Table of Contents

Preface to the First EQItion .......coouiiiiviiiiriinisniniseninssnncsssnicssnsssssnsssssssssssssssssssssssssssssssssssssssssssssssssssnss xvii
Preface to the Second Edition ........ieiieineiiniiisniiniiisninneinsinneinnnicneinsiinississessessesssssssssssssss Xix
Chapter 1: The Art of Modeling.........cccccevevvueicrcurccsnncene ST |
IIEEOAUCTION ...ttt et b bbbttt h e eb e bt b et et e st eb e eb e e bt se et e st e st ebteb e e bt b ne et entebeebe e 1
Pharmacometrics and Model-Based Drug DeVEIOPMENL ..........ceevuiiieiiriieiiiieierie ettt sseesaese s ens 1
What Is a Model and Why Are TREY MAAE? ........cc.ecviiiieieiieiieiesieeee ettt ettt sae st sseeseesaesesseensesseesseseeseenns 3
MoOdeling as ProbIem SOIVING........c.eccviiiieiiiiiiiesie sttt ettt ettt et e ta e beete e b e e teessesseestesaeessessesseessesseeseessesseessessesssensenseenes 5
TYPE OF IMOAEIS ...ttt ettt ettt ettt e e s te e st e beeseesseeseese e seeseessessbesaeessesseeseessesseeseessesssessesseessensenseenes 6
Properties 0f @ USETUL MOGEL ......c.oiuiiiiieiiecie ettt ettt e st e et e e bt e s b e enteesbeessseenseenseessaeassesnseansaensnennsenn 8
The Model DevelOPMENE PIOCESS .....c..iiuiiiiitieiieie ettt ettt e et s et e et e b e et e e e eae e et enbesbeenseabeeneeteeneenees 11
(@ o1 Tl TSI o) 2 S L 01 o SRS 14
Residuals and Residual ANALYSIS .....c.ceiiiiiriniiriiicieiie ittt sttt ettt s 14
GOOANESS-OF-FIt IMELIICS ...cuviuieeieieeie ettt ettt ettt ettt et et e e st e et s st e se e st ense st ene e st emeensesseenseaseeneenseeneeneesneennens 16
IMOAEL SELECTION ...ttt ettt a bbbttt eb e bt bbbt e st eb e e bt e bt se et et e st es e ebe et e e b e na et e e ennens 20
GENETAL COMIMEINES ...ttt ettt ettt ettt ettt ettt a et b e bt et s e eb e eb e e bt e s et es e eb e bt s b et et esteseebe et e ebe st et eneeseanes 20
Choosing Compartmental MOGACLS .........coccuiriiriiriiieieeteie ettt ettt ettt e esa e beeseesaesseessesseessesseeseessesseensesseensens 21

Bias vS. Variance Trade-0fT ... ..ottt ettt 22
Model DiSCrIMINAtION CIIEETIA ... c..eeeuteuieiiitietietertet ettt ettt ettt ettt sb et et et es e et e et e ebesseasessenteneeseeseabeaeenseneeneenene 22

A NOLE ON INTETEIICE ...ttt sttt b ettt e st e s bt et e bt e bt e s e ebeen e e bt eneenaesreennens 28
CLOSINE INOTES ...ttt ettt ettt et ettt ettt e e et e s et e e st et e eb e em e e et e em e e aaees e e s e eb e em e e e bt emeemeeeeeemseeseemseaseeneeteeneenaesreennens 29
Identifiability of Compartmental MOAEIS .........c.oiuiiiiiieiee ettt ettt see et et st e et e eneeneeeneenees 29
LAY o4 53 B 1 T 15 o) RO SPTSR PR 36
The Importance of Effective COMMUNICATION .....ecvitiuiiiiiirtintiieteteiestente sttt ettt ettt et et sbe st be et eseeaeenes 40
GO0 GIAPRING PIACLICES ....ivieiiitiiieitieiiete ettt ettt ettt et et e et e e st e esae b e ess et e eseaseeseensesseensenseeneenseeneensesneennens 41
Writing @ MOACING REPOTT......oiuiiiiiiiiiiiieiesit ettt ettt ettt et et eeteesseeseesaesseesaensesseessenseeseensesseensens 46
Ethics 1N IMOAEIING ....c.viiviiii ittt ettt ettt ettt e be e st e sbeese e st e esease e sesseesseessesseesaensesseessensesssensensaesseseassennas 49
COMCIUSIONS ...ttt et bt sttt s st h e eb b et e e st eh e eb e bt eb et et e m e es e eh e ebea s e e entes e eb e bt eb e s ensententebe et e ebenbe s eneennens 55
RecomMMENAEd REAGING .......ceoiiiiieiiiiieicit ettt ettt ettt b e e te e b e e st esaesseessesbesseessesseeseesseessessesseessesseessennas 55
RETETEIICES ...ttt ettt a et e et et e bt ea e bt es e et eh e st e bt eb e en b e e bt emeeebeeme e bt estenteebeente bt eneenees 56
Chapter 2: Linear Models and Regression..........coeicinseicnsnncssnisssansssssnesssanssssassssssssssssssssssssssssssssssssses 61
IIEEOAUCTION ...ttt ettt ettt e s et e bt h e e b e b et ea e e st et e ek e s e s emees e eseebe e b et enbenseneese et e ebenbe s enseneenis 61
The Method of Least Squares and Simple Linear REGIresSiON. .......ueiuiiieiiriiiiiniiieesieieeee e 61
The Concept of Ordinary Least Squares Applied to the Simple Linear Model............cocooiiiiiinieiiniiiccees 61
Maximum Likelihood Estimation of Parameters in a Simple Linear Model ............ccooiiiiiiiiiiiiiie e, 63
Precision and Inference of the Parameter Estimates for the Simple Linear Model.............ccocirieiiiiiineiiiieeee 63
Regression Through the OTIIN.........ccuiiiiiiiiiiie ettt ettt ettt s 64
Goodness of Fit Tests for the Simple Linear MOdel..........c.ooiiiiiiiiierieeieieeeeeee e s 64
Prediction and Extrapolation in the Simple Linear MOdel .........c.cccoovievieiiiiieniieieieei et 65
Categorical Independent VAriables ...........ccuieieriirieieiieieieet ettt ettt e e teeseesseeseesesseesaesseessensesseensesseensens 66
MUItIPIE LINEAT REGIESSION ...eviiuiieeiiiieiieiieiiete et ete ittt et et et e e teesaesteessesbeeseesseeseessesseessesssessessessaessesseessensesssensesseessensenssensas 67
Model Selection and Sequential Variable Selection Procedures in Multiple Linear Regression..............cceeeveevene. 68

vii



viii

Pharmacokinetic-Pharmacodynamic Modeling and Simulation

Collinearity and I-ConditIONING. ........coeiiiriiiiiierieee et ettt ettt et s ettt et e bt e st e besbeenteebeeneenteeneenees 69
INTTUCINCE DIAZNOSTICS. ..ottt ettt ettt et ettt e e et e e e e bt e st et e es e em e e es e emeeeeees e em b e bt emeeeeeemeeseeseenteaseeneeteeneennes 71
INFTUENCE 1N the X-ITECTION L...tiiiiiciiietieeie ettt ettt et e e et e e bt e s ebeesbe e beestaeesseesse e ssesssaesseessseenseeseenens 73
INFTUENCE 1N the Y=AITECTION ... eieiiieiietieeieee ettt ettt et e e e et e s eb e et e e beestaeesseesse e seessseesseessseenseenseenens 74
Identification of Influential ODSEIVALIONS ..........ccuieiuiiiiiiiietiecie ettt ettt et ete e eebe e aeeeebeetbeesbeeeseeseseenseeseenens 75

SO WRAE NOW? ..ottt ettt h et h e ettt eh e eb bt sttt es b ebt e bt st et et es b ebeebeebe bt e e eneebeeaes 76
EXAIMPIC. ..o ettt ettt ettt ettt et e e e st e st e b e e st en b te e s e Rt e Rt e ehe Rt ene e bt st e beeseenbeeseenseseeneeseeneenneas 77
CONAILIONAL MOTCIS ...ttt ettt bbbt s e bbb s e e st eb e e bt bt s b et et e st e st ebe et e ebenbe e e st ennens 78
ETVS REEIESSION ... eevviivieiieitieiiete et ete et esteste et e teese e seeseessesseesaesseessesseeseesseeseesse s e essesseesaesseeseessesseeseesseseessenseeseessessaensenseessenns 83
POLYNOMIAL REGIESSION ....vviviiiiiiieiiitieteete ettt ettt ettt e et et e e vt esaesteess e beessesbeeseessesseessesssessessassaensesseessessesssensessaesseseeseennas 88
SNOOTNETS ANA SPIINES ....eeviieiiieiie ettt et e s b e et e e teesebeeaseeseessbeenseenseesaeasseesseenseeesseanseensaessseenseenseas 89
Smoothers and Locally Weighted Regression (LOESS) ....oouiiiiiiiiiiieee e 89
KEINET SIMOOTNETS .....c.eiieiiietieciiee ettt ettt st e et e e b e e teeeteeesbeessaessseesbeesaessseesseessaesssessseensaesssessseenseenseensseans 90

N0 TS Ba Ll oTe) 1o s USSR 91
Handling MiSSING DIata ........oouiiiiriiiiiiiiiiitietee ettt ettt ettt b e st et b et be ettt estebe et e benae st ennens 92
Types of Missing Data and DefiNitions ............cociiieriiieiiieieceiee ettt et sae e sesaeeseeseeseeaesseennens 93
Methods for Handling Missing Data: Missing Dependent Variables...........ccoocvevieeieiieniiienieiieieeeeeee e 93
Methods for Handling Missing Data: Missing Independent Variables ............ccccveviivieriiiieiienieeierieieie e 94
SOTEWATE ...ttt h ettt et e h e eb e bt et et e s e st e bt et e b et e st e st eh e e bt h e e H et e a e e et Rt bt b e et et e bt bt bt b et et eneene e 98
SUIMIMATY ...ttt ettt ettt et e e st e e s e e beesabeeaseenseesabeenseenseenseeanseenseensaeanseenseenseeesbeesseenseessseanseensaenseennsesnsean 99
RecoMMENAEd REAGINE ......oveeiiiiiiiiitieie ettt ettt e h et bt e s ettt e st et e st et e s bt ente b e eneenteeneenees 99
LSS (5 <31 1< USRS 99
Chapter 3: Nonlinear Models and RegresSSiON ........cocceeeecsivsnricssssanrecssssnsssssssssssssssssssesssssssssssssssssssans 101
TIETOAUCTION ..ottt ettt h ettt e et e et e e st e bt e bt en e bt eae et e eb e emee s bt eme e b e ebeenbeebeeneeebeemeenaeeseenseabeans 101
INONINEAT LEASE SQUATES ..ottt ettt ettt et e et e et et e e st et e et e en e e eaeemeeebeeae e b e st em e e st emeenaeeseenseaseenseeneeneeaeenee 101
Functions With One VariabIe ...........ooouiiiiiiii ettt ettt et sttt e st e s et e et ene e et e eneesbeemeenaeeseensenseans 102
Functions of Several Variables: The Gradient and HESSIAN ...........ccvieiiiiiiiiiiieiecciecie ettt 104
GTadient ALZOTITRIMS ..ottt ettt b ettt ettt et e bt et e b bt et et ebeebesaeseenen 105
Newton or Newton-Raphson Based Methods...........ccvecuiiieiiiieiiiieeeeee ettt 106
Gauss-Newton Methods and Its MOdifICations..........cuiiriririrenieieieee et 106
Derivative FIee ALZOTIERMIS ......ccviiiiiiiie ettt ettt et e s e e be e st enbeeseenseeseensesseensessessaensenseans 109
COMVETZEIICE ...veeuvieireeuteeieeeiteeetteteesuteseteeseeastesaseenseanstesaseenseensseeaseenseenseeesseen s e e ssesaseenseanseesseeeabeenseenstesnbeenseesnsesnseensnennsennses 110
Inferences on the Parameter ESTIMALES ..........ooueiiiiiiieiieie ettt ettt ettt e et ae et ene e nes 111
Functions 0f MOde] PArQmMELETS ........c.coouiiiiiiiiieieitieetee ettt ettt ettt ettt st et e e et e st e bt esee s bt emeenaeebeensesneans 112
Obtaining Initial Parameter ESTMAES ........cc.ciieiiiiiiiiiieeie ettt ettt sttt et e et e e s bt et esaeeseensesneans 114
[1l-Conditioning and Near SINGUIATIEY .......cocuiiiiiiiiiieeeee ettt ettt ettt ettt et et e e bt enteebeeneeseeemeenaeeseensenseans 115
CONSrAINEd OPTIMIZATION ....veteeieitieeieeteeee et ee st et e et ee e et esee et eeeeseaseemeeseeseenseeseenseeseeneesseeseenseeseenseaseeneeaseeneenseeseensenseans 119
INTTUCNCE DIAGNOSLICS. ... eeueeieeeiieiteeiiete et ettt st et et et e et eat e et e aeessesseenseeseens et e emeenseeseeneeeseessenseeseenseeseenseeseeneenseeneensenseans 120
Confidence Intervals for the Predicted RESPONSE........viiiiuiiieiieiieieet ettt et esseesaensenseens 122
Incorporating Prior Information into the LiKelThood...........ccooouiiiiiiiiiiieiccieeee e 123
Error-in-Variables NONINEAr REGIESSION .........cecviiieieiiieieriieieteetete sttt ettt saesseeseesaeseesaesseeseessesseeneesseensessessaensensaans 124
Summarizing the Results: The Two-Stage MeEthod.........c.coieiiiiiiiiieiieieiece et ens 124
MisSing and CEeNSOTEA DALA ........c.ecuiiiieeieiiiiieiecte ettt ettt ettt et e st e ste e b e beesa e beeseesseeseessesseessessesssessaeseessesseensesseessessensaans 126
Fitting Discordant Models Among INAIivIdUALS ..........coiiiiiiiiiiie ettt 126
SOTEWATE ...ttt e et ettt h et e bt e bt em et e et e et e aees e em s e eh e em e e et em e e bt eseem b e eb e en b e bt eme e st emee bt ebeenteeneenteeneenes 127



Table of Contents ix

RecoMMENAEA REAGINEG ......eveeiiiiieiieieeiee ettt h ettt ettt e h et s ae et et e e bt en b e et e eseeebeemeenaeeseenseabeans 129
RETETEIICES ...ttt ettt et e h bt e ettt e a e bt s bt a ettt ea e et e bt sae et et et esteae ettt aenn et enee 129
Chapter 4: Variance Models, Weighting, and Transformations...........cccceceveeeccscsnnrccsssnneccscsnnsecsnns 131
INEEOAUCTION ...ttt ettt sttt ettt e b e b b s et eat e bt ettt e b b e e eaneaeeaeeuenes 131
Residual Variance MOGELS .........coueiiiriiiiiiiccetcte ettt ettt ettt et s a et s et et a et sa s 131
Testing fOr HEterOSCOAASTICITY .. uvetieuiitieiiete ettt ettt ettt ettt ettt et ettt e s e e st e st e e bt ese e bt eseen s e eseeneeebeeneesseemeenseeneensenseans 133
Impact of Heteroscedasticity 0n OLS ESHMALES .......c.ceouiiuirieiieiieierie ettt ettt e st eneesee e e sneeseeneesneens 134
Impact of Heteroscedasticity on Parameter INference ..........cueouieieiiriiieiiiieeeeee e 135
Residual Variance Model Parameter Estimation Using Weighted Least-Squares..........ccoeeverieierieienieneenieseeiesieeieeens 136
Monte Carlo CompariSon of the MEthOds ...........ccuieieiiiieieiieeseeee ettt eeae e enbesseens 140
Residual Variance Model Parameter Estimation Using Maximum Likelihood...........ccccovieiieieriiiiieniiiee e 141
Model and/or Data Transformations to Normality Or LINGATILY ..........ccceecueriieieriieieieiieieie ettt sre e se e s sseeseseens 142
IIETOAUCLION ...ttt ettt ettt st e et e bt ettt e e st e st eb e e bt eb e e e m s es e eseebe et et et et eneeneeneebeenennan 142
TeStING FOr NOTIMALIEY ..ottt ettt et e b b ettt e e eb e es e et s st et e ebeen b e sbeeneenneene 143
Transformations of the Independent Variable ............coooiiiiiiiiiiiii e 144
Transformations of the Dependent Variable...........ccoiiiiiiiiiiiiieeee e 144
Transform-Both-Sides APPIrOACh.......cc.oiuiiiiiee ettt sttt ettt e e ens 146
Transform-Both-Sides Approach With Accompanying Residual Variance Model ...........ccccoeveieiieininincncnene. 147
COMCIUSIONS ...ttt ettt b ettt s et e s et se e e 148
Example: Effect of Weighting on the Pharmacokinetics of Intravenously Administered DFMO..........cccoccoiiincnenennn. 148
Example: Application of the Transform-Both-Sides Approach to a Pharmacodynamic Model...........ccccccvciriiininenennn. 150
SUIMIMIATY © ettt eiteeite et ettt ettt et e ett e e bt e bt esteesebeeabeeseesateenseenseessseeaseemseeseesabeenseenseesabeenseenseesabeenseenneesaseenseenseesnseenseannnean 153
RecoMMENAEd REAGING .......cvveviiiiieiiiiieiieieee ettt ettt ettt ettt e s te e s et e e st e b e eseesaesseesaesseessesseeseessesseensesseessensenseans 154
RETEIEIICES ...ttt ettt e b et ettt a e bt et b e b ettt ae bt et b et e et aeeae et 154
Appendix 1: Corrected Appendix to Giltinan and Ruppert (1989) ......c.ooviiiiioiiiiee e 155
Appendix 2: SAS Code Used to Compute the Transform-Both-Sides Parameter Estimates
in the XomaZyme-791 EXAMPIE........ccooiuiiiiiieieiieee ettt ettt ettt et e e bt e e e bt e s e eteeneeeesneenneebeeneenseene 156
Chapter 5: Case Studies in Linear and Nonlinear Modeling 157
INEEOAUCTION ...ttt ettt a et ettt et eb e bt sttt e bt eaeeb et e b s e et eaeeaeeaeerenen 157
Linear Regression Case Study: ALlOmetric SCAlINE........cc.iiiiiiiieiiiieiee ettt et e e sseeseeneens 157
Linear Regression Case Study: D0ose Proportionality ...........ccoceeeoierieieiiiiiniiineene ettt 158
Linear Regression Case Study: Limited Sampling Strate@Ies .........coereeieriieieriieieieseeieseeteie st eeesseeeessesseensesseensenseens 160
Nonlinear Regression Case Study: Pharmacokinetic Modeling of Cocaine After Intravenous, Smoking
Inhalation (“Crack Cocaine”), and Intranasal (“Snorting”) AdminiStration .............ccecceeveeierierierierierieeeeseseesieseeeeneens 164
Nonlinear Regression Case Study: Pharmacokinetic Modeling of a New Chemical Entity.........ccccocoovevininiicnennnnne. 172
Case Study in Multiple Linear Regression Modeling: Development of a Dosing Formula for Carboplatin..................... 182
SUIIMATY ..ttt ettt e a e bt et e st e bt e s e e bt e e et e eh e en e bt e st e bt es e embeeb e em b e eb e en e e bt emee bt es e e bt sbeenbeebeeneenneenee 186
RecoMMENAEA REAGINEG ......oveeiiiiiiiietiete ettt e a ettt e et et et et e e bt enteebeeneesbeemeenaeeseenseereans 186
RETEIEIICES ...ttt ettt ettt b ettt et e e a e bt s et ettt et es e et e bt nae et et et e st eue ettt a et e enea 186
Chapter 6: Linear Mixed Effects MOEIS .....ccouuiinuieiisieiiseiiisiniisnecssneenssnnccssnecsssecssssecssssecsssssessssses 189
INEEOAUCTION ...ttt ettt sttt et ettt b e b ettt e bt eb et be s e e eaneueeueeaenes 189
Fixed Effects, Random Effects, and MIXed EIFECES .......cooiuiiiiiiiiiiiie ettt e e e eaaee e e e e 189

N Lo b oo o) Y 1 F21 03 1 1 TSRS 190



X Pharmacokinetic-Pharmacodynamic Modeling and Simulation

A TWO-SEAZE ANALYSIS ....eenteeeieie ittt ettt e a et e e bt e st et ea e bt eh e e e e s et e st et e eb e en e e ebeentenbeeneenaeebeentenreene 191
The General LIMEM .. .....oooiiii ettt ettt ettt e bt e bt e et et eae et e e st e ee s et es e et e ebeenseeseeneesseemeenaeeseensenseans 191
Estimation of the Mixed Effect Model Parameters ............ocoiiiieiiiiiieeieeeee ettt snene 194
Inference for the Fixed Effect Parameter EStIMAtes ........c.ooovoiiiiiiiiieeiee ettt enen 196
Inference for the Variance COMPONENLS .....c..c.cetrtiiririreret ettt ettt ettt et ettt ete bt sttt et ebesa st et et et eseeaeebeeuesaenes 196
Estimation of the Random Effects and Empirical Bayes EStIMates.........c.cccvecieriirieiiiiieieseeieieeieeee e 197
IMOAEL SELECTION ...ttt ettt h bt bt s a et et s b e st eb e e bt b e b e e e st e st ebt e bt eb e et e b et et esteseebeabeebenen 199
Sensitivity t0 the MOdel ASSUMPLIONS .......c.eeiiriieieiieeieteeeete et ete st eteste et esseeseesseeseessesseessesssessesseessesesssesesssensesseessenseeses 200
Residual Analysis and GOOANESS OF Fit.......c.ccviiiiiieiiiieieieetee sttt te e s e b sbeeseesseeseesaesseessesseesaesensaens 201
INTTUEINICE ANALYSIS 1.vviuvieiieiiiitieieiteee ettt ettt et et e ettt e st e beeteebeeae e s e saeessesbeessesseeseessesseessesseessesbeessesseeseessesseensesseessensensaans 201
Partially Linear Mixed Effects Models (Penalized Regression Splines with Truncated Polynomial
BaSIS FUNCHIONS) ...veeutiiiiiieieeite ettt ettt e et e e e e tt e et e e beeeseeeabeesseesaeesseessaensaessseassaeasseassaesssensseesseenseeesseeaseenssenssennses 203
Penalized Regression Splines Using LMEM Methodology .........cveiuiiieiiiieiei et 205
Model Selection and the ChoiCe 0F KINOTS .......oouieiiiiieieie ettt ee st e e sne e sneens 206
Generalized AdditiVe MOAELS .....o..oieieiiiieieeeee ettt sttt ettt ete st e ae s seensesbeenseeseeneeseenes 208
SUIMITIATY ..ttt ettt h b e a et et e bt e e ateeat e et e e aeeshe e eabeeabeenbeesabeease e btesabeenseesatesabeenbeesbsesnbeenseenen 208
Handling Missing and Censored DAta ............ccuecueruieieriieieiieeete sttt ettt ettt esesseeae e esaeseeseessesseessessesnsessesssensensaans 208
SOTEWATE ...ttt ettt b et h bbbt et et e st e st e bt e bt b e s et ea e eh e e bt e bt e bt b e et e a e eh e eh e bt e bt et et eneene et b e 209
Example: Analysis of a Food Effect Phase I Clinical Trial...........cccooiiieiiiieiiiieieiece ettt 209
Example: Modeling TumOr GIOWEH ........cooiiiiiiiiiicietieeete ettt ettt te et saeesa e beeteesbeeseesseeseessesseesseseesnensenseans 209
Case Study: Modeling Teicoplanin Pharmacokinetics Using PLMEMS ........ccccoceiiiiiiiniiiiee e 213
Case Study: Modeling QTc Interval Prolongation .............cooiiieiiiiiiiiieese ettt s seene 216
SUIMIMIATY ..ttt ettt h e sttt e bt e s bt e eab e et e e sb bt e at e e et e e sbe e ea bt eab e e b et eabeeabeenb e e e abeeabeenbeeeabesabeenbaeemteeneeee 226
RecommENnded REAGING .......c.eeiiiiieiieieeee ettt ettt e st et e e st e ee e st et et e eseeneeeseeneeeseeneesneeneenseeneans 226
RETEIEIICES ...ttt ettt st et e e et en et e e et e ee e st e m e e st e s e em s e eaeemseeaeeneeeseemte s e eseenseeseenteeneeneeeneeneensenneens 226
Appendix 1: SAS Code Used to Model Data in Fig. 6 Using Mixed Model Framework (Quadratic Spline
BaSIS FUINCLION) ...ttt ettt ettt et e e st e st e e st estesseesee s e eseessenseessenseeseensesseessenseessenseeseensesseensenseesaensenseans 230
Appendix 2: Tumor VOIUME DAL .......cc.ociiiiieiiiiieiciesie ettt ettt ettt ste e e ssesseessesssensesseesseseessensessnensensens 231

Chapter 7: Nonlinear Mixed Effects Models: Theory .........cieeicncsrrcsceicssnicssnnecssnnscssneccsnsessneeee 233

IIEEOAUCTION ...ttt b bt s bbbt b et et e st e st e bt e b e b e st et e st ebeebe e bt et e b e st et e st eseebeebeebenen 233
Application of POpPK-PD in Drug DevVelOPIMENT .........c.ocuieiiriieiiiieieie sttt ettt st sseeseesseesaessesnnensenneas 233
The Nonlinear Mixed Effects MOAEL..........oouiiiiiiiiii ettt ettt 236
The Structural 0F Base MOAE] .........co.oiuiiiiiee ettt ettt ettt s bt ae bt et eebe b et et eseenesbeeeennan 237
Modeling Random EFTECES ........oeuiiuiiiiiieiet ettt sttt ettt ettt et e st et e aeeseeseseeans 238

Modeling Between-Subject Variability .........cooiiieiiiiei ettt e e s nneseeens 238

Modeling Interoccasion Variability .........coooiiiiiiiiiei e ettt ene 241

Modeling INterstudy Variabilify .........cccooieiiiriiiieiieiee ettt ettt et e e e e s eeesneeeesseensenseens 243
Modeling Residual Variability.........cccocieiiiriiiiiiiiiiieres ettt ettt sttt ettt ebe b nes 243
Incorporating Fixed and Random Effects into the Structural Model ..........c.cccoeviiiiiiiiiiieieeeeeee e 245
Modeling Covariate Relationships (The Covariate SUDMOAEL)........ccoiieiiiiieiiiieieicceee e 246
IMIXEUTE IMIOTRLS ...ttt ettt b ekt b e ettt s e bt e bt b b e e et e st eb e ebeeb e e bt b et et estestebesbesbennen 251
EStIMAtION MELROAS .....eiitiititeee ettt s bbbt b et et et e st ebe e bt e bt e b e b et et eneeseebesbeebennen 254
Model BUIlding TECHMIGUES. ......ccviiuiiiietieiieiti ettt et ete ettt ettt ste et esbesteesaesbeessesseeseesseeseessesseessessasssessaeseessesseessesseessessensaans 261
Covariate SCreening METhOAS .......co.iiiiiiie ettt sttt ettt b et e et e e s bt et enaeebeentesbeans 263

Manual Covariate Screening MethOdS ..........couiiiiiiiie ettt st seeens 264

DiIrect CoVALIAte TESTIMEZ . .euveitieuiitieiieit ettt ettt e e e s e b st e e e e et ea e e bt ea e e bt e seenbeebeemee bt esee et eneensesseentenseans 265

Automated Covariate Screening MEthOdS ..........ooouiiiiiiiieee ettt seeeas 265



Table of Contents Xi

Clinical Relevance and Biological P1ausibility..........ccceriririiiiiiiiiiieeeeee e 267
Comparison of the Covariate Selection Methods .........cc.eiieiiiiiriiiee e e 268
Testing the Mol ASSUMPLIONS ......ecueiiuieierit ettt ettt ee sttt e ste st ete s bt eseeteese e seeseenaeeseensesseeseenseeseeneesseeneenseeseensenseans 269
Precision of the Parameter Estimates and Confidence INtervals ...........coccooieiiiiiiiiiiie e 271
Model Misspecification and Violation of the Model ASSUMPLIONS.......cc.eoveieiririririineieeeeeee et 277
Misspecification of the Structural MOAEL ............oooviiiiiiiieiee et ae e enaeneeens 277
Misspecification of the Distribution of the Random Effects .........c.ccvoviieiiiiiiiiiiicceeeceee e 278
Interaction Between the Structural and Covariate SUbmMOdEl...........coeoieiiiiiiiiiieeeeeeeee e 278
Misspecification 0f SAMPIE TIMES.....c.ccieiiiieiiiieieie ettt ettt a e beeseesesseesaesreessesbeessesseessenseenes 279
IMOAEL VAIIAALION ...ttt ettt h ekt b et e e e e st e st e et et e e b e b e s em e emeebe e st eb e et e beeseneeneeseeneaneesennen 279
INTTUEIICE ANALYSTS ..eontitienieiteetet ettt ettt ea et e et s bt et e bt e bt em e e bt e st e e bt es e e s bt e s e et e ebeenbeebeeneesbeeneenaeebeenbenbeans 285
More on Empirical Bayes ESHMALES. .........coiiiiiiiiiiieiieiee ettt ettt ettt et et bt e st e bt e e sbeemeenaeeneenseeneans 287
T (SRS 288
SUIMIMIATY ..ttt et h e s a e et e bt e sh et e ab e et e e s bt e e as e ea bt e sbe e ea bt eab e e b et e st e eab e e beeeabeeabeenbeeeubeeabeenbaeenteeabeenee 295
Recommended REAAING .......cc.eouiriiiiiiiiiieec ettt ettt sttt be et s b et b ettt eat bt ebe et nes 295
RETETEIICES ...ttt ettt e h bt b ettt e bt eb e e bt e bt e bt et et eb e ebe e bt s b et et et eae e bt eb e b e st et eneen 295

Chapter 8: Nonlinear Mixed Effects Models: Practical ISSues........cooeevercruensecssnecsencsnenseecssnecsanness 303

G4 T80 Ta o1 T s B RSP SUTRSPP 303
The Data ANALYSIS PIAN........c.ooiiiiiiiieiiece ettt ettt et sae et e s e e se e seesaenseeseenseeseensesseensenseeseensenseens 303
Choosing an EStimation IMEthod. ..........c.oociiiiiieiiiieieceeeee ettt ettt eae st e aesbeesaesseeseensesseensesseesaensensaens 304
ISSUES 1N the ChOICE OF COVATIALES .....e.viteuienieiieiietiite sttt ettt ettt et es et b e ettt et et e st ebeebe ettt e b et et e st ebeeneebeebenen 308
Incorporating Concomitant Medications into the MOdEL............coocuiriiiiiiiiiieiiiieeeceece e erees 309
Incorporating Laboratory Tests into the IMOAEL.........c.ocviiuiiiiiiiicieie ettt ee e e sae e s ebe s sreens 311
Incorporating Weight and Its Variants into the Model...........cccooiiiiiiiiiii e 313
Incorporating Renal Function into the MOdEl ............ooiiiiiiiiii ettt 316
Incorporating a Food Effect into the IMOdel .........co.oiiiiiiiiee e ettt 320
Incorporating Patient Age into the MO .........ooiiiiiiiieie ettt ettt st e e s aesseeneeeneens 320
Incorporating Formulation Effects and Route of Administration into the Model........c..cccocvcirininininiiiiinnincneees 321
Incorporating Smoking Status into the MOAEL..........cieiiriiiiiieeeee et re e se e eseeneens 322
Incorporating Race int0 the MOAEL..........ccuoiuiiiiiiiieieciceeeee ettt ettt et saeebe et esseeseenseeseensesseesaensensnens 322
Incorporating Pregnancy into the MOAEL..........cccuoiuiiiiiieiiictee ettt st e esre e e seesaesensaens 325
Incorporating Pharmacogenomics into the MOdEL...........cciiiiiiiiiiiiicieicceet ettt sseesaensessaens 326
Incorporating Lag-Times int0 the MOAEL...........cc.oiieiiiiiiiiiiceeie ettt ebe e s be e e aeessessesraens 329
EXPerimental DESIZN ISSUCS .......cuiiuiiiiiieiiee ettt sttt ettt ettt et e bt st e bt e st et e et e ene e et e eneeebeeneenaeebeensenbeens 330

Theory Based on Monte Carlo STMUIATION .....co.eiiiiiiiiiiiieie ettt 332

REVIEW Of CUITENE PTACLICE ..c..teuieiietieie ettt ettt ettt et e et s bt et et e e st e teeseeeesmeesesseensenseens 333

On the Detection of SUDPOPULALIONS ........eeuiiiieiiiieieie ettt ettt et e st eneesaeeneeneesbeensesseeneeeeens 334

General Guidelines for SAmMPle COILECTION ........eeviruieieiiieieteeiee ettt st e e s e e s e seeneeseens 335
Toxicokinetic Analyses with Destructive SAmMPIING...........cccvecvieieiiiriiiierie ettt e e sseesesseens 336
Handling Missing and Censored DAta ............ccueruiiieieriieierieiesie ettt steste et ete et eaesseeseesseeseessessaessessesseensessesnsessesssensesseens 337

When the Dependent Variable 1S MISSING ........c..ecviruieieriirieienieeieieeeeee st etestesteesesseeseessesseesaesseessesseessesseessensennes 337

When the Independent Variable 1S MISSING ..........ccveiuieiiriieieieiieeiesteeeetesteeeesseeseesesseessesseessessesseessesssessesseessessenns 339
Internal Validity Checks and Data ClEan-Up ............ccoevuiiuieieriieieiiiie ettt ettt e e seeseesseeseesseeseesaesseessessesssessesseans 345
Problems @nd EITOTS. .......coiuiiiiieiieet ettt ettt s h et b e et e e st e st e eb e e st e bt es e et e eb e eneeebeeneesbeeneenaeebeentenneens 345

Consistency of Model Parameter Estimates Across Computer P1atforms ...........coccoooiiiiiiiiiiiinii e 349



xii Pharmacokinetic-Pharmacodynamic Modeling and Simulation
IMIUEREICTEICIIEG ...ttt ettt ettt ettt e a e et ea e bt e bt e e et e ea e e bt e st et e s et e st et e eb e em b e ebeeneeabeemeenaeebeensenbeans 349
Regulatory Review of POPulation ANALYSES .........oouiiiiiiiieiii ettt ettt e e et e e s e e eneens 350
SUIMIMIATY ..ttt ettt h e st e bt e bt e sht e eab e et e e sb bt e abeea bt e bt e ea bt eab e e b et eabeeabeesbeesabeeabeesbeeeabeeabeenbaeenbeebeeee 351
RecommENnded REAGING .......c.eeiiieieiieieeee ettt ettt sttt ae et e e se e e e s et e e et e eseenseeseeneeeseeneeaneeneenseeneans 351
OS] £ <1 1< RSP SRSSRTRSRP 352

Chapter 9: Nonlinear Mixed Effects Models: Case Studies........cceeeeeruercruersuncnnes 359
53 L8 0 Ta Lot T s B RSOSSN 359
Pharmacodynamic Modeling of Acetylcholinesterase INhibition ............coccoveoiiiiiiinincniiniceceeeese e 359
Population Pharmacokinetics Of TODIAMYCIN.......ccuieieiirieieriieierie ettt ettt e e sseeneesseeneesseesaensenseens 362

IIEFOUCLION ...ttt bttt e bt h e a et ettt h e eh e bt s bt e st e bt e bt eb e et e bt et et ebeebenbesaenten 362
ASSAY CRATACTEIISTICS ..uvievieieiiieieetieiieete et ettt et e ste et e teesteseeseessesseessesseessanseeseessesssensesseessenseessenseessensesssensesseensenseans 362
Patient and Data SUMIMATY ...........ccceciiiiiieriieieteee et et eteste et ebeeseesesteessesseessessesssessesssessesseessesesssessesseessesseessensenses 363
Data Manipulations and NONMEM Data Base Creation..........cccccvevviiuieriinieienieeeeieieeiesreeeesseeseesesseesessesssessenns 364
Base MOde] DEVEIOPIMENL .........cciiiiieiieeieeit ettt ettt et e steesbe e teesseessbeesaesseessseesssenssessseenseenssesnseenssenssesnses 365
COVATTALE SCICCIIE .....vevteutietieuieeteette ettt ettt eea e e et eseeeteeee e aeebeeaee et e es e e et emee bt eseemseebeems et e emeenseesee et seeenbesbeantesseeneenseenee 372
Covariate Model DEVEIOPIMENL .........eeruiiiieiiitieiieit ettt e sttt e et e et e e st e bt eseesaeseeenbesbeenseeteeneenseenee 376
Outlier and INfIUENCE ANALYSIS ...c..eiuieiiiiieeieit ettt ettt sttt ettt et e st et e sseeaesseenteeseenseeseeneenseenes 380
IMOAE] VALIAALION ...ttt ettt et e st et e bt en et e eneeneeeaeensesseense s e ensenseeneanseeneesesneensenseens 382
Simulation of Dosing Regimens and Dosing Recommendations..............coevecierieieniiiieniesieieie e 387
SUIMIMATY ..ottt ettt et et e st e st e et e et e e s et e eabeenbeesh b e easeeabeesbteeabeeabeenbaeesbeeabeenbeeeabeenbeesbseenbeenbeessbesnseenseennn 389
RecomMMENAEd REAGING .......cueeiiiieiieiieieieeeee sttt ettt ettt e bt e et e esa e s e eseessesseesaenseesaenseeseensesseensesseessensenseans 389
RETETEIICES ...ttt ettt ettt s bt eh bt e bt e st ee e eb e e bt eh e e b e b e et et e st eae e bt e bt e bt bt et et ent e st ebe b nen 389

Chapter 10: Bayesian MoOdEliNg ........coeiiviinieineinninsennsennsensseensecsssecsessssessessssessssssssssssassssssssassssesss 391
IIEEOAUCTION ...ttt bttt a bbbttt et e st e bt e b b e s s et e st ebe e bt e bt ek e b et et e st ebeebeebeebenen 391
BayESIan MENOMAS .....c.vievieiiieieieciect ettt ettt ettt et e te st e besteesseebeessesseeseessesseesaeeseesbenseessenseeseenteeseentenneesaensenraans 391
Bayesian vs. LiIKeITNOOd MEthOQS. ........ccviiuiiiiiiiiiiiciicieeeee ettt sttt sttt eese et esaesesasessesseensesreans 391
Bayesian Model FIamMeEWOTK...... ..ottt ettt ettt et e bt et e et et esee e e sbeennenbeene 392
Introduction to Monte Carlo Integration and Markov Chains..........cccoiiiiiririeninieeeeeeeeeee et e 393
Examples of Markov Chains in Modeling and SImulation .............ccooiiiiiiieiiiieeee e 396
Markov Chain IMONEE CArlO ........eoiuiiiiii oottt ettt e e et e e st et s st ente et e enee st enseene eeeseensesneennenseensenseans 397
CROOSINE the PTIOT ...ttt ettt et b b bt s e ettt et et ina e s bbbttt eae bt eae st ne e 402
A SSCSSING COMVEIZEIICE. ... eeuvevieutetieueeteestetesseensesseessanseeseessesseessesseassanseessanseestensesseensesseessenseaseansesssenssensesseensesseensensennsensenns 404
IMOAEL SEIECTION ...ttt ettt s b ettt e b e bt b e s bt st et e st eb e e bt ebteae e ettt et et entestebeebeebeebenaentens 404
IMOAET AVETAZING ....eevveeiieiieieeitete et eete it etesteeteeseeseesseeseessaseessessessaesseasaessenseeseensessaensesseassessenseessmrseessensesseensesaeensenseensensenns 406
Model Assessment and INFETENCE ...........oiiiiiiiiiie ettt ettt sttt ettt e bt b benneeene 406
Software for Bayesian MOACING ..........ccvecuiiiiieiiiiieiicteeteete ettt ettt ettt et sre et e se e e e b e s saesseeseesseessemeessessesseessesseessesseas 407
Examples of Bayesian Modeling Using MCMC in the LIterature ...........ccceriiiieriiienieniieienieeese st 407
Bayesian vs. Maximum Likelihood Modeling of Pharmacokinetic-Pharmacodynamic Data...........c.ccccceeverienenicnenns 408
Pitfalls in Bayesian Pharmacokinetic-Pharmacodynamic MOd@ling ..........cccoeeereiieiiniieieit et e 409
Nonparametric Bayesian MOGELING ........ccueeuieieriiieit ettt ettt et e e et etesteeneesseense et e steeneeneeeneeseenean 410
Case Study: Quinidine Pharmacokinetics in Hospitalized Patients...........ccccevviriniinienieiiiniicicciceceeceese e 410
Case Study: Modeling the Time t0 StEadY-State ........c.cccveiierieierii ettt ettt et ae st e ae e e eireenaesseensenseens 416



Table of Contents xiii

RecoMMENAEA REAGINEG .....eovieiiiiiiiieieeiee ettt b ettt ettt e h e et s et et et e eb e ent e et e eneeebeemeenaeeseenseabeans 421
RETEIEIICES ...ttt ettt a bt b st et a bt e b e et b e b et et et eae bttt be s e eaeeaeeaeen et 421
N ] 053116 b SRS 425
SAS code to implement the random walk Metropolis algorithm as shown in Fig. 6........ccccociiiniiiiiiiniiee. 425
SAS code to implement the bivariate normal Gibbs sampler as shown in Fig. 9.......ccccccoonvinininiiiininnncne 425
WinBUGS code to implement the time-to-steady-state model in (58).......c.cccveviiririiiiieieieeeeee e 425

Chapter 11: Generalized Linear Models and Its EXtensions ........ceeiecneensenseccsecssnssssesssecssnecsss 429

TIEEOAUCTION ...ttt ettt e et e bt e e tteetb e e bt eesaeeabeesbeeeseeesseesse e sseasseenseaasaeesseesbeessessseeabeesseesseenbeesssensseenrs 429
The EXPOnential FAMILY..........ccoiiiiiiiieieiiet ettt ettt ettt e et et e e st et e eseensesseesaenseeseensenseensesseensensessaensenseans 429
Generalized LINEAr MOAEIS.........cueiiuiiiiiiiieieeee ettt b e bttt eb e bt bbbt et et ebeebesbesbeaes 430
Logistic Regression for Binary RESPONSES ......c..ccviriiiiiieiiieieiietieieste ettt ettt se e e sbesseessesseesaessesssessessaensensaans 431
Interpreting the Parameter ESHMALES ........cc.ocvieiiiiiiieieieeie sttt ettt ste et seessessaesaesraessesbeessenseessenseenas 432
Maximum Likelihood Estimation of Parameter Estimates and Parameter Inference.............ccoocvevvevviiieniiienneennnn. 433
IMOAE] DIAGNOSTICS ..c.eeneeiienieitieteit et ettt ettt h ettt et et st e bt s bt e st e bt es et e eseen et seeem s e bt esee bt eaee bt eseenseeseensesneennenteans 434
INTTUCINCE DIAZNOSTICS ...ttt ettt ettt ettt et e e e b et e e ae e e s bt es e et e es e embeeaeeseenaeemeenbeabeenseeseeneeseenee 435
Alternative Model FOrMUIATIONS ........eeoiiitiiiiiieeiieteei ettt ettt st sttt see s e e s seetesbeenneneeens 435
SUIMIMATY ..ottt et e b e e e bt e ea et et e e bt e sht e e ab e e bt e e bt e sab e eabe e b et sab e e bt esbeeeabeenbeesbeeenbeebeenas 436
Polytomous LOZIStIC REZIESSION ....c..iviuiiuieiiiiiiiiitiite sttt ettt sttt ettt ettt et sa e ebe bttt b ettt ebt bt sae e nes 436
Ordinal LOGISTIC REZIESSION .....viuviiiieiiietieiieeiteteste ettt ettt ettt e testeestesbeessenseeseenseeseensesseesaenseeseensasseensesseensensesseensenseans 437
The Proportional Odds MOAE] ...........oouiiiiiiiiieiie ettt sttt e se e s saeensesseensesseensenseenes 437
Alternative Model FOIMUIAtIONS .......cc.eieiiiiiiiiiiceeeee ettt sttt sttt ettt 440
Poisson Regression of Count 0r RAte DAta..........ccuieieiieiiiiiieieceeeesie ettt ettt e sseesaesseessesseessesenseens 442
BEta REZICSSION ...ecviiiieiieiieeieie sttt ettt ettt e ste et esbe e st esbeeteesseeseeseessesseess e seessesseeseesseeseessesseessesbeessesseeseensesseensesseessensenseans 444
Generalized EStimating EQUAIONS .......cc.eiiiiiiiiieieeeee ettt ettt st ettt be et e et e st e s bt emeenaeebeentenbeans 444
Generalized Linear and Nonlinear Mixed Effects MOEIS ........couiiiiiiiiiiiiieiee et 448
Survival Analysis or Time-t0-EVent ANALYSIS .......cceouiiuiiiiiieieie ettt ettt et e e st ae e eneenee 451
IIEEOAUCTION ...ttt et ettt e et e teeesaeeabe e beeesseesbeesseessseesseensaesssaesseesbaenseessseasseenseessessseenseenseeas 451
KAPIAN—IMEICT PLOES. ...ttt ettt st ettt ea et e st e e e s st enee e s e esee st enee st eneeseeneesesneensenneens 452
Parametric Modeling of SUrvival Data ...........ccoiiiiiiieiieiee et sttt sttt naeeneas 453
Accelerated Failure-Time MOELS .......c..eiiiiiiiriiriiiieie ettt sttt ettt et 455
Mixed Effect Parametric Models (Frailty)........ccvecuirieiiiiieieeieiesieeeeieetee ettt sseenesneensenseens 456
Cox Proportional Hazards Model (COX REZIESSION) ....c.vivuieiiriieiiiiieieiieeie sttt sre et se e s e 458
RECUITENT EVEIIS ....eouiiiiiiietieiee ettt ettt et b ettt e a et e b e et sbt et sbe e e st e st e b eae 460
COMPETING EVENES ...ttt ettt ettt et b e it e st e et et e s bt ea et e es e e bt eb e e et sheebesbeenbenteeneebeenee 461
Applications in Pharmacokinetic—Pharmacodynamics............ccoeieriiieriiieiiieeeieeec e 461
Joint Modeling of Longitudinal Endpoints and Time to Event Data............cccooiiiiiiiiiniiiiieeee e 462
SUIMIMIATY ..ttt sb e a ettt e bt e e bt e sat e e bt e bt e sh et e ab e et e e ebe e sab e eabe e b et s ab e e bt esbeesabeeabeenbeeenbeebeens 465
SOTEWATE ...ttt ettt e et e et e e eteeetteeabe e beeeteeesbeeaseesseessbeasseesseessseesseensee s seesseenseeetseeabeenbeeatseenseebeestbeenreereee 465
REPOTTING OF RESUILS ...ttt ettt et st ettt e et e e st e e st entesseeseesseessenseeseenseeseensesseensenseeseensenseans 466
Case Study: Assessing the Relationship Between Drug Concentrations and Adverse Events Using
LOGISEIC REGICSSION......icuieuiiieieiieiteeiiete ettt ettt ettt et e bt est e se s st e sesseesaesseessenseeseensesseessesseessenseessenseeseensenseensesessnensenseans 467
Case Study: Modeling Seizure Frequency as a Function of Drug Treatment (Thall and Vail Dataset)
Using GEE Poisson Regression and Generalized Linear Mixed Effects Models ........c.cccoeeviiieiiniieiiniiiieieceeieieeeins 472

Case Study: Ordinal Regression Analysis of Adverse Event Data and Time-To-Progression Following
Administration 0f @ INEW OMNCOLYTIC ......eeuiiuiiietiet ettt ettt sttt ettt et e en e sbeese e bt e st e beebeesteebeeneeneeeneenaeenean 477



xiv Pharmacokinetic-Pharmacodynamic Modeling and Simulation

SUIIMATY ..ttt ettt ettt a e bt e b et e bt e st e e bt e e e bt eh e em b e bt em e e et es e embeeb e em b e bt em e e bt emee bt emee bt sbeenteebeeneenneenee 484
RecomMMENAEd REAGING ......ooueeuiiiieieieeee ettt h ettt ae et e e a e et e et et et e e st eneeeseeneeeseemeesaeennenseaneans 484
RETETEIICES ...ttt ettt ettt ettt e e et e e et e et e h e eae e bt es e en s e e st em e e eseemee e st eme e st eneenseeseeneeeseeneeeneeneeseeneens 484
Chapter 12: Principles of SIMUIAtioN ......couuuiiiiiiirriiciirnnnicssssnniessssnrecssssnssecsssssssssssssssessssssssssssssssssssns 489
TIEEOAUCTION ...ttt ettt ettt et e e et e ea e e et e m e e et e et emt et e em e e et eseemeeeeeem e e b e eneenseeseenteeseeneenneeneenseaneens 489
TYPES OF SIMULATION ...ttt ettt et a et e e bt et e et e en e e e bt em e e eb e emee e bt e s e et e eseeneeeseeneeebeemeenaeeseensenneans 490
N TEST oI (o1 0011 -3 o) TSRS 491
Random Number and Random Variate GeNeTation..............c.ecuieierieriiiierieeieiesteeeeste et eee e seete st eseeneesneessesneesesseensesseens 491
How Random NUumbers are GENErated .............coereieiiiiiriniiieeieeet ettt sttt ettt e 492
Modern Random NUMDBET GENEIALOTS..........couirierierieieiieiieie ettt ettt sttt ettt ettt sa et et se et et e bbbt e b e 493
Testing fOr RANAOMINESS. ......ocuiiiiriiiieiti ettt ettt et e te et esae e e e besseenbe et e esseeseeseesesseensesseensenseensenseenes 493
Probability DensSity FUNCHONS. ........ccciiriiiieiteiiieiecieetet ettt e eteeteesaesseessesseesseseessenseeseensesssensesseessensenns 493
Random Variate Generation Using Commercial SOftWarE..........cc.ovvivieiiiiiiieniiiieiccceeec e 495
General Approaches for Random Variate GEneration ...........c.cceevervierieriesiieienieitietesteeeesseseeesae e esessesseessesseesseenas 499
IMIXEUTE DISEIDULIONS ..ttt ettt ettt st et b et e et e st e bt e st e bt s bt e st et e eseeteeseeneesseensesbeennenteans 517
The WiShart DISTIIDULION .....ec.eeiiitiiieiiiietect ettt ettt et et s b et b e a e bt es e e et sbe et e sbeententeeneeneeenee 518
Distributions NOt EXAMINE. ........ccuieiiiiiieiiieeiee ettt sttt sttt st e et es e et seeeaesbeennenteens 519
L0703 1 1od LD 10111 SRS 519
Components of a Clinical Trial SIMUIAtION .....c..eouiotiriiiiiiiiiie ettt sttt 519
STMUIAING the TIPULS «....eoviititiie ettt ettt b ettt b e sbe sttt ebeebeebesbenaens 519
ChOOSING the INPULS .....eoviitiiitiieiee ettt ettt sttt b e bbbt sttt st ebeebesbesaennen 520
STMUIATING the OULPULS. ....cviieieieitietetieeet ettt ettt et e te et esaeese e be et eesseseeseensesseensesssensenseensenseeneesseeneensennean 535
Simulating the DiSEase MOTEL........cc.iiiiiiiiiiiiiie ettt ettt et s b ettt et eseenae e eae e 541
Simulating the Trial EXeCUtion MOMEL.........c.ccviiiiiiiiiiiiciiciieieie ettt et e et beeseesaeeneesnesneas 544
Integrating the Submodels into @ Unified WHOIE ..........cooiiiiiiiiie e 550
Analysis and Reporting of Simulation RESUILS .........ccoiiiiiiiiie ettt 552
Building Credible Simulations Through Validation and Verification.............ccoceririeiiiieieiieiee e 557
NS T LA L AN 1T Y S £ RS S 561
STMUIATION SOTEWATE.......eveeeieiteeiieite ettt ettt ettt e et e ate s te e st et e estenseeseeneeeseemsenseeseense et e enseseeneensesseensenseensenneenee 564
Case Study in Simulation: Application to Sunitinib in Patients with Gastrointestinal Stromal Tumors..........c.cccccecevuenee. 567
SUIMIMATY ..ottt ettt ettt e sttt et e e st e e bt e s et e eabeenteesb b e eabeea bt e sbeeeabeenb e e s aeenbeenseesbbeeabeenbeeshseenbeenbeessseenseenseeen 575
RecoMMENAEd REAGING ......ocuiiuiiiieiiiiieicieee ettt ettt ettt ettt s b e b et e e st e b e ese e sesseesaesseessenseeseensesseensesseessensensnans 575
RETETEIICES ...ttt ettt ettt h e eh bbb e st e e e bt e bt e bt e b b e et en b e st eaeeheeb e bbb et et e st ene bt ebenen 575
AAPPCIIAIX ¢ttt ettt ettt ettt ettt et et e b ete e s e e b e st e s b et e er s e heese et e eRees s et e et s en s e eReesseeReenaeeReesbebeessenbeeseenseereensesaeenaeseeraen 581
NLMIXED Syntax for Modeling Serum Albumin Concentrations Using a Mixture Distribution
for the Random Effects and Student’s 7-Distribution for the Residuals...........ccccoooeiiiiiiiiniiieee 581
SAS Code for Patient Recruitment STmMULation...........cuoiiiieiiiieiee et et 581
Appendix SRR 1 . X
Matrix Theory Relevant t0 MOAEING ........cocueiuiiieriieieieeiee ettt ettt ettt e s e eseentesseeneenseeseensenseans 583
TaYLOr SCIiES APPIOXIMATION. ... cuvetieutietiesiesteetesteestetesteeseesseaseesesseesesseassesseessenseaseansesseensesseessenseessansenseensesseensensesseensensenns 585
Elements of Probability Relevant to MOACIING ...........ccueeiiiiriiieiecieieeeeie ettt ettt enaessesssesseesaensensaens 587
Random Variables and Probability DENSITIES .........cc.eeieririeriiiiieieeiieieete ettt eesee e saeeneeeeens 587

JOINE DISTIIDULIONS «...eveeei ettt e e et e e e et e eeeeeaa et e e eeeaseeeeeesaaaeeeeeeeanseeeeensasseeseensseeeessnasseeeeesnnnaneess 589



Table of Contents XV

Maximum LIKEITNOOM ... oottt ettt ettt et e e st e b e e bt enteebeemeeebeemeenaeeneensenseans 591
ONE-DIMENSIONAL CASE ...ttt sttt ettt et s e e bt e s e ste e st et e sb e eme et e emee bt eseeaesaeenseabeensenseeneenseenee 591
MUtiIAIMENSIONAL CASE ... .eeueeiieiieiieiett ettt ettt sttt ettt et e ae e eeeaeem e et e eseen et emeeteeseesesmeensesneensenseans 592

Computer-Intensive Statistical MEthOAS........ccueiiiiieiee ettt ettt et se e aeeneensenneens 593
BACKGIOUNA ...ttt b ettt a bt b e e bt e b e e bt b e a ettt et ebe b ae e 593
TRE JACKKITTE ...ttt b b ettt b e bttt be bt eae bt b b ben 594
THE BOOTSLIAD ..euvieeieie ettt ettt ettt et et et e e s e e st e s e eseesse st eseensesseenseeseensenseenseseeseenseeneeseeseenseeseenseseenes 594
Resampling and Permutation TESES.........cveruiiieiieiieieiieierie et erte sttt ste e e sse e essessaesessaesseeseeseessesseensesseensensenns 601
SUIMIMIATY ..ttt ettt ettt et e e s tt e e tteeate e bt eeateeaseenbeeatesaeeaaseenseesseesaseenseenseesaseenseesnseenseenseesnseenseanseenn 602

DIffErential EQUATIONS ......ccviiuieiiitieietiete ettt ettt ettt ettt et et e et et e s teess e beessesseeseessesseessesseessesseessesseeseessesseessesseessensensaans 602

RecomMMENded REAING ......cc.eiiuiiiiieiieie ettt ettt e e et e st e et e e abeesseeesseanbeesseensaeenbeeseeessesaseensnennseenses 607

RETETEIICES ...ttt b ettt h et e bt s e bt ekt em bt e bt em e e sh e emee s bt e st e bt eb e enbeebeeneeebeentenaeebeennenbeans 607



	Table of Contents



