
*

C ontents

P refa ce .............................................................................................................  V

Part I Data examples and some m athematical background

1 Data exam ples........................................................................................ 3

2 An informal introduction to hazard-based a n a ly se s ..............  9
2.1 Why survival analysis is hazard-based........................................... 10

2.1.1 Survival multistate model, hazard, and survival
probability ............................................................................ 10

2.1.2 Estimation: The hazard remains ‘undisturbed’ by
censoring................................................................................. 13

2.2 Consequences of survival analysis being based on hazards.........  17
2.2.1 Counting processes and martingales ...............................  17
2.2.2 Left-truncation and right-censoring..................................  20
2.2.3 Competing risks.................................................................... 23
2.2.4 Time-inhomogeneous Markov multistate m odels............  26

2.3 Approximate inference in practice based on large sample results 34
2.4 Exercises............................................................................................ 36

Part II Competing risks

3 M ultistate modelling of com peting r is k s ....................................  41
3.1 The competing risks multistate model..........................................  42
3.2 Simulating competing risks d a ta .................................................... 45
3.3 The latent failure time m odel........................................................ 50
3.4 Exercises............................................................................................ 53

IX



X Contents

4 Nonparametric e stim a tio n ...............................................................  55
4.1 The Nelson-Aalen and Aalen-Johansen estim ators.................... 55
4.2 Analysis of simulated competing risks d a t a ................................ 62
4.3 Analysis of hospital d a t a ...............................................................  76

4.3.1 Latent failure time approach.............................................  80
4.4 Analysis of pregnancy outcome d a t a ...........................................  82
4.5 A special case: No effect on the competing cause-specific hazard 85
4.6 Exercises...........................................................................................  87

5 Proportional hazards models .........................................................  89
5.1 Introduction.....................................................................................  90
5.2 Proportional cause-specific hazards models ................................ 93

5.2.1 E stim ation ...........................................................................  93
5.2.2 Examples .............................................................................  98

5.3 Proportional subdistribution hazards model................................. 122
5.3.1 The subdistribution process ........................................123
5.3.2 E stim ation .............................................................................126
5.3.3 Examples ...............................................................................133
5.3.4 Proportional subdistribution hazards analysis of all

cumulative incidence functions........................................... 139
5.3.5 Left-truncation.......................................................................140
5.3.6 Simulating proportional subdistribution hazards data .. 141

5.4 The least false param eter.................................................................144
5.5 Goodness-of-fit m ethods...................................................................146
5.6 Beyond proportional hazards...........................................................150
5.7 Exercises.............................................................................................152

6 Nonparametric hypothesis t e s t in g ................................................. 155
6.1 Exercises.............................................................................................158

7 Further topics in com peting r isk s ................................................... 159
7.1 More than two competing risks....................................................... 159
7.2 Frequently asked questions .............................................................160
7.3 Discrete time methods for competing risks................................... 164

Part III M ultistate models

8 M ultistate models and their connection to com peting risks 169
8.1 Time-inhomogeneous Markov processes with finite state space. 170
8.2 Nested series of competing risks experiments..............................172
8.3 Exercises........................................................................................... 175



Contents XI

9 Nonparametric e s t im a tio n ..................................................................177
9.1 The Nelson-Aalen and Aalen-Johansen estim ato rs......................177
9.2 Examples..............................................................................................182

9.2.1 Impact of hospital-acquired pneumonia on length of
stay and mortality in intensive care units ........................182

9.2.2 Impact of ventilation on length of intensive care unit
s t a y .......................................................................................... 192

9.3 Exercises.............................................................................................. 193

10 Proportional transition hazards m o d e ls ........................................197
10.1 Model formulation and practical im plem entation........................197
10.2 Examples..............................................................................................202

10.2.1 Hospital-acquired pneum onia..............................................202
10.2.2 Ventilation in intensive care u n i t ........................................206

10.3 Exercises..............................................................................................208

11 Tim e-dependent covariates and m ultistate m o d e ls ..................211
11.1 A simple joint model for time-dependent covariates and

time-to-event endpoin ts....................................................................212
11.1.1 Transient states and time-dependent covariates................212
11.1.2 A proportional hazards model with time-dependent

covariates................................................................................215
11.1.3 E xam ple..................................................................................216

11.2 Time-dependent covariates and competing r is k s ..........................217
11.2.1 Cause-specific h a za rd s ..........................................................218
11.2.2 Subdistribution hazard..........................................................219
11.2.3 E xam ple..................................................................................220

11.3 Further topics in the analysis of time-dependent covariates... . 222
11.4 Exercises..............................................................................................225

12 Further topics in m ultistate m o d ellin g ..........................................227

A A nonparametric bootstrap for m ultistate m odels .....................231

R eferences........................................................................................................ 233

Index 241


