Design and Analysis of Stepped
Wedge Cluster Randomised
Trials

Daniel Barker

BMath, Grad Dip (Medical Statistics)

A thesis presented to
the University of Newcastle
for candidacy for the
Degree of Doctor of Philosophy
(Clinical Epidemiology and Medical Statistics)

February 2017



Declarations

Originality

This thesis contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution and, to the best of my
knowledge and belief, contains no material previously published or written by another
person, except where due reference has been made in the text. I give consent to the final
version of my thesis being made available worldwide when deposited in the

University’s Digital Repository, subject to the provisions of the Copyright Act 1968.

Authorship and Collaboration

I hereby certify that the work embodied in this thesis has been done in collaboration with
other researchers and contains published papers of which I am a joint author. I have
included as part of the thesis written statements, endorsed by my supervisor, outlining

the extent of collaboration and my contribution to the joint publications.

Thesis by Publication

I hereby certify that this thesis is in the form of a series of four papers. I have included
as part of the thesis in the appendices a written statement from each co-author, endorsed
in writing by the Faculty Assistant Dean (Research Training), attesting to my

contribution to any jointly authored papers.

SIGNED:

Mr. Daniel Barker
University of Newcastle

February 2017

ii



Acknowledgements

First of all, I would like to thank God that it's over. The past few years have taught me a
great deal and I am grateful to for the opportunity I've been given, but it’s definitely
time for this chapter in my life to end and for a new one to begin. To that end I am very
much indebted to both of my supervisors, Professor Patrick McElduff and Professor Cate
D’Este, for their hard work and continued input into not only this thesis, but also me as
a statistician. It has been a pleasure to work with both of them and I hope that continues

for many years to come.

For the better part of the last decade, I have turned to Patrick for his advice in all matters
statistical and have benefitted a great deal from working in close proximity to him. Since
he moved on, I have really missed the ease with which I could just walk around the
corner and discuss whatever issue I was having or whatever was on my mind; these
discussions taught me much. Nevertheless, even after Patrick left he still found the time

to meet on weekends for which I will always be grateful.

Cate also has been continually available throughout my candidature and never lost sight
of the big picture even though I did several times. Her well timed humour and insight
have been of equal value to me in completing this thesis, especially during the low points
(more widely known as “reviewer’s comments”). Cate’s dedication to my completing

this thesis only grew more obvious as time passed for which I am very thankful.

I would also like to thank Professor Mike Campbell who brought a fresh perspective to
the work below and to the conduct of cluster randomised trials in general. The timing of
his sabbatical could not have been better and I am thankful for his input at a critical

moment in my candidature.

To those organisations that provided funding for my research: the CIPHER CRE, the
SAX institute, the Australian Postgraduate Award and the School of Medicine and
Public Health, thank you for the opportunity to undertake this work. Without these

monies, I would never have been able to complete this work.

Thanks also to Fiona Stacey, Jacqueline Coombe, Candice-Brooke Woods, Lorraine

Paras, Kypros Kypri, Elizabeth Holliday, Christopher Oldmeadow, Karren Ferguson,

iii



Kerry Readett, Alix Hall and Megan Freund. Your contributions to this thesis might have
been indirect, but by simply listening to my numerous tirades, distracting me when I
needed to take a break, or just giving me simple advice on how to be a good PhD student,
you guys made it just that much more bearable. To Jane McDonald, thank you for
showing me how Microsoft Word really works and proof reading the final version. Also

to Erica James thank you muchly for the student support.

Final thanks goes to my family: my son Joshua, my daughters Emily and Zoe and
especially my wife Claire. You all helped to keep things in perspective and motivated
me when nothing else would. Also, when it seemed as if it was impossible or never-
ending (or both), I knew that no matter how spectacularly I might fail, you would all still

be there. Love to each of you.

iv



List of Manuscripts

This thesis contains the following manuscripts in sequential order, which make up

Chapters 2 through 5.

D. Barker, P. McElduff, C. D’Este, M. ]. Campbell, Stepped wedge cluster randomised trials:
a review of the statistical methodology used and available. BMC Medical Research
Methodology, 2016. 16(1): p. 69. DOI: 10.1186/s12874-016-0176-5

D. Barker, C. D’Este, M. ]J. Campbell, P. McElduff, Minimum number of clusters and
comparison of analysis methods for cross sectional stepped wedge cluster randomised trials with

binary outcomes: A simulation study. BMC Trials (accepted 27th February 2017)

D. Barker, P. McElduff, M. J. Campbell, C. D’Este, Cross sectional stepped wedge cluster
randomised trials with binary outcomes: Are approximations leaving us short on power?

Statistical Methods in Medical Research (Under Review)

D. Barker, C. D’Este, P. McElduff, Statistical considerations for estimating power of stepped
wedge cluster randomised trials with cohorts of participants and a binary outcome.

Contemporary Clinical Trials (Under Review)



Table of Contents

DeClarations .........ccuiuiiiiiiiiii s ii
OrigINAlity ...coviiiiii s ii
Authorship and Collaboration ..o, ii
Thesis by PUDLICAtION.........ccoiiiiiiicicite e ii
AckNOWIedgements ..o iii
List Of MaANUSCIIPLS ...vvveieieiciciciciciccccc e v
Table Of CONENLS ........cccovviiiiiiiiiii s vi
List Of TADIES......c.cuiiiiiiiiiiiiic s viii
List Of FIGUIES ... s ix
GloSSArY Of TEIMS ...t xi
ADSETACE.c...veeec s 1
Chapter 1 = INtroduction ........cccoiiiviiiiiiniiiiiicc s 2
1.1 ~ Randomised Controlled Trials .........ccccceeiiiiiiiiiiiiii 2
1.2 Cluster Randomised Trials .........cccooveiiiiiiiiiii 2
1.3 Analysis Methods for CRTS..........cccoovimiiiniiiiiiccc e, 3
14  Sample Size Considerations for CRTS..........ccccoeeuriiiniiinnnicccccee, 6
1.5 Stepped Wedge Designs..........cceueueieieiciciciiicccccc e 9
1.6 Thesis OUlNe......cocovviiiiiiiiiicii 12
Chapter 2 Literature ReVIEW ........ccociiiiiiiiiiniiiiiiicc s 14
2.1 ADSEIACE. e 14
2.2 INtroducCtion ... 15
2.3 MethOdS ... 18
231 Search Strategy ... 18
23.2 Eligibility Criteria.......ccococovviiiiiiiiiiiiieiieieieecccccccc s 19
233 Data Extraction and Analysis........ccoovviviinininininneeeccccccce, 19

24 ReSUIES...ueiic s 20
241 Literature Search Yield ..., 20
242 Methodological Papers..........ccccccoviiiiiiniiiiiiniiiiinicccieccccceeaes 21
243 Examples of Stepped Wedge Cluster RCTs ........cccccoeuiveiiiiceiniiinicccnnne, 25
244  Method of ANalysis.......ccccoeruiiiiniiicieiinicccc s 31
2.4.5 SAMPIE SIZE....ovveereiee e 31

2.5 DISCUSSION ...ovtitiiiieicniitetc ettt 32
2.6 CONCIUSIONS......ciiiiiiiiie s 34
Chapter 3 ~ Methods of ANalYSiS.......ccccceviiiiiiiiiiiiiiniiciicc s 35
3.1 ADSHIACE. .. 35
3.2 Background.......cooiiiiiiii s 36
3.3 MethOodS ..o 38
3.3.1 Simulation AIMS.......cociviiiiiiiii 38
332 Simulation Procedures ... 38
3.3.3 Methods for generating data ..........coooovvivinininininncc, 38
334 Scenarios under INvestigation ...........cccccvvieiiinincinniiciince 40
3.3.5 Review of Candidate Methods............ccooviiiiiniiiiiiicce, 41
3.3.6 Generalised Linear Mixed Model (GLMM) Approach.........c.cccccccvvuvueunene. 41

vi



3.3.7  Generalised Estimating Equation (GEE) Approach.........ccccccoevvveiniinninnnes 42
3.3.8  Fixed Effects Model Specification...........ccccceeueuiuiiiiiciiiiiiiiinnne, 43
3.3.9  Cluster Summaries Model Specification..........ccccccoevririirniiiiiicccenes 43
3.3.10 Method of Time Adjustment ............cceeuiiviiiiiiininiiiiiniiiicee 44
3.3.11 Estimates of Interest and Evaluation Criteria ..........ccccoeereiccccinnnne. 44
34 ReSUIS..coueee s 44
3.4.1 Adjusting for TIMe.......ccveviiiiiieiic e 44
342 BIAS s 45
3.4.3 Type Lerror rate......coiiiic 46
344 POWET .t s 47
3.4.5 Convergence Failures ... 49
3.5 DISCUSSION .cviiiiiiiiiciciiccc s 50
3.6 CONCIUSION ..ottt 52
Chapter4  Power for Binary Outcomes ............cccoovirrininiiiniccccccee e, 53
41 ADSEACE..... i 53
4.2 INtrOdUCHON ...cocviiiiiiic s 54
4.3 Methods....ooooiiiiiii s 56
43.1 Simulation Procedures ... 56
43.2 Methods for Data Generation.............ccceeuiiviniiiiiniiiiiininciicccee 57
433 Simulation Parameters ............cccoccvviiiiiiniiiiiniiiiin 58
434 SHUAY T 58
435 SHUAY 2 s 59
4.3.6 Modelling Simulated Data...........c.ccooiiiiiiie, 59
43.7 Hussey and Hughes Power Estimates ...........ccccccccoviiiiniiinnicnincncnne, 60
44 ReSUIES...comeiiiii s 61
441 Power Compared to Approximate HH method..........cccccccceviniiininnnnnnn. 61
4.4.2 Comparison of SW-CRTs and CRTSs........cccoeeiriniiicnnininiicceeccccee, 63
4.4.3 EXAMPIE ..ottt e 64
4.5  Discussion and ConclUSION.........covuiiiiiiiiiiiiiiie 65
Chapter 5  Cohort Stepped Wedge Designs ...........ccceeueueieccicccccceeees 69
5.1 ADSHACE......iiiii s 69
52 INtrodUCHON ...cocviiiiiiiiiicc s 70
53 MethOdS. ..o 72
53.1 Conceptual Model.........ccooiiiiiiiiniiiiiiiiiiicces 72
53.2 Example Trial......cccooiiiiiiiiiiiiiicic s 73
5.3.3 Simulation Procedures ... 74
534 Simulation Parameters ..o 75
53.5 Estimating Trial POWeT........c.covoviiiieiiiecccc e 76
5.4 ReSUIS...omiiiiiiii s 77
5.5 DISCUSSION .ovititititietccteeteet et 82
Chapter 6  Discussion and Conclusion..........c.cocciviriiiiininiiiinniciccceecee e 86
6.1  Summary of FINAINGS ....ccoouvviiiiiiiiiiiiiiiicciccccc e 86
6.2 IMPLCAtIONS ..ot 89
6.3 LImitationS ..c.ccooviiiiiiiiiccc e 91
6.4  Directions for future research............ccccooviiiiiniiiiiniii 92
0.5 CONCIUSION ...ttt 94

vii



RELETEIICES ettt e e et e s e et eseesaaeese st eeseesaeeeseasaaeeseasaeesesssaeesenssneenas 96

APPENAIX A ..o 114
APPENdIX B ..o 115
APPENAIX Coo s 126
APPENIX Do 143

List of Tables

Table 1-1: Common variance-covariance structures for W) with variance ¢? and

Fo0) iy =1 (o) o 1/ TSR 5
Table 2-1: Characteristics of studies that considered methodological aspects (rationale,
design or analysis) of Stepped Wedge Cluster Randomised Trials..........ccccoeeinininnncne. 24
Table 2-2: Summary of features from studies employing a stepped wedge design....... 26
Table 3-1: Power to detect intervention effect (OR = 2.25) in scenario A by different
methods of aNAlYSIs ... 49
Table 3-2: Number of convergence failures per 2000 simulations of scenario A ............ 50

Table 4-1: Estimates of trial power at a two sided significance level of 5% for a SW-CRT
with 4 steps (5 time periods), 24 clusters, cell size of 100 and an ICC of 0.0047368
assuming different effect SiZes..........oovceviiiiiiiiii 65
Table 5-1: Design matrix (Xji) values for each agency (k) and measurement time (j). 0
represents agencies in the control condition and 1 represents agencies under the full

effect of the INterVeNtion. ..o 74
Table 6-1: Power to detect intervention effect (OR=1.33) in a 6 step SW-CRT by methods
Of ANALYSIS....oviiiiiiiiiicc s 118

Table 6-2: Estimates of trial power at a two sided significance level of 5% for a SW-CRT
with 4 steps (5 time periods), 24 clusters, cell size of 100, a baseline outcome prevalence

of 5% and post intervention prevalence of 3.2% (OR =0.628) .........cccceeueiviriiciniruencnnne. 127
Table 6-3: Type I error rate for a 12 cluster closed cohort stepped wedge design with n =
25 participants using a range of p, and p3 values. ........ccccoeviviiiiniiiiniiie 146

viii



List of Figures

Figure 1.1: Trial diagram of a stepped wedge design with 10 clusters and 5 steps. In this

example, 2 clusters switch from control to intervention at each step........ccccceevvvevnnnnnn. 10
Figure 2.1: Trial Diagram of a possible stepped wedge design..........cccccccevvvriiinininnnnne. 17
Figure 2.2: Results of the literature search...........ccccoooviiiiniiii, 21

Figure 3.1: Percent Bias in intervention effect estimate 8, for models which fail to adjust
for time. Estimates are obtained from fitting models (3.1) to (3.4) without the time effect.
Simulated data has 3 steps, a cell size equal to nj, a true intervention effect odds ratio
of 2.25 and a time effect odds ratio Of 1.227. ......ccoeeeiriririnieieieieeeeneeereseeee et 45

Figure 3.2: Percent Bias in intervention effect estimate f; for models which correctly
adjust for time. Estimates are obtained from fitting models (3.1) to (3.4). Simulated data
has 3 steps, a cell size equal to njy, a true intervention effect odds ratio of 2.25 and a time
effect 0dds 1atio Of 1.227......c.ccoiiiiiiiiiecee et 46

Figure 3.3: Type I error rate in intervention effect estimate 8, for models which correctly
adjust for time. Estimates are obtained from fitting models (3.1) to (3.4). Simulated data
has 3 steps, a cell size equal to nj, a true intervention effect odds ratio of 1 and a time
effect 0dds ratio Of 1.227.......cccccciiiiiiiiiiiiii s 47

Figure 3.4: Power to detect true intervention effect using a GLMM with and without
adjustment for time. Estimates are obtained from fitting model (3.1) with and without
time as a covariate. Simulated data has 3 steps, a cell size equal to njy, a true intervention
effect odds ratio of 2.25 and a time effect odds ratio of 1. Both models shown maintained
a type I error rate of approximately 5%. ........ccccocoeueviiriiiiininiii e, 48
Figure 4.1: Sample design matrix for various CRTs where k is the number of the cluster,
j is the time period, 0 indicates that the cluster is in the control conditions and 1, the
intervention condition. a) represents a parallel CRT where outcomes are only measured
at one post intervention time period (j=1), b) represents a parallel CRT where outcomes
are also measured at baseline in addition to the post intervention time period. c), d) and
e) represent SW-CRTs with 3, 4 and 5 steps respectively. In each example of a stepped

wedge design, two clusters switch from control to intervention at each step. ............... 56
Figure 4.2: Statistical power of a SW-CRT with 5 steps based on the HH method and also
A GLMM (INOAEL 4. 1)ttt sttt ettt et sttt sb et ene b 61
Figure 4.3: Statistical power of a SW-CRT with 4 steps based on the HH method and also
A GLMM (INOAEL 4. 1)ttt sttt ettt ettt et et nb ettt ene i 62
Figure 4.4: Statistical power of a SW-CRT with 3 steps based on the HH method and also
A GLMM (INOAEL 4. 1)ttt sttt ettt et ettt et sa ettt ene i 62

Figure 4.5: Power to detect the intervention effect with 5% significance (two sided) for
each design. The total number of subjects per cluster n;j is constant across designs. This
implies that each design has a different cell size............cccooeeiiiiii 63

Figure 5.1: Possible patterns of measurement for open and closed cohort SW-CRTs.
(a) Participants who stay for the duration of the trial; (b) participants who start the trial,
drop out and return later; (c) participants who start the trial but drop out before the end;
(d) participants who are enrolled at some point during the trial but stay for the
remainder; (e)/(f) participants who drop in during the trial but are only observed for a
SOTt HINE. .ot 71

ix



Figure 5.2: Effect of varying p, and p3 on statistical power of a closed cohort SW-CRT
with 25 participants per cluster ..o 77
Figure 5.3: Effect of varying p, and p3 on statistical power of an open cohort SW-CRT
with 25 participants per cluster per time...........cccccviiiiinniiiie, 78
Figure 5.4: Effect of varying p,3 and p3 on statistical power of a closed cohort SW-CRT
with 25 participants per cluster ... 79
Figure 5.5: Effect of varying p,3 and p3 on statistical power of an open cohort SW-CRT
with 25 participants per cluster per time...........ccccocviiiiiinniiiiie 79

Figure 5.6: Statistical power of a closed cohort SW-CRT vs. an open cohort SW-CRT for
different effect sizes and values of p3 when p; = 0.2 and nji = 25 ....oovriiiiiininininns 81

Figure 5.7: Statistical power of a closed cohort SW-CRT vs. an open cohort SW-CRT for
different effect sizes and values of p3 when py3 = 0.15 and nj; = 25 81

Figure 6.1: Percent Bias in intervention effect estimate (1) for models which fail to adjust
for time. Estimates are obtained from fitting models (1) to (4). Simulated data has 6 steps,
a cell size equal to njy, a true intervention effect odds ratio of 1.33 and a time effect odds
1atio Of 1.03...ooiiiii s 116

Figure 6.2: Percent Bias in intervention effect estimate (f8;) for models which correctly
adjust for time. Estimates are obtained from fitting models (1) to (4). Simulated data has
6 steps, a cell size equal to n, a true intervention effect odds ratio of 1.33 and a time
effect 0dds 1atio Of 1.03. ....c.c.ciiriiiiiice s 117

Figure 6.3: Type I error rate in intervention effect estimate (f;) for models which
correctly adjust for time Estimates are obtained from fitting models (1) to (4). Simulated
data has 6 steps, a cell size equal to njy, a true intervention effect odds ratio of 1 and a
time effect odds ratio of 1.03........c.ccooiiiiiiiiii 117



Glossary of Terms

RCT

CRT

ICC

GLMM

GEE

RVE

DE

Ccv

SW-CRT

CIPHER

CRE

SPIRIT

SWD

CRCT

PRISMA

CINAHL

PH

ANCOVA

ANOVA

LMM

HH

OR

Randomised Controlled Trial

Cluster Randomised Trial

Intra-cluster Correlation Coefficient

Generalised Linear Mixed Model

Generalised Estimating Equation

Robust Variance Estimator

Design Effect

Coefficient of Variation

Stepped Wedge Cluster Randomised Trial

Centre for Informing Policy in Health with Evidence from Research
Centre for Research Excellence

Supporting Policy In health with Research: an Intervention Trial
Stepped Wedge Design

Cluster Randomised Controlled Trial

Preferred Reporting Items for Systematic Reviews and Meta-Analyses

Cumulative Index to Nursing and Allied Health Literature
Proportional Hazards

ANalysis of COVAriance

ANalysis of VAriance

Linear Mixed Model

Hussey and Hughes

Odds Ratio

xi



Abstract

This thesis explores aspects of the design and analysis of stepped wedge cluster
randomised trials from a statistical viewpoint. It contains a review of current research
practices when the design is used in the field and also explores the existing
methodological research into the design. It was found that stepped wedge trials often
have few clusters (45% < 10 clusters) and a binary outcome (62%). Following this there
are three simulation studies presented that aim to explore the use of binary outcome

measures in stepped wedge trials with few clusters.

The first simulation study examines the different ways in which data from a stepped
wedge cluster randomised trial with repeated cross-sections might be analysed. This
study also explores the minimum number of clusters needed for consistent and reliable
inference under ideal circumstances: such as equal cluster sizes, a time trend that is truly
linear, and an intervention effect that is identical for every cluster. For a stepped wedge
cluster randomised with 3 steps we found that randomising less than 6 clusters led to

estimation problems for all methods of analysis.

The second simulation study compares the existing power and sample size
determination method for stepped wedge cluster randomised trials to the statistical
power of simulated data using the same assumptions. The aim of this study was to see
how well the use of Normal approximations in the case of a binary outcome worked for
formula based approaches when few clusters were available for analysis. As these
approximations became less appropriate, formula based approaches consistently

overestimated stepped wedge trial power.

The final simulation study is about stepped wedge cluster randomised trials in which
cohorts of participants are repeatedly measured. Both closed cohorts, where the same
participants are followed throughout the trial, and open cohorts, where participants may
enter into the trial at any point, are considered. The effect on study power of different
values for the level two and level three variation for both designs is explored. Given the
same number of participants per cluster per time, there was generally little difference

between the open cohort and closed cohort design for the correlation values we used.



