets to replicate the investigation of the
impact of introducing/approving biologic therapies for RA patients in England and Wales
(chapter 4). This replication has been done using two large cohorts of RA patients from
Denmark and Ontario, and additionally a control population of non-RA individuals from

each region in order to allow more precise interpretations in regard to the specific effect
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of biologics (203). The main findings were that whilst rates of joint replacement were
markedly higher in RA patients compared to non-RA patients at the start of the study,
the introduction of biologics was associated with the initiation of a significant closing of
this incidence gap for TKR (Denmark) and THR (Ontario). This was clearly driven by
downward inflexions in temporal trends of these outcomes in the RA patients which
occurred following availability of biologics, and to an extent that was greater than any
downward inflexions in the general population. However, the post-intervention decline
in the ‘excess’ joint replacement rate for RA patients (versus non-RA individuals) in
Ontario was not statistically significant for TKR, whilst this quantity for THR in Denmark
was actually non-significantly larger during the biologic era despite an overall decline

throughout the study period.

Findings in context

The Danish findings of reduced rates of TKR in RA patients following the introduction of
biologics corresponds well with the findings from the previous analysis of CPRD data for
England and Wales, as does the momentary increase in THR proceeded by a downward
trend. The use of almost identical methodology, similar healthcare systems and
geographically close region yielding consistent results in both the UK and Denmark is
reassuring and strengthens the case for some causal link between the introduction of
biologics and reduced TKR rates amongst RA patients. This is further underlined by the
use of a non-RA control cohort in Denmark to compare the results of the RA patients to,
which revealed that the reduction in RA patients was far greater than that in non-RA

individuals (figure 5.2B). This also accords with a study from the Republic of Ireland which
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reported on the descriptive trend in joint replacements for RA over a 15-year period and
found a profound reduction in numbers of knee but not hip replacement within RA
patients (94). However, in that analysis when the increase in hip and knee procedures
for the general population was considered then a reduction in both hip and knee
arthroplasties in RA relative to the general population was evident. Although the lack of
a reduction in THR relative to the general population in the Danish data is not supported
by this previous Irish investigation, the reduction in THR incidence in RA patients (relative
to non-RA individuals) in Ontario is. The findings from Ontario are somewhat supported
by a cohort study in Sweden which also found a reduction in the incidence of hip
arthroplasty in RA patients during the biologic era (compared to pre-biologic), but not a
reduction in incidence of knee arthroplasty (102). As was noted in chapter 4 though, this
Swedish study should be interpreted with caution given no accounting was made for
secular trends. Other previous studies have reported no temporal changes in the 5- or
10-year cumulative incidence of major joint surgery in RA (97, 98) or prevalence of RA
amongst hip and knee arthroplasties performed in the US general population (38)
(although a different investigation of the same study population used for this latter US
study found significant reductions in numbers of both hip and knee replacement for RA

when only ‘primary’ RA was considered (134)).

Possible mechanisms

The discussion in chapter 4 highlighted that a reduction in joint replacement rates
following the introduction of biologics was a plausible finding given the wealth of prior

RCT data indicating biologics for RA are effective in terms of both ACR response criteria,
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quality of life and arrest of progression of structural damage (50). It seems reasonable,
given this background, that a very valid explanation for the reduction in TKR rates is that
the introduction of biologics ushered in greater suppression of inflammation and
subsequent joint damage that expressed itself in an eventual reduced need for joint
replacement procedures. The point was previously made that the knee maybe a more
heavily and/or earlier effected joint in RA than the hip, e.g. the knee does not feature in
either the 1987 ACR diagnostic criteria of DAS28 score (4, 191). This may explain a lack
of reduction observed in THR rates within UK and Danish RA study populations, although
this explanation does not fit the Ontario data. Here the reduction in joint replacement
procedures within RA was observed at the hip (figure 5.3A) rather than knee (figure
5.4A). While the reasons for these differences in the Canadian data cannot be
ascertained using the available data, an interesting phenomenon only observed in the
Canadian data was that rates of knee replacement actually increased in the non-RA
population during the biologic era. Factoring this in (with the difference-in-difference
time-series) did suggest a small positive impact of biologics in RA patients (figure 5.4B,
figure 5.12), which while being non-significant for the main analysis was far more

pronounced for the senior sub-group (figure 5.8B).

While attributing a role to the introduction of biologics in the decrease in TKR (UK and
Denmark) and THR (Ontario) is reasonable given the temporal association of changes and
the fact that - on the whole - changes were greater in the RA cohorts than the non-RA
cohorts, there is still reason to be cautious about this interpretation. Firstly, there is the

lack of data on biologics available for the main analyses in either in the UK, Denmark or
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Ontario. Not only so, but where prescription data were available (senior sub-group in
Ontario), they indicated that the uptake of biologics was actually rather small (figure 5.5B
& 5.6B), specifically that even at the end of the study period the 5-year cumulative
incidence of biologic initiation was approximately 4%. Furthermore, the introduction of
biologics was as much associated with an increase in the incidence of csDMARDs as it
was biologics in the senior sub-group (figure 5.5A), and although no investigation was
made concerning the dose of methotrexate prescribed, this may also have increased.
This is understandable given that in Ontario, as in the UK, csDMARDs must have been
tried and deemed to have been inadequate in controlling the disease before TNFis can
be prescribed. This does however introduce a key confounder into the ‘introduction of
biologics’ versus joint replacement relationship as here reported (106), although this was
only observed for the senior sub-study and so should not automatically be assumed to
necessarily be mirrored for the main analysis. Prior data also indicates that prescribing
of csDMARDs in Ontario also increased markedly during the study period (132).
Conversely, as mentioned in chapter 4, no sustained impact on methotrexate
prescriptions in the UK coincided with the advent of biologics, as evident from a report

of a prior investigation (194).

The second reason to be cautious about interpreting the reduction in joint replacement
rates as caused by the introduction of biologics is that there were - in the main -
concomitant reductions in the non-RA cohort (figures 5.1 — 5.3). As discussed above,
these reductions were not as great as those in the RA patients, thereby suggesting some

general factors might be at play in both (RA and non-RA) cohorts but also some specific
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role of the introduction of biologics ‘above and beyond’ these general factors particular
to the RA patient group. However, any reduction in the non-RA group is still cause for
concern and weakens the case for a dogmatic interpretation in favour of biologics. One
tentative possibility is that changes in the THR/TKR rates in the non-RA population during
the post-intervention study period suggests a change in need and/or provision of
THR/TKR for OA more generally. Despite a scarcity of data on the prevalence of OA
amongst RA patients, there is some evidence to suggest this is substantially higher in RA
patients than in the general population (211). This introduces a second confounder into
the ‘introduction of biologics’ -> joint replacement relationship, i.e. the possibility of a
greater concentration of OA in the RA cohort. Under this scenario one might naturally
expect changes occurring in the non-RA group due to changes in
prevalence/management of OA to be amplified in the RA group due to a greater
concentration of OA therein. Despite this being a genuine concern, it is worth noting that
certain aspects of the data still indicate this would be an inadequate explanation. For
example, in the sub-group analysis in Ontario, TKR rates in the senior sub-group (figure
5.10) and THR rates in the younger sub-group increased markedly among non-RA

individuals whilst the RA cohort experienced either a decrease or no change at all.

Other potential mechanisms are also possible, largely because of the impossibility of
ruling out confounding factors. For example, the introduction of biologics may in itself
have changed surgeon preference for operating rather than merely acting at a
physiological level. That is, maybe with the availability of a new therapy and optimism

surrounding the possibility of a much better patient prognosis that clinicians opted to
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delay surgery in favour of pharmacotherapy. Neither can other factors be ruled out, such
as a growing emphasis on earlier diagnosis/treatment (196), a natural evolution toward
a milder form of RA or changes in the prevalence in other confounding characteristics
such as smoking or obesity. Whilst these latter possibilities could readily influence
general trends (for example the pre-biologic downward trend in THR incidence in
Denmark), it still seems unlikely that they’d be responsible for some of the pronounced
inflexions in joint replacement trends observed at the advent of biologics. One
interesting option is the immediate increase observed for THR rates in Denmark in 2003
could have a link to the new government that formed at that time which anecdotally

emphasized the importance of reducing operation waiting lists.

Limitations

There are numerous limitations to this investigation. As mentioned above, one cannot
rule out the presence of confounding factors that may have changed concomitantly with
the introduction of biologics and thereby introduced bias. The ITS approach assumes
these factors to be either absent or inconsequential, which may not be the case here.
Further work is evidently needed to explicitly estimate the impact of biologic use versus
non-use at the patient level, and this will be further discussed and addressed in chapter
7. The use of population-based routinely collected “big data” as leveraged here means
individual validation of either the exposure or outcome status of each individual was not
carried out, although codes for the identification of RA patients in both Denmark and
Ontario have previously been validated and shown to have a high degree of accuracy

(130, 131, 206, 212). The use of NOMESCO and CCI codes to identify THR/TKR events are
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standard and recognized coding structures although the individual validity of these for
this outcome in these data sources has not been shown. The ITS approach is considered
a strong quasi-experimental method, however the use of segmented linear regression as
used here did impose certain assumptions onto the data, for example linearity of effect.
This assumption was met for most of the models although there was some exception,
for example the senior sub-group analysis of TKR as evident in figure 5.10B. Whilst the
use of a control group was obviously a strength, the exact interpretation of results was
limited owing to the nature of this comparator group. Specifically, in an ideal
investigation the control group would greatly resemble the ‘exposed’ with the exception
of exposure status. Here however, non-RA individuals had much lower baseline
incidence of joint replacement and, as already discussed, may have been subject to
confounding to a greater/lesser extent than the actual RA group. For this particular
research question and data availability though, it is hard to conceive of a more
appropriate control group than matched individuals without any inflammatory arthritis.
However, recent developments on this subject are currently underway in the literature,
with concepts such as propensity score weighted regression possible to account and
correct for differences in characteristics between treated and control time-series (203,

213).

Despite efforts to harmonise methodology across the analyses of different study data,
certain differences unfortunately remained mainly due to the sequential nature of the
analytical process and the honing of processes along the way. For example, the UK data

were provided without making exclusion of RA patients with a prior THR/TKR, whilst
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individuals with a prior THR/TKR (at any time prior to index date) were excluded for the
respective analysis of that outcome in the Danish analysis. In the Canadian data, given
logistic/financial restrictions it was decided any individual with a prior THR or TKR in the
5 years prior to index date would be excluded for all analyses. Although this likely gave
rise to only minor consequences in terms of exclusions, it was not ideal. Similarly, whilst
it was possible to use the available CPRD data to explore changes in other patient
characteristics over the study period, this data on patient characteristics was much more

limited for the Danish and Canadian analysis.

Related to this point is that the ITS using CPRD data from England and Wales was
originally meant to incorporate an OA comparator group with which to control for
secular trends. This however proved unsuitable upon inspection of the data, where it
became apparent that a large proportion of the OA cohort received a joint replacement
in their first year of follow-up, and so indicated that very severe/late-stage OA was
primarily being captured and was being coded as such just prior to a patient undergoing
arthroplasty. For this reason, general-population controls were used for the replication
analyses. Furthermore, the sample size of 30,000 RA patients in the DK analysis
permitted 10 controls to be matched to each patient, although this was reduced to 5
controls in Ontario as the computational requirements and expense of matching 10
controls to such a large number of RA patients (~100,000) seemed unjustifiable given
previous literature suggesting two controls may be sufficient (214). On the other hand,
it was due to this much larger sample size in the Ontario investigation that an age-

stratified approach was taken, whilst this was deemed unsuitable for the UK & DK
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settings where it was known prior to ITS modelling that the sample size was smaller and
for which the time series appeared relatively ‘noisy’ (large standard deviation around the
regression line) without further stratification. As mentioned previously, this precise issue
of selecting a format of aggregation that retains sufficient statistical power to detect

changes is investigated in chapter 6.

Strengths

One of the most obvious strengths of this study is that it has investigated two
independent populations in order to validate findings from a third population (England
& Wales). This has facilitated the consistency of methodology and comparability of
findings across populations (figures 5.11 & 5.12), which will be further discussed in
chapter 8. Both the study samples used in this chapter were highly representative of
their respective populations given they were nation-wide (Denmark) and region-wide
(Ontario), and collectively were very large with >900,000 individuals included
(considering those in the RA and non-RA cohorts). This not only increased the power
available for detecting smaller intervention effect sizes, but allowed stratification by age.
The use of multiple controls matched to each RA patient most likely more than
compensated for the lower incidence rates in the non-RA groups, which otherwise would
have caused a much noisier control time-series in a 1:1 matching. The use of a
controlled/multiple group ITS design has permitting the control of not only secular trends
in the RA group (which the single time-series in chapter 4 had already done) but also
better control of other contemporaneous events impacting rates of outcome in both

groups that may have confounded the estimate of biologic therapy availability in the
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single (RA) group time-series (203). The availability of prescriptions data for the senior
age sub-group in Ontario is another strength, allowing insight into the impact of the

intervention on the most immediate outcome it was meant to target, i.e. use of biologics.

Conclusions

This chapter reports that the introduction of biologics in Denmark was associated with a
reduction in TKR rates in RA which although non-significant in itself, represented a
profound reduction when compared to rates in the general population (figure 5.2B).
Consistent with the UK analysis, no overall impact on THR rates was found during the
biologic era in Denmark. Within Ontario (Canada), the start of the biologic era was found
to be associated with a (non-significant) reduction in rates of THR but not TKR. Compared
to non-RA patients in Ontario, the reduction in THR represented a much more
pronounced impact whilst a (non-significant) impact in TKR was also implied. Significant
impact towards lower THR and TKR - as compared to the general population - were
observed among the senior aged sub-group in Ontario. The introduction of biologics was
followed by an increase in prescribing of both biologics and csDMARDs in the only
population for which data were available (senior patients in Ontario). Given the probable
element of ecological fallacy, i.e. confounding factors changing concomitantly to the
introduction of biologics, notably increased usage of csDMARDs, further work is required
to estimate the effect of biologics at the patient level, while addressing confounding

factors. This will be addressed in chapter 7.
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6. POWER AND SAMPLE SIZE CONSIDERATIONS IN INTERRUPTED

TIME-SERIES ANALYSIS

INTRODUCTION

The previous two chapters have reported on analyses of population-level trends in THR
and TKR amongst RA patients and non-RA controls. The impact of the introduction of
biologic therapies on these trends has been estimated using an ITS approach, which is a
method that is being increasingly used in epidemiology (173, 174, 215). It is an accessible
and intuitive method that can be straight-forward to implement and has considerable
strengths (170), described recently as “the “next best” approach... ...when randomisation
is not possible” (170). A common application is when population-level repeated
measures of an outcome and/or exposure are available over time, both before and after
some well-defined intervention such as a health policy change (173, 174, 216) or a

naturally occurring event of interest (175, 176).

Despite the substantial growth in use of ITS methods, relatively little practical guidance
has been developed in terms of methodological standards within the ITS framework
(174, 215), including a scarcity of guidance on required sample size. Sample size planning
is often a key component of designing a study and should be conducted prior to analysis
(217), although this is an aspect very often overlooked in ITS studies, with many being

underpowered (218).
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In a traditional study involving frequentist hypothesis testing, the size of the sample
being studied is one of the key determinants of the power of the test, i.e. the probability
of correctly identifying an effect that truly exists in the population (or more formally, the
probability of not failing to reject the null hypothesis of no effect when it should be
rejected). A type 1 error is made when an observed effect size (e.g. between two groups)
is concluded sufficient evidence to reject the null hypothesis, when in fact such an
observed effect is merely the product of sampling variability and the null hypothesis
should not actually be rejected. The type 1 error rate (i.e. alpha) is the rate at which null
hypotheses would be incorrectly rejected in a hypothetical long-run of repeated
sampling. When this error rate is very small, it is indicative of sufficient improbability of
obtaining a given effect size from a particular study were the reality to be that the null
hypothesis was in fact true. Traditionally the rate of 5% (i.e. 0.05) has been widely
accepted in the medical research literature to indicate sufficient evidence for a finding
to be considered “significant” rather than just chance, although the continuum nature
of probability dictates the actual value of p-values be properly interpreted rather than
judged merely by which side of 0.05 it falls. Conversely, a type 2 error (i.e. beta) is when
a null hypothesis of no effect is not rejected when it should be, i.e. when there is a true
effect/inequality in existence within the population but the sample data fails to
adequately give evidence for it. The type 2 error determines a studies power (1-beta),
meaning the power of a test can be interpreted as the probability of correctly rejecting
the null hypothesis when in reality it should indeed be rejected due to a real difference

in the population. Traditionally in the medical research literature a value of 80% (i.e. 0.8)
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is usually required for a study to be considered to have acceptable power, although

values of 90% would obviously be preferable (219).

Given these concepts, a studies sample size therefore needs to be sufficiently large in
order to permit the studies primary hypothesis test to detect an effect of pre-specified
size where it may truly exist in the population, with 80% power and at a <0.05 alpha.
Assuming the ‘conventional’ values for type 1 and 2 errors, the real determinants of
required sample size is the magnitude of a hypothesised effect size in conjunction with

the variability (i.e. standard deviation) of the sample data.

However, in the analyses employed in previous chapters there was no formal assessment
of statistical power carried out either before or after analysis. This doesn’t have huge
implications for how some of the specific findings of “no effect” should be interpreted
as the uncertainty of estimates due to sampling variability is expressed in the 95%
confidence intervals. Furthermore, post-hoc power calculation is not recommended
(219). None-the-less, carrying out an underpowered analysis does in principle undermine
the scientific credibility of a given investigation because it means the true effect size of
relevant magnitude cannot be detected with sufficient confidence and therefore the
study remains - to a greater or lesser extent - uninformative. Furthermore, it’s been
shown that in extreme cases of underpower, the product is an average vast over-
estimation of the statistical significance of findings (220, 221). Although the ITS method
has many strengths, if a given analysis is not adequately powered it may therefore lead

to publication of not only weak but spurious findings (220, 221).
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Information on the power associated with various numbers of repeated measures of an
outcome (i.e. timepoints) has been previously reported for the ITS framework (222), with
rules of thumb concerning the minimum number of pre- and post-intervention
timepoints needed, such as three, (215) six, (223) eight, (182) and >10. (218) In this
regard, all our analyses in previous chapters would be deemed to be adequately
powered given that they all had >10 timepoints in final analyses, both before and after
the introduction of biologics. However, these simple rules of thumb do not take into
account the practical issue of considering a suitable underlying sample size of
subjects/patients per aggregate timepoint (224). While longer time-series have been
shown to have more power than short time-series, it seems reasonable to propose that
ITS analyses (even those with many timepoints) with only a small number of subjects per
timepoint may contain so much noise as to render it improbable of detecting a true
impact of an intervention under study. Researchers seeking to aggregate patient-level
data into a population-level timeseries in order to conduct an ITS are confronted with
the trade-off between increasing the length of a time-series (at the expense of the
number of subjects per timepoint) and increasing the number of subjects per timepoint
(at the expense of the length of the time-series). The trade-off that optimises power, or
at least ensures >80% power is clearly preferable, however guidance on assessing the
available power to detect a specified “interruption” within the context of this trade-off

is not provided in the literature.
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Given this paucity of guidance on sample size calculation, the aim here was to use a
simulation approach to estimate power in an ITS analysis, taking the UK analysis (as
reported in chapter 4) as a case-study. The main objective was to quantify the power
available in relation to the underlying sample size per timepoint, while varying a number
of key parameters of interest, notably the number of total timepoints in the time-series.
Furthermore, the intention was to develop Stata code to be readily usable by
epidemiologists as a tool to generate estimates of required sample size for similar ITS

applications.

METHODS

Study design

This was a Monte-Carlo simulation study, the strengths of which have been well
described previously (225, 226). Pseudo-random data were generated with known
characteristics/distributions defined by pre-specified input parameter values.
Consequently, because the truth regarding these characteristics was known, it was
possible to empirically evaluate the performance of a given statistical model when fitted
to the simulated data (227, 228). The methods are here described according to the

recently published guidelines by Morris et al. (227)

Aims
The aim was to describe the power associated with the mean sample size per timepoint

to detect a change in: (i) level and (ii) trend in an outcome, following a defined

155



intervention in the ITS framework, using ordinary least-squares regression. The repeated
outcome measure (timepoint) took the form of a proportion given that analyses in
chapter 4 were initially performed using cumulative incidence (which was only
subsequently updated to incidence rate). The potential impact of a range of values for
various other factors such as total number of timepoints, effect size and location of
intervention in the time-series were also investigated. The aim was primarily to develop
a means to estimate power within the context of the specific case-study evaluating the
impact of UK NICE TA36 on the cumulative incidence of TKR within the Clinical Practice
Research Datalink (CPRD). (199). However, the intention was also to generalise the
programming code developed in order to facilitate the estimation of power (and

therefore the estimation of required sample size) when planning future ITS studies.

ITS scenarios

There are many factors within an ordinary least squares ITS framework that could
conceivably influence the power to detect the impact of an intervention. Although the
following is not an exhaustive list, it describes the main factors that were here

investigated.

1. Nature of intervention impact (figure 6.1A)

The impact of an intervention can be modelled as a ‘step’ change in the level of outcome
and/or a ‘slope’ change in the trend of outcome (170, 171). More complex realities can

be incorporated such as multiple interventions, waning or delayed effects and non-linear
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responses. (171, 173) However, for the purposes of the current work intervention effects

were considered to be mediated through either: (i) a step change or (ii) a slope change

A)
B)
B . o, ..." -..

D)

FIGURE 6.1: EXAMPLE SIMULATION SCENARIOS FOR: (A) SLOPE CHANGE (LEFT) VERSUS STEP CHANGE (RIGHT);
(B) SHORTER TIME-SERIES (LEFT) VERSUS LONER TIME-SERIES (RIGHT); (C) SMALLER SAMPLE SIZE PER
TIMEPOINT (LEFT) VERSUS LARGER SAMPLE SIZE PER TIMEPOINT (RIGHT); (D) SMALLER EFFECT SIZE (LEFT)

VERSUS LARGER EFFECT SIZE (RIGHT); (E) EARLIER INTERVENTION (LEFT) VERSUS LATER INTERVENTION (RIGHT)
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2. Total number of timepoints in the time-series, N (figure 6.1B)

The ITS approach requires repeated observations of an outcome event over time, usually
at equally spaced intervals such as days, weeks, months, quarters, years, etc. As
described in the introduction, the number of these timepoints has previously been
shown to impact power. Nine values for total number of timepoints (N) were

investigated, ranging from 6 to 50.

3. Number of subjects per timepoint, n (figure 6.1C)

The sample size per timepoint will impact the accuracy of outcome estimates and hence
the dispersion of a given time-series. It is therefore an important factor influencing the
power to detect an ‘interruption’. To investigate this, 11 values for n were specified,
ranging from approximately 150 to 5,700 patients per timepoint. The rationale for these
values was that in the chapter 4 TKR time-series (which was the basis for this case-study),
these values corresponded to a mean number of outcome events per timepoint that

ranged from 5 to 200 (supplementary file 6.1).

4. Effect size —i.e. magnitude of intervention impact (figure 6.1D)

One of the assumptions of ITS analysis is that the pre-intervention level and trend of
outcome can be used to predict post-intervention counterfactual estimates, i.e. what

outcomes would be expected in the post-intervention period had the intervention not
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occurred (171, 173). The impact of intervention can then be expressed as the difference
between the estimated counterfactual outcome value for a given post-intervention
timepoint versus the estimated modelled outcome value for the same timepoint using
the observed data (179). In previous studies using segmented linear regression, this has
often been done for the mid-point of the post-intervention period in order to yield an
average post-intervention change. (199, 216, 229) The magnitude of this average post-
intervention change expressed as a relative % was therefore used to express effect size,
defined for mid-time-series interventions as the step or slope change resulting in a -15%,

-34%, -50% and -75% reduction in the mean cumulative incidence.

5. Mean pre-intervention level and trend of outcome (figure 6.1E

The absolute pre-intervention level of outcome is an important factor. For example, a
relative 50% reduction of a common outcome will be easier to detect than a relative 50%
reduction of a rare outcome. Furthermore, a pre-intervention trend in outcome may
exist, which may also have an effect on power. Two parameters were therefore specified:
the mean pre-intervention outcome value (defined using the pre-intervention mid-point)
in conjunction with a pre-intervention trend parameter. In main analyses only two
scenarios were explored for this parameter (based on our prior CPRD study (199)), where
mean pre-intervention cumulative incidence was 3.5% and where there was either: (i)
no pre-intervention trend (for step change scenarios) or (ii) an upward trend (for slope
change scenarios) (figure 1). Trend parameters were scaled according to N so that
absolute pre-intervention values were constant across all mid-time-series intervention

scenarios. Exact parameter values for these are provided in supplementary file 6.1.
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6. Location of intervention in time-series (figure 6.1E)

Related to N, location of intervention in the time-series may also have an impact on
power as this will affect the balance in number of pre-intervention and post-intervention
timepoints to be modelled. Locations investigated were at: one-third, mid-way and two-
thirds from the beginning of the time-series. For trend change scenarios, the same pre-
intervention and post-intervention trends were used when investigating early/late
interventions as per the corresponding mid-way intervention setting within each N
scenario (supplementary file 6.1). This seemed the most realistic approach given that an
intervention should have the same impact on the immediate level and/or trend

irrespective of when that intervention occurs across the study period.

Data Generating Process

Data were generated in Stata v15.2, the general principles of which have been described
elsewhere (230). Empty time-series datasets were created of length N (total number of
timepoints). Three ITS variables were inserted: timepoint identifier (integer), post-
intervention indicator (binary) and post-intervention timepoint identifier (integer) (171).
The timepoint identifier was created first, then used in combination with the ‘location of
intervention’ parameter to generate the other two ITS variables. The underlying sample
size for each timepoint (n:) was simulated from a normal distribution with mean n (a key
parameter of interest; 11 values investigated) and standard deviation of n/3. The number
of outcome events occurring per timepoint were drawn as a binomial random variate (n,

pt), where n; represents the sample size and p: the probability of outcome. p: was a linear
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function defined using the ITS variables in combination with other scenario-specific
parameter values (equation included in table 6.1). The number of events per timepoint
and n: were used to derive the cumulative incidence time-series. A total of 1,000 Monte-

Carlo repetitions were carried out for each unique scenario.

Methods of analysis

A segmented linear regression model was fitted to each created dataset. This took the

form of model (1) for step change scenarios and model (2) for slope change scenarios:

(1) Yi=60 + B1*timepoint; + B>*intervention_indicator: + e.

(2) Yi=60 + B1*timepoint; + B5*post_intervention_timepoint; + e.

Here, Y:is the value of outcome at timepoint t. 8o estimates the level of the outcome just
before the beginning of the time-series. 81 estimates the pre-intervention trend, 8; the
change in level between the time point immediately before vs. after the intervention and

B3 the change in trend occurring immediately after the intervention. e is the error term.
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SIMULATED VALUES FOR CALCULATING PTA FOR MID-TIME-SERIES INTERVENTION SCENARIOS

TABLE 6.1

RESULTING IN A RELATIVE REDUCTION (EFFECT SIZE) FROM A MEAN PRE-INTERVENTION INCIDENCE OF 3.5%

BY 'TYPE' OF IMPACT AND TOTAL NUMBER OF TIMEPOINTS IN TIME-SERIES *
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Estimands

The target of inference was change in outcome following an intervention, specifically
testing the null hypothesis of no change (i.e. 82=zero [model 1] or 8s=zero [model 2]).
The outcome at each timepoint was a proportion, which in this particular case-study was

the 5-year cumulative incidence of TKR (199).

Performance

The coefficients, standard error and p-values from these models were stored and the
empirical power to reject the null hypothesis of no post-intervention change was
calculated as the proportion of simulations where the p-value for the intervention
variable coefficient (step/slope change) was <0.05. (228, 230, 231) This was represented
graphically as contour plots across scenarios according to N and n. For convenience of
comparison, additional presentation was made for power according to different effect
size and location scenarios while keeping N constant (N=28). Also calculated for midway
step and slope change scenarios (while keeping N constant) was the percentage bias

(228) of the regression coefficients, defined as:

9% Bias = average estimate across simulations — true parameter value *100

true parameter value

Sensitivity analysis

The case-study was focussed on a scenario where the mean pre-intervention level of

outcome was 3.5%. This corresponds to a relatively ‘rare’ outcome, and whilst not
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uncommon to encounter such incidences, other more common disease incidences are
also likely to be routinely encountered and this will have an effect on power given the
relative effect size is a function of the absolute pre-intervention level. This is therefore a
key parameter to recognise and in order to demonstrate/explore the impact of pre-
intervention level of outcome, the main analyses were repeated to investigate power for
slope and step changes while keeping N constant (N=28) but varying pre-intervention

level from 3.5% to (i) 8% and (ii) 20%.

Stata programme

The present analysis was primarily based on the study as reported in chapter 4 and
therefore explored parameter value ranges as adapted from the CPRD study. For this,
Stata code was developed by myself following attendance at a training course on
simulation studies using Stata (227). However, this was subsequently adapted into a
Stata programme with associated documentation (appendix file 5 & 6) in order to
provide a ready-to-use means for assessing power associated with any valid list of (nine)
input parameter values, as described in appendix file 5. The substantive programming
code was authored by myself, however this consisted of a very large number of separate
do.files. A more efficient/generalised coded loop allowing all parameter values to be
simultaneously inputted was subsequently developed in collaboration with another

DPhil student (K. Berencsi) possessing an advanced level of programming expertise.
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RESULTS

Results are presented below describing the impact of N and n on power within the
various ITS scenarios. It is important to interpret these while recognising the main results
pertain to the case-study based on the UK cumulative incidence TKR time-series (chapter
4), where the mean pre-intervention level of outcome for mid-time-series interventions
was 3.5%, the Stata programme developed can be used to explore any valid combination

of alternative input parameter values (appendix file 5 & 6).

Slope change

As would be expected, power increased as N and/or n increased (figure 6.2) and as effect
sizes became larger (figure 6.2, figure 6.3A). Figure 6.2 depicts power for different N and
n combinations for each effect size investigated. These indicated that nearly all mid-time-
series intervention scenarios with a large effect size (-75%) had at least 80% power when
there were >24 total timepoints, even when there was a very small sample size per
timepoint (~150 subjects, corresponding here to only 5 outcome events per timepoint).
However, when the effect size was small (-15%) then to achieve 80% power an analysis
had to either contain a large N or very large n (figure 6.2). While keeping other factors
constant (effect size =-34% and N=28), power was greater in scenarios with mid-time-
series interventions, with comparably less power in scenarios with earlier/later
interventions (figure 6.4A). The % bias in model coefficients was small throughout all

simulations and this trended towards zero as sample size increased (Figure 6.5A)
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FIGURE 6.2: EMPIRICAL POWER TO DETECT A RELATIVE REDUCTION IN OUTCOME (OF VARIOUS MAGNITUDES)
MEDIATED VIA A SLOPE CHANGE, WHERE MEAN PRE-INTERVENTION INCIDENCE IS 3.5%: BY NUMBER OF

TIMEPOINTS AND MEAN SAMPLE SIZE PER TIMEPOINT
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FIGURE 6.3: EMPIRICAL POWER IN CASE-STUDY (STRATIFIED BY EFFECT SIZE) TO DETECT AN INTERVENTION

RESULTING IN: (A) A SLOPE CHANGE OR (B) A STEP CHANGE.
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Step change

Similar to slope change scenarios, power increased as N and n became larger (figure 6.6)
or as the effect size was larger (figure 6.6, figure 6.3B). Generally, there was less power
in step change scenarios than in corresponding slope change scenarios (figure 6.6 versus
6.4), with nearly all mid-time-series intervention scenarios being inadequately powered
when the effect-size was only -15% (figure 6.6, figure 6.3B). Even when effect sizes were
large and number of timepoints was moderate (14 pre-intervention and 14 post-
intervention timepoints), analyses were underpowered if sample size per timepoint was
low (figure 6.3B). Interestingly, little difference was found in power following an early or

late intervention as compared to when the intervention occurred mid-way through
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(figure 6.4). The % bias in model coefficients was likewise small throughout all simulation

and this trended towards zero as sample size increased (Figure 6.5B)
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MEDIATED VIA A STEP CHANGE, WHERE MEAN PRE-INTERVENTION INCIDENCE IS 3.5%: BY NUMBER OF

TIMEPOINTS AND MEAN SAMPLE SIZE PER TIMEPOINT

Sensitivity analyses

In scenarios exploring the impact of higher values for the mean pre-intervention
cumulative incidence, there was greater power to detect the same relative effect sizes
compared to the setting of 3.5% as used in the main analysis. This was the case for where

mean pre-intervention cumulative incidence was 8% (figure 6.7) and 20% (figure 6.8). In
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cases of a 20% pre-intervention outcome, most scenarios (except for a significant

proportion of those with only a -15% relative effect size or with larger effect sizes but

very small sample sizes) had 100% power.

60 80

Power

40

Power

100
I

80
1

T
0

T T T T T
1000 2000 3000 4000 5000
Average sample size (per timepoint)

--------- 15% relative reduction
34% relative reduction
————— 50% relative reduction
— — — 75% relative reduction

T
6000

T
0

T T T T T
1000 2000 3000 4000 5000
Average sample size (per timepoint)

--------- 15% relative reduction
34% relative reduction
————— 50% relative reduction
— — — 75% relative reduction

T
6000

FIGURE 6.7: EMPIRICAL POWER (STRATIFIED BY EFFECT SIZE) TO DETECT IN SCENARIOS OF MEAN PRE-

INTERVENTION INCIDENCE OF 8.0% AN INTERVENTION RESULTING IN: (A) A SLOPE CHANGE OR (B) A STEP

CHANGE
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DISCUSSION

This Monte-Carlo simulation study has sought to demonstrate a means of estimating
power in ordinary least squares ITS within specific scenarios according to effect size,
number of timepoints, number of individuals per timepoint, location of intervention in
the time-series and intervention impact mediated via slope vs. step changes. A binomial
distribution has been used to simulate the outcome at each timepoint within each time-
series for each specific scenario. Model parameters were informed and adapted from

the analysis of cumulative incidence of TKR in the analysis of CPRD data in chapter 4.
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Main findings

This study demonstrates that simple rules regarding the number of timepoints are not
adequate by themselves to denote an ITS analysis as sufficiently powered. Other factors
such as the sample size per timepoint, expected effect size, location of intervention in
the time-series and pre-intervention trends need to be collectively considered. For
example, this simulation analysis can be used to provide the power available in the TKR
time series analysis in chapter 4. That is, with 14 pre- and 14 post-intervention
timepoints with 500 patients per timepoint and where the pre-intervention incidence
started at 2.61% and finished at 4.45%, then the simulation programme estimates 86%
power to detect a 34% average slope change reduction. This indicates that the TKR time-
series in chapter 4, for which the average sample size per timepoint was just over 600,
was sufficiently powered to detect a relative reduction of at least a third (figure 6.2B).
These results underline the importance of robust pre-study sample size planning, which
here would entail hypothesising about the magnitude of any expected effect size, the
average pre-intervention rate of outcome and the possible combination of number of
timepoints throughout the study period and the average number of individuals

underlying each timepoint.

Findings in context

That power increases as N increases is an expected finding and has previously been
shown for fixed ratios of effect size to the standard deviation of the timeseries (222,
232). However, here addressing the previously unknown trade-off between N and n is an

important consideration and a helpful development. Firstly, because the standard
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deviation of a given number of population-level timepoints may likely be difficult for
applied researchers to estimate in advance of a proposed ITS study. Secondly, because
exploring this trade-off between N and n informs to what extent it may be beneficial (in
terms of power) when generating an aggregate ITS dataset to sacrifice sample size per
timepoint in order to increase the number of timepoints (or vice-versa). It allows a
combination of N and n to be selected to optimise power. Although the exact nuances
of this unique trade-off were scenario specific, in most cases only very little gain in power
was achieved when a time-series was lengthened at the expense of timepoint sample
size. This though was not the case for where a very short time-series was lengthened,
where gains in power were more noticeable. For example, to achieve at least 80% power
in the mid-way -50% step change scenario (figure 6.3C), approximately 5,100 individuals
were required per timepoint in a six timepoint time-series although this was less than
1,500 for a 12 timepoint time-series. Yet when this was extended to a 24 timepoint time-
series then there was still a requirement of approximately 600 individuals per timepoint

to achieve 80% power.

A differential power according to whether an intervention impact is mediated via a slope
or step change does not seem to have previously been investigated. This study has found
that power was greater in slope change scenarios, a likely explanation being that the
effect size was the average difference between post-intervention values and
counterfactuals, which in the case of slope change scenarios continued to increase as
per the pre-intervention slope and therefore made detection of a change more probable.

Within scenarios with a slope change, power was found to be greater in settings with a
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balanced number of pre-intervention and post-intervention timepoints (as opposed to
earlier/later interventions). On the other hand, the location of the intervention had little
impact on power to detect step changes and was even marginally greater when the
intervention occurred early. Although this was unexpected, it is not without some
support from previous work (222) which reported a similar finding for heteroskedastic

models.

There is some discussion in the literature as to whether, rather than calculating the
estimated sample size required to achieve 80% power to detect a pre-specified effect at
a given type 1 error rate, that instead it may be more appropriate to estimate the sample
size required to achieve a certain level of precision, i.e. 95% confidence interval width
(219, 233). Although this is not mainstream, it is very much mathematically linked to the
concept of power and does have certain advantages. Determining the required sample
size for achieving a desired level of precision for the 95% confidence interval of an effect
size is more intuitive than the concept of power, tangibly expressing the impact of being
underpowered on the informativeness (i.e. precision) of results. It is also more consistent
with the continuous nature of strength of evidence rather that the dichotomising of
results that is involved in powering for a significance test to reject the null hypothesis.
That said, the concept of power is now very well established in epidemiology and is often
what is required by funding and ethical committees in their assessment of the validity of

a proposed investigation.
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Limitations

The analysis is subject to various limitations. Each timepoint was treated to be
independent of other timepoints as these were cumulative incidence measures, which
as such meant that a given subject/patient could only be included in a single timepoint.
The impact of autocorrelation on estimates has not therefore been explored, although
this remains a subject for further investigation. Despite the availability of ITS approaches
that explicitly model autocorrelation, such as autoregressive integrated moving average
(ARIMA) models (234), it would seem that where the assumptions of OLS regression are
met then this is preferable for epidemiological studies where the goal is likely to be
causal inference rather than future prediction. Indeed, while autocorrelation needs to
be addressed where present, it has been noted that in epidemiological studies it can
often be accounted for by controlling for other variables (173), and interestingly of a
recent review of over 200 drug utilization studies implementing ITS analysis, 50% were
found to use segmented linear regression (174). Specification of ARIMA models are
frequently cited to require a minimum of 50 timepoints (235), with >100 being preferable
(234), yet it is common to have less than this minimum available in epidemiology
contexts using routinely collected data (171, 198, 222, 229). For these reasons, the focus
here was on ‘short’ time-series where 50 timepoints has been considered a maximum,
with the use of Durbin Watson statistics to confirm first-order autocorrelation was not
present. Previous work has investigated the relationship between the number of
timepoints and power in the presence of autocorrelation (222, 236), where positive
autocorrelation has been shown to reduce power and negative autocorrelation to

increase power (222). Similarly, seasonality has not been considered nor situations
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where there may be a delay or waning intervention effect. These remain the topics

further extensions/complexities to the simulation programme.

Another limitation is that the definition of effect size as the difference between post-
intervention timepoints and counterfactual timepoints (i.e. what would have been
observed had pre-intervention level/slope continued uninterrupted) involves
extrapolation and therefore uncertainty. While this is often done in practice, with
uncertainty of model estimates expressed using confidence intervals (179), there is still
the assumption that pre-intervention trends would have continued unchanged. The
advantage of using this approach also means that the effect size can be expressed as a
relative proportion of the pre-intervention mean, rather than a very scenario specific
coefficient. This prioritises practicality given that this is an intuitive effect size in
comparison to a coefficient for a slope change, which is very dependent upon the

number of timepoints in the time-series.

Similarly, the basis of this work was the setting of the time-series analysis in chapter 4,
where mean pre-intervention cumulative incidence of TKR was 3.5%. The impact of other
parameters here explored may be different in contexts with different values for mean
pre-intervention incidence, and although this wasn’t exhaustively explored here, the
sensitivity analysis showed that power was indeed greater when pre-intervention
incidence was higher within otherwise like-for-like scenarios. The focus of the work was
also on the case-study where reductions in outcome followed the intervention, however

the Stata programme (as described in appendix file 5) could just as well be used to
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estimate sample size requirements for scenarios where outcome is expected to increase
post-intervention, for example in drug utilisation following a change in prescribing

guidance.

Furthermore, only scenarios where the repeated outcome measure is a cumulative
incidence (i.e. a proportion) has been investigated. The reason for this is because the ITS
analyses as reported in chapters 4 & 5 had initially been planned with cumulative
incidence as the main outcome measure. The work as reported in this chapter was
thereafter carried out in conjunction with this initial analysis plan. It was after the results
of chapter 4 had already been presented at an international conference that it was
decided incidence rate was a more preferable measure given that it accounts for
censoring. However, cumulative incidence is a very common epidemiological measure
and therefore should prove useful, but incorporating other common measures such as
person-year rates, means (for example length of hospital stay or drug doses prescribed)
and frequencies is a logical next step and remains the subject for imminent further
investigation. It is worth mentioning that results for the ITS analyses in chapter 4 which
use incidence rates are almost identical to those using cumulative incidence (there

suggesting censoring remained approximately stable over the timeseries).

Strengths

The disentangling of N and n is a key strength and novel aspect of the current study, as
is the separate consideration of post-intervention step and slope changes. The

development and inclusion of a Stata programme is an important feature of the
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investigation, facilitating researchers to estimate sample size requirements for future ITS
studies and thereby promoting the avoidance of carrying out underpowered and
therefore under-informative analyses. Although the programme is currently confined to
Stata, plans for imminent further work includes using this tool as the basis for a readily
available online calculator. Another strength of using the Stata tool is that it not only
produces the heat map graphs as included here, but summary output in tabular format
which can then be sorted by various parameters. This allows one to identify which
scenario (in terms of N and n) provides maximum power for a given total sample size.
Alternatively, it can be used to determine the precise total sample size required to
achieve 80% power for a given scenario. It is also worth mentioning that the parameter
values for the UK TKR time-series (chapter 4) formed the basis of this case-study,
providing a “real world” clinical scenario (199) in order to increase the applicability of

the findings, rather than starting from arbitrary parameter values.

Conclusions

Multiple factors influence the power of OLS ITS analysis and these should be collectively
taken into account when considering the feasibility of a proposed ITS study. This chapter
demonstrates how a simulation approach can be used to estimate the power available
within specific ITS scenarios. The Stata code developed can be used to facilitate pre-
analysis sample size planning of ITS studies within similar applications in order to reduce
future wasteful, inefficient and possibly misleading research. Further work includes
extended these simulations to applications using other outcome measures rather than

simply cumulative incidence, and translating the Stata programme into an online tool.
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7. PATIENT-LEVEL ANALYSIS OF IMPACT OF TNFI VERSUS CSDMARD

ON SUBSEQUENT NEED FOR JOINT REPLACEMENT AMONG RA

PATIENTS IN THE UK

INTRODUCTION

Chapter 1 described the emergence of biologic therapies such as TNFi and how this has
revolutionised the management of RA over recent decades (50, 237). Analyses as
reported in chapters 4 & 5 were carried out in order to explicitly estimate the impact of
introducing TNFi and suggested some role in subsequent decreasing trends in joint
replacement rates, although there were reasons to be cautious about a causal
relationship. In particular, although declining rates of TKR (UK and Denmark) and THR
(Ontario) were observed for RA patients (compared to counterfactuals), there was also
a reduction in joint replacement rates in the non-RA control populations (chapter 5).
Furthermore, there is prior evidence that there was an increasing usage of csDAMARDs
throughout the timeframe of the study (132, 194). This latter observation regarding
csDMARDs is understandable given that patients were only eligible (at least in the UK)
for TNFi after failing to adequately respond to two 6-month episodes of conventional
therapy. This dual increase in both biologics and csDMARDs renders the population-level
analyses of chapters 4 & 5 difficult to interpret with precision given that the exact causes
for any change in THR/TKR rates remain unclear. Patient-level data on this topic is

required to disentangle these issues, yet such data remain scarce (91).



One previous study has attempted to estimate the patient-level impact of biologics
versus csDMARD (108), however that study failed to adjust for many relevant
confounding characteristics, such as disease severity, prior medications and
comorbidities, which they conclude likely biased their reported associations. Indeed, as
described in chapter 1, one of the fundamental challenges being faced within the field
of pharmacoepidemiology is that of the issue of confounding by indication (109). In the
case of TNFi use and subsequent need for joint replacement, it is likely that users of
biologics are - on average - at significantly higher baseline risk of joint replacement than
non-users (34). Failing to account for these systematic differences between treated and
untreated patients in an observational study would render results unreliable, particularly
where the aim is to estimate comparative effectiveness (110). There has been increasing
development and use of novel statistical methodologies within the field of
pharmacoepidemiology to better minimise the bias resulting from confounding by
indication (117), including various methods that are quasi-experimental in nature and
which offer the opportunity for causal inference where an RCT is likely to be unfeasible
(112, 116). Important examples include ITS, instrumental variable (IV) and regression
discontinuity design (RDD) analyses (122), although applications of these methods to-

date within the field of musculoskeletal epidemiology appears to be limited.

The British Society for Rheumatology Biologics Register: Rheumatoid Arthritis (BSRBR-
RA) was set up in 2001, primarily in order to monitor the safety of TNFi (71, 238). It is

now one of the largest biologics registers in the world and is a rich dataset containing
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many clinical, diagnostic and demographic variables. The breadth of data included is one
of the resources great strengths and permits control for many factors that may be
involved in the confounding by indication problem that would likely bias cruder
approaches to estimating the effectiveness of TNFi. Despite the use of BSRBR-RA for
many studies on both treatment safety and effectiveness (238), it has not been used yet

to investigate the potential impact of treatment on need for joint replacement.

The current aim was therefore to leverage the BSRBR:RA data in conjunction with quasi-
experimental methodologies, in order to estimate the comparative effectiveness of TNFi
vs. csDMARDs on subsequent rates of joint replacement among UK RA patients. The
primary outcomes for this investigation, as per previous chapters, were THR and TKR
(analysed separately) although other (non-hip/non-knee) joint replacement (OJR) was

also investigated as a secondary outcome.

METHODS

Data sources and exposures

Data were obtained from the British Society for Rheumatology Biologics Register for RA
(BSRBR-RA), as detailed in chapter 2. This register contains prospectively collected
observational data on over 20,000 RA patients recruited from 2001 onwards, primarily
to evaluate the real-world safety of TNFi. In addition to recruiting initiators of biologic

therapies, the BSRBR-RA contains a comparator cohort of non-biologic treated RA
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patients on csDMARDs, entry into which was dependent on having active disease (guide

DAS28 >4.2).

Outcomes

The primary outcomes of interest were first occurrence of THR or TKR, analysed
separately. Patients were followed up from date of registration into BSRBR-RA until the
earliest date of either outcome event, follow-up form date indicating switching exposure
status (stopping among TNFi users or starting biologics among csDMARD users), last
follow-up form or death. OJR (a composite outcome consisting of elbow, shoulder, hand

or other small joint replacement) was a secondary outcome.

Study population

The study sample (Figure 7.1) consisted of all biologic-naive RA patients, either in the
control cohort or those initiating a TNFi (etanercept, infliximab or adalimumab) no more
than 6 months prior to registration within BSRBR-RA. All patients however were
permitted exposure to csDMARD therapy. Patients with a THR or TKR recorded prior to
registration were excluded, as were patients with less than 6 months of follow-up (i.e.
those who did not return at least one follow-up questionnaire). In analyses of OJR,

further exclusion was made of patients who had undergone an OJR prior to baseline.
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Statistical analysis

Statistical analyses were carried out in Stata 15.1 and R. As described in the introduction,
given the probable confounding by indication, i.e. TNFi users vs. csDMARD users likely
having a different baseline risk of THR/TKR, it was decided a-priori to match TNFi users
to comparable csDMARD users. This was done based on their propensity for receiving
treatment, which is a method now commonly carried out in the pharmacoepidemiology
literature (239, 240). Propensity scores (PS), i.e. the probability of receiving TNFi
conditional on observed baseline characteristics (113) (including those predictive of
outcome) were estimated for all patients using logistic regression. Here, treatment
status was the outcome in the model and predictors (fully listed in appendix table 7.2)
consisted of: age, gender, ethnicity, index of multiple deprivation (IMD), body mass index
(BMI), smoking status, year of registration (quintiles), time since RA diagnosis, DAS28,
health assessment questionnaire (HAQ) score, quality of life (SF36 domains), 1987 ACR
criteria, systemic involvement, co-morbidities and co-medications. Each TNFi patient
was matched to the csDMARD patient with the most similar PS within a caliper distance
of 0.2 standard deviations of the logit of the PS, as this has previously been shown to
greatly reduce bias in estimation of effectiveness (113, 241). Patients failing to be
matched within this caliper width were excluded from further analysis. Matching with
replacement (242) was used which entailed matching each TNFi user to its most similar
csDMARD user but then ‘returning’ the csDMARD user back into the pool of potential
matches for further TNFi users. This choice of matching is commonly used in situations
of fewer available untreated patients than treated patients, as was the case here with
fewer in the csDMARD than TNFi cohort (242, 243). The reason for this is that it

maximises efficiency in that it potentially finds a match (and therefore makes use of) all
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subjects in the treated cohort, although it does result in a pseudo-population for the
untreated group (i.e. a matched csDMARD cohort not necessarily representative of the
‘actual’ csDMARD population). TNFi users were assigned weights of one and csDMARD
users a weight proportional to the number of times matched. The weights amongst the
csDMARD users totalled the number of uniqgue csDMARD users included in the matched
sample, which was accounted for in estimation of standard errors in subsequent

analyses.

Baseline characteristics of the TNFi user and csDMARD cohorts were summarised and
differences between the cohorts assessed by way of absolute standardised mean
differences (SMD) (244, 245). SMDs are preferable to p-values for assessing balance as
p-values are impacted by a combination of balance and sample size. That is, all other
factors being equal, p-values comparing the matched cohorts may be different from
those comparing the unmatched cohorts simply due to changes in sample size alone.
SMDs on the other hand are scaled/standardised according to sample size, with smaller
SMD values indicative of greater balance between cohorts. SMDs express the difference
in means in units of standard deviation, which for continuous variables is the difference
in sample means between the matched cohorts and for dichotomous variables is the
difference in prevalence (245). Incidence rates of each outcome event with 95%
confidence intervals (Cl) were calculated (accounting for csDMARD weighting) among
matched TNFi users and csDMARD users. Cox regression was used to compare THR, TKR
and OJR rates, with weights added to account for the matching with replacement

procedure. The proportional hazards assumption was checked in final models using the
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Schoenfeld and scaled Schoenfeld residuals (using the stphtest Stata command) which
indicated no significant breach of proportionality (P>0.1). All patients were censored at
12 years due to the small sample size of the csDMARD cohort after this time, which made
the model unstable (most likely due to changes in the diminished sample size of unique
csDMARD users being amplified in the weighted model). Baseline characteristics were
adjusted for in the final models if they were not sufficiently similar post-matching,

defined as SMD values >0.1 (246).

Propensity score analysis was chosen as the primary method a-priori given that this
approach has been shown to be capable of eliminating a large majority of the bias due
to measured confounding (113, 241) and is an intuitive method aiming to impose quasi-
randomisation upon observational data. Although there is some methodological
literature supporting the superiority of matching over other propensity-score based
methods (241, 247), the choice to use matching was primarily due to the relative ease
with which the method can be seen to have “worked”, i.e. balanced baseline
characteristics between matched cohorts. The use of other methods to explore the
impact of unmeasured confounding was always proposed only as a sensitivity approach
given that it was suspected (as was confirmed in analyses) that the more stringent
assumptions of these latter methods may be breached and therefore undermine the

validity of such investigations as primary analyses.
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Missing data

Missingness in baseline data was identified and this was imputed using multiple
imputation (Ml) using chained equations (248-251), with all the variables used in the
statistical analysis (described above) included into the imputation model, in addition to
the time-to-event variables. Missingness was assumed to be “missing at random”, i.e.
dependent on other observed variables but randomly distributed once these
dependencies are accounted for (248, 251, 252). This was not assumed where a variable
was only collected for England (i.e. not Scotland or Wales), as was the case for IMD,
which was not imputed. The R package mice was implemented, with partial mean
matching (PMM) used for all numeric variables given that this approach has been shown
to be valid in the case of non-normally distributed or only ‘semi-continuous’ variables
(253). Ten imputed datasets were created as used elsewhere (254) and owing to the fact
that the missingness was small (appendix table 7.1). Although consensus in the literature
is lacking on the issue of choosing the number of imputations, it has been previously
demonstrated that m=10 is suitable for situations where missingness is not large (250).
Distributions of variables with imputed data were visually compared to those in the
original dataset. Balance assessment was carried out for the cohort prior to matching in
only one of the imputed datasets, but final models were run for all 10 imputed datasets

(255) and hazard ratios (HRs) were pooled using Rubin’s rules (250, 256).

Age and disease severity were a-priori specified as potential effect modifiers of the
association between TNFi use and subsequent need for joint replacement. The reason

for specifying age as a potential effect modifier was that it strongly predicted joint

186



replacement (chapter 3) and it seemed a foreseeable possibility that age may modify the
TNFi versus joint replacement relationship (257). It also seemed plausible that TNFi might
provide more or less benefit to those with severe disease activity (previous data indicate
patients with high DAS achieve greater DAS reductions on TNFi but are less likely to
achieve remission (34, 258)). Following the main analysis, these potential interactions
were tested by including interaction terms for approximately median age (</> 60 years
old) and DAS28 (</>5.1 NICE cut-off) in the weighted Cox model in a single imputed
dataset. The likelihood ratio test was used to assess model fit and in the event of a
significant interaction (p<0.1), matching and survival models were re-run and pooled

within strata of the significant effect modifier.

Sensitivity analysis of PS matching

Given the fact that BSRBR-RA stopped recruitment to either cohort in 2008 but that the
TNFi cohort reopened in 2010 allowing further enrolment (chapter 2), it was a-priori
decided to further explore this issue. This should have been largely addressed in the main
analysis given that there was vast overlap in calendar time between recruitment of the
TNFi group and the csDMARD group (table 7.1) and the inclusion of calendar time in the
PS model. However, in a sensitivity analysis the main PS matching and survival models
were repeated following exclusion of the TNFi users recruited into the registry after the
c¢sDMARD cohort had closed. Secondly, in the main survival analysis models, patients
were censored at time of changing exposure status (starting biologics amongst the
csDMARD cohort or stopping amongst the TNFi cohort) as this seemed the ‘cleanest’

approach, i.e. isolating the effect of treatment from that of the exposure status switched
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to. However, this may have introduced selection bias in the form of informative
censoring (259). For this reason, survival analysis models were repeated with up to 180
days added after the follow-up form date indicating change in exposure status, although
patients dying, lost to follow-up or reaching the end of study period in this timeframe

were censored on these dates instead.

Instrumental variable sensitivity analysis

An instrumental variable (IV) approach was carried out as a sensitivity analysis, which
sought to address the issue of unmeasured confounding given the non-random
allocation of treatment in the BSRBR-RA. |Vs can be leveraged if fulfilling certain key
assumptions in order to deal with this issue and yield unbiased results (122, 260).
Physician preference was used as the instrument, as has been done previously in other
contexts (260, 261). The time-specific preference for prescribing biologics was estimated
among each of the consultants who recruited patients into the BSRBR-RA. This variable
was called ‘physician preference’, as estimated and applied elsewhere (261). This
preference variable was calculated in a time-dependent manner by sorting BSRBR-RA
patients according to recruiting consultant and registration date, and then by calculating
the relative frequency of biologics prescribed over the previous 12 patients recruited
into the registry by each consultant ID. If this relative frequency for a given patient was
>=0.5 then the consultant was defined (at that point in time) as “preferring biologics”, if
it was <0.5 then they were considered as “preferring csDMARDs”. In such manner the
first 12 prescriptions per consultant ID were excluded from the effect estimate as they

were only used to generate the preference IV variable. The strength of the IV was
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assessed by comparing the proportion of TNFi users between the different IV status
groups. Given that an uncensored proportion (cumulative incidence) for THR/TKR was
used as the outcome in this approach, a 5-year outcome was considered more suitable
as this would contain less attrition due to mortality and loss-to-follow-up. However, a
12-year outcome was also explored. Crude associations between the IV and THR/TKR
(analysed separately) were carried out using simple cross tabulations and chi-square

tests in order to provide an initial demonstration of crude relationships.

The IV was then used in a 2-stage least squares linear regression, as has previously been
carried out (261) and described (262-264). Treatment exposure was the dependent
variable in the first model containing the IV (consultant preference) and measured
covariates as independent variables. This first model provided the estimated expected
value of exposure to TNFi dependent on IV status and (for the adjusted analysis)
measured confounders. These predicted values were then included along with (for the
adjusted analysis) measured confounders as independent variables into the second stage
which had THR/TKR (analysed separately) as the outcome. The coefficient for the
predicted value of being treated (given the IV and measured covariates) in this second
regression was the result of intrinsic interest, and can be interpreted as the risk
difference between treated and untreated patients who were neither “always” going to
take TNFi nor “never” going to take TNFi. That is, it's the complier average causal effect
estimate (CACE), meaning the effect of treatment among the sub-population induced to
take treatment solely due to the physicians’ preference (122), and would have

hypothetically taken the alternative treatment had they been seen by a different
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physician with the alternative preference. The risk difference was multiplied by 100 so
that the interpretation was the risk difference per 100 patients treated with TNFi versus

csDMARDs (261).

Regression discontinuity sensitivity analysis

Regression discontinuity design (RDD) analyses, although a mainstream method in
econometrics and social sciences, has been little used in the field of epidemiology (265,
266). As per other quasi-experimental approaches, the essence of the method is to mimic
an RCT environment where ‘allocation’ of treatment in the final analytical dataset is
quasi-random due to careful selection of who/when to measure (rather than who/when
to expose). It is usually applied to situations where treatment in the real-world is
allocated according to a threshold rule regarding a cut-off value of a continuous variable,
such as CD4 count (267) or cardiovascular risk score (265). It assumes exchangeability in
that patients should be continuously comparable within a sufficiently small bandwidth
around the cut-off value of the threshold rule. This can be achieved given that such cut-
off values are usually arbitrary and incorporate some measurement error, thus giving
rise to a situation where patients “just below” the threshold are almost identical (in
terms of measured and unmeasured confounders) to those “just above” except for the
fact one group is eligible for treatment whilst the other is not. In the context of the
present investigation, NICE guidance only recommends TNFi therapy for individuals with
an elevated DAS28 score of over 5.1. This value of baseline DAS28 was therefore
considered as a cut-off value in an RDD analysis, the impact of which was estimated on

rates of THR/TKR (analysed separately), in a similar fashion as has previously been done

190



to estimate the impact of HIV treatment eligibility (267). Visual inspection of the density
of DAS values was made in order to assess whether there was bunching of values around
the cut-off, which has been previously suggested as a good assessment of whether some
manipulation of the score had been performed, assuming that in the real world this
would be continuous across the cut-off. Baseline characteristics were described among
those “just below” versus “just above” the cut-off, and SMDs used to assess
exchangeability within numerous bandwidths: +/- 0.2 units, +/- 0.3 units, +/- 0.5 units
and +/- 0.7 units. The incidence (per 1,000 PYs) of THR/TKR was estimated per unit of the
DAS28 score, and segmented linear regression models fitted to the data within the
numerous bandwidths investigated. These models estimated the difference in THR/TKR
incidence at the cut-off for treatment eligibility, taking into account trends within the
various band-widths. These were also depicted graphically. The importance of exploring
various band-widths has been previously described (267, 268), given that the choice of
bandwidth can have a significant impact on the difference at the cut-off. Furthermore, it
has previously been noted that RDD analyses within epidemiology will often be “fuzzy”
rather than “sharp” (265), meaning that allocation of treatment is influenced by the cut-
off in a probabilistic rather than deterministic fashion. In other words, there may be a
significant number of ‘non-compliers’ who may receive treatment despite being below
the threshold or may be withheld treatment despite being above the threshold. In such
fuzzy scenarios, it is important to scale the impact of treatment eligibility (as defined by
the threshold) on the outcome, by the actual impact on uptake of therapy (267), as was
similarly done in the IV analysis of physician preference. This was here done using a 2-
SLS approach, with the threshold defined as the IV, yielding estimation of the CACE

around the threshold.
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RESULTS

Baseline Characteristics

Baseline characteristics before matching are presented in table 7.1. Of 13,126 eligible RA
patients identified in BSRBR-RA, 97% (9,558) of the TNFi users and 51% (1,644) of the
csDMARD users were retained following PS matching (Figure 1). Given the 1:1 matching
with replacement, a total of 19,116 patient records were used in subsequent analyses,

with each csDMARD user being used a median of 3 (IQR: 1-6) times.

Eligible RA patients (N=22,001)

- Biologic is not a TNFi: n=3,253

- Prevalent biologic user at baseline: n=2,332

- Registration date >6 months after starting TNFi: n=1,448
- Insufficient follow-up data: n=1,194

- Prior THR/TKR: n=4,034

TOTAL EXCLUDED: N=8,873

Pre-matched patients (N=13,126)

csDMARD TNFi
(N=3,229) (N=9,897)

- No matches or
unused: n=1,926

Post-matched patients (N=11,202)

csDMARD TNFi
(N=1,644) (N=9,558)

FIGURE 7.1: POPULATION FLOW DIAGRAM OF RA PATIENTS REGISTERED WITHIN BSRBR-RA
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TABLE 7.1: BASELINE CHARACTERISTICS OF PROPENSITY SCORE MATCHED COHORTS BEFORE MATCHING:

STRATIFIED BY USE OF TNFI VS. CONVENTIONAL SYNTHETIC DMARDS

CS-DMARD (N=3,229) Biologic (N=9,897) SMD
Characteristic N % N %
Age: Mean (S.D.) 59.0(12.4) 55.1(12.3) -0.32
Gender: Female 2,338 72.4 7,522 76 0.08
ethnicity: White/Caucasian 3,150 97.6 9,428 95.3 0.12
Index Multiple Deprivation
Quintile1 609 18.9 1339 13.5 -0.15
Quintile 2 561 17.4 1524 15.4 -0.05
Quintile 3 481 14.9 1719 17.4 0.07
Quintile4 525 16.3 1789 18.1 0.05
Quintile5 421 13 1743 17.6 0.13
Unknown 632 19.6 1785 18 -0.04
BMI 27.3(6.1) 27.1(6.3) -0.03
Smoking?
Current 815 25.2 2306 233 -0.05
Ex 1,250 38.7 3,696 37.3 -0.03
Calendar period of registration
Oct 01 -0Oct 03 251 7.8 2517 254 0.49
Nov 03 - Aug 04 538 16.7 2083 21 0.11
Sept 04 - Aug 05 764 23.7 1820 18.4 -0.13
Aug 05 - May 07 1108 34.3 1466 14.8 -0.47
May 07 - May 16 568 17.6 2013 20.3 0.07
Years since diagnosis: Median (IQR) 8.6 (9.5) 11.1(8.9) 0.27
DAS 28: Mean (S.D.) 5.10(1.30) 6.48 (1.00) 1.18
Overall HAQscore 1.46 (0.75) 1.92 (0.62) 0.66
ACR: Ever rheumatoid positive 1,853 57.4 6,306 63.7 0.13
ACR: Deformity of 23 joint areas 2,325 72 8,452 85.4 0.33
ACR: Erosions on hands/feet 1,436 44.5 5,543 56 0.23
ACR: Ever had nodules 961 29.8 4,203 42.5 0.27
ACR: Symmetry 2,107 65.3 8,211 82.9 0.41
ACR: Deformity of hand joint 2,280 70.6 7,929 80.1 0.22
ACR: Morning stiffness >1 hour 2,839 87.9 9,305 94 0.21
Non-major prior joint replacement” 460 14.2 2094 21.1 0.18

Results shown are for the 10th imputed dataset. Full covariate table in appendix
A Composite variable consisting of: shoulder, elbow, neck or other small joint replacement (e.g. hand)
SMD: standardised mean difference (smaller values indicative of better balance)
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TABLE 7.2: BASELINE CHARACTERISTICS OF PROPENSITY SCORE MATCHED COHORTS AFTER MATCHING*:

STRATIFIED BY USE OF TNFI VS. CONVENTIONAL SYNTHETIC DMARDS

Characteristic

Age: Mean (S.D.)
Gender: % Female
ethnicity: % White/Caucasian
Index Multiple Deprivation
Quintile1
Quintile 2
Quintile 3
Quintile 4
Quintile5
Unknown
BMI
Smoking?
% Current
% Ex
Calendar period of registration
Oct 01 -0Oct 03
Nov 03 - Aug 04
Sept 04 - Aug 05
Aug 05 - May 07
May 07 - May 16
Years since diagnosis: Median (IQR)
DAS 28: Mean (S.D.)
Overall HAQ score
ACR: Ever rheumatoid positive: %
ACR: Deformity of 23 joint areas?: %
ACR: Erosions on hands/feet: %
ACR: Ever had nodules %
ACR: Symmetry %
ACR: Deformity of hand joint %
ACR: Morning stiffness >1 hour: %
Non-major prior joint replacement”

CS-DMARD (N=9,558)

TNFi (N=9,558)
(1,644 unique patients)
N % N %

55.2(12.1) 55.2(12.3)
7,289 76.3 7,259 75.9
9,114 95.4 9,118 95.4
1282 13.4 1322 13.8
1420 14.9 1485 15.5
1413 14.8 1640 17.2
1544 16.2 1710 17.9
1284 13.4 1650 17.3
2615 27.4 1751 18.3

26.8(5.9) 27.1(6.3)
2448 25.6 2259 23.6
3272 34.2 3577 37.4
1481 15.5 2262 23.7
2037 21.3 2037 21.3
1823 19.1 1802 18.9
1664 17.4 1462 15.3
2553 26.7 1995 20.9

10.8 (10.7) 11.0(8.8)

6.47 (1.09) 6.43(0.98)

1.91(0.63) 1.91(0.62)
5,532 57.9 6,055 63.4
7,425 77.7 8,118 84.9
4,651 48.7 5,282 55.3
4,034 42.2 3,988 41.7
7,468 78.1 7,883 82.5
6,771 70.8 7,602 79.5
8,901 93.1 8,966 93.8
1742 18.2 1989 20.8

SMD

0
-0.01
0.00

0.01
0.02
0.07
0.05
0.11
-0.22
0.06

-0.05
0.07

0.21
0
-0.01
-0.06
-0.14
0.02
-0.04
-0.01
0.11
0.19
0.13
-0.01
0.11
0.20
0.03
0.07

Results shown are for the 10th imputed dataset. Matching was performed using replacement of the cs-
DMARD users. 9,558 biologic users were each matched to one of the 3,229 cs-DMARD users (with
replacement). Number of csDMARD patients represented in final matched sample was 1,644. Full

covariate table in appendix

A Composite variable consisting of: shoulder, elbow, neck or other small joint replacement (e.g. hand)

SMD: standardised mean difference (smaller values indicative of better balance)
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Missingness was identified in 16 variables (appendix table 7.1). These, along with the %
of missing data were: age (3%), ethnicity (15%), IMD (18%), BMI (12%), smoking status
(1%), disease duration (4%), DAS-28 (1%), HAQ score (7%) and SF36 (17% for all eight
domains). The distribution of values for these variables, both within the original dataset
and imputed datasets were inspected and examples of these distributions are included
in appendix figure 7.1. The distributions for variables following imputation were very

similar to those in the complete case in the original dataset (appendix figure 7.1).

Baseline characteristics of TNFi users were markedly different in the unmatched study
sample compared to the csDMARD cohort (table 7.1, appendix table 7.2), especially in
aspects of disease severity. Specifically, the TNFi cohort had on average higher DAS28,
HAQ score, proportion fulfilling the 1987 ACR RA criteria, lower health-related quality of
life (as per SF36), longer disease duration and a higher prevalence of prior non-major
joint replacement. Conversely, baseline characteristics between exposure cohorts were
much more similar post-matching (table 7.2, appendix table 7.2). The only persisting
differences (SMD>0.1) between the matched cohorts were calendar period of
registration, low deprivation and the proportion of patients fulfilling ACR criteria (which

were hence added as covariates into the final models).

Comparative effectiveness on THR

A total of 589 THRs were reported during follow-up (median = 4.94 years [IQR:1.52 to
10.04] for TNFi and 5.97 years [IQR: 2.05 to 9.55] for csDMARD) of the propensity-

matched cohorts. Incidence rates (per 1,000 PYs) were 5.22 [95% Cl: 4.66 to 5.88] and
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6.30 [95% Cl: 4.24 to 9.76] among TNFi users and csDMARD users, respectively (table
7.3). Comparing TNFi to csDMARDs yielded a pooled HR = 0.91 [95% Cl: 0.64 to 1.31;
p=0.62], which when adjusted for any remaining post-matching imbalance in baseline

covariates was 0.86 [95% Cl: 0.60 to 1.22; p=0.39] (figure 7.2, figure 7.3).

Comparative effectiveness on TKR

Among the matched sample, a total of 864 TKRs were reported during followup (median
=4.85 years [IQR:1.50 to 10.01] for TNFi and 5.98 years [IQR: 2.03 to 9.55] for csDMARD)
of the propensity-matched cohorts. Incidence rates (per 1,000 PYs) were 8.89 [95% ClI:
8.13 to 9.72] and 8.09 [95% Cl: 5.32 to 12.89] among TNFi users and csDMARD users,
respectively (table 7.3). This yielded a pooled HR = 1.18 [95% Cl: 0.90 to 1.56; p=0.24],
which when adjusted for any remaining post-matching imbalance in baseline covariates

was 1.11 [95% Cl: 0.84 to 1.47; p=0.46] (figure 7.2, figure 7.3).

Comparative effectiveness on OJR

Among the matched sample, a total of 336 OJRs occurred during follow-up (median =
4.93 years [IQR:1.52 to 10.02] for TNFi and 5.98 years [IQR: 2.05 to 9.12] for csDMARD)
among the propensity-matched cohorts. Incidence rates (per 1,000 PYs) were 4.34 [95%
Cl: 3.76 to 5.02] and 3.87 [95% Cl: 1.97 to 8.73] among TNFi and csDMARD users,
respectively (table 7.3). There was no significant difference in OJR rates between the

exposure cohorts (figure 7.2, figure 7.3)
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CRUDE INCIDENCE OF JOINT REPLACEMENT AMONG MATCHED TNFI AND CSDMARD COHORTS*

TABLE 7.3
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Outcome

THR

TKR

OJR

Hazard

Ratio (95% Cl)

0.86 (0.60, 1.22)

1.11 (0.84, 1.47)

1.15 (0.75, 1.77)

FIGURE 7.2: POOLED HAZARD RATIOS COMPARING TNFI TO CSDMARD ON SUBSEQUENT RATES OF JOINT REPLACEMENT
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Kaplan-Meier survival estimates (THR)
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Kaplan-Meier survival estimates (TKR)
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Kaplan-Meier survival estimates (OJR)

biologic = 0 biologic = 1 |

o

Q -

0

CD_ -

[S)

o

O)_ -

o

0

Q -

o T T T T T T

2 4 6 8 10 12
analysis time

Number at risk
biologic = 0 1393 926 704 548 406 230 69
biologic = 1 7537 5251 4009 3426 2771 1935 822

biologic = 0 biologic = 1

FIGURE 7.3: KAPLAN-MEIER SURVIVAL PLOTS STRATIFIED BY TNFI VERSUS CSDMARD STATUS FOR (A) THR, (B)

TKR AND (C) OJR
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Interactions

Age was found to be a significant (p<0.001) effect modifier for both THR and TKR
outcomes, although disease severity was not (p>0.1). In subsequent stratified analyses
(table 7.4), TNFi was associated with an estimated 40% reduction in incidence of THR
among older patients (HR = 0.60 [95% Cl: 0.41 to 0.87; p=0.008]) (figure 7.3). Differences
in THR or TKR incidence rates between TNFi and csDMARD cohorts among younger

patients were non-significant (figure 7.4).

Hazard

Outcome Ratio (95% Cl)
Age <60
THR + 1.47 (0.75, 2.91)
TKR —_— 0.90 (0.59, 1.38)
Age >=60
THR —_— 0.60 (0.41,0.87)
TKR N ae— 1.31 (0.87, 1.99)

T T

FIGURE 7.4: POOLED HAZARD RATIOS COMPARING TNFI TO CSDMARD ON SUBSEQUENT RATES OF JOINT

REPLACEMENT, STRATIFIED BY AGE
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TABLE 7.4 CRUDE INCIDENCE OF JOINT REPLACEMENT AMONG MATCHED TNFI AND CSDMARD COHORTS*

STRATIFIED BY AGE

‘papnjout

SEM JasnN QYVIN SO e sawlil JO Joaqunu 40O} pa1233JJ0J 3J9M SJ0JI9 piepuels .ucmc.hwum_awg Y1IM ‘Jasn gYVINQSD e 01 T:T paydlew Jssn-14N1 yoes ‘ejelis o8e yoes 4o}

Aj21e49das paw.oyiad sasAjeue pue Sulydlew Sd “Juawade|dal y3m ‘Jasn QUYINQSD B 03 T:T PaYd3ew Jasn-14N1 Yoed 1aselep paindwl y3QT Y} 104348 UMOYS S}|NSAY 4

(85'€T-€€01) (£9°8-LT'T) (eT0T-9%°L) (Lv'6-82°0)
S8'TT 6T'€ S0¢ 815°¢c 69'8 96°'S S9T 815°¢t 6¢C 0€L WIL
(ev'8-06'S)  (96'8-6€°T) (z881-€T°2) (s0'6-2€2)
€0°L 16'€ 144" 815°¢e 9¢'TT 96°S 8T¢ 81S°¢e 143 0gL YHL
SIeak 09<
(L€'8-959) (L60T-€L'T) (90°81-80°S) (86'6-L6°T)
ov'L 96°'S L9C 16's €16 86°S TS¢ CT6's 124 88 WIL
(80'G-TL'€) (86°0T-¥8'T) (¢2'L-€6°0) (66'6-66'T)
€Y 0T'9 6ST 16's 9€'¢C 66°S 99 16's €T 88 YHL
SEELES
sJeah
(1> 3 (¥ol) (yuswaoe|das  (uswade|das  (apnJd)
o A ‘dn SN sjuaned %56) SAd 0001 (suawaeda 1M paydlew) 1M SIUDNAD (opnJo)
(1 &mmnwm?“_ (4O1) s1e3 awo21no o Jad (quswade|dau yim yampsy i sjuaijed
0007 Jod 234 MoO||0} UBlpaW oN OoN Yam payIew) dn SIUIAD payoiew) awo21no oN
awo21no ‘oN  siuaned ‘oN ‘ON
paydlew)aled MO[|0} UBIpaW

IANL

AYvINGSd

201



Sensitivity PS matching results

Results were very similar when PS matching and subsequent survival analysis was
repeated following exclusion of (n=1,213) patients recruited into the TNFi cohort after
the csDMARD cohort had closed. Pooled comparative effectiveness estimates were
adjusted HR=0.81 [95% CI: 0.55 to 1.18] for THR and 1.11 [95% CI: 0.83 to 1.50] for TKR.
Results were also similar for the analysis adding up to 180 days (vital status permitting)
to the follow-up of patients after switching exposure status, i.e. stopping (amongst the
TNFi cohort) or starting biologics (amongst the csDMARD cohort). The adjusted HRs from
this analysis (appendix table 7.3) were 0.85 (0.63 to 1.15); p=0.29 for THR and 1.06 (0.81

to 1.37); p=0.68 for TKR.

Sensitivity IV results

The IV proved to be a strong predictor of treatment, with 4,466 (87%) of patients cared
for under a physician ‘preferring’ biologics actually given TNFi, which was only 660 (13%)
amongst patients cared for under a physician ‘preferring’ csDMARDs. The sample size for
these analyses were lower than in the main analysis due to the first 12 prescriptions for
each physician being discarded from analysis owing to their use to estimate the IV. In
terms of crude associations between the 5-year THR/TKR outcomes and actual exposure,
there was higher risk of THR (p<0.001) and TKR (p<0.001) amongst TNFi versus csDMARD
treated individuals (table 7.5). These simple cross tabulations for the IV status showed
that among those with a physician preferring TNFi there was no difference in THR risk
(p=0.68) but a higher risk of TKR (p=0.006) (table 7.5). However, there were key

differences in levels of observed confounders between the two groups (table 7.6), with
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the instrument being associated with age, disease duration, DAS score, HAQ score,

prevalence of positive ACR criteria, number of comedications, steroid use and prior joint

replacement.

TABLE 7.5: CRUDE ASSOCIATIONS BETWEEN (1) TREATMENT RECEIVED AND 5-YEAR OUTCOME AND (2)

INSTRUMENTAL VARIABLE AND 5-YEAR OUTCOME

Treatment received
Biologic (N=9,897) csDMARD (N=3,229) p-value

n % n %
THR 308 3.1 59 1.8 <0.001
TKR 508 5.1 76 2.4 <0.001

physician preference (IV) *
Biologic (N=5,018) csDMARD (N=2,901)

n % n %
THR 129 2.6 79 2.7 0.68
TKR 214 4.3 88 3 0.006

* Physician preference for biologics of csDMARD determined using </>=0.5 cutoff of
relative frequency of biologics within physicians' prior 12 prescriptions. Samplesizeis
lower than full population oweingto 'burnin'for creating IV for each physician
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TABLE 7.6: IV PHYSICIAN PREFERENCE (USING LAST 12 PRESCRIPTIONS)

Characteristic V=0
Age 58.9
Gender (% Female) 74
BMI 27.2
Timesince RA diagnosis 9.52
DAS score 5.34
HAQ mean 1.54
ACR: % >5 criteria 53
no. comorbidities (%)
0 36
1 33
2 17
>=3 14
number comedications (median) 6
number of prior csDMARDs (median) 4
Current glucocorticoid use (%) 25
non-major prior surgery (%) 16

V=1
56.4
75
27.0
11.34
6.36
1.89
69

38
34
18
10
7
4
37
22

SMD
-0.21
0.041
-0.041
0.19
0.83
0.50
0.33

0.05
0.02
0.02
-0.13
0.27
0.36
0.28
0.14

Results of the 2-stage least squares analysis indicated no significant difference in the

absolute risk of THR between patients treated with TNFi as opposed to csDMARDs (as a

result of physician preference), but a significant increase in TKR risk (tables 7.7).

Specifically, treatment was associated with -0.23 [95% Cl: -1.34 to 0.88; p=0.68] less THR

per 100 patients treated, but 1.86 [95% CI: 0.60 to 3.12; p=0.004] for TKR. Upon

adjustment for the variables that were imbalanced between the two groups, there was

a stronger reduction in THR (absolute risk reduction of -1.94 per 100 patients [95% Cl: -

3.82 to -0.06; p=0.043]) but no association between biologics use and TKR (0.50 per 100

patients [95% Cl: -1.57 to 2.56; p=0.64]). Results were similar when the 12-year time-

frame was used, as similar to the main analysis (appendix table 7.4 & 7.5)
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TABLE 7.7: IV (PHYSICIAN PREFERENCE) ANALYSIS OF BIOLOGICS IMPACT ON NEED FOR 5-YEAR THR/TKR

Absoluterisk difference between patients treated by physicians preferring
biologics versus csDMARDs (per 100 patients)
Estimate lower 95% C.I.  upper95% C.1. P-value
IV: crude
THR -0.23 -1.34 0.88 0.68
TKR 1.86 0.60 3.12 0.004
IV: covariate adjusted

THR -1.94 -3.82 -0.06 0.043
TKR 0.50 -1.57 2.56 0.64

Sensitivity RDD results

There were 411 patients with a DAS28 of 5.0<5.1 (“just below” the cut-off) and 682 with
a DAS28 of 5.2<5.3 (“just above” the cut-off). Patient characteristics were very similar
between these two groups, although there were differences in age, disability (as per HAQ

score) and pain (table 7.8).
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TABLE 7.8: BASELINE CHARACTERISTICS OF RA PATIENTS "JUST BELOW" (5.00<5.19) AND "JUST ABOVE"

(5.20<5.39) THE NICE DAS THRESHOLD FOR TNFI TREATMENT ELIGIBILITY

Age: Mean (S.D.)
Gender: Female
ethnicity: White/Caucasian
Index Multiple Deprivation
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
Unknown
BMI
Smoking?
Current/Ex
Calendar period of registration
Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
Years since diagnosis: Median (IQR)
Overall HAQ score
ACR: Ever rheumatoid positive
ACR: Deformity of >=3 joint areas
ACR: Erosions on hands/feet
ACR: Ever had nodules
ACR: Symmetry
ACR: Deformity of hand joint
ACR: Morning stiffness >1 hour
SF36: mean (/100) (S.D.)
physical function
limited physically
limited emotionally
energy
emotional health

social
pain
general
Comorbidities: Ever prior
0
1
2
>3

Current medication: Median (IQR)
Any systemic involvement
Non-major prior TIR

Below DAS Threshold:

5.0<5.1 (n=411)

n

305
334

78
62
69
72
70
60

244

52
55
66
111
127

249
317
190
142
292
301
370

174

121
76
40

89
69

56.9 (13.7)

26.7 (5.7)

9.6 (9.3)
1.52 (0.67)

34.4(24.1)
33.7 (27.7)
53.6 (34.6)
32.7(20.0)
59.0 (20.2)
42.4(20.8)
39.6 (21.3)
43.6 (14.8)

7 (5-8)

%

74.2%
96.8%

19.0%
15.1%
16.8%
17.5%
17.0%
14.6%

59.4%

12.7%
13.4%
16.1%
27.0%
30.9%

60.6%
77.1%
46.2%
34.5%
71.0%
73.2%
90.0%

42.3%
29.4%
18.5%

9.7%

21.7%
16.8%

Above DAS Threshold:

5.2<5.3 (n=682)

n

482
541

108
107
123
135
106
103

413

91
114
109
159
209

398
544
337
242
507
531
624

282
218
108

74

131
126

55.2 (12.9)

27.4 (6.4)

9.9 (8.8)
1.60 (0.68)

30.7 (23.3)
31.1(28.0)
50.8 (35.6)
32.0(20.1)
58.8 (21.0)
42.3(20.8)
35.6 (22.0)
43.4 (15.8)

7 (5-8)

%

70.7%
96.8%

15.8%
15.7%
18.0%
19.8%
15.5%
15.1%

60.6%

13.3%
16.7%
16.0%
23.3%
30.6%

58.4%
79.8%
49.4%
35.5%
74.3%
77.9%
91.5%

41.3%
32.0%
15.8%
10.9%

19.2%
18.5%

continued on next page...
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...continued from last page

Age: Mean (S.D.)
Gender: Female
ethnicity: White/Caucasian
Index Multiple Deprivation

BMI

Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5
Unknown

Smoking?

Current/Ex

Calendar period of registration

Years since diagnosis: Median (IQR)

Quintile 1
Quintile 2
Quintile 3
Quintile 4
Quintile 5

Overall HAQ score

ACR:
ACR:
ACR:
ACR:
ACR:
ACR:
ACR:

Ever rheumatoid positive
Deformity of >=3 joint areas
Erosions on hands/feet
Ever had nodules

Symmetry

Deformity of hand joint
Morning stiffness >1 hour

SF36: mean (/100) (S.D.)

physical function
limited physically
limited emotionally

energy
emotional health
social
pain
general
Comorbidities: Ever prior
0
1
2
>3

Current medication: Median (IQR)
Any systemic involvement
Non-major prior TJIR

SMD comparing +/- different bandwidths

+/-0.2 +/-0.3
-0.18 -0.16
-0.07 -0.08
-0.02 -0.03
-0.10 -0.11
0.06 0.07
0.04 0.02
0.05 -0.02
-0.09 -0.02
0.04 0.06
0.09 0.06
0.02 -0.02
0.05 0.08
0.04 0.02
-0.02 0.00
-0.05 -0.06
0.00 -0.04
0.07 0.04
0.14 0.23
0.03 0.06
0.10 0.06
0.09 0.13
-0.06 0.04
0.04 0.02
0.04 0.00
-0.04 -0.07
-0.10 -0.22
-0.09 -0.21
-0.05 -0.12
0.00 -0.09
0.05 -0.01
0.10 -0.07
-0.16 -0.25
0.03 0.01
0.03 0.03
-0.08 0.02
0.02 -0.06
0.00
0.02 0.04
-0.10 -0.07
0.06 0.04

+/-0.5

-0.20
-0.06
0.05

-0.17
0.04
0.02
0.07
-0.01
0.04
0.03

-0.03

0.20
-0.01
0.01
-0.11
-0.06
0.03
0.24
0.06
0.06
0.12
0.04
0.17
0.03
0.05

-0.22
-0.24
-0.15
-0.13
-0.09
-0.09
-0.27
-0.08

0.08
-0.06
-0.03
0.00
0.11
-0.05
0.08

+/-0.7

-0.24
-0.02
0.02

-0.16
-0.01
0.01
0.08
0.01
0.05
0.00

-0.07

0.24
0.00
0.00
-0.12
-0.08
0.10
0.34
0.06
0.12
0.18
0.03
0.26
0.08
0.11

-0.29
-0.31
-0.19
-0.21
-0.16
-0.19
-0.37
-0.12

0.11
-0.06
-0.06
-0.01
0.17
0.00
0.09
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The differences between patients below versus above the cut-off became more
pronounced and widespread as the bandwidths became wider (table 7.8). The
segmented linear regression models included a total of 1,593 patients when the +/- 0.3
bandwidth was used, 2,643 patients when the +/- 0.5 bandwidth was used, and 3,721
patients when the bandwidth of +/= 0.7 was used (table 7.9). For the THR models, the
impact of treatment eligibility (according to the DAS28 threshold) ranged from -
6.88/1,000 PYs (p=0.16) for the narrowest bandwidth to -4.37/1,000 PYs (p=0.026) for
the widest. Estimated impact on TKR rates under the narrow bandwidth scenario was -
1.66 (p=0.79), which was similar for the wider bandwidths (table 7.9). Scaled results
according to uptake in probability of treatment allocation are presented in table 7.10,
which consisted of point estimates indicating large but non-significant reductions in THR

and TKR associated with actual uptake in TNFi therapy.
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FIGURE 7.5 INCIDENCE OF JOINT REPLACEMENT ACCORDING TO DAS-28, WITH REGRESSION FITTED VALUES

DRAWN EITHER SIDE OF NICE TREATMENT ELIGIBILITY CUT-OFF (>5.1) AROUND VARIOUS BANDWIDTHS
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TABLE 7.9: EFFECT OF TNFI TREATMENT ELIGIBILITY (NICE 5.2 DAS THRESHOLD) ON INCIDENCE OF TOTAL HIP

(THR) AND TOTAL KNEE REPLACEMENT (TKR): STRATIFIED BY BANDWIDTH AROUND THE TREATMENT

THRESHOLD
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TABLE 7.10: EFFECT OF TNFI TREATMENT ELIGIBILITY (AS PER NICE 5.2 DAS THRESHOLD) ON INCIDENCE OF

TOTAL HIP (THR) AND TOTAL KNEE REPLACEMENT (TKR): STRATIFIED BY BANDWIDTH AROUND THE

TREATMENT THRESHOLD: COMPLIER AVERAGE CAUSAL EFFECT (CACE)*
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DISCUSSION

Main findings

This chapter addresses the scarcity of patient-level data comparing use of TNFi versus
csDMARDs on rates of joint replacement in RA. Using a large UK-based RA biologics
register, overall no difference in subsequent rates of joint replacement was found
between PS matched TNFi and csDMARD users (figure 7.2). When stratified by age, TNFi
was associated with a significant 40% reduction (p=0.008) in THR incidence among
patients 260 years old, although non-significant increases were observed in TKR for the
same age group and in THR for those <60 years old. Sensitivity analyses which sought to
address the possibility of bias due to unmeasured confounding provided some support
for a reduction in rates of THR but not TKR, although these analyses were largely
inconclusive due to being compromised by persisting confounding and other violations

of modelling assumptions.

Findings in context

The overall incidence rates of THR and TKR (results not shown) of 4.95/1,000 PYs and
7.84/1,000 PYs, respectively, align well with previous estimates of joint replacement

among RA patients within the UK (chapter 3) and elsewhere (101, 102, 224).

As noted in the background, a registry-based study on this topic has been previously
conducted by Aaltonen and colleagues using the Register of Biologic Treatment in

Finland (ROB-FIN) (108). That study found increased rates of major joint replacement
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associated with use of biologic therapy, although the authors concluded residual
confounding was an issue given the small number of confounding factors for which the
analysis was adjusted. Specifically, only age, sex, disease duration, HAQ, visual analogue
score and number of prior joint replacements were included. This therefore is most likely
still biased by residual confounding by indication, given that biologic users in the present
analysis had much greater DAS28 scores, worse quality of life measures and greater rates
of steroid use, amongst other differences. Furthermore, whilst HAQ was there matched
on, their results clearly show that even after matching, HAQ was significantly higher in
the biologics group yet this was not further adjusted for. Interestingly, whilst significantly
higher rates of knee and other joint replacement were there found in the biologic group
compared to csDMARD group, hip replacement rates were found to be similar (0.94 [0.72

to 1.22] versus 0.89 [0.73 to 1.08] per 100 PYs).

Potential Mechanisms

As has been previously described, emerging observational data indicate that the number
and/or incidence of RA related joint surgery has been in decline across many developed
countries (91, 92, 94, 95, 98, 100, 102, 134, 135, 224, 269-271). Many of these prior
studies have inferred a role of biologics in this decline and the analyses performed within
chapters 4 & 5 specifically demonstrated this within England & Wales, Denmark and
Ontario. Given this context, it seems plausible to have here found a 40% reduction in
THR rates associated with TNFi use among a more elderly subgroup of patients, and the
lack of translation of positive findings on joint erosion from prior RCTs into a “real world”

reduction in rates of joint replacement within the main study sample is initially
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surprising. For instance, one meta-analysis of 70 RCT studies found annual radiographic
progression was 0.6% less in patients treated with biologics compared to those on a
single DMARD (85). Similarly, another meta-analysis has demonstrated that patients on
initial combination therapy (methotrexate plus a biologic agent) are 30% more likely to

experience non-progression at 1-year than those on methotrexate alone (88).

However, there is heterogeneity in existent RCT data and this suggests that an
expectation of widespread reduction in joint replacement associated with TNFi use is
potentially unwarranted. For instance, whilst RCT studies have shown reduced
radiographic progression among biologic users versus csDMARD monotherapy, an
almost equal reduction has been achieved among combination csDMARD users relative
to csDMARD monotherapy (85). Similarly, whilst TNFi has been shown to confer early
benefits over combination csDMARD therapy, these benefits have been reported to
disappear during the second year of follow-up (86), possibly due to time-to-efficacy and
time to achieve maximal dose of csDMARDs. The use of etanercept (vs. oral triple
therapy) resulted in only small radiographic benefits in another trial (272), with another
showing (csDMARD) triple therapy to be non-inferior to biologics in terms of change in
DAS28 at 48 weeks (273). There is a large degree of variation in the nature of comparator
groups used in prior studies (89, 90, 257), and this could be an important factor in
considering the lack of effect as found for the main comparisons here carried out. It
maybe the lack of overall effect reflects the potential non-inferiority of high intensity
csDMARD versus TNFi on radiographic outcomes seen over the longer-term in RCTs. It’s

worth noting that the median number of prior/current csDMARDs among the matched
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groups was 4 (IQR: 3-6), suggesting a reasonably aggressive use of conventional therapy
in both groups. Furthermore, a recent investigation of the prevalence of sustained
remission and/or low disease activity amongst TNFi users within the BSRBR-RA reported
that overall this was infrequent: 15% for remission and 26% for low disease activity.
These figures were not investigated amongst the csDMARD cohort, and a robust BSRBR-
RA comparative effectiveness analysis of TNFi versus csDMARDs on longer-term DAS28

and HAQ is a potential subject for further research.

The reduction in THR incidence among an older patient subgroup is interesting given no
corresponding reduction in TKR incidence was found, yet one might expect any effect to
be expressed approximately equally at hip and knee if not more so at the knee given data
from previous chapters suggested RA involvement to be greater at the knee than hip.
One tentative reason could be that the long disease duration at baseline (~10 years)
meant there was already more destruction of knees within the cohort, leading to
relatively greater potential for prevention of further destruction at the hip over knee.
Although a possibility, details of differential natural history of RA disease at these two
joints are not well established despite some data reporting greater synovitis at the knee
versus hip (187-189). It’s also very difficult to disentangle the impact of TNFi on improved
function and overall quality of life and how this may have mediated effects on longer-
term progression of joint damage, potentially differentially at the knee and hip. Although
somewhat speculative, it is interesting that the unmatched TNFi group were younger yet
had higher rates of anti-osteoporosis medication and calcium supplementation,

providing a possible pathway in reduced trauma-related THRs via TNFi associated
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improvement in bone quality, especially among the older subgroup. It should be
emphasised however that the positive impact on THR incidence was only observed in a
subgroup of patients that have not been well studied in this regard previously, although
previous analysis of published RCTs has shown a trend towards greater effectiveness of

biologics with age (257).

Strengths and Limitations: PS matching

Some of the study’s key strengths are related to the use of the BSRBR-RA. This is one of
the largest RA registers in the world which made it possible to adjust for many potential
confounders and stratify analyses where there was significant effect modification. It was
also possible to accurately censor follow-up given the linkage to NHS Digital (formerly
HSCIC) to access mortality data. The use of PS matching is a strong method for dealing
with bias arising from the likely confounding by indication (274) and generally speaking
good post-matching balance of characteristics between the two exposure groups was
achieved across most variables, particularly those most predictive of joint replacement
(34, 137). The PS analytical approach taken, in which comparable csDMARD matches
were found for each TNFi user - while much improving the internal validity - does mean
our findings are not average treatment effects generalizable to the entire RA population
but an estimate of the “average treatment effect on the treated” (ATT). That is, it
estimates the treatment effect among those on TNFi compared to had they not been
exposed to TNFi (275). This is evident given that the csDMARD users included in the
matched sample had more established and severe disease (thereby making them

comparable to the TNFi sample) than the unmatched csDMARD sample (Appendix Table
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7.2A — 7.2B). The study findings should also be interpreted in the context of a study
sample with relatively long median disease duration at baseline (table 7.2), which means
findings are not necessarily generalisable to the context of early RA. Furthermore, the
study outcome was composed of a combination of physician-reported and self-reported
incidence of THR, TKR and OJR as per BSRBR-RA follow-up questionnaires. This may have
introduced misclassification bias if events were under-reported, although this would
likely act non-differentially in regard to TNFi status and minimally during the early years
of follow-up, during which time study participants were sent questionnaires every six

months.

However, despite the richness of the data resource, the potential for residual
confounding by indication is a key limitation of the current study given that the number
of variables for which data were collected was still limited (and that treatment was not
randomly allocated). For example, prior to matching there was a much higher disease
severity among the TNFi group (Table 7.1) thus giving rise to the possibility that the
overall lack of reduction in joint replacement rates among TNFi users may be due in part
to a greater prevalence of unmeasured aspects of disease severity and unresponsiveness
to therapy in this group. That is, a possible baseline ‘disadvantage’ persisted even after
PS matching (34). On the other hand, estimates of impact of TNFi exposure may be
subject to a general healthy user bias in that a clinician perceives sufficient patient ability
to tolerate and benefit from more intensive therapy regimens, which may have here

contributed to the reduced rate of THR in the older TNFi cohort.
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Furthermore, while residual baseline confounding may have impacted on treatment
estimates, it’s also quite likely time-varying confounding will have affected the results
too (276). That s, whilst covariate balance was achieved at baseline, these patient groups
may well have subsequently deviated substantially over time in terms of variables that
confounded the exposure -> outcome relationship. This may have been compounded
further were these variables to partially mediate the impact of therapy on the outcome,
given that this would rule out a conventional time-varying confounder adjusted analysis
(276, 277). Similarly, there may have been some “healthy adherence” bias where sicker
patients (possibly at higher risk of joint replacement) were differentially censored (259).

These aspects remain the subject for future investigation.

Strengths and Limitations: IV sensitivity analysis

The use of an IV approach as a sensitivity analysis sought to address the issue of
unmeasured confounding, assuming physician preference to be a strong predictor of
exposure but unrelated/weakly-related to confounders of the TNFi versus joint
replacement relationship. However, the findings of this IV approach should be
interpreted with caution given the instrument was here associated with several
measured confounders (table 7.6) which undermines its validity as a means to obtain
unbiased estimates in the presence of unmeasured confounding. Although this
constituted failure to meet one of the key assumptions of the IV approach, there was
good evidence indicating physician preference was a strong predictor of TNFi treatment
(‘relevance condition’ assumption) (278, 279). However, the exclusion restriction

assumption that physician preference was independent of outcome except via
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prescriptions of the actual treatment (261, 279) is clearly not valid. Reasons for the lack
of independence between the IV and other confounders could be explained if physicians
apparently ‘preferring’ TNFi were also the physicians caring for patients with relatively
more/less severe RA, or even possibly physicians temporally clustering their
consultations according to disease severity. There is still the entangling issue that
physicians more likely to prescribe biologics may also be prescribing csDMARDs more
aggressively and earlier. Despite this lack of independence, it’s reassuring that the
adjustment of these known confounders acted to move the IV estimate for THR away
from the null and towards a protective effect, suggesting that adjustment for further
(measured and unmeasured) characteristics might only act to confirm/strengthen the
protective effect on THR. However, this cannot be known for sure and whilst the GRADE
criteria (280) explicitly recommend upgrading the rating of the quality of evidence
produced by an observational study when it is considered that residual confounding
would act to further the confidence of an observed effect, it would be more prudent to

be cautious regarding the IV results.

Strengths and Limitations: RDD sensitivity analysis

The availability of a known treatment threshold for initiation of TNFi provided a rare
opportunity for carrying out an RDD approach sensitivity analysis, previously described
as one of the strongest possible study designs when an RCT is not possible (266). While
meeting the >5.1 DAS28 threshold cut-off was here associated with a reduction in THR
incidence, this should not be interpreted as the effect of treatment per se but rather the

effect of meeting treatment eligibility criteria concerning DAS28. This estimation of
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meeting the DAS treatment eligibility criteria is of interest in and of itself, but unless
treatment assignment is completely deterministic at the threshold then scaling of the
effect estimates is recommended in order to generate the CACE, i.e. the estimated causal
effect of treatment among those who initiated it as a consequence of meeting the

threshold (with the fuzziness of “always takers” and “never takers” removed).

A 2-SLS IV approach was carried out to estimate the CACE at the threshold (table 7.10),
which showed the actual impact of uptake in TNFi at the threshold to be non-significant.
However, there are strong reasons to suspect these results are invalid given failure to
satisfy multiple assumptions. Whilst appendix figure 7.2A suggests there was indeed a
discontinuity in the numbers allocated TNFi around the threshold, albeit fuzzy, once
these were translated into probabilities (relative frequency of TNFi compared to all
patients within each DAS score unit) there was very little discontinuity to be observed
(appendix figure 7.2B). That is, the threshold hardly predicted treatment probability and
therefore a causal effect on THR/TKR could not be reliably identified because as an IV
the threshold is evidently excessively weak (267). Furthermore, this undertaking
highlighted a limitation of attempting to use an RDD approach in the context of data
from a drug registry that primarily sought to recruit users of treatment, as there was not
a generalisable sample of untreated patients (appendix figure 7.2C). This is apparent
from appendix figure 7.3 which indicates there was significant discontinuity in the
density of the assignment variable (DAS) at the threshold which would be very unlikely
to naturally occur in a representative sample of all RA patients in the real world (122).

The consequence of this heavier emphasis on sampling treated patients is that the
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impact of eligibility on the probability of treatment cannot be reliably ascertained, yet
estimation of the CACE relies upon the derivation of this probability of treatment, below
and above the threshold, with which to scale estimates of the threshold effect on the

outcome.

There is also a clinical problem in CACE estimation in that this uses the >5.1 threshold as
an IV for exposure to TNFi. This assumes any of the impact of the IV on outcome
(THR/TKR) is mediated solely via TNFi, yet in the situation of very little discontinuity in
the probability of treatment (i.e. a very weak IV) then this is inappropriate and likely
explains the unrealistically large/biased CACE estimates (278). Given that a DAS of >5.1
places a patient within the “severe RA” category this is likely to in and of itself put them
at modified risk of THR/TKR in a way that is not mediated solely by TNFi exposure. For
example, through increased monitoring, access to services and more intensive usage of
conventional therapies. Linked to this is the fact there were other aspects of treatment
eligibility - other than the cut-off - which contributed to overall NICE eligibility, such as
failure to adequately respond to two csDMARD regimens or that the elevated DAS of
>5.1 had to be “continuing”. While the exclusion restriction assumption (that patients
are very similar at the cut-off) appeared to be met within the smallest DAS bandwidth
here inspected (+/- 0.2) (table 7.8), the “just below” and “just above” groups became
increasingly dissimilar as the bandwidths widened. This is a limitation of the naive
analysis of threshold impact on THR/TKR incidence, given that only the wider bandwidth
analyses produced a significant reduction in THR although these were not adjusted for

confounding, which was demonstrably existent in the wider bandwidths (table 7.8). As
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has been previously observed (267), it’s likely the smaller bandwidths are susceptible to
less bias but also less precision in estimation of eligibility impact, and vice-versa for wider
bandwidths. Results from narrower bandwidths are also limited in their interpretation

as they are restricted to a relatively very small proportion of the total RA population.

Further work

It would be informative to investigate whether these findings are replicated in healthcare
settings elsewhere in the world. Although this process has begun, using the Danish data
as used in chapter 5 linked to DANBIO, this investigation is in its infancy. Exploring the
impact of TNFi among incident RA cases would be interesting given that the BSRBR-RA
contains unusually established RA (median disease duration at baseline approximately
10 years). There is the potential to improve the PS matching as performed here, possibly
with the use of machine learning algorithms to hone the PS estimation model in order to
improve/maximise balance. Although some exploration of this issue was carried out in
this project (results not shown), the available Stata package (eltmle) used produced no
better balance between matched cohorts than that achieved with the standard logistic
regression approach already used. This is likely because eltmle optimises model fit rather
than balance between groups, while for PS matching it is balance rather than model fit
that is the ideal target. Further work also includes using more computationally intensive

methods to address time-varying confounding.
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Conclusions

This chapter has reported on the patient-level impact of TNFi versus csDMARD therapy
within a large prospective registry of RA patients. Overall, no difference in subsequent
incidence of joint replacement was found between matched TNFi users and csDMARD
users, although a 40% relative reduction in THR rates was found among older patients.
Sensitivity analyses seeking to address unmeasured confounding suggested TNFi may be
associated with lower rates of THR, although these analyses should be interpreted with
caution given their strong assumptions. Future studies are needed to confirm these
findings and/or further elucidate the relationship between TNFi use and joint

replacement.
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CHAPTER 8: DISCUSSION AND CONCLUSION

Summary of main findings

This thesis set out to describe the relationship between TNFi treatment and subsequent
need for hip and knee replacement amongst RA patients, primarily within the UK. Joint
damage is a central feature of RA and its progressive and often permanent nature, in
conjunction with pain, loss of function and failure to adequately respond to therapeutic

options are strong indications for eventual joint replacement surgery (33, 34).

However, little data exists on basic epidemiological descriptive parameters concerning
hip and knee replacement amongst RA patients in the UK, which is regrettable given that
these are major and expensive operations. More information on these RA-related
procedures would likely be of interest to patients, clinicians and those allocating health-
care resources. This scarcity of data was addressed, as described in chapter 3, using
population-based routinely collected health data to bring to light various features of this
long-term but less-studied outcome. Cumulative incidence function plots (figure 3.1)
indicated that the approximately linear progression of joint erosion (as known from prior
literature (25)) is reflected in an approximately constant accumulation of THR/TKR risk
from the time of RA diagnosis. This rose to approximately 5% and 7% at 10 years for THR

and TKR, respectively. These estimates in conjunction with previously reported estimates



for the general population (147) suggest a greater need for both THR and TKR among RA
patients than for non-RA individuals. Average time-to-event, from RA diagnosis, was 3.2
[lQR: 1.3, 6.5] and 3.5 [IQR: 1.5, 6.7] years for THR and TKR, respectively. There was
significant variation across several demographic characteristics. Both THR and TKR rates
increased with age at RA diagnosis, although these rates declined among patients >75
years old. THR rates were higher among females and TKR rates increased with increasing
BMI. There were lower rates of THR and TKR among current smokers and lower rates of
both these procedures according to increasing deprivation (IMD). Geographic variation
in TKR rates was an interesting finding, suggesting inequalities in either need and/or

provision of these procedures in the UK.

The issue of temporal variation in THR/TKR across the study period was not included in
the descriptive epidemiology study as this was addressed in detail in the context of
testing the hypothesis of whether there were changes in the level and/or trend of these
procedures following NICE approval of TNFi for RA in 2002 (chapter 4). This was a
relatively novel approach (ITS) in that whilst numerous previous studies from elsewhere
in the world had reported on descriptive temporal trends in joint replacement and anti-
rheumatic prescriptions amongst RA patients, none had formally investigated whether
the rates of joint replacement within RA changed following the introduction of biologics.
The results of this population-level analysis indicated that the introduction of TNFi
therapy in 2002 was associated with a subsequent reduction in rates of TKR but not THR
within England & Wales, as compared to what would have been expected based on a

continuation of pre-TNFi era data. Specifically, while controlling for secular trend, there
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was a -4.41 [95% Cl: -6.88 to -1.94] per 1,000 PY reduction in incidence of TKR associated

with introduction of TNFi therapy.

The consistency of findings from the UK analysis of temporal association between
introduction of TNFi and joint replacement rates in RA was then investigated by
repeating the ITS analyses using data from two different countries. These ‘external
validation’ studies made use of large routinely collected health data from Denmark and
Ontario (Canada). The Danish data on the impact of TNFi introduction on joint
replacement rates in RA corroborated findings from England & Wales, in that an overall
reduction was observed in rates of TKR but not THR (figure 5.11). Conversely, the data
from Ontario suggested rates of THR but not TKR were reduced among RA patients
following the introduction of TNFi, and this was particularly evident when this latter

analysis was stratified by age (figures 5.7 to 5.10).

In addition to the age stratified analysis in Ontario, several other extensions were made
to the basic time-series method within these ‘validation’ cohort analyses. The first of
these consisted of analysing the temporal association between the introduction of TNFi
in 2002 with subsequent incidence of prescriptions for biologics and csDMARDs within
the senior subset of the RA cohort from Ontario. This clearly showed that an increase in
the incidence rates of both biologics and csDMARDs prescriptions occurred

concomitantly with the introduction of TNFi (figure 5.5).
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The second of these extensions was to incorporate a non-RA control cohort to both
validation analyses in order to test whether there was a difference in the differences (in
THR/TKR between the RA and non-RA cohorts) post-introduction of TNFi. That is, did the
intervention impact the delta between the two exposure cohorts. These analyses
indicated that while a reduction in joint replacement was observed in the overall non-RA
control cohorts (except for TKR in Ontario, where rates were stable), these were smaller
than that observed in the RA cohorts yielding an overall shrinking of the deltas between
the two exposure cohorts during the biologic era (figure 5.12). Furthermore, among the
younger strata in Ontario, the introduction of TNFi was associated with divergent effects
on THR between the exposure cohorts: an increase among the non-RA cohort but a
simultaneous reduction in the RA cohort (figure 5.7), strengthening the case for some

role of biologics.

The key clinical question of the causal impact of TNFi therapy on need for joint
replacement was addressed in chapter 7, using BSRBR-RA drug registry data. The results
of this PS-matched patient-level analysis, comparing TNFi users to users of csDMARDs
(not on biologics) revealed no significant differences in joint replacement rates between
the two exposure groups. This was the case for the THR, TKR and OJR outcomes (figure
7.2). Pre-specified stratified analyses according to age (p-interaction <0.001) highlighted
a stronger reduction in THR rates among TNFi users >60 years old compared to csDMARD
users <60 years old (HR=0.60 [95% Cl: 0.41 — 0.87]), although rates among younger
patients were not significantly different between the exposure cohorts nor were rates of

TKR in either age group (figure 7.3). Two sensitivity analyses were conducted using
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methods that sought to account for the possibility of unmeasured confounding. Neither
of these provided firm conclusions given a failure to meet key modelling assumptions
but were nonetheless overall supportive of the main PS findings of no impact on
THR/TKR, although they could be perceived as providing weak evidence of a reduction in

THR rates associated with TNFi (table 7.7).

The aims of this DPhil project were not merely clinical but also methodological.
Specifically, to advance the relatively novel quasi-experimental approaches in ways that
were feasible within the time constraints of a 3-year project. To this end, a simulation
study was conducted to provide a means of estimating power within ordinary least-
squares ITS analysis, in order to facilitate researchers in achieving an adequate sample
size for future studies in similar contexts. This undertaking revealed that numerous
parameters need to be collectively considered when seeking to estimate an adequate
sample size for an ITS study. All of the following were found in at least some scenarios to
be influential: pre-intervention value of outcome, magnitude of intervention effect,
whether intervention impact is mediated via a step or slope change, location of
intervention in time-series, number of time-series timepoints and sample size per
timepoint. A Stata programme was developed to loop through the simulations pertaining
to numerous scenario-specific parameters. An illustrative example of this was where a
mean pre-intervention level of outcome was 3.5%, to achieve 80% power to detect a
relative 34% mid-timeseries post-intervention step change reduction, with 14 pre- and
14 post-intervention timepoints, one needed over 1,000 subjects per timepoint (i.e.

>28,000 total subjects). Furthermore, several novel methodologies in the area of
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epidemiology (e.g. the IV and RDD approach) were implemented. Although in this
particular application the assumptions were not met and these analyses remained
largely invalid, they none-the-less provided demonstration of the potential within the
field of musculoskeletal pharmacoepidemiology for addressing the issue of confounding

by indication.

Strengths and limitations

In assessing the strengths of the project, the clinical and financial relevance of the
guestion being addressed should be briefly mentioned. This is evidenced by the fact the
literature states some form of causal relationship between TNFi and joint replacement
is suspected (44, 108, 281), the inclusion of which into economic modelling is already

being explored (281), yet the nature of which remains undetermined.

One of the first and foremost strengths is probably the high-quality methodological
approaches applied. Given that carrying out an RCT on the subject would likely be
unfeasible (given ethical, financial and follow-up requirements), the “next best”
approach would seem to be methods described as quasi-experimental in nature (112).
That is, the methodologies employed within chapters 4-7 are broadly considered some
of the best available alternatives which attempt to mimic a randomised experiment (113,
170, 266). Their high quality is largely due to the combination of high internal validity
(when modelling assumptions are met), especially for approaches that deal with
unmeasured confounding (116, 282), whilst combining high external generalisability

compared to the narrowly defined population of most RCTs (115). For example, although

229



the PS matched cohorts in chapter 7 were not representative of all RA patients, as a
conventional multivariable regression-adjustment approach might be, yet nonetheless
they yielded estimates of the causal treatment effect amongst patients with
characteristics reflecting “real world” users of TNFi. Likewise, the robust difference-in-
difference approach to modelling the differential changes following introduction of TNFi
among RA patients over and above non-RA patients provided a means to control for
many biases simultaneously, while remaining in a study context that was highly

generalizable.

Furthermore, the breadth of methods applied is comprehensive. The “big 5” quasi-
experimental designs have elsewhere been listed as: “(1) Instrumental Variables, (2)
Regression Discontinuity, (3) Interrupted Time-Series, (4) Difference-in-Difference and (5)
Fixed Effects Designs” (283), four of which have been used here. What is reassuring is
the consistency of findings amongst (although admittedly, not between) the population-
level and patient-level analyses performed, building a more solid body of evidence. For
example, the main findings from PS-matched, IV and RDD were all indicative of no causal
association between TNFi and joint replacement, although these latter two approaches
were to some degree inconclusive due to the invalidation caused by breaches of

assumptions.

Following on from the breadth of the methodologies is the breadth of the data utilised.
The availability of multiple data sources permitted the investigation of the impact of TNFi

introduction at the population-level in three different healthcare systems from at least
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three different countries, which again indicated consistency. The population-based ITS
analyses collectively showed a reduction in average TKR rates in RA patients compared
to counterfactuals during the biologic era (figure 5.11), although non-significantly in
Ontario. Similarly, all these ITS analyses showed no overall significant impact on THR
rates in RA patients (compared to counterfactuals) (figure 5.11), although in Ontario
weak evidence was found for a reduction which became a lot stronger in age stratified
approaches (table 5.9). Another strength of the data, in addition to the number of data
sources used, was their size. The Danish dataset covered the entirety of Denmark and
the size of the even larger Ontario sample permitted age-stratification. Although the size
of the BSRBR-RA is also noteworthy, its key strength is likely it’s richness in terms of
variables included, here enabling a robust PS matching procedure that has clinical
credibility. A previous attempt to estimate the impact of biologics on joint replacement
using PS methodology was severely limited given a lack of variables used to generate
comparable groups (108), rendering such prior estimates lacking in basic reliability. Here
there were many demographic, quality of life, co-medication and clinical variables used

to generate and demonstrate baseline balance.

However, as noted in chapter 5 in the context of the difference-in-difference ITS

|II

approach, not all “strong” study designs are equally robust. There is often a gradient.
This principle applied more generally leads to the issue of the comparative strengths and

limitations of the various components of this project, which are now discussed.

The difference-in-differences ITS approach was clearly a useful addition to a single-group
ITS approach, making the modelling in chapter 5 superior to that in chapter 4. There were

though several limitations that applied to all these population-level ITS analyses. Firstly,
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a 5-year incidence rate outcome was used as this was deemed necessary to ensure
comparability of measures throughout the time-series, rather than individuals at the
beginning of the study period having more follow-up to those at the end. Although
restricting analyses to incident rather than prevalent RA is arguably a strength as this
reduces the confounding of previous exposure and disease duration, overall this does
however limit the scope of these studies to the situation of early RA. What all these
population-level estimates failed to rule out was confounding at the same time as the
introduction of TNFi in the RA group, as they were essentially ecological. A particular
concern is the increase in csDMARDs that was observed to occur concomitantly to
introduction of TNFi among the Ontarian seniors, suggesting this may have also been an
issue in the UK and Danish analyses. Were this to be the case, it is probable that the
observed reduction in TKR rates (figure 5.11) at the population-level were influenced to
a greater or lesser extent by csDMARDs rather than solely biologics. More
fundamentally, these analyses have to be interpreted as the impact of TNFi availability
rather than the causal impact of TNFi use versus non-use. That is, even if confounding
factors were to be inconsequential or even non-existent, there is almost certainly non-
compliance in that there will be some “always takers” (before the guideline) and many
“never takers” (after the guideline). This means the impact estimates are at best the
evaluation of health policy impact on an RA population rather than the effect of exposure

per se on an individual patient’s risk.

On the other hand, the patient-level analyses of chapter 7 were much stronger at
addressing the very issues that the population-level analyses of chapters 4-5 had been

relatively weak to resolve. These patient-level analyses sought to disentangle the issue
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of temporal confounding (e.g. csDMARD intensity) concurrent to the introduction of
TNFi, whilst meeting the research need for a clinically meaningful causal estimate of TNFi
exposure. A-priori, the collective use of PS, IV and RDD analyses was an exceedingly
powerful set of methods for the attainment of unbiased estimates in the presence of
both measured and unmeasured confounding. Had the assumptions of the IV and RDD
been fully met then these would theoretically have been more robust than the PS
matching as the latter demonstrably works to balance measured covariates but by design
cannot provide balance on those unmeasured (except via proxy). However, given the
failure of the IV and RDD approaches to meet their key assumptions the weight of
confidence in the conclusions from chapter 7 should rest mainly on the PS findings as
these were less stringent in the demands they made about mechanism of effect, yet still

achieved good balance across a host of relevant confounders.

Whilst the strengths of the robust analysis of rich, patient-level data from the BSRBR-RA
should be cause for reassurance, there are nonetheless various important limitations.
Although balance was mainly established in the PS matching, the issue of whether the
matched groups were really comparable as per a well conducted RCT is doubtful. Some
degree of residual confounding by indication is likely given the exposure cohorts were so
different before matching and that the number of variables included in the PS were
finite. This is a well-recognised challenge of using observational data for comparative
effectiveness research (as opposed to a comparative safety study) (110) and is a key
limitation of the patient-level approach, which could conceivably bias results in either

direction. It may be that no overall effect of TNFi was identified in the main analysis
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owing to aspects of disease severity and/or unresponsiveness to conventional therapy
within the TNFi group that persisted after matching and put this group at a baseline
‘disadvantage’. On the other hand, it could be that the reduction in THR amongst elderly
TNFi users was driven by a healthy-user bias where a prescribing clinician perceived
greater ability to tolerate and benefit from more intensive therapy regimens which was

itself a possible driver of subsequently lower joint replacement rates.

There are other data-related limitations arising from the BSRBR-RA. It initially recruited
all users of TNFi nationally, which given the novelty of the therapy meant a
disproportionately large number of severe RA cases with long disease duration entered
the study sample. This preponderance of established disease means the results are
limited in their generalisability. Although the availability of ongoing longitudinal follow-
up data is a clear strength, is does provide greater opportunity for the exposure cohorts
to become increasingly confounded over time in ways that mean joint replacement rates
diverge for reasons other than TNFi exposure status. Similarly, adherence bias is a
potential issue given that patients remaining on therapy maybe different in their risk of
outcome relative to those stopping and being censored. For instance, if csDMARD users
adhering in this exposure group were in the main to be doing so due to responding well
and having their disease under control, then this progressively makes this group less at
risk of joint replacement than the TNFi group where patients who respond well and have
their disease under control may be more likely to stop therapy and become censored.
However, these issues would likely still be encountered in a hypothetical long follow-up

RCT on the subject and they are not easily resolved.
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These varying strengths and limitations to the analyses utilised (many of which are the
consequence of underlying differences in study design) are possibly the explanation for
differences in the results obtained between the population-level (chapter 4 & 5) versus
patient-level (chapter 7) studies. While the population-level analyses supported a
reduction in TKR rates amongst RA patients, and a reduction in both TKR and THR rates
when changes in the non-RA population was accounted for, neither of these reductions
were reflected in the main analysis of patient level BSRBR-RA data. As described above,
this maybe because the population-level analyses are confounded by an increase in
csDMARDs (which the PS analysis accounted for) or it could be the patient-level analysis
are confounded by residual imbalance in disease severity/responsiveness to therapy
(which the ITS analyses accounted for). Besides this, the established, severe and
prevalent nature of baseline RA with subsequent long-term follow-up in the BSRBR-RA is
a very different context to the incident (and most likely relatively mild) nature of RA with
only 5-years follow-up in the ITS approach. Essentially, chapters 4, 5 & 7 are answering
variations around the central clinical question of the thesis which, although not
inconsistent with each other, are not necessarily expected to be identical in terms of

findings.

Future work
Although the findings here reported move the field on in terms of a better understanding
of the relationship between TNFi and need for joint replacement in RA, there are many

potential avenues for future research.
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The descriptive epidemiology of hip and knee replacement (reported in chapter 3) should
motivate further research into the inequalities in rates of THR/TKR according to
deprivation and inequalities in rates of TKR across geographic region for patients with
RA. It maybe that new strategies are needed to rectify inequality in provision of services,
although this is by no means adequately demonstrated from this DPhil as there are other
possible explanations related to patient need and willingness which are all subjects

deserving of further investigation.

The ITS population-trend analyses have been carried out in three countries, and while
further large study samples would add further to this body of evidence, probably more
informative going forward would be analyses on the impact of TNFi introduction on rates
of smaller joint surgeries such as hand, wrist, elbow, shoulder and feet. Given their
smaller size it maybe these joints suffer destruction within a faster and/or more
consequential disease process, into which the arrest of inflammation via TNFi
intervention maybe more pronounced. Another interesting extension of the current ITS
analyses would be to gain access to a similar population-based study sample that
includes data on TNFi and csDMARD therapy (as per the senior sub-group in Ontario)
over the study period in order to get a better understanding of the relative effects of

TNFi availability on actual utilization.

The issue of power in ITS analyses has already been explored in some detail in chapter 6,
however there are many extensions that could be made to this piece of methodological

work. The growing utilization of ITS analysis in epidemiology presents a need for more
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guidance on this topic, and of particular benefit would be an interactive tool which could
be freely available to researchers planning future ITS studies in order to gain insight into
sample size requirements to achieve adequate power in relation to the various
parameters investigated. This process has already been initiated with the ongoing
development of an R programme but this is yet to be completed. Furthermore, a pressing
limitation of the current work is that it only considers an outcome measurement in the
form of cumulative incidence, so more work is required to modify the code already
developed to simulate scenarios for incidence rates and raw count data. Also, whilst the
issue of auto-correlation is difficult to satisfactorily address in situations of less than 50
timepoints, this is nonetheless another factor to be incorporated into such a sample size

calculator tool.

Although there was the valuable opportunity to carry out the ITS analyses evaluating
trends in joint replacement from three different countries, there is the outstanding issue
of replication of the patient-level PS matched analysis of chapter 7 using data from
elsewhere in the world. This is an important research need as there are a number of
peculiarities specific to BSRBR-RA that likely act to limit the generalisability of the main
patient-level analyses here carried out. For example, the long disease duration at
baseline and the fact those recruited reflect UK policy of restricting TNFi to those with
continuing severe disease (DAS >5.1) who have already failed conventional therapy for
over 6 months (237). To truly answer the research question under study, further research
such as an international RCT of incident RA patients with a very large sample size and

follow-up (given the nature of the outcome) would be an ideal study design to aspire to.
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This however is very unlikely to be feasible given the ethical implications and costs, which
are likely to be prohibitive (as discussed in chapter 1). Combining observational data
from other registries, for example RABBIT (biologics registry of 17,000 RA patients in
Germany), may be the next best alternative. Combining a number of biologics registries
in this way would allow stratification on more variables and potentially improve
generalisability in terms of disease duration and DAS values of patients at baseline. It
would also allow estimation of TNFi effect in healthcare systems without the >5.1 DAS
threshold rule as per UK guidance. This testing of the same study hypothesis using more
data and in different healthcare settings from elsewhere in the world would be prudent

before any firm conclusions are drawn.

In terms of specific advice to future researchers seeking to replicate or adapt the
methodological approaches used in this thesis, | would comment that the use of an ITS
is certainly worth considering given the strengths of this design and relative ease of
conducting such a study. However, some of the strengths of this approach are lost in
contexts of exclusively long-term outcomes or where there is no well-defined
intervention period. The use of a 5-year outcome and 1-year/2-year intervention period
in this project addressed these limitations to an extent but demonstrates the method
should not be applied irrespective of these considerations. Also, if serious confounding
events occur concomitantly to a proposed ‘intervention’ event then the strength and
therefore usefulness of the findings from the ITS approach are likely to be reduced. In
terms of using an ITS to investigate similar research questions in the future, it would

seem sensible to prioritise access to prescriptions data (exposure) rather than just clinical

238



outcomes. Comparable control populations to inspect the difference-in-differences in
outcome should also be made available if at all possible. Furthermore, this thesis
demonstrates that patient-level approaches are likely to be essential to properly
evaluate questions of comparative-effectiveness given the inability of population-level
analyses to truly rule out confounding events and ecological fallacies in general. PS
matching is a good option to deal with confounding by indication at the person-level but
only if lots of measured covariates are available to balance on, including at the very least
those most predictive of outcome. One thing to consider is the ratio of treated and
untreated patients available in prospective data sources and to ensure there are
sufficient numbers in each group for an analysis to be feasible. It is worth trying to do an
IV or RDD approach (if the situation permits) to account for unmeasured confounding
and testing assumptions but | would not recommend using these as primary analyses
given their strong underlying assumptions that underpin their validity. Also worth
mentioning is the need to use fairly advanced epidemiological methods simultaneously
in a single analysis, e.g. the main analysis in chapter 7 used weighted survival analysis on
propensity score matched cohorts in the context of multiple imputed datasets to account
for missing data. It is therefore essential to develop and maintain well documented

programming code within a capable statistics package such as R or Stata.

Clinical implications

Despite the arising need for further research, there are still numerous outputs from the
current project that could have potential clinical implications. Firstly, the basic

descriptive statistics of the cumulative risk of THR/TKR during the course of RA (chapter
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3) and how the delta rates between RA and non-RA patients are still in existence yet are
shrinking (chapter 5) is deserving of clinicians’ attention. That is, major joint replacement
is an important long-term outcome of RA that affects a non-trivial proportion of patients
but seems to be a modifiable risk. While this may not noticeably change clinical practice,
it should function to increase awareness of this important long-term disease outcome

among RA patients and those managing their care.

Outcomes for hip and knee replacement in RA are generally considered good (37), with
marked improvement in patient quality of life (as measured using SF36) following surgery
(284). However, these patients are known to be at increased risk of various adverse
events compared to patients undergoing these procedures for osteoarthritis including:
infection, dislocation, myocardial infarction and revision (285, 286). Furthermore, these
are expensive operations (138), and even when successfully performed still put the
patient at a lifelong risk of requiring revision surgery. Given this background, a reduction
in need for joint replacement in RA is clearly to be sought after and the growing belief
over recent years, both anecdotally and in the literature (237, 281) is that TNFi therapy
has a positive impact on joint replacement rates in RA. New data on the possible
protective role of TNFi should be of genuine clinical interest, for example given that it
could be incorporated into a health economic model of TNFi. Were such data to be of
sufficient quality to be used in this way then this could potentially change clinical practice
in that TNFi would probably be deemed more cost effective and restrictions on use could

potentially be made more lenient.
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However, no overall effect was observed in the PS matched cohort study and (as was
discussed in chapter 7) the RCT data is heterogeneous and not unanimously supportive
of biologics being superior to combination csDMARD therapy, especially over longer
time-frames (86, 287). In the light of this, but also in the light of the limitations as
discussed in previous paragraphs relating to methodologies and data used, findings here
reported of no overall impact of TNFi would not in all likelihood constitute sufficient
evidence to change clinical practice in favour of csDMARDS. Although a 40 % reduction
in THR rates was observed amongst older TNFi users, this would most likely need to be
validated in other contexts in order to overcome doubts regarding residual confounding
(e.g. possible healthy user bias). Therefore, while further research is certainly required
in the interim, an immediate clinical implication of this project might well be that the
growing belief and conviction among clinicians that biologics reduce the need for joint
replacement in RA may need to be tempered with more caution, especially in light of
research elsewhere (108). On the whole, the findings lend support to the statement by
Scott and colleagues in their Lancet seminar in relation to the improvement in various
features and outcomes of RA over recent decades, “better treatment seems the

dominant factor. ...better conventional treatment seems especially important” (1).

Conclusions

This DPhil has set out to determine the relationship between TNFi use and subsequent
need for joint replacement in RA. Estimates of the population-level impact of introducing
TNFi within three different countries indicate that on the whole, rates of TKR but not THR

decreased during the biologic era (compared to estimated counterfactuals). Relative to
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trends of joint replacement among matched non-RA patients, a favourable impact on
both TKR and THR among RA patients following the introduction of TNFi was implied.
However, confounding exposures cannot be ruled out in these ecological investigations.
In patient-level analyses of UK drug registry data, a 40% reduction in THR rates was
observed among older PS matched TNFi users, offering some support for biologics
playing arole in reducing need for joint replacement. On the other hand, main PS findings
indicated no significant difference in joint replacement rates between TNFi and
csDMARD users, suggesting other factors apart from TNFi are likely to be involved in the
aforementioned downward population trends in joint replacement rates in RA. Overall,
this DPhil suggests that a firm belief that biologics are superior to csDMARDs in reducing
the need for joint replacement is currently unwarranted. It highlights the importance of
further patient-level research from other countries and healthcare systems, investigating
the impact of TNFi use on need for both large and small joint replacement in RA in order

to confirm and/or further elucidate the relationship.
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APPENDIX

APPENDIX FILE 1: CPRD READ CODES USED TO IDENTIFY RA PATIENTS

medcode
844
6639
6916
8350
12019
5723
27603
9707
8583
100187
23552
28853
31054
30548
50863
105507
31724
53621
48832
42299
18155
51239
103829
44203
41941
51238
37431
21358
59738
49067
46436
49227
56202
31209
62401
44743
93715
63198
56838
70658
70221
102088

readcode
N040.00
14G1.00
NO40P0OO
N040T0O0
N04X.00
N042200
NO04..00
N047.00
N042000
38DZ.00
N041.00
N04y012
N040S00
NO40NOO
N040D00
66HB000
N04y000
NO40R0O0O
N040700
N040800
N040Q00
NO40F00
38DZ000
N040100
N040900
NO40K00
N042z00
N040200
N040500
N040B0O
N042100
N042.00
NyulGOO
F396400
F371200
N040000
Nyul1100
NO40A00
NO04y011
NO40H00
Nyul200
7P20300

readterm

Rheumatoid arthritis

H/O: rheumatoid arthritis

Seronegative rheumatoid arthritis

Flare of rheumatoid arthritis

Seropositive rheumatoidarthritis, unspecified
Rheumatoid nodule

Rheumatoid arthritis and other inflammatory polyarthropathy
Seropositive errosive rheumatoid arthritis
Rheumatic carditis

Disease activity score in rheumatoidarthritis
Felty'ssyndrome

Fibrosing alveolitis associated with rheumatoid arthritis
Rheumatoid arthritis - multiple joint

Rheumatoid vasculitis

Rheumatoid arthritis of knee
Rheumatoid arthritis annual review

Rheumatoid lung

Rheumatoid nodule

Rheumatoid arthritis of wrist
Rheumatoid arthritis of MCP joint

Rheumatoid bursitis

Rheumatoid arthritis of ankle

Disease activity score 28 joint in rheumatoid arthritis
Other rheumatoid arthritis of spine

Rheumatoid arthritis of PIP joint of finger
Rheumatoid arthritis of 1st MTP joint

Rheumatoid arthropathy + visceral/systemic involvement NOS
Rheumatoid arthritis of shoulder

Rheumatoid arthritis of elbow

Rheumatoid arthritis of hip

Rheumatoid lung disease

Other rheumatoid arthropathy + visceral/systemicinvolvement
[X]Seropositive rheumatoid arthritis, unspecified
Myopathy due to rheumatoid arthritis
Polyneuropathy in rheumatoid arthritis

Rheumatoid arthritis of cervical spine

[X]Other seropositive rheumatoid arthritis
Rheumatoid arthritis of DIP joint of finger

Caplan's syndrome

Rheumatoid arthritis of talonavicular joint

[X]Other specified rheumatoid arthritis

Delivery of rehabilitation for rheumatoid arthritis
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APPENDIX FILE 2: CRPD READ/OXMIS CODES USED TO IDENTIFY THR/TKR

OUTCOME EVENTS

THR

Read/OXMIS codes
XE2n7
XaF7k
XEO8o
XEOS;
XaF7j
XEO8k
7K22y
XaF7I
X606J
XEO8m
7K20.16
7K20000
7K20.1G
7K21.13
7K21.15
7K20.1C
7K22.12
7K22000
7K20.17
7K21.16
7K20.11
7K21.12
7K21.11
7K20.1F
7K20.1A
7K20.12
7K21.17
7K21.00
7K20.14
7K20.1D

Read/OXMIS Terms

Primary total prosthetic replacement of hip joint NEC
Primary hybrid total replacement of hip joint NEC

Other total prosthetic replacement of hip joint

Total prosthetic replacement of hip joint using cement
Primary hybrid total replacement of hip joint

Primary cemented total hip replacement

Other specified total prosthetic replacement of hip joint
Prosthetic hybrid total replacement of hip joint

Total hip replacement

Total prosthetic replacement of hip joint not using cement
Freeman total replacement of hip joint using cement
Primary cemented total hip replacement

THR - Total prosthetic replacement of hip joint using cement
Lord total replacement of hip joint not using cement
Monk total replacement of hip joint not using cement
Muller total replacement of hip joint using cement

THR - Other total prosthetic replacement of hip joint
Primary total prosthetic replacement of hip joint NEC
Furlong total replacement of hip joint using cement

Ring total replacement of hip joint not using cement
Arthroplasty of hip joint using cement

Furlong total replacement of hip joint not using cement
Freeman total replacement of hip joint not using cement
Turner total replacement of hip joint using cement

McKee total replacement of hip joint using cement
Aufranc total replacement of hip joint using cement

THR - Total prosthetic replacement hip joint without cement
Total prosthetic replacement of hip joint not using cement
Exeter total replacement of hip joint using cement

Pretoria total replacement of hip joint using cement
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7K20.19 lich total replacement of hip joint using cement

7K21.14 Madreporique total replacement of hip joint not using cement
7K20.18 Howse total replacement of hip joint using cement

7K20.1E Stanmore total replacement of hip joint using cement

7K22.00 Other total prosthetic replacement of hip joint

7K20300 Primary hybrid total replacement of hip joint NEC

7K20.1B Monk total replacement of hip joint using cement

7K20.13 Charnley total replacement of hip joint using cement

7K20.00 Total prosthetic replacement of hip joint using cement

7K20.15 Farrer total replacement of hip joint using cement

7K20011 Charnley cemented total hip replacement

7K21y00 cOetrP:]Zrn:peciﬁed total prosthetic replacement of hip joint not using
7K20y00 Other specified total prosthetic replacement of hip joint using cement
7K21000 Primary uncemented total hip replacement

7K21z00 Total prosthetic replacement of hip joint not using cement NOS
7K20z00 Total prosthetic replacement of hip joint using cement NOS

7K22z00 Total prosthetic replacement of hip joint NOS

TKR

Read/OXMIS codes Read/OXMIS Terms

X6060 Total knee replacement

XEO8w Total prosthetic replacement of knee using cement

XEO8y Total prosthetic replacement of knee joint not using cement
XE090 Other total prosthetic replacement of knee joint

XE091 Primary hybrid total knee replacement NEC

7K30.00 Total prosthetic replacement of knee joint using cement
7K30.11 Anametric total replacement of knee joint using cement
7K30.13 Attenborough total replacement of knee joint using cement
7K30.15 Cavendish total replacement of knee joint using cement
7K30.16 Charnley total replacement of knee joint using cement
7K30.17 Deane total replacement of knee joint using cement
7K30.18 Denham total replacement of knee joint using cement
7K30.19 Freeman total replacement of knee joint using cement
7K30.1A Geomedic total replacement of knee joint using cement
7K30.1B Geometric total replacement of knee joint using cement
7K30.1C Guepar hinge replacement of knee joint using cement
7K30.1D Gunston total replacement of knee joint using cement
7K30.1E Herbert total replacement of knee joint using cement
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7K30.1F
7K30.1G
7K30.1H
7K30.1
7K30.1J
7K30.1L
7K30.1N
7K30.1P
7K30.1Q
7K30.1R
7K30.1S
7K30.1T
7K30.1V
7K31.00
7K31.12
7K32.00
7K32.12
7K32000
7K32011
K812
7K30000
7K30y00
7K30200
7K31000
7K31y00
7K31200
7K32y00
7K32200

lich total replacement of knee joint using cement

Irving total replacement of knee joint using cement

Liverpool total replacement of knee joint using cement
Manchester total replacement of knee joint using cement
Marmor total replacement of knee joint using cement
Melbourne total replacement of knee joint using cement
Polycentric total replacement of knee joint using cement
Sheehan total replacement of knee joint using cement

Shiers total replacement of knee joint using cement
Stanmore total replacement of knee joint using cement
Swanson total replacement of knee joint using cement

Uci total replacement of knee joint using cement

TKR -Total prosthetic replacement of knee joint using cement
Total prosthetic replacement of knee joint not using cement
TKR - Total prosthetic replacement knee joint without cement
Other total prosthetic replacement of knee joint

TKR - Other total prosthetic replacement of knee joint
Primary total knee replacement NEC

Primary hybrid total knee replacement NEC

TOTAL KNEE REPLACEMENT

Primary cemented total knee replacement

Total prosthetic replacement of knee joint using cement OS
Total prosthetic replacement of knee joint using cement NOS
Primary uncemented total knee replacement

Total prosthetic replacement knee joint not using cement OS
Total prosthetic replacement knee joint not using cement NOS

Other total prosthetic replacement of knee joint OS

Other total prosthetic replacement of knee joint NOS
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APPENDIX FILE 3: NDORMS “BIG DATA” CPDR STANDARD OPERATING

PROCEDURES
CPRD: Data SOPs
Reading Data: General Rules
1) Check if the patients respect the inclusion/eligibility criteria

2)

3)

4)

5)

If there are patients who do not respect the inclusion criteria and their number is >= 1% of the
total number of the patients expected to reflect them, contact CPRD. If their number is < 1%,

flag them for exclusion. If the study is a case-control study, flag for exclusion also their controls.

When applicable, check if the control patients are “real” controls.
If there are control patients who are not “real” and their number is >= 1% of the total number of

the controls, contact CPRD. If their number is < 1%, flag them for exclusion.

When applicable and if requested, drop cases without controls

When applicable, check if the proportion between the total number of case and control patients

is correct. The right proportion is: case = 1/3, controls = 2/3. If this is not correct, contact CPRD.

If ONS DEATH data are provided:
a) Check the ONS “dod” and the “death_matchrank”.
We consider valid only links where:
* ONS “dod” between “Start” and “End” of ONS coverage
* ONS *“dod” = CPRD “deathdate” (regardless the “death_matchrank”) OR
“death_matchrank” equals 1 or 2.
Therefore, we exclude all ONS patient links where ONS dod <> CPRD deathdate AND

death_matchrank >= 3, but we keep the CPRD corresponding patients.

b. Check the ONS death records for duplications

If there are duplications, implement the following rules for each patient:

i. If CPRD death date is available, compare it to the ONS dod: if one coincides, keep this
ONS death record, bin the other ONS records. If more than one coincides, take the most
likely ONS correct date based on the lower death_matchrank. If it is not possible to
decide as the death_matchrank is the same, bin all the ONS links.

ii. If CPRD death date is available and no ONS dod coincides with it, check if the difference
between the ONS dates and the CPRD date is within 1 month: if there is one ONS date
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within the washout window, keep this ONS death record and bin the other ONS records.
If more than one dod is within 1 month, take the one which date is closest to the CPRD
death date.

iii. If CPRD death date is available and no ONS dod is within 1-month washout window, take
the most likely ONS dod date based on the lower death_matchrank.

iv. If CPRD death date is not available, take the most likely ONS dod date based on the
lower death_matchrank. Bin the ONS links with same death_matchrank.

Calculate the date of death considering both CPRD and ONS as follows:

If ONS dod is present, use it regardless the presence of CPRD deathdate

If ONS dod is not present and CPRD deathdate is present, use CPRD deathdate

6) For CPRD data:

b.

Exclude all types of records were the dates are marked as invalid by CPRD (i.e. '01/01/2500")

Exclude all types of records were it is not possible to determine an eventdate or a reliable

approximation of it.

Exclude all types of records where events occur BEFORE the maximum of the followings:

e First Registration Date at the current practice (patient.frd)

* Up-To-Standard for research for the practice (practice.uts) + a washout window of
INTERVAL 1 YEAR

Exclude all types of records where events occur AFTER any of the following, i.e. after the

minimum of the followings:

= Date when the data were extracted by CPRD or, if this information is not available, when
the data were received by us

* Practice last Collection Date (practice.lcd)

e Transfer Out Date of the patient (patient.tod)

* Date of death of the patient as calculated above

7) If HES data are provided:

a)

b)

Check the hes_matchrank.

We consider valid only links where hes_matchrank equals 1 or 2. Therefore, we flag for
exclusion all HES patient links where hes_matchrank >= 3, but we keep the CPRD
corresponding patients.

Flag for exclusion all the CPRD patids that represent an individual who moved to a
subsequent practice, keeping the patid that the person had in the last practice. This will

allow to keep possible death date information.

2

267



c) Exclude all types of records were it is not possible to determine an eventdate or a reliable
approximation of it. For example, in table HES_PROCEDURE_EPI, we use the field evdate
when not null and the field epistart otherwise: in this way we did not exclude any records.

d) Exclude all types of HES records where events occur BEFORE the maximum of the followings:
e “Start” of HES coverage

e) Exclude all types of HES records where events occur AFTER any of the following, i.e. after the
minimum of the followings:

* Date of death of the patient as calculated above

* “End” of HES coverage

Note: Applying consistent rules to the CPRD and HES data allows the exclusion of all those events
that may represent possible duplications.

8) Bin all the Therapy records where the prodcode and the bnfcode are incompatible, i.e. they do
not refer to the same product

9) If BMIis used in the study, consider valid numbers only between 10 and 60.

10) If BMI, smoking and drinking alcohol are used in the study, bin all the record that report
duplicated and inconsistent information for the same patient in the same eventdate.

11) If BMI, smoking and drinking alcohol are used in the study, if a validity time window is provided
around the index date, bin all the data reported to have happened before or after that valid time
window.

12) To calculate DDDs in prescriptions apply the following algorithm to the THERAPY(t) table:

If (t.numdays >= ddd_lower_limit) and (t.numdays <= ddd_upper_limit)
Then ddds = t.numdays
Else
if (t.qty >0) and (ndd > 0)
and (qty/ndd >= ddd_lower_limit) and (qty/ndd <= ddd_upper_limit)
Then ddds = t.qty/t.ndd
Else ddds = 28

where ddd_lower_limit and ddd_upper_limit can be set differently for different drugs in different
studies. Defaults are holds in MySQL database “cprd__library”
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APPENDIX FILE 4: CODES USED TO IDENTIFY THR/TKR IN ORAD/OHIP

THA
Primary
Prior to 2002 (ICD9/CCP) [variable PRCODE1-10].

e 93,51, total hip replacement with methyl methacrylate; and 93.59, other total hip
replacement.

April 1, 2002 onward (ICD10/CCl) [variable INCODE1-20].

¢ 1.VA.53, implantation of internal device, hip joint -- 1.VA.53.LA-PN (open approach)
and 1.VA.53.PN-PN (robotics-assisted approach)

TKA

Primary

Prior to 2002 (ICD9/CCP)

® 93.41, geomedic and polycentric total knee replacement
April 1, 2002 onward (ICD10/CCl)

¢ 1.VG.53, implantation of internal device, knee joint (includes both TKAs and partial
knee replacements (single component prosthetic devices and cement spacers to
maintain consistency with above)
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APPENDIX FILE 5: HELP FILE FOR STATA PROGRAMME FOR ITS POWER ESTIMATION

Documentation for Stata programme:

ITSSimulationLoop

Description

ITSSimulationLoop produces estimates of power for detection of changes in level or
trend of outcome following an intervention of interest in the interrupted time-series
(ITS) framework. These estimates can be used to explore underlying sample size
requirements (per timepoint and in total) for a proposed ITS analysis. The current version
of the programme only allows repeated measures over time to take the form of
cumulative incidence. It allows specification of general parameters as described below.

Specification of parameters

General parameters

Seed: intializes the random number generator. Possible values: any integer.

Simulation Number: specifies how many times each simulation scenario is
repeated. Possible values: any positive integer. Methods to calculate the number
of simulations required are available elsewhere. We would not recommend using
less than 1,000.

ITS scenario specific parameters

Pre-intervention Setting: specifies the location of the known value of the pre-
intervention line. A knowledge of the pre-intervention level of outcome is required
and this parameter acts as an indication of where in the pre-intervention section
of the time-series the level to be inputted is referring to. Possible values:
Beginning or End.

Beginning: specifies that the absolute value of the pre-intervention line is known
at the beginning of the pre-intervention period

270



End: specifies that the absolute value of the pre-intervention line is known at the
end of the pre-intervention period

Event Intercept: specifies the absolute value of the pre-intervention line either at
the beginning or at the end of the pre-intervention period (see previous setting).
Possible values: any real number between 0 and 100. For example, a cumulative
incidence of 1% should be typed in as 1.

Pre-intervention Change: where there is some pre-intervention slope in
existence then this parameter specifies the total measure change over the pre-
intervention period based on which the pre-intervention slope will be calculated.
Possible values: any real number between -100 and 100. An example: 1% should
be typed in as 1. This parameter is only relevant in the case of slope change
models. For step change models the MeasureChange should be specified as 0
and will be ignored during execution.

Timepoint Parameter 1:specifies the proportion of time points in the pre-
intervention period relative to the total number of time points. Possible values are
any real number between 0 and 1 not including 0 or 1. This value is held constant
over all simulation scenarios.

Timepoint Parameter 2 (List): total number of time-points in the time-series.
Numerous values can be explored with this parameter and entered in the form of
a list. Possible values are any list of positive integers enclosed in double quotation
marks.

Average Sample Size (List): specifies a list of sample sizes per timepoint to test.
(Possible values: any list of positive integers enclosed in double quotation marks.
Note: a sufficiently large sample size should be used in order for proportions to
approximate normality)

Sample Size Variance: given that the sample size per timepoint will likely be
subject to some variation across the time-series, this parameter specifies the
value of this variance as a percentage of the average population size per scenario.
Possible values are any real number between 0 and 100 not including O.

Model Type: specifies whether the ITS model should model a step change or a
slope change following the intervention. Possible values: Step or Slope.

Mean Change (List): specifies the effect size of the intervention we seek to
detect, expressed as a relative percentage change in average post-intervention
counterfactuals (as extrapolated from the pre-intervention level and trend) versus
post-intervention modelled values (as based on what we seek to observe given
the intervention). Possible values are any list of real numbers between -100 and
100 enclosed in double quotation marks. The values should represent
percentages. An example: 1% should be typed in as 1.

Step change model: The MeanChangeList values will be translated to step-
changes.

Slope change model: The MeanChangeList values will be translated to average
mean changes
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Storing parameters

Path: specifies the path to the folder to save the simulation results in. Possible
values: any valid path enclosed in double quotation marks.

Postfix: specifies the postfix that is added to the end of each file that is a result
of the current simulation. Date and time are automatically added to the filenames
by the module. Possible Values: any string no longer than 10 characters.

Example

An example application would be to estimate the power associated with various
underlying sample sizes (in terms of number of timepoints and sample size per
timepoint) for the time-series described and depicted in Hawley S et al. Arthritis
Rheumatol. 2016 68 (suppl 10). To do this, after running the code to define the
programme, one could then execute the following code (noting that 1000 simulations
may take several minutes to complete):

ITSSimulationLoop 20180408 1000 Beginning 2.61209 1.8437 0.5 "12 16 20 26 30 40 50"
"150 300 500 750 1100 1500 2230 2800 5600" 30 Slope "-34" “[enter valid file pathway]"
ITSfilename

272



Appendix file 6: Stata programme for ITS power estimation

11/12/2018, 13:26

(simplified_stata_programms).do
1 **Title: ITSSimulationLoop
2  *¥Version: v0.2
3 *xDate: 8th May 2018
4 xxAuthors: Samuel Hawley and Klara Berencsi
s sxInstitution: University of Oxford
6
7 capture noisily {
8 program drop GenerateITSDataSet
9
10
11 program GenerateITSDataSet
12 args 11/
13 /% Simulation Settings */ /17
14 SimulationCounter Yz
15 /* TimePoint Distribution %/ Y27
16 TimePointParameterI /17
17 TimePointParameterII /17
18 /* Model Settings */ /17
19 ModelType Y27
20 MeanChange /17
21 /* PreIntervention Settings */ Yizi
22 PreIntMeasureChange 11/
23 PreInterventionSetting /17
24 EventIntercept Yoy
25 /% Population Settings */ /17
26 AveragePopulationSize Yzi
27 PopulationVariance 11/
28
29 clear
30
31 display " SimulationCounter'"
32
33
34 /* Translating Arguments into Simulation Scenario Parameters

*/

35 /% TimePoints */
36 global TotTP ="TimePointParameterII'

Page 10of 12
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36
37

38
39

41

42
43

45

47

49
50
51
52
53

55
56
57
58
59

61
62

62
63

65
67
69
70
71
72
73
74
76

78

80

81

82

83

85

86

global TotTP ="TimePointParameterII'
global PreIntTP =round( TimePointParameterI's
*TimePointParameterII')

/* PreIntervention Line %/
/* PreIntervention Setting */
if upper(" PreInterventionSetting'")=="BEGINNING"

local BegEventIntercept = “EventIntercept'

if upper(" PreInterventionSetting'")=="END" {
local BegEventIntercept = “EventIntercept'-
*PreIntMeasureChange’

/* Definition of pre-intervention line parameters */
local TotChange="PreIntMeasureChange'
local SlopeTP ='PrelIntMeasureChange'/$PreIntTP

/* PostIntervention Line %/
if upper(" ModelType'")=="STEP" {
global InterventionJump =( BegEventIntercept')x*
*MeanChange' /100
global PostIntSlopeTP =0

if upper(" ModelType'")=="SLOPE" {
global InterventionJump =0
local MidPostIntTP =($TotTP-$PreIntTP)/2
global PostIntSlopeTP  =(( BegEventIntercept'+
*TotChange '+ SlopeTP'* MidPostIntTP')* MeanChange'/100)/
*MidPostIntTP'
display $PostIntSlopeTP

}

/* Set up first 4 columns of the database */
*allocate memory for database

set obs $TotTP
*assign observations
gen TimePoint = _n
gen Dots = $TotTP
*create intervention timepoints
gen Intervention = @ if TimePoint<=$PreIntTP

replace Intervention = 1 if TimePoint >$PreIntTP
*create post-intervention timepoint

gen IntTP = 0 if _n<=$PrelIntTP

replace IntTP =(_n—-$PreIntTP) if _n >$PreIntTP

/* Calculating the pre-intervention line */

/* Calculating the expected values of Population size in
each timepoint */
gen PopSize=round(rnormal( AveragePopulationSize', ((
*AveragePopulationSize')* PopulationVariance'/100)))

display "Normal Distribution used for Population Size
Generation"

/% Calculating the expected values of Events in each

timepoint */

gen EventSize="BegEventIntercept'/100+TimePoint*
“SlopeTP' /100 if
TimePoint<=$PreIntTP

replace EventSize="BegEventIntercept'/100+TimePointx*
“SlopeTP'/100+$InterventionJump/100+IntTP*$PostIntSlopeTP/100 if
TimePoint >$PreIntTP
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86

87
88
89

91

92
93

95
9
97
98

100
101
102
103
104
105
106
107
108
109
110
11
12
113
114
115

115
116
117
118
119
120
121

123

124

138

139
140
141
142

replace EventSize="BegEventIntercept'/100+TimePoint*
“SlopeTP'/100+$InterventionJump/100+IntTP*$PostIntSlopeTP/100 if
TimePoint >$PreIntTP

/* Assuming Binomial Distribution */
gen AbsoluteOutcome=rbinomial(PopSize,EventSize)
gen OutcomeMeasure =AbsoluteQutcome/PopSize*100
display "Binomial Distribution used for Event
Generation"

/¥ Showing relevant macro variables for comparison with
analysis results */
display " SlopeTP' $PostIntSlopeTP $InterventionJump"
/* Saving simulation counter *x/
global CurrentSimulation “SimulationCounter'

end

capture noisily {
program drop AnalyseITSDataSet

program AnalyseITSDataSet

args 11/
/* Model Settings */ 11/
ModelType /17
MeanChange /17

/* Population Settings %/ /17
AveragePopulationSize /17

if upper(" ModelType'")=="STEP" {
*carry out regression
regress OutcomeMeasure TimePoint Intervention

regress OutcomeMeasure TimePoint Intervention

xextract p-value
matrix Results = r(table)
scalar p_Intervention = Results[4,2]
display p_Intervention

*¥post results to file of estimates
post ests ($TotTP) (( AveragePopulationSize')) (
$TotTP* AveragePopulationSize') (( MeanChange')) ((
$Interventiondump)) ///
($CurrentSimulation) (_b[_cons]) (_bl
TimePoint]) (_b[Intervention]) (_selIntervention]) (
p_Intervention)

if upper(" ModelType'")=="SLOPE" {
*carry out regression
regress OutcomeMeasure TimePoint IntTP

*extract p-value
matrix Results
scalar p_IntTP
display p_IntTP

r(table)
Results[4,2]

*¥post results to file of estimates
post ests ($TotTP) (( AveragePopulationSize')) ((
$TotTP*( AveragePopulationSize'))) (( MeanChange')) ((
$PostIntSlopeTP)) ///
(sCurrentSimulation) (_b[_cons]) (_bl[
Time;oint]) (_b[IntTP]) (_selIntTP]) (p_IntTP)

*reset global macro variables
macro drop TotTP
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143

162

169
170
171
172
173
174
175
176
177

178

178

179

130

181

182

183

185

186

188

189

191

192

193

195

197
198

macro drop TotTP
macro drop PreIntTP
macro drop PostIntSlopeTP
macro drop InterventionJump
d macro drop CurrentSimulation
en

capture noisily {
program drop OutputITSResults

program OutputITSResults
args

/* Simulation Settings */
Seed
SimulationNumber

/* TimePoint Distribution */
TimePointParameterl

/* Model Settings */
ModelType

/* PreIntervention Settings */

PreIntMeasureChange
PreInterventionSetting
EventIntercept

/* Population Settings */
PopulationVariance

/* Path to Results %/
Path
Postfix

clear
display " Path'"

use " Path'/Simulation_ Postfix'.dta"

/¥ Saving Settings of Simulation as MetaData Attached to the

Database of Simulation Results x/
notes: Seed
/17

notes: Seed
/17
SimulationNumber
SimulationNumber'" 11/
TimePointParameterI
TimePointParameterI'" ///
ModelType
/17
PreIntMeasureChange
"*preIntMeasureChange'" ///

PreInterventionSetting

"“PreInterventionSetting"'" 11/
EventIntercept
/17
PopulationVariance
PopulationVariance'" Y274

/* Calculating Measures by Every Each Parameter Combination %/

/* Power x/

11/
117
11/
11/
11/
117/
11/
11/
117
11/
11/
11/
117/
11/
11/
117
117/

—n- Seed o

=" seed m

" *ModelType'"

EventIntercept'"

bys MeanChange TotTimePoints PopulationSize: egen
PowerNumerator = total(p_EstPostIntMeasure < 0.05)
bys MeanChange TotTimePoints PopulationSize: gen

PowerDenominator = _N

gen

PowerScenario = (PowerNumerator/PowerDenominator)*100

/* Absolute Bias */

bys MeanChange TotTimePoints PopulationSize: egen
MeanEstPostIntMeasure = mean(EstPostIntMeasure)

gen AbsoluteBias=MeanEstPostIntMeasure-PostIntMeasure

/* Percentage Bias */
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198

200
201
202
203

204
205
206
207
208
209
210
211

212

214
215

217

218
219
220
221

222

224
225

225

226

228
229

230

231
232
233

235
236
237

239
240
241
242
243
244
245

247

/* Percentage Bias %/
gen PercentageBias=((MeanEstPostIntMeasure-—
PostIntMeasure) /PostIntMeasure)*100

/* Final DataSet With Results */
keep MeanChange TotTimePoints PopulationSize
TotSampleSize ///
PowerScenario AbsoluteBias PercentageBias
duplicates drop

/* Output Results *x/
putdocx begin, landscape font(Calibri, 9)

putdocx paragraph

putdocx text ("Simulation Results with the Following
Settings:")

putdocx paragraph

putdocx text ("Seed="Seed'")

putdocx paragraph

putdocx text ("SimulationNumber="SimulationNumber'")

putdocx paragraph

putdocx text (
"PreInterventionSetting="PreInterventionSetting'")

putdocx paragraph

putdocx text ("EventIntercept="EventIntercept'")

putdocx paragraph

putdocx text (
"PreIntMeasureChange="PreIntMeasureChange'")

putdocx paragraph

putdocx text (
"TimePointParameterI="TimePointParameterI'")

putdocx paragraph

putdocx text (
"PopulationVariance="PopulationVariance'%")

putdocx text (
"PopulationVariance="PopulationVariance's")

putdocx paragraph

putdocx text ("ModelType="ModelType'")

putdocx table tbl1 = data("MeanChange TotTimePoints
PopulationSize TotSampleSize PowerScenario AbsoluteBias
PercentageBias RootMeanSquareError"), varnames ///
border(start, nil) layout(autofitw) border(
end, nil)
putdocx save " Path'/Estimates_"Postfix'.docx", replace

/% Save Database with Estimates %/
save " Path'/Estimates_-Postfix'.dta", replace

end
capture noisily {

program drop GraphGeneration

program GraphGeneration

args ) ) 11/
/% PreIntervention Settings */ /17
PreInterventionSetting 11/
EventIntercept /17
PreIntMeasureChange 17/

/* TimePoint Distribution %/ /17
TimePointParameterIIList /17

/* Population Settings */ /17
AveragePopulationSizelList /17

/* Model Settings */ /17
ModelType /17
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254 ModelType 11/

255 MeanChange 11/

256 /% Path to Results */ 11/

257 Path /17

258 Postfix 11/

259

260 clear

261 use " Path'/Estimates_ " Postfix'.dta"

262 drop if MeanChange!="MeanChange'

263

264 /* PreIntervention Setting */

265 if upper(" PreInterventionSetting'")=="BEGINNING"
{

266 } local BegEventIntercept = "EventIntercept'

267

268 if upper(" PreInterventionSetting'")=="END" {

269 local BegEventIntercept = “EventIntercept'-
*PreIntMeasureChange’

270

7

272 /% List of axis tick marks *x/

273 o ..l°§31 PreMinTPList =subinstr(" TimePointParameterIIList"'"

274 local MinTPList = min( PreMinTPList"')

275 local MaxTPList = max( PreMinTPList")

276 local DistTP =  round(( MaxTPList'-"MinTPList")/7)

277 local MaxTPList = "MinTPList'+8% DistTP'

278 local PreMinPSList =subinstr(
"*AveragePopulationSizeList'™,"™ ",",",.)

279 local MinPSList = min(  PreMinPSList")

280 local MaxPSList = max( PreMinPSList')

280 local MaxPSList = max( PreMinPSList")

281 local DistPS = round(( MaxPSList'-"MinPSList"')/7)

282 local MaxPSList ="MinPSList'+8% DistPS'

283 local AvgPreMeasure=round( BegEventIntercept'+0.5%
*PreIntMeasureChange',0.01)

284

285 twoway contour PowerScenario PopulationSize TotTimePoints,
ccuts(0(20)100) /177

286 xlabel( MinTPList' (" DistTP') MaxTPList') ylabel(
"MinPSList'( DistPS') MaxPSList',angle(forty_five)) ///

287 xtitle("Total Number of Timepoints" ,size(medsmall)
margin(medsmall)) /77

288 ytitle("Sample Size per Timepoint" ,size(medsmall)
margin(large)) 17/

289 ztitle("Statistical Power" ,size(medsmall)
margin(small)) /17

290 title("Statistical Power to Detect ‘ModelType' Change
resulting in an Average" /*

291 %/" "MeanChange's Relative Change in Outcome Where
Mean Pre-Intervention" VES

292 %/"Incidence is ~AvgPreMeasure'$ (by Number of
Timepoints and Mean" VES

293 */"Sample Size per Timepoint)" ,size(small) margin(
medsmall)) /1/

294 plotregion(fcolor(white)) graphregion(fcolor(white))
crule(intensity) ecolor(green)

295
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295
296

297
298

301
302
303

305

307

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328

329
330

graph export " Path'/Figures/Power_MCh MeanChange'.png", as(

png) replace
end

capture noisily {
program drop ITSSimulationLoop

program ITSSimulationLoop
args

/% Simulation Settings */
Seed
SimulationNumber

/* PreIntervention Settings */
PreInterventionSetting

EventIntercept

PreIntMeasureChange

/% TimePoint Distribution */
TimePointParameterI
TimePointParameterIIList

/* Population Settings */
AveragePopulationSizelist
PopulationVariance

/% Model Settings */
ModelType
MeanChangeList

/% Path to Results %/
Path
Postfix

clear

/* Checking the Values Specified as Arguments of the

ITSSimulationLoop */
/% Seed x/
if int("Seed') != “Seed' {

11/
11/
11/
11/
11/
11/
11/
11/
11/
11/
117/
11/
117/
11/
11/
117/
11/
11/
117/
117
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APPENDIX TABLES

Appendix Table 3.1: Validation measures of outcome events during follow-up
according to CPRD versus HES (allowing 30-day or 90-day time window for agreement):

for THR and TKR

Sensitivity  Specificity PPV NPV

30 day
HIP 77.9 98.6 67 99.2
KNEE 82.2 98.4 71.6 99.1

180 day
HIP 81 98.6 69.2 99.1
KNEE 84.4 98.5 73.3 99.2

*using HES as reference standard, agreement only counted if
date of surgery within 30/180 days of CPRD THR/TKR date

Appendix Table 4.1: THR time-series: 5-year cumulative incidence outcome

No. with Crude 5-year Standardised 5- Standardised 5- Standardised 5-
timepoint year No. RA  subsequent cumulative m year cumulative year cumulative
Hmepoint diagnoses THR (5- incidence of _y—_ incidence of THR" incidence of THR"

incidence of THR
ear THR lower 95% C.I. upper 95% C.I.
1 1995 314 6 1.91 1.95 0.40 3.50
2 1995 287 6 2.09 2.17 0.44 3.89
3 1996 331 9 2.72 2.59 0.92 4.27
4 1996 330 11 3.33 3.19 1.33 5.05
5 1997 355 11 3.10 3.00 1.25 4.74
6 1997 455 13 2.86 2.86 1.34 4.39
7 1998 374 10 2.67 2.38 0.91 3.85
8 1998 398 9 2.26 2.23 0.79 3.68
9 1999 418 8 1.91 1.96 0.63 3.30
10 1999 551 10 1.81 1.75 0.67 2.83
11 2000 498 14 2.81 2.77 1.33 4.20
12 2000 662 19 2.87 2.90 1.62 4.18
13 2001 711 15 2.11 2.06 1.03 3.09
14 2001 780 23 2.95 2.93 1.75 4.10
15 2002 750 25 3.33 3.36 2.07 4.64
16 2002 774 13 1.68 1.66 0.77 2.55
17 2003 753 31 4.12 4.12 2.70 5.53
18 2003 823 41 4.98 5.01 3.53 6.48
19 2004 798 25 3.13 3.03 1.86 4.20
20 2004 836 18 2.15 2.12 1.15 3.08
21 2005 784 20 2.55 2.50 1.42 3.59
22 2005 694 23 3.31 3.33 2.00 4.66
23 2006 772 14 1.81 1.75 0.84 2.66
24 2006 660 23 3.48 3.47 2.09 4.85
25 2007 720 19 2.64 2.84 1.60 4.08
26 2007 649 21 3.24 3.19 1.87 4.52
27 2008 670 15 2.24 2.44 1.20 3.67
28 2008 697 6 0.86 0.85 0.16 1.54
29 2009 661 7 1.06 1.03 0.27 1.78
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Appendix Table 4.2: TKR time-series: 5-year cumulative incidence outcome

Appendix Table 4.2: TKR time-series: 5-year cumulative incidence outcome
No. with Crude 5-year . Stansardised 5- Stansardised 5-
N Stansardised 5- - N

timepoint year .No. RA  subsequent .cur.nulatlve car cumulative .ve:‘ar cumulative .ve?r cumulative

Lmepoint diagnoses TKR (5- incidence of .y—. incidence of TKR incidence of TKR

ear TKR incidence of TKR lower 95% C.I. upper 95% C.I.
1 1995 314 9 2.87 2.98 1.06 4.90
2 1995 287 5 1.74 2.20 0.31 4.09
3 1996 331 12 3.63 3.63 1.62 5.64
4 1996 330 6 1.82 1.88 0.39 3.37
5 1997 355 15 4.23 4.27 2.16 6.38
6 1997 455 19 4.18 4.28 2.42 6.13
7 1998 374 10 2.67 2.36 0.91 3.82
8 1998 398 13 3.27 3.29 1.54 5.04
9 1999 418 20 4,78 4,72 2.71 6.74
10 1999 551 24 4.36 4.39 2.67 6.12
11 2000 498 20 4.02 3.93 2.24 5.62
12 2000 662 21 3.17 3.27 1.91 4.63
13 2001 711 38 5.34 5.31 3.66 6.95
14 2001 780 30 3.85 3.89 2.54 5.24
15 2002 750 25 3.33 3.31 2.04 4.59
16 2002 774 29 3.75 3.78 2.43 5.14
17 2003 753 31 4,12 3.95 2.58 5.31
18 2003 823 47 5.71 5.67 4.11 7.22
19 2004 798 23 2.88 2.76 1.65 3.88
20 2004 836 36 431 4.19 2.85 5.53
21 2005 784 44 5.61 5.46 3.90 7.02
22 2005 694 24 3.46 3.48 2.12 4.84
23 2006 772 26 3.37 3.33 2.07 4.58
24 2006 660 18 2.73 2.68 1.46 3.90
25 2007 720 28 3.89 3.98 2.54 5.42
26 2007 649 22 3.39 331 1.96 4.67
27 2008 670 15 2.24 2.14 1.06 3.21
28 2008 697 22 3.16 3.02 1.77 4.26
29 2009 661 18 2.72 2.77 1.51 4.03
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Appendix Table 4.3: Temporal Trends in 5-Year THR and TKR Incidence Rates Among
17,505 Incident Rheumatoid Arthritis Patients Diagnosed From 1995 to 2009 (per 1,000
Person-Years): SENSITIVITY ANALYSIS using full models (i.e. no selection)

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value

Total Hip Replacement

Intercept 5.43 3.48 7.37 <0.001
Trend * 0.03 -0.20 0.25 0.81

Level change after NICE TA 36 3.74 0.79 6.69 0.015
Trend change after NICE TA 36 -0.49 -0.83 -0.15 0.007

Total Knee Replacement

Apr-Oct 1995 Incidence Rate 5.83 3.50 8.16 <0.001
Trend * 0.32 0.05 0.60 0.023
Level change after NICE TA 36 -0.20 -3.74 3.34 0.91

Trend change after NICE TA 36 -0.68 -1.09 -0.27 0.002

! per 6 months

Appendix Table 4.4: Temporal Trends in 5-Year Cumulative Incidence (%) of THR and
TKR Among 17,505 Incident Rheumatoid Arthritis Patients Diagnosed From 1995 to
2009: SENSITIVITY ANALYSIS using cumulative incidence

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value

Total Hip Replacement

Intercept 2.48 2.10 2.86 <0.001
Trend * - - - -

Level change after NICE TA 36 1.71 0.80 2.62 0.001
Trend change after NICE TA 36 -0.21 -0.31 -0.10 <0.001

Total Knee Replacement

Apr-Oct 1995 Incidence Rate 2.61 1.71 3.52 <0.001
Trend ! 0.13 0.04 0.22 0.005
Level change after NICE TA 36 - - - -
Trend change after NICE TA 36 -0.29 -0.47 -0.12 0.002
-=P20.2

! per 6 months
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Appendix Table 5.1: Interrupted Time-Series Linear Regression Analysis: CUMULATIVE
INCIDENCE of csDMARDs (1-year) and biologics (5-year) (%) among SENIOR RA patients

in Ontario, Canada

Trend change after Biologics

Parameter Coefficient Lower 95% C.I. Upper 95% C.I. P-Value
Ontario, Canada
¢sDMARD (1-year) Baseline Incidence Rate 34.30 32.40 36.10 <0.001
Trend (per 6 months) 0.99 0.88 1.10 <0.001
Level change after Biologics - - - -
Trend change after Biologics - - - -
Biologic (5-year) Baseline Incidence Rate -0.23 -0.75 0.29 0.37
Trend (per 6 months) 0.12 0.06 0.18 <0.001
Level change after Biologics 0.67 -0.37 1.72 0.19
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Appendix table 7.1: baseline characteristics of RA patients: variables with missing data
(stratified by incident use of Biologic vs. Conventional Synthetic DMARDs)

Characteristic

Age: Mean (S.D.)
Missing
ethnicity: White/Caucasian
Missing
Index Multiple Deprivation
Quintile1
Quintile 2
Quintile 3
Quintile4
Quintile 5
Missing
BMI
Missing
Smoking?
Current
Ex
Missing
Years since diagnosis: Median (IQR)
Missing
DAS 28: Mean (S.D.)
Missing
Overall HAQscore
Missing
SF36
physical function: mean (/100) (S.D.)
Missing
limited physically: mean (/100) (S.D.)
Missing
limited emotionally: mean (/100) (S.D.)
Missing
energy: mean (/100) (S.D.)
Missing
emotional health: mean (/100) (S.D.)
Missing
social: mean (/100) (S.D.)
Missing
pain: mean (/100) (S.D.)
Missing
general: mean (/100) (S.D.)
Missing

All eligible RA patients (N=13,128)

CS-DMARD (N=3,229)

Biologic (N=9,897)

N %

59.1(12.4)

39 1.2

2,583 97.5
581 18

609 18.9
561 17.4
481 14.9
525 16.3
421 13

632 19.6

27.3(6.0)
184 5.7

812 25.3
1,242 38.7
17 0.5
8.6 (9.5)

61 1.9
5.11(1.30)

45 1.4
1.58 (1.24)
645 20

36.9(27.2)
627 19.4
38.5(28.9)
625 19.4
56.9 (34.6)
625 19.4
35.3(20.5)
626 19.4
61.8(21.6)
626 19.4
44.6 (21.5)
624 19.3
42.4(23.3)
626 19.4
44.7 (15.2)
624 19.3

N %
55.1(12.3)
402 4.1
8,151 95.7
1,383 14.0
1339 13.5
1524 15.4
1719 17.4
1789 18.1
1743 17.6
1785 18.0
27.1(6.4)
1,326 13.4
2290 23.4
3,673 37.5
95 1.0
11.1(8.9)

506 5.1
6.48 (1.00)

67 0.7
2.11(1.28)
616 6.2
21.9(21.1)
1574 15.9
19.9 (23.2)
1567 15.8
42.2 (36.2)
1562 15.8
25.3(19.9)
1573 15.9
53.1(21.5)
1568 15.8
33.3(21.6)
1565 15.8
25.2(19.6)
1560 15.8
40.1(14.2)
1569 15.9
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Appendix table 7.2A: Baseline characteristics of RA patients: stratified by incident use
of Biologic vs. Conventional Synthetic DMARDs: BEFORE MATCHING

Characteristic

Age: Mean (S.D.)
Gender: Female
ethnicity: White/Caucasian
Index Multiple Deprivation
Quintile1
Quintile2
Quintile3
Quintile4
Quintile5
Unknown
BMI
Smoking?
Current
Ex
Calendar period of registration
Quintile1
Quintile2
Quintile3
Quintile4
Quintile5
Years since diagnosis: Median (IQR)
DAS 28: Mean (S.D.)
Overall HAQscore
ACR: Ever rheumatoid positive
ACR: Deformity of >=3 joint areas
ACR: Erosions on hands/feet
ACR: Ever had nodules
ACR: Symmetry
ACR: Deformity of hand joint
ACR: Morning stiffness >1 hour
SF36: mean (/100) (S.D.)
physical function
limited physically
limited emotionally
energy
emotional health
social
pain
general
Comorbidities: Ever Prior
Hypertension
Angina
Mi
Stroke
Continued on next page...

All eligible RA patients (N=13,126)

CS-DMARD (N=3,229) Biologic (N=9,897) SMD
N % N %
59.0(12.4) 55.1(12.3) -0.32
2,338 72.4% 7,522 76.0% 0.08
3,150 97.6% 9,428 95.3% 0.12
609 18.9% 1339 13.5% -0.15
561 17.4% 1524 15.4% -0.05
481 14.9% 1719 17.4% 0.07
525 16.3% 1789 18.1% 0.05
421 13.0% 1743 17.6% 0.13
632 19.6% 1785 18.0% -0.04
27.3(6.1) 27.1(6.3) -0.03
815 25.2% 2306 23.3% -0.05
1,250 38.7% 3,696 37.3% -0.03
251 7.8% 2517 25.4% 0.49
538 16.7% 2083 21.0% 0.11
764 23.7% 1820 18.4% -0.13
1108 34.3% 1466 14.8% -0.47
568 17.6% 2013 20.3% 0.07
8.6(9.5) 11.1(8.9) 0.27
5.10(1.30) 6.48 (1.00) 1.18
1.46 (0.75) 1.92 (0.62) 0.66
1,853 57.4% 6,306 63.7% 0.13
2,325 72.0% 8,452 85.4% 0.33
1,436 44.5% 5,543 56.0% 0.23
961 29.8% 4,203 42.5% 0.27
2,107 65.3% 8,211 82.9% 0.41
2,280 70.6% 7,929 80.1% 0.22
2,839 87.9% 9,305 94.0% 0.21
36.4(27.0) 22.6(21.6) -0.56
38.2(29.0) 20.6(23.6) -0.66
56.3 (34.8) 43.2 (36.4) -0.37
35.2(20.7) 25.5(19.9) -0.48
61.4(21.6) 53.4(21.4) -0.37
44.4(21.4) 34.1(21.6) -0.48
41.9(23.3) 25.6(19.7) -0.76
44.6 (15.4) 40.3 (14.3) -0.29
956 29.6% 2777 28.1% -0.03
240 7.4% 406 4.1% -0.14
143 4.4% 259 2.6% -0.10
101 3.1% 183 1.8% -0.08
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...Continued from last page
Epilesy
COPD
Peptic ulcer
TB
liver disease
renal disease
diabetes
hyperthyroidism
depression
cancer
demyelin
asthma
Current medication
antibiotic
anticancer
anticoagulant
antidepressant
antidiabetic
antihypertensive
antiosteoporosis
antipsychotic
antithrombotic
aspirin
asthmainhaler
betablocker
calcium
copd_inhaler
digoxin
diuretic
glucocorticoid (current)
glucocorticoid (prior use only)
hormone_contraceptive
Hormone replaement therapy
Hypnotic
insulin
lithium
c¢sDMARD (current/prior): median used (IQR)
nitrate
NSAID
opiod
PPI
statin
thyroid hormone
Systemic involvement ever (any)
eyeinvolvement
systemic vasculitis
nailfold vasulitis
pulminory involvement
other systemic symptoms
Non-major prior total joint replacement (any)

43
267
210

70

62

84
215
137
547
208

451

38

103
335

815
426

43
370
250
342
387

34

32

51
701

1036

116
84
62

38
1217
1334
688
440
293
573
196
21
33
58
79
460

3(2-5)

1.3%
8.3%
6.5%
2.2%
1.9%
2.6%
6.7%
4.2%
16.9%
6.4%
0.3%
14.0%

1.2%
0.2%
3.2%
10.4%
3.9%
25.2%
13.2%
0.1%
1.3%
11.5%
7.7%
10.6%
12.0%
1.1%
1.0%
1.6%
21.7%
32.1%
0.2%
3.6%
2.6%
1.9%
0.0%

1.2%
37.7%
41.3%
21.3%
13.6%

9.1%
17.7%

6.1%

0.7%

1.0%

1.8%

2.4%
14.2%

98

310
1218
343
2116
1615
18
94
629
448
946
1786
59
53
96
3935
3278
94
446
309
173
12

72
4032
4680
2715

833
812
2679
882
147
174
255
222
2094

4(4-6)

1.1%
5.2%
7.0%
2.2%
2.1%
2.0%
5.8%
3.3%
19.6%
2.9%
0.2%
10.7%

1.0%
0.1%
3.1%
12.3%
3.5%
21.4%
16.3%
0.2%
0.9%
6.4%
4.5%
9.6%
18.0%
0.6%
0.5%
1.0%
39.8%
33.1%
0.9%
4.5%
3.1%
1.7%
0.1%

0.7%
40.7%
47.3%
27.4%

8.4%

8.2%
27.1%

8.9%

1.5%

1.8%

2.6%

2.2%
21.2%

-0.02
-0.12
0.02
0.00
0.01
-0.04
-0.04
-0.05
0.07
-0.17
-0.03
-0.1

-0.02
-0.05
0.00
0.06
-0.03
-0.09
0.09
0.03
-0.04
-0.18
-0.14
-0.03
0.17
-0.05
-0.05
-0.05
-0.05
0.02
0.09
0.05
0.03
-0.01
0.03
0.65
-0.05
0.06
0.12
0.14
-0.17
-0.03
0.23
0.11
0.08
0.06
0.05
-0.01
0.18
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Appendix table 7.2B: Baseline characteristics of RA patients: stratified by incident use
of Biologic vs. Conventional Synthetic DMARDs: AFTER MATCHING

Characteristic

Age: Mean (S.D.)
Gender: Female
ethnicity: White/Caucasian
Index Multiple Deprivation
Quintile1
Quintile2
Quintile3
Quintile4
Quintile 5
Unknown
BMI
Smoking?
Current
Ex
Calendar period of registration
Quintile1
Quintile2
Quintile 3
Quintile4
Quintile 5
Years since diagnosis: Median (IQR)
DAS 28: Mean (S.D.)
Overall HAQscore
ACR: Ever rheumatoid positive
ACR: Deformity of >=3 joint areas
ACR: Erosions on hands/feet
ACR: Ever had nodules
ACR: Symmetry
ACR: Deformity of hand joint
ACR: Morning stiffness >1 hour
SF36: mean (/100) (S.D.)
physical function
limited physically
limited emotionally
energy
emotional health
social
pain
general
Comorbidities: Ever Prior
Hypertension
Angina
Ml
Stroke
Continued on next page...

CS-DMARD (N=9,558)

R ; Users of Biologic (N=9,558) SMD
(1,644 unique patients)
N % N %

55.2(12.1) 55.2(12.3) 0
7,289 76.3% 7,259 75.9% -0.01
9,114 95.4% 9,118 95.4% 0.00
1282 13.4% 1322 13.8% 0.01
1420 14.9% 1485 15.5% 0.02
1413 14.8% 1640 17.2% 0.07
1544 16.2% 1710 17.9% 0.05
1284 13.4% 1650 17.3% 0.11
2615 27.4% 1751 18.3% -0.22
26.8(5.9) 27.1(6.3) 0.06
2448 25.6% 2259 23.6% -0.05
3272 34.2% 3577 37.4% 0.07
1481 15.5% 2262 23.7% 0.21
2037 21.3% 2037 21.3% 0.00
1823 19.1% 1802 18.9% -0.01
1664 17.4% 1462 15.3% -0.06
2553 26.7% 1995 20.9% -0.14
10.8(10.7) 11.0(8.8) 0.02
6.47 (1.09) 6.43(0.98) -0.04
1.91(0.63) 1.91(0.62) -0.01
5,532 57.9% 6,055 63.4% 0.11
7,425 77.7% 8,118 84.9% 0.19
4,651 48.7% 5,282 55.3% 0.13
4,034 42.2% 3,988 41.7% -0.01
7,468 78.1% 7,883 82.5% 0.11
6,771 70.8% 7,602 79.5% 0.20
8,901 93.1% 8,966 93.8% 0.03
23.3(22.4) 23.0(21.7) -0.01
22.6(21.8) 21.0(23.8) -0.02
42.5 (34.3) 43.1(36.0) 0.02
26.2 (18.5) 25.8(20.0) -0.02
53.5(21.5) 53.6(21.5) 0.01
33.3(22.5) 34.3(21.6) 0.05
26.7 (19.6) 26.0(19.7) -0.03
39.0(13.9) 40.3 (14.3) 0.09
2581 27.0% 2676 28.0% 0.02
421 4.4% 403 4.2% -0.01
230 2.4% 257 2.7% 0.02
139 1.5% 179 1.9% 0.03
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...Continued from last page
Epilesy
COPD
Peptic ulcer
TB
liver disease
renal disease
diabetes
hyperthyroidism
depression
cancer
demyelin
asthma
Current medication
antibiotic
anticancer
anticoagulant
antidepressant
antidiabetic
antihypertensive
antiosteoporosis
antipsychotic
antithrombotic
aspirin
asthmainhaler
betablocker
calcium
copd_inhaler
digoxin
diuretic
glucocorticoid (current)
glucocorticoid (prior use only)
hormone_contraceptive
Hormone replaement therapy
Hypnotic
insulin
lithium
csDMARD (current/prior): median used (IQR)
nitrate
NSAID
opiod
PPI
statin
thyroid hormone
Systemic involvement ever (any)
eyeinvolvement
systemic vasculitis
nailfold vasulitis
pulminory involvement
other systemic symptoms
Non-major prior total joint replacement (any)

117
713
642
188
132
172
690
359
1726
316
10
949

156

306
1281
413
2112
1590

109
588
542
829
1674
53
47

3227
3181
77
402
341
237

50
3713
4784
2714
808
973
2245
714
97
157
239
363
1742

4 (3-6)

1.2%
7.5%
6.7%
2.0%
1.4%
1.8%
7.2%
3.8%
18.1%
3.3%
0.1%
9.9%

1.6%
0.0%
3.2%
13.4%
4.3%
22.1%
16.6%
0.0%
1.1%
6.2%
5.7%
8.7%
17.5%
0.6%
0.5%
1.2%
33.8%
33.3%
0.8%
4.2%
3.6%
2.5%
0.0%

0.5%
38.8%
50.1%
28.4%

8.5%
10.2%
23.5%

7.5%

1.0%

1.6%

2.5%

3.8%
18.2%

110
504
666
204
195
198
551
320
1862
287
14
1035

97

298
1170
332
2047
1546
18
92
622
444
910
1667
56
52
96
3664
3234
76
423
300
164

72
3882
4518
2607

823
792
2546
836
134
168
242
215
1989

4 (3-6)

1.2%
5.3%
7.0%
2.1%
2.0%
2.1%
5.8%
3.3%
19.5%
3.0%
0.1%
10.8%

1.0%
0.1%
3.1%
12.2%
3.5%
21.4%
16.2%
0.2%
1.0%
6.5%
4.6%
9.5%
17.4%
0.6%
0.5%
1.0%
38.3%
33.8%
0.8%
4.4%
3.1%
1.7%
0.1%

0.8%
40.6%
47.3%
27.3%

8.6%

8.3%
26.6%

8.7%

1.4%

1.8%

2.5%

2.2%
20.8%

-0.01
-0.09
0.01
0.01
0.05
0.02
-0.06
-0.02
0.04
-0.02
0.01
0.03

-0.05
0.01
-0.01
-0.04
-0.04
-0.02
-0.01
0.04
-0.02
0.02
-0.05
0.03
0.00
0.00
0.01
-0.02
0.10
0.01
0.00
0.01
-0.02
-0.05
0.03
0.04
0.03
0.04
-0.06
-0.03
0.01
-0.07
0.07
0.05
0.04
0.01
0.00
-0.09
0.07
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idence of joint replacement among matched TNFi and

¢sDMARD cohorts, with adjusted hazard ratios. Sensitivity analysis using 6 month

inc
persistence of exposure status after switching

Crude i

Appendix table 7.3
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Appendix table 7.4: Crude associations between (1) treatment received and outcome
and (2) instrumental variable and outcome (12 year outcome)

THR
TKR

THR
TKR

Treatement received

Biologic (N=9,897) csDAMRD (N=3,229) p-value
n % n %

427 4.3 84 2.6 <0.001

671 6.8 95 2.9 <0.001

physician preference (IV) *

Biologic (N=5,018) ¢sDAMRD (N=2,901)

n % n %
182 3.6 106 3.7 0.95
281 5.6 114 3.9 0.001

* physician preference for biologics of csDMARD determined using </>=0.5 cutoff of

relative frequency of biologics within physicians' prior 12 prescriptions. Sample
size is lower than full population oweing to 'burn in' for creating IV for each

physician

Appendix table 7.5: IV (physician preference) analysis of biologics impact on need for
THR/TKR: 12 year outcome

IV: crude

THR
TKR

IV: covariate adjusted

THR
TKR

Absoluterisk difference between patients treated by physicians preferring
biologics versus csDMARDs (per 100 patients)
Estimate lower 95% C.I.  upper95% C.1. P-value
0.00 -1.33 1.25 0.95
2.55 2.34 4.32 <0.001
-2.03 -4.21 0.16 0.069
0.89 -1.43 3.21 0.45
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APPENDIX FIGURES

E.g. for the year 2000...

THR/TKRS 2000,2005 2000 2001 2002 2003 2004 2005

among RA patients

diagnosed in 2000 New
— RA
Total person-years cases
of follow up
(within 5 years ‘_'_, THR/ TKR
from RA diagnosis) —> 5 years
among incident RA +
diagnoses -> 3 years
+
A’ 4y987’5
H—l

12 person years

Appendix Figure 4.1: Example of timepoint measurement (note: here each
'timepoint’ is a year, however in analysis each timepoint was a six month period)
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Q-Q plot for THR time-series (final model) K-Density of THR regression residuals

RVF plot: THR time-series (final model)
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Appendix Figure 4.2: Regression diagnostic plots: RVF plot for THR time-series (top
left); RVF plot for TKR time-series (bottom left); QQ plot for THR time-series (top
middle); QQ plot for TKR time-series (bottom middle); Kernel density plot for THR time-
series (top right); kernel density plot for TKR time-series (bottom right)
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(A) Slope Change (pre-intervention mean = 8%)

-

Total Number of Timepoints

4’2:_
(,,o-
o°'
4@
@@"

Sample Size per Timepoint

(C) Slope Change (pre-intervention mean = 20%)

®
3
&
6 12 18 26 3 %6 4 48

Total Number of Timepoints

Sample Size per Timepoint

Statistical Power

Statistical Power

Sample Size per Timepoint

Sample Size per Timepoint

(B) Step Change (pre-intervention mean = 8%)

Total Number of Timepoints

(D) Step Change (pre-intervention mean = 20%)

Total Number of Timepoints

100

80

20

Appendix Figure 6.1: empirical power to detect a relative 34% reduction in outcome,
where mean pre-intervention incidence is either 8% or 20%: by number of timepoints

and mean sample size per timepoint
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Appendix Figure 7.1: Examples of distributions of variables with missing data, by
imputation (0 = original data): (A) Age, (B) Smoking, (C) Disease Duration, (D) DAS28,

(E) HAQ score, (F) SF36: general
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Numbers of TNFi initiators
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Appendix figure 7.2: TNFi >5.1 treatment threshold and (A) number of TNFi
prescriptions per unit of DAS28, (B) probability (relative frequency) of TNFi
prescriptions per unit of DAS28, (C) number of csDMARD prescriptions per unit of
DAS28)
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Appendix figure 7.3: Histogram for DAS28 amongst both TNFi and csDMARD patients
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