Contents

PREFACE vII
ACKNOWLEDGMENTS X1
CONTENTS XII1
INTRODUCTION XIX
1. HERE, THERE BE DRAGONS.... 1
1.1 Clinical Investigation Before the 1940S............cccocovivniiioiioincninenincnns 2
1.2 Limitations of CaSe@ REPOFLS.........c.ccceeoeieeiieiieieeeeeieeiee e 4
1.3 Genesis of the Clinical Trial...............cccccoocveioiiiiiiiiieiieieeeeeee e 4
1.4 The Requirement for CONIIOL...............ccoocueviioiiiiiieiiee e 6
1.5 The Dilemma of RANAOMIZALION .............cc.coociioiiiiiiiaieieeeeee e 7
1.6 BINAING ..o 11
L7 Hill’S RESUILS ..ot 15
1.8 The Monitoring Rationale....................c.cccccovvviviiiviiceiiiienianieieeieeseens 15
1.9 Early Monitoring Tools: Sequential Trials.............c...c.ccooovevvmvivenvennnnnnns 16
1.10 Data Monitoring COMMIIEES ............coeveueereeeiieaniieenieeiieesieeeieeeiee e 17
1.11 Gaining Experiences in Monitoring: CDP ............ccccccccoevivveniienninccninn. 18
1.12 Ceaseless AGItALION. ..............c.ccocueouiviiiiniiniiiiiet ettt 19
1.13 Early Explanations for Brownian MOtiOn.................c.ccccccveeecreccncnennns 21
1.14 Enter the MathemartiCiQns ..................coccueveioeeiienieei et 22
1.15 Trajectory MatRemMALICS .................ccocueeieeiiiisieeiee e 23
1.16 Momentum Builds for Monitoring Procedures .................cccccocoenvenccnnnn.. 24
1.17 Bayesian CONSIAEFALIONS ...............ccouecueeeneaiiiae et 25
1.18 “Then they’ll get it Fight...” ......c.cccoeiiiiiiiiie e 26
1.19 Balancing the EQUALION ................cc.cccoevueiieeieiiiiiieiieeieeieesie e 27
REfOFOIICES. ..ot 28
2. THE BASIS OF STATISTICAL REASONING IN MEDICINE 33
2.1 The Cow in the Investigator’s HOuSe...............c.ccccocveieoininiininiinicnnncae, 33
2.2 Research, Populations, and Samples..................cccccoeuveeeceeveieveiceneennnne. 34
2.2.1 The Tail Wagging the DOg........ccoeeiiririieieieteee e 34
2.3 Three Principles of Sample-Based Research...................ccccccccvcvncncennnne. 35
2.3.1 ANALySis TTIAZINEZ ...cveeueerrerieiieieieetee ettt s
2.4 The Monitoring COMPIICALION ..............ccccoviviriiniiiiiiiiiiiieeneeese e
2.5 The Need for Prospective DeSign .............ccccceevecieeeeeeeieieeeeee e
2.5.1 Sample ViSion........ccoceeerinenieieenenierene

2.5.2 Advantages of the Random Sample
2.5.3 Limitations of the Random Sample

2.5.4 Trustworthy EStimators..........ccccoeverieieinienininenereiecncnenens




Xiv Table of Contents

2.6 The Role of Probability and StatiStiCs ..............c.ccevevcveeeeceeieeiieseenneanns 42
2.7 Statistical INErence..................cccoocvevieciiiiiiiecieeeeeeeee e
2.7.1 Confidence Intervals
2.7.2 Bayesian Procedures
2.7.2.1 Classical Statistics (the “Frequentists™) .......ccccceevvevvereecieneeieenieseeieenenns 44
2.7.2.2 The BAYESIANS......ccviererrieeieieeiieiesieiesteeaesteeseessessaessesssensessaensesssensessesnes 45
2.7.3 Hypothesis Testing Paradigm ..... ... 46
2.7.4 P-Values.......cceereneneeeieeene. AT
2.7.5 Statistical POWeT.........ccccoviivineeniniiiecene, ...49
2.8 CONCIUSTONS ...t 50
REFEFERCES. ... 50
3. PROBABILITY TOOLS FOR MONITORING RULES 53
3.1 Using Probability to Monitor Research..................cccccocceuvenoienciaenaannn, 53
3.2 Subjective Probability.................ccoooeiiieoiiiiiiiiiiiiiit e 54
3.3 Probability as Relative Frequency................ccococcuueenciencianeiieiieeaeans 55
3.4 DecoOmMPOSING EVERNLS..........c.cccueiieiiaiesiieeeee ettt 56
3.4.1 Combinations of Events..........cccccocveveeriernennen. e 57

3.4.2 Joint Occurrences............. ... 58
3.4.3 Mutual Exclusivity..... ... 58

3.4.4 Independence.............. ... 59
3.4.5 Dependence......... .... 60
3.4.6 Unions of Events...........ccoecevveieincncnnne. .. 63

3.4.7 Unions and Intersections in Monitoring... ... 64
3.4.8 Complements .......c..ccccoveeeerennene .... 66
3.5 Investigator Perplexity e 67
3.5.1 Countably versus Uncountably Many ..........c..ccccoeeevvenenenenieenicneneneenecnens 69
3.5.2 Applicability to Monitoring Clinical Studies ..........ccccoceveereinieninenereecincnnens 70
3.6 The Normal DiStriDUtion..................ccoceviiiviiioiiiiiet e
3.6.1 INErOAUCHION. .. coueitieiieetieieiteie ettt ettt sttt esbeenaeneean
3.6.2 Using the Normal Distribution
3.6.2.1 Simplifying Transformations............ceveeverierierieneenieneeieeeeeeseeevesneenns 72
3.60.2.2 SYMIMEITY ettt ettt ettt st sae et sbe e 74
3.7 Probability and Monitoring Procedures..................cccccceeceecencenceeeennnns 75
PrOBICIS ... 77
REfOFONCES.........o e 78
4. ISSUES AND INTUITIONS IN PATH ANALYSIS 79
4.1 Pondering the Meaning of It All ...............ccoooovoeioiioiiiiiiiieeeee e 79
4.2 Generalization COMPIEXTLIES................ccoccueviueiieeieiiiieeieerieie e 80
4.3. Why Are Special Tools NeceSSAry?.............cc.ccccvevieceeeceenieeneeireareneennnns 81
4.3.1 Repeated Testing
4.3. 2 Variability ....co.ooiriiiiiiiieiecneeee e
4.3.3 DEPENACIICE. ... eevvetieeieiieieieeeete et esae st eteettetesseessesseessesseensesseassesseessesseessenes
4.4 Following Trajectories ..............cccccocceuevenn. e 90
4.4.1 Riding the Path of an Effect Size ... ... 91
4.4.2 The Direction of Random Drift...... ... 94
4.4.3 Two Path Influences ................... ... 95

4.4.4 Trajectory CONCRIMS ....cuveuietirtiieienietteteatestesteneentene et abeseeteseeseesestesbeseeeeseeneneen 96



XV

Table of Contents

4.4.5 MEMOTYIESS.....eeuveriieiieiieie ettt ettt ettt et sttt ettt et esbeenteseeeneesaeenes
4.4.6 AICINALIVE IMEASUIES .....eevverreeeienieeieeienteetesteesresseeseesessaessesseensesseessesssessessennes
4.4.7 Dilemmas and Resolutions....
4.5 Brownian MOTION ..............cc.coceeecuiiieeciiie ettt
4.5.1. Standard Brownian MOtiON ..........cecerierieeierieniieieneeteneeeeieseeeseseeneseeens
4.5.1.1 Property 1: B(0) =0
4.5.1.2 B(t) Is Normally Distributed...........cceoeiirireinirineneeeecseeeeee
4.5.1.3 B(t) IS MEMOTYIESS ..ottt
4.5.2 B(t) Conditioned on the Past....
4.5.3 The Reflection Principle ..........
4.5.4 Brownian Motion with Drift ..............cccooeviiiiiiiiiiicen,
4.6 Monitoring Research and Brownian Motion
PrODICINS ...t
RESOFOICES ..ottt

5. GROUP SEQUENTIAL ANALYSIS PROCEDURES 113

6. LOOKING FORWARD: CONDITIONAL POWER

5.1 Sounding the AlQrm ................c.ocociiiiiiiiiiioiioiniiiniieeee e 113
5.2 Group Sequential Defined ................c.cccccocceoiioininiiniiniiiiiiiiiieeneee, 114
5.3 Group Sequenced Data and Brownian Motion................c..cccccocveeenen. 115
5.4 Analysis Classes for Group Sequenced Data..................cccceeovioeennan.ne. 116
5.4.1 Looking Backward
5.4.2 LooKing FOrward .........cccooiieiiiiiiiiieeeee e
5.5 Analysis COMPIEXILIES .............c.cceeeviriiiiiioiiiiiieiene e
5.6 Using Brownian Motion to Monitor Efficacy
5.6.1 Introductory COmpPULAtioNsS .........c.ceeiuirierieieieiceierteeeiecee e
5.6.2 Information TIMe ........c.ccveeirueiiriererinieinietiect ettt
5.6.3 Monitoring Device and Brownian Motion..........c..ccc.c.......
5.7 Boundaries and Alpha Spending Functions
5.7.1 Boundary Values..........cccceririenenieninienieneieeeee e
5.7.1.1 Motivating the Shape of the Boundary
5.7.2 Alpha Spending Functions™® ...........cccocvireriiininiininineeneseneeeeeeeeee
PFODICIS ...
RESCFOICES. ...t

6.1 Notation and Perspective.................cccccccceereniriiniiniiniaesteeeeeeeeneenes
6.2 Example of a “Forward Look” Computation....................
6.3 NOMENCIAIUT ...
6.4. Examples of Conditional Power Computations
6.5 Type I Error Under Conditional Power..............c.cc.........
6.6 Boundary Values and Conditional Power ...
6.7 Conditional Power COMPULALIONS ..............c..cceeveereeieeieeireeireeeeseeeseannns
6.7.1 Monitoring the Number of Events™ ...........ccccccvviviiiiieciinieieneceeceeeie s
6.8 Following Trajectories: Brownian Bridges™.............cccccocovvenvincencencennnne.
6.9 Significance Levels and Early Termination™...............cccccocvvevcencencennns.
PrODIEmIS ...
References



xvi Table of Contents

7. SAFETY AND FUTILITY 169
7.1 ScOPe Of ThiS CRAPIET ...........coeeeeeieeiieieeieeieeie et 169
7.2 Complication in Safety MORILOVING...............ccccevveeeeceeeienieieeieniienens 170
7.3 Monitoring Safety for Primary ERAPOINLS ..............ccccecevcneninienincnncns 171

7.3.1 Symmetric Boundaries
7.3.2 Asymmetric Boundaries. .........ccceveerienirienieienieeiesestecee et 174
7.3.3 Multiple Prospective Safety Endpoints® ............coocovivieninienieneenienceieniens 175
7.3.4 Combined Safety Endpoints*............ccccoverieninieneneennnne.
7.4 Monitoring Safety in Small Samples*
7.5 Exploratory Monitoring for Safety...............
7.5.1 Monitor WIdely.........coeoiiiiiiiniiiiiiccicccece et
7.5.2 Assessing Unanticipated Adverse EVents ..........ccoccevveveniecenenienieeieieniens 185
7.5.3 The Need for Balance ........c..cocoeeveieiniinincncicennn
7.5.4 The Clinical Ethic versus Mathematics
7.6 Monitoring for FULITITY...........ccccooiiioiiieiieiiee e
7.6.1 Constructing a Futility Index ...
7.6.2 Calculation for Futility....................
7.6.3 Futility Under Alternative Drift*
Problems............cccoooeeviiviiiiiiiiieeeeee e
RESOIONCES.........oceeeeeieieeeeeeee e

8. BAYESIAN STATISTICAL MONITORING 201
8.1 Frequentist versus Bayesian PhiloSOphy .............cccccccoceioeioiinciineien, 201
8.2 An Example of a Bayes Monitoring Rule...................cccccoeoevencvnccncencnnnnn. 203
8.2.1 Prior DiStribULION .....c.coveuiieiiieiiiiiciiiecietceetee et
8.2.2 Computing the Power ............cccc......
8.2.3 Incorporating the Prior Information
8.3 Using Continuous Prior INfOrmation.................c.ccccocveeeeeccnenicncnicnen. 209
8.4 Mixing Prior Information
8.5 Conclusions

Problems................

REFEIENCES. ...
APPENDIX A. BOUNDARY VALUES FOR NORMAL MEAN....ccccettierenncecnncannne 221
APPENDIX B. CONDITIONAL BROWNIAN MOTION 225

B.1 Nomenclature and Background Mathematics ..................cccccoeveeveveennnne.. 225

B.1.1 Notation
B.1.2 Multivariate Normal DiStribUtions .........c...oeeeeviovuiieeeieeiieeeeeeeeeeeeeeee e 226

B.2 Covariance and Brownian Motion Elements.....................c..ccccvvvevuveenn. 226

B.3 Brownian Motion Conditioned on the Past...................ccccccoevvvveveininnn. 227

B.4 Brownian Motion Conditioned on the Past and Future .......................... 229

APPENDIX C. BOUNDARY VALUES AND CONDITIONAL POWER....
C.1 Monitoring for Efficacy or Harm
C.2 Calculation for Futility ..........c..ccccceevennn...

APPENDIX D. SUPPORTING BAYESIAN COMPUTATIONS 239




xvii Table of Contents

D.1. Application to Predictive BOundaries..................cc.cccovvevveceesveerieennnanns 245

APPENDIX E. STANDARD NORMAL PROBABILITIES 249

INDEX 251




2 Springer
http://www.springer.com/978-0-387-27781-3

Statistical Monitoring of Clinical Trials
Fundamentals for Investigators
Moye, LA,

20086, XX, 254 p., Softcover

ISBN: @78-0-387-27781-3





