Time to Event Analysis of Arthroplasty
Registry Data

Marianne Knarberg Hansen Gillam
MBBS, MBiostats

Thesis submitted in fulfilment of the requirements for the degree of Doctor of

Philosophy, January 2013

Discipline of Public Health
School of Population Health
Faculty of Health Sciences
The University of Adelaide
Australia



Table of Contents

Table Of CONTENTS ......ooiee e nres i
LISt OF TADIES ...t %
TS o) T U TSSO vii
ABSTRACT .ottt r et e et st be e be et e e reene et et s iX
D =Tod o =1 o] o S OUUSRTOPSRP Xi
Manuscripts Contributing to this ThesSIS ... Xii
Presentations Arising from this TheSiS .......ccccceiiieiiiiii i, xiii
ACKNOWIEAGMENTS ... XV
ADDIEVIATIONS ...ttt a e sr e e enes XVi
R | o1 1 oo [T £ o] o S URSUSRSPR 1
1.1 BACKGrOUNG ....ooveiiiiiiiiiieie et 1
1.1.1 Arthroplasty registries ........ocooeveieienenieeeee e 2

1.1.2 Time to eVeNnt analySiS.......cccoviveieiiieie e 2

1.1.3 Regression MOUEIS.........c.coveieiieiiee e 4

1.14 Arthroplasty NIStOFIES ........cccvevieiiiii e 5

1.2 TRESIS @IM  eeeieeie ettt ettt e neesbeeeeereenrs 6

1.3 THESIS OULIING ..o 7

2 Analysis of time t0 eVeNt data ..........ccceoveiiiiiiiie e 9
2.1 Non-parametric MethodS. ........cooiiiiiiiieie e 11

2.2 The Cox proportional hazards model.............ccocoiiiiiiiinise 11
2.2.1 Time-dependent COVAriates.........cevvrvereeresieeseese e 13

2.2.2 Time- varying COefficients .........cccccvveviveie i 13

2.3 The additive Aalen Model ..o 14



2.4 MUIIPIE BVENTS. ... 15

24.1 Multi-state MOEIS.......ccovviiiiiiier 16
2.4.2 COMPELING FISKS....eeiiiiiciie e 18
243 Regression models for competing risks.........cccoocevviviiinnnnnnnn 20
2.5 Analysis of joint replacement registry data............ccoccevereneienienienieninnnns 22
DALA SOUFCES ..ottt ettt e e snb e e nnne s 24

3.1 The Australian Orthopaedic Association National Joint Replacement

REGISIIY e 24
3.2 The Norwegian Arthroplasty REGISTEN ..........ccoviiiiiiiiiiienerese s 26
3.3 Ethical conSIderations ...........ccocuiieiiiiiiie e 26

Competing risks survival analysis applied to data from the Australian

Orthopaedic Association National Joint Replacement Registry.................. 28
A PrEIaCE oo 28
4.2 Statement of AULNOISNIP .....ooveiiiiiiece e 29
4.3 ATHICIE o 31
43.1 AADSTTACT. ..ottt e e e e e e e e e e e e e e e eeeaeees 31
4.3.2 INEFOAUCTION ... 32
433 Materials and MethodS........ccoveeeeeeeeeee e 34
434 RESUILS ...ttt e e e e eaaan 35
435 DISCUSSION. ..ottt e e e e et e e e e e eeaaaa 44
4.4 AddIitioNal DISCUSSION .. .o 48

Different competing risks models applied to data from the Australian

Orthopaedic Association National Joint Replacement Registry.................. 51
5.1 PrefaCe oo 51
5.2 Statement of QUtNOISNIP .....ocvviiiiii s 52
5.3 ANICIE e 53

53.1 N 01 1 - Uod SR 53



5.3.2 INEFOAUCTION ..o, 54

5.3.3 Background to statistical methods.............cccoecvviveviveincieieen, 55
5.34 Patients and MEthOAS ........oooee e 58
5.35 RESUILS .ottt e e e e e e e e e e e e e e e e e eaeees 60
5.3.6 DESCUSSION. ..ttt e e e e e e e eeeeeeeeeereeeeeeeeeeeeereeeeeeeeeees 67
5.4 AdditioNal AiSCUSSION ... ..eeeeeeeeee et e e e e e e e e 71

Multi-state models and arthroplasty histories after unilateral total hip

arthroplasties. Introducing the Summary Notation for Arthroplasty

HISTOTIBS ettt e e e e e e et e e e e e e e e eeeaeens 75
B. 1 PIEIACE e ————— 75
6.2 Statement of AUtNOISNIP ....cc.eoviiiiece e 76
0.3 ATTICIE ettt e nnnnnnnnnnnnnnnnen 77
6.3.1 ADSTTACT. ..ottt et et et e e e e e e e e e e e e e e e e e e e e e eeaaaees 77
6.3.2 INEFOAUCTION .o e e 78
6.3.3 Material and Methods .........ccoueeeeeeeeee et 79
6.34 RESUILS .ttt e e e e e e e e e e e e e e e e e eeeeees 82
6.3.5 IS CUSSION. ..ttt ee et e et e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeees 88
6.4 Supplementary artiCle ...........cooviiiieiie e 92

The progression of end-stage osteoarthritis: Analysis of data from the

Australian and Norwegian joint replacement registries using a multi-state

(010 T =] ISP 98
AN R 1 1) - (o < SRR 98
7.2 Statement of AUNOISNIP ....ccvveeiiieee e 99
7.3 AT CIE e —— 101
7.3.1 ADSITACT. ..ottt e e e e e e e e e e eeees 101
7.3.2 INEFOAUCTION ..o, 102
7.3.3 Material and Methods ........ccoveeeeeeee e 103
7.34 RESUILS ...t 107



9

7.3.5 DISCUSSION....cevveeeiesiiesiee et ettt e e nneennas 116
Summary and CONCIUSIONS .........coiiiiiiiieie e 120
8.1 Main findings and contributions ............cccccveviiieiiese e 120

8.1.1 Non-parametric competing risks methods and arthroplasty

A8 .o 120

8.1.2 Competing risks regression and arthroplasty data................... 121
8.1.3 Multi-state models and arthroplasty histories............cccccccue.... 122
8.1.4 Application of multi-state models and osteoarthritis............... 123

8.2 Limitations and future direCtioNS ..........cceveerieieiiiere e 124
ST I O] 0 (o4 113 o] o SRR 126
RETEIEINCES ...ttt et e te e r e e reesanas 127



List of Tables

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 5.1:

Table 5.2:

Table 5.3:

Table 5.4:

Table 6.1:

Table 6.2:

Table 7.1:

Table 7.2:

Distribution of outcomes for the three study groups. .........ccccceevevieiiennns 36

Percent estimates (95% confidence interval) of revision in patients aged
75-84 years With FNOF. ..o 38

Percent estimates (95% confidence interval) of revision in patients with
FNOF receiving Austin-Moore or Thompson prostheses. ..................... 42

Percent estimates (95% confidence interval) of revision in patients with
osteoarthritis who underwent total hip replacement — by age group...... 44

Data from the Norwegian Arthroplasty Register. Percent estimates (with
95% confidence interval) of revision in patients with osteoarthritis who
underwent total hip replacement — by age group. .......cccceceveririrnnnnnnns 49

Distribution of outcomes by covariate Status. ..........c.ccceeveverieereeresieennnns 60

Estimates of hazard and subdistribution hazard ratios of revision based on
a Cox-Aalen and a modified Fine and Gray model respectively, effect of
fixation varies With tIme...........cccooiieii i 63

Relationship between HRs and subHRs, modified from Lau et al. [109] 73

Cause specific hazard ratios (HRs) and subdistribution hazard ratios
(subHRs) for different covariate for a stratified Cox PH model and a
modified Fine and Gray model respectively. .........cccooooneiiiiinnennnne 74

Numbers and percent of events in the 10 state model (see Figure 6.1) at
the end of the study period for patients whose first arthroplasty was a
either a left or a right total hip arthroplasty for osteoarthritis. ............... 84

Effect of sex adjusted for age on the transition hazards between states (see
Figure 6.1) for patients whose first arthroplasty was a total hip
arthroplasty for 0Steoarthritis. ...........cccooviiiiiin e 88

Distribution of individuals according to covariates. .............ccceeervennene. 107

Numbers and percent of events in the multi state model (Figure 7.1) at the
end of the study period for patients whose first arthroplasty was a either
a hip or a knee arthroplasty for OA. ... 108



Table 7.3: Effect of side of first arthroplasty (hip or knee) on hazards for selected
transitions in the MOdel ..........cccooviiieie i

Vi



List of Figures

Figure 2.1: Traditional survival model with one event of interest and hazard rate

Figure 2.2:

Figure 2.3:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:
Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 5.1:

Figure 5.2:

Competing risks model with two absorbing states and cause specific
hazards A, (£) and A5 (). voeeeeeeieieecce e 17

Multi-state model with three transient states, one absorbing state (dead)
and transition intensities A4, (t) from state g to state h, where g =
0,1,28N0 K = 1,2,3. oo 17

Estimates of revision by type of prosthesis in patients with FNOF aged
T5-84 YRAIS. ..ottt 37

Estimates of death by type of prosthesis in patients with FNOF aged 75-
B WEBAIS. it bbb 39

Relative overestimation of KM estimates compared to CIF estimates by
years after primary procedure and type of prosthesis; patients aged 75-84
years With FNOF. ... 40

Estimates of revision by type of prosthesis (cementless Austin Moore vs.
cemented Thompson) in patients with FNOF. ...........ccccccooeiiiicieee, 41

Estimates of death by type of prosthesis (cementless Austin Moore vs.
cemented Thompson) in patients with FNOF. ...........c.ccccooveiiiiciieee, 41

Estimates of revision by age group in patients with OA and THA. ....... 43

Estimates of death by age group in patients with OA and THA. ........... 43
Estimates of revision by age group in patients with OA and THA (data
From the NAR) ..o 50
Estimates of death by age group in patients with OA and THA (data
From the NAR) ..o 50
Estimates of CIFs for revision for each variable. ............ccccccooiiieins 61
Estimates of CIFs for death for each variable. ...........ccocooiiiiiiinnnnnn, 62

vii



Figure 5.3:

Figure 5.4:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 7.1:

Figure 7.2:

Figure 7.3:

Figure 7.4:

Figure 7.5:

Effect of cementless fixation vs. cemented fixation on the subdistribution
hazard of revision with 95% point wise confidence bands. The slope of
the curve indicates the additional probability of revision for cementless
fixation in relation to cemented fixation. ...........ccceevevviie i, 65

Comparison of predictions of revision based on Cox-Aalen (grey) and
modified Fine and Gray models (black); effect of type of fixation varies
WIEN TIMB. e 66

Multi-state model with 10 states for patient who received a first hip
arthroplasty followed by possibly a second arthroplasty (hip or knee),
revisions of these, and death. ...........ccccovveiiiininicie s 81

Example of the multi-state model with SNAH code on a subsample of
patients who received a left hip prosthesis as first arthroplasty, followed
by another primary arthroplasty or a revision of the left hip. (Number of
EVENLS IN PArENTNESES).....cviieieiieeie et 85

State occupation probabilities for patients in 3 age groups after first hip
arthroplasty based on the model in Figure 6.1 (revision: state 2, hip: state
3, knee: state 4, dead: state 10, other: state 5-9)........ccccccevvririniiiinnnn. 86

MUIEI-SEALE MOEI ... 105

Comparing hazards of receiving a left knee arthroplasty between
individuals who had received a right hip arthroplasty with individuals
who had received a left hip arthroplasty. HR: hazard ratio, A(t|R)1-.3:
hazard of receiving a left knee given that first hip was a right hip,
Mt|L)1—3: hazard of receiving a left knee given that first hip was a left
DD, e 112

Comparing hazards of receiving a right knee between individuals who
had received arthroplasties in right hip and left knee with individuals
who had received arthroplasties in left hip and left knee. HR: hazard
ratio, M(t|R)3_s: hazard of receiving a right knee given that first hip was a
right hip, M(t|L)s_,s: hazard of receiving a right knee given that first hip
WaS @ 1eft NIP. e 113

Estimated probabilities for receiving a knee arthroplasty after having
received a hip arthroplasty (AU: Australia, NOR: Norway, left panel:
state 3, right panel: State 4).........cccooeiiiieniie e 114

Estimated probabilities for receiving a hip arthroplasty after having

received a knee arthroplasty (AU: Australia, NOR: Norway, left panel:
state 3, right panel: state 4).........ccceoviieiiieiice e 115

viii



ABSTRACT

Background: Arthroplasty registry data are traditionally analysed using standard
survival methods, that is, Kaplan-Meier survival curves and the Cox proportional
hazards model. The outcome of interest is usually the time from the primary
procedure until occurrence of a single event — revision of the prosthesis. Other
outcomes may also be of interest, for example, time to death, time to receiving
another arthroplasty and the association between covariates and these events. The
rise in life expectancy of the population combined with an increasing number of joint
replacements being performed has resulted in many patients experiencing several
joint replacement procedures during their lifetime. The analyses of registry data such
as these require the use of more sophisticated statistical methods. Application and
evaluation of statistical methods to analyse registry data containing complex

arthroplasty histories are lacking.

Aim: The aim of this thesis was to investigate the use of statistical methods in the
analysis of multiple event data contained in arthroplasty registries. Within this broad
aim the objectives were to investigate the use of competing risks methods in
estimating the risk and rate of revision, investigate methods for handling covariates
with time-varying effect, investigate the use of multi-state modelling techniques in
providing a more comprehensive analysis and description of complex arthroplasty
histories than traditional survival methods and to develop a notation system to

facilitate the description and analysis of arthroplasty event history data.

Methods: Data were obtained from the Australian Orthopaedic Association National
Joint Replacement Registry and the Norwegian Arthroplasty Register. Estimates of
revision from the Kaplan-Meier method were compared to estimates from the
cumulative incidence function which accounts for the competing risk of death.
Effects of covariates on the rate and risk of revision were estimated with competing

risk regression and compared to estimates from the Cox proportional hazards model.
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Multi-state models were set up and applied to the data. The Summary Notation for
Arthroplasty Histories (SNAH) was developed in order to help manage and analyse

this type of data.

Results: The Kaplan-Meier method substantially overestimated the risk of revision
compared to estimates using competing risks methods when the incidence of the
competing risk of death was high. The influence of some covariates on the hazard
rate was different to the influence on the actual probability of occurrence of the event
as this was modulated by their relationship with the competing event. Multi-state
models, in combination with SNAH codes, were well suited to the management and
analysis of arthroplasty registry data on patients who had multiple joint procedures
over time. Multi-state modelling techniques proved useful in the investigation of the
progression of end-stage osteoarthritis in data from two national arthroplasty
registries.

Conclusion: In the presence of competing risks, the Kaplan-Meier method may lead
to biased estimates of the risk of revision, and hazard ratios obtained from the Cox
proportional hazards model and competing risks regression models need to be
interpreted with care. Multi-state models provide a useful tool to analyse data
containing complex arthroplasty histories.
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