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Foreword

Pharmacokinetics is that branch of science, which deals with the time course of drug in the body.
Specifically it is the study of drug absorption, distribution and elimination. The companion subject of
pharmacodynamics deals with the time course of drug action and is intimately linked to pharmacokinetics.
As Lord Kelvin said:

“When you can measure what you are speaking about, and express it in numbers, you know something
about it: but when you cannot measure it, when you cannot express it in numbers, your knowledge is of a
meager and unsatisfactory kind: it may be the beginning of knowledge, but you have scarcely, in your thoughts,
advanced to the stage of science.”

This is especially true of pharmacokinetics/pharmacodynamics (PK/PD) and modern PK/PD has
developed into a relatively sophisticated mathematical discipline.

The importance of PK/PD in drug development is becoming increasingly recognized and now
permeates the program from preclinical development through to Phase IV clinical trials. Specifically in
preclinical studies, PK/PD is used to support drug discovery, interpret toxicokinetic experiments and
via physiological modeling to extrapolate from animal to man. In the clinical program PK/PD is used
to support dose-finding and dose-escalation studies and there is at least one instance where it has been
used to recommend a dose which was not originally studied in the efficacy-safety studies. More recent
applications include the concentration-controlled clinical trial and population PK/PD.

However like all biological experiments, PK/PD data is noisy and one has to use sophisticated data
analysis techniques to estimate parameters of interest. Therefore a scientist working with PK/PD data
has frequently to fit a2 model to experimental data. One has to be careful about the term model as
applied in PK/PD. There are a number of so-called model independent methods that have become
popular recently. However in a PK/PD context model independent implies fewer assumptions about
the structural PK/PD model. Even with these methods one is often faced with fitting some empirical
expression to the data, for example a sum of exponentials, and when I talk about fitting models to data,
it is meant in this sense.

Most models used in PK/PD are nonlinear functions of the parameters of interest and consequently
severe data analysis problems arise. Therefore nonlinear regression and maximum likelihood techniques
have to be used which are much more computer intensive than their linear counterparts. In addition
there are several theoretical problems specific to nonlinear models, such as nonuniqueness of the solution
and the estimation of confidence intervals. Weighting schemes are a particular problem for PK/PD data
as it is generally impossible to get replicate measurements.

Professional scientists but amateur statisticians often carry out PK/PD data analysis. Consequently
the scientist working in the PK/PD area is dependent on the availability of good software packages.
Despite the lack of a complete understanding of the methodology the user of such packages needs to
be convinced of their reliability and accuracy. Although it is extremely difficult to completely validate
a nonlinear regression program some, perhaps even extensive, testing is required. As a final caveat I
would note that it is incumbent on the PK/PD scientist to obtain a reasonable understanding of the
methodology behind a software package if he or she is going to be able to correctly interpret the output
and diagnostics. It is also desirable that the software producer should provide adequate user support.

The current book is an evolution of the original text, which appeared in 1994, 1997, 2000 and 2010.
It has been expanded to over 1000 pages, an expansion which mirrors the growth of the subject over



Pharmacokinetic and Pharmacodynamic Data Analysis

the last decade. It is also testament to the increasing sophistication of PK/PD analyses being undertaken
by scientists working in the drug discovery/development arena. We are seeing a growth in mechanistic
rather than empirical modelling and the current text contains an extensive library of mechanistic models,
particularly in the area of pharmacodynamics. In the foreword to the second edition I concluded that the
book would provide a valuable introductory text to new researchers and a useful reference for established
scientists. In addition the book will be a useful reference for a variety of undergraduate courses and could
be used to support a graduate course in PK/PD.

Leon Aarons
Manchester, 2015
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Preface to the 5" edition

The 5% edition of Pharmacokinetic & Pharmacodynamic Data Analysis: Concepts and Applications
continues the central thesis of the first four editions: How do we go from data to insight in the most
effective way? That can probably be done by exposing ourselves to a large number of real life datasets
and situations, and solve these problems by pen, paper, and computer. The previous editions of the
book have served as course material during a number of basic and advanced courses within academia,
and at numerous pharmaceutical companies and regulatory agencies all over the globe. Therefore, a
substantial effort has been invested into the new pharmacokinetics and pharmacodynamics sections,
including many new and updated Case Studies.

The five most common dysfunctions of a kineticist/modeler are lack of experience with exploratory
data analysis; too much trust in the modeling software; weighting away data; slavery under formulas;
and, lack of holistic view of the analysis-modeling process. The book serves to remedy parts of these
dysfunctions, and besides being a repository of kinetic and dynamic datasets and modeling situations,
it is meant to serve as a text on points to consider in biological data analysis in general. The audience is
still industrial pharmacokineticists, pharmacologists, clinical pharmacologists, bioanalytical scientists,
toxicologists and scientists within academia and regulatory bodies.

The basic concepts presented here are fundamental to the pharmacokinetic and pharmacodynamic
field. Most are common knowledge among professionals and have been learned through education,
experience, observation and reading. Other ideas have evolved in my own practice and through the
experience of teaching students and observing and evaluating their work. Some of these thoughts have
been formulated in attempting to help students and colleagues overcoming common mistakes and
misconceptions typical among kineticists and junior modelers. A related aim is to build knowledge of
points to consider when analyzing and communicating data. The text addresses “What kind of data
does one need to collect in order to answer a specific question?” The text is a compilation of different
viewpoints worth considering in biological data analyses. Over the years this book has evolved from
focusing on the technicalities of nonlinear regression to dissecting and exploring the biology behind a
concentration-time or response-time course. Having taught pattern recognition since the mid 80s, with
an increasing interest of this topic among students, this subject is further developed within Chapter
6. A new Case Study on target mediated drug disposition is also included as a tutorial that covers
different aspects of antibody kinetics and the use and abuse of the Michaelis-Menten constant K, as an
affinity parameter.

This book is envisioned as a beginning. The reader is encouraged to seek out additional sources and
knowledge on all the subjects offered here. Pharmacokinetics is an exciting and challenging science,
particularly when you couple it to a pharmacological response. Recommended complementary texts
are Clinical Pharmacokinetics by Rowland and Tozer, and Pharmacometrics by Ette and Williams.

I would like to acknowledge colleagues in academia and pharmaceutical industry for their generosity
and support towards kinetic and dynamic reasoning. The vast knowledge of professors Stephan Hjorth
(pharmacology) and Bert A. Peletier (mathematics) have been invaluable throughout the work on this
and earlier texts. Appreciation also goes to Bjorn Tillman Printografen AB for the professional book
design, and to the Swedish Pharmaceutical Press for agreeing to publish the 5 edition.

Johan Gabrielsson
Gothenburg and Uppsala, November 2015

Vil






Table of Contents

1.

1.1
1.2
1.3
1.4
1.5

2.1
2.2
2.2.1
222
223
224
225
226
227
228
229
2210
2211
2212
2.3
2.3.1
2.3.2
2.3.3
2.3.4
2.4
2.4.1
2.4.2
243
2.4.4
2.4.5
2.4.6
2.5
2.5.1
252
253
2.5.4
255
2.5.6
2.6
2.6.1

Chapter 11 = General PriNCIPIES...........couiiiiiii e 1
a1 Te [UTe]i[e] o FON T T TP PP T PP RO PPRRRPPP 1

The Art Of SUCCESSTUI IMOTBING ...ttt 4
How to Use This Book

CHAPTER 2 — Pharmacokinetic CONCEPLS...........ccecoiiiiiiiiiiii i 13

Background .........cccoviiiiiiii

One-Compartment Models
Intravenous bolus administration
Constant rate infusion ..........c..ccceeeee.
Integration of clearance and volume

Extravascular adminiSTration .......o..eeoi i
Estimation of absorption parameters from first-order input

Estimation of absorption parameters from zero-order input
What lies behind the apparent absorption rate constant? ..........cccccvviiiiiiiiiiee, 40
Estimation of bioavailability ..o

How does input to the plasma compartment vary?
MURIDIE TOSING ettt ettt e ettt e bbbt e e bt e et e e e et
Absorption from multiples sites ..........

Conclusions for extravasCular OSING .......ciuuiieiiiieiiei ettt
Plasma and UMNE DAt ........eiiiiiieiiiiiiiie ettt
Basic renal physiology ... .
Derivation Of EUATIONS ....u.iiiiiiiiiit et e e e e s e e e e e a e e
Analysis of urinary eXCretion AATA .........coiiviiiiie i
Estimation of bioavailability from urinary data .
MUlti-ComPartMENT IMOGEIS......vvvieeeeiii et e e e e e e e a e e e e e st aaaeeeas
Catenary and mammillary MOTEIS ......vuiiiiieiiiiiit e e e aa e e
Intravenous bolus administration ............cccceeeviieennn. .
Reparameterization of the two-compartment MOdEl...........ccvvviiiiiiiiii e 66
CONSTANE rALE INFUSION ...t
Extravascular administration....
Plasma and UrMNE GATA .......coiiiiiiii e
ClearanCe CONCEPES ....vvviiiieeeieiiiitt et e et e e e e ettt e e e e s ettt e e e e e e e st a e e e e e s ettt aeeeeesanaaeees
Derivation of clearance.... .
EXEFACTION. ..t
Impact of route of adMINISTFATION ... ...iiiii i
In vitro/in vivo comparisons of clearance .
HepatiC CIEaranCe MOGEIS ... ...ciiiiiiit e e e e e e e e e e e e e e eee
JaXe ol ile] gt ==t [ lo T OO T TP TP PP PPPRPTUPPRRTUPPIN
TUrNOVEY ..o

Background



Pharmacokinetic and Pharmacodynamic Data Analysis

2.6.2
2.6.3
2.6.4
2.6.5
2.6.6
2.6.7
2.7
2.7.1
2.7.2
2.7.2.1
2722
2.7.2.3
2.7.2.4
2.7.3
2.7.3.1
2.7.3.2
2.7.3.3
2.7.3.4
2.7.4
2.7.5
2.7.6
2.7.7
2.8
2.8.1
2.8.2
2.8.3
2.8.4
2.8.5
2.8.6
2.8.7
2.8.8
2.9
2.9.1
2.9.2
2.9.3
2.9.4
2.9.5
2.10
2.10.1
2.10.2
2.10.3
2.10.4
2.10.5
2.10.6
2.10.7
2.10.8

Introduction to turnover of proteins, peptides and antibOdIES .........ccvvvvviveieiiiiiiiie e 97
Turnover Of IMMUNOGIODUIINS. .......ueeiie e e e e e e e ee e e e e 100
Turnover of NOIMONES = ESTradiOl .........viiiiiiiiii e 102
(©7e]aaT o= Tgtto a I o] a1 Yo (=) PSS PRSPRRP 104
Turnover Of DOAY tEMPEIATUIE ... ..viiiee it e e e e e e e e e 106
FEEADACK. ... 110
Nonlinear Systems — Capacity, Time, Flow and BiNdiNg..........coiiiiiiiiieiiiieesiiec e 112
What causes nonlinearity and hOw iS it @SSESSEA? .....vuvieiiireeiiie e ea e 112
Nonlinear KINEHCS — CAPACITY +..v.cvvvveieiieeeiiee ettt e e e e e et e et e e e ta e e s naeeeaneeeens 114
Bolus input - Capacity limited elimination ............coiieeiiiiie e 117
Constant rate input - Capacity limited elimination ............ccccoiiiieeiiiieeie e 118
First order input - Capacity limited elimiNation ............cooieiiiiieiie e 118
Conclusions for capacity limited elimiNation............ccveeiire i 118
NONNNEAI KINBLICS = TIME ...ttt 119
BACKGIOUNG ...ttt e et e e e e et e e s 119
TUrNOVEY O INAUCTION. ...ttt e e 120
Heteroinduction — Pentobarbital induction of nortriptyling ..., 123
AUTOINAUGCTION. ..ttt 126
NONlNEAr KINBHICS = FIOW ... 129
Nonlinear KINELICS = BINGING ....eeivrieeii ettt e et e e e st a e e e e et eeeee e e 129
Nonlinear drug and metabolite MOTEIS ... ..vvviiiiei e 135
Ethanol combines capacity, time and flow dependencies ...........cooviviiiiiieieiiiiiieeeeee e 139
NON-ComMPartmMENTal ANAIYSIS ... ..vieiiiieeiiie ettt e e e et e et e e e beeeaneaeesnneeeans 141
Non-compartmental versus regresSion @NalYSIS..........ueeeeeeiiiierieeeeieiiieeee e e e e s eeeeee e 141
Computational methods — Linear trapezoidal FUIE ...........ccvvieeiiiieeiiieeiiie e 142
Computational methods — Log-linear trapezoidal rUIE ............cc.vveiiirieiiiee e 144
Strategies for estimation Of Z.........coiiiiiiii 146
Pertinent pharmacoKinetic eStimMates..........vvvviiei i 148
Issues related t0 Steady StAE.......uuviiiiei i 152
MEaONITE KINBTICS ... 155
When half-life is short relative 10 INPUL TIME ..o 157
HOW 10 ASSESS EXPDOSUIE ..uiiiiiiiieeeei ittt ettt e e e e e e e e st a e e e e e reee s 158
What do WE MEAN DY EBXPOSUIME? ......vvie e iieeeiiieeeeiiee e siie e e stee e e stae e st e e e st e e e sreaaeesteaeesteaeesnseeeennes 158
The case(s) for aDaNAONING TOSE ....iiuviiiiiiie ettt e s ae e e neeeeas 158
Exposure based on total CONCENIIAtIONS ... ..vviiieiiiiiii e 163
Exposure based on unbound CONCENTIAtIONS .........vvviiiiieei e 167
CONCIUSIONS ADOUL EXPOSUIE ... vveeietvreeiiiieeesiieeestieeesteaeasstte e ettt e e et e e e s teeeasbaeessstaeesnseeeesnneeennsees 169
INEEI-SPECIES SCAIING. . ..teivtiee ittt e et e e e s e e e st e e e st e e e ste e e e e teaeennneeeene 170
When and why do we extrapolate data aCroSS SPECIES? .....vveiirureeiiiieeiiireeiiieeesireeeieeesieee e 170
WAt IS AlIOMIEIIY? ..ottt et e et e e st e ettt e e et e e e et e e e e e ne 172
AlIOMETNC EOUBTIONS ...ttt ettt e e ettt e e e e st e e e e e e e eeeee s 173
Time scales differ between different SPECIES........civvviiiiiii e 181
EStimation Of ParamIELErS .......coiiiii e 183
The elementary DeArCK PIOT........iiiiiii e e e ee e e e 184
The comMPIEX DEANCK PIOT ....ieeiiiieii et e e e e e e e e e e 186
INtEGration Of CONCEPLS ... viiiiieii ittt e e e e e e e e eeeee e 189



2.10.9

2.10.10

2.10.11
2.11

3.1

3.2

3.3

3.4

3.4.1
3.4.2
3.5

3.5.1
3.5.2
3.5.3
3.5.4
3.5.5
3.5.6
3.5.7
3.6

3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.7

3.7.1
3.7.2
3.7.3
3.7.4
3.7.5
3.7.6
3.8

3.8.1
3.8.2
3.8.3
3.9

3.9.1
3.9.2
3.9.3
3.9.4
3.9.5
3.9.6

Physiological variables of 11 animal SPecies and MaN ........cc.vvvvveeeiiiiiiieee e 191
Allometric scaling Of TUMOVEN PArAMETEIS .....cciiiiiii e e e 194
General conclusions about eXposure and SCAIING ........vveiivreeiiiee et e s e e e seaeesaee e 196

PaYe [o [111o] gt == o | T OSSN 198
CHAPTER 3 — PharmacodynamiC CONCEPLS ...........covuiiiiiiiiiiiiiieeiiie et se e e sae e eesiee e 199
T Vo S0 0T o PP PPRRN 199
DIEINITIONS ..ttt 200
LAW OF MASS ACTION ...ttt et et e e e e 202
ReCeptor BINAING IMOTEIS ... vvieieee ittt et e e e e st e e e e et eeee e e 206
SAIUIAHON STUTIES ...t 206
DISPIACEMENT STUAIES ..ttt e e e e e e e e e e e 207
PharmacodyNamiC IMOTEIS .......ceie ittt e e e e st e e e e e eeeee e 210
T Vo @ 0T o OO PSRN 210
Linear effect-concentration MOTE ..........coiiuiiiiiiie e 210
Log-linear effect-concentration MOTEL...........uviiiiiiiiiii e 211
OrdiNary Epppy MOTEL ... 213
SIGMOIA £,y MOTBH ..t 216
Composite E,,,, model used to capture mixture dynamics ............cccccoveveriiiiiieiiiieiien 221
Multiple DINAING SIEE MOTEL......ci e e e e ee e 224
INEEIACTION IMOGBIS. ...ttt e e 224
(@7e]aa] o= 1111V /S= a] v=Te T a1 o o P PSS PS PP 224
NONCOMPELITIVE ANTAGONMISM ...ttt e e e e e e e eeee e 225
General empirical dynamic model fOr tWO ArUGS ..vveeiveee et 226
Enantiomer interaCtion MOTEIS .........coiiiiiiii e 227
Additional SIgMOIAal MOTEIS .......uvieeeieiiii e e e s e e e e 228
Kinetics of pharmacolOgiCal FESPONSES. ... ..uvviieeetiiiiiiiie e e ettt e et et e e e s e e e e reee e 229
Area under the reSPONSE-TIME CUINVE. ... ..uiiiiieeiiiiii e e e s e e e 233
Turnover Models — Reversible Drug EffECES......uuiiiiiiiii e 235
T T S0 0T o OSSN 235
TUrNOVEN MOE] TAXONOMY 1.itieiiiiiiit et e et e e et e e e e st e e e e e et eeeeeeans 236
MOl ChAraCLEIISTICS .....vviiiiiii e 246
INitial PAraMETEr ESHMATES. ... ettt e e e e e 247
MOAEI DENAVIOL ... e 252
MOGEI EXEENSIONS ...ttt ettt e 254
Turnover Models — Irreversible Drug EffECES .....uviiiiiii e 256
Simple irreversible action — Cell KiliNG........ciiirioiiee e 257
Cell growth coupled With CEIIKIllING ....civvreiiiiee e 258
Minimum INNIBITONY CONCENTIALION ... .viveeeii et e e 260
Effect Compartment (LINK) MOGEIS .....eiuvviiiiie ettt e et e e e eneaeenes 261
BACKGIOUNG ...ttt e ettt e e e e et e e e e sttt e e e e e e e e e e 261
ONE-COMPATMENT MOTEIS ....eeeviieee ittt e e e e et e e st e e e st e e e ntseeeenteeeesseeeennes 264
TWO-COMPATMENT MOTEIS ...t e et e e e et e e e e e eeeee s 266
Integration of time iNto the Hill eqUATION...........ooiiiii e 268
Alternative ParamEteriZatioNS ... .....iei oot 268
Some literature examples and SIMUIAHONS ... ..ccvvvieiieee e 269

Xl



Pharmacokinetic and Pharmacodynamic Data Analysis

3.9.7
3.10
3.10.1
3.10.2
3.10.3
3.10.4
3.10.5
3.10.6
3.10.7
3.11
3.11.1
3.11.2
3.11.3
3.11.4
3.11.5
3.11.6
3.11.7
3.11.8
3.11.9
3.11.10
3.11.11
3.11.12
3.11.13
3.11.14
3.11.15
3.11.16
3.12
3.12.1
3.12.2
3.13
3.14
3.15
3.16
3.17

4.1

4.2

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5
4.3

4.3.1
4.3.2

Xl

Problems and PIFalIS ... ... e 271
D0se-ReSPONSE-TIME IMOTEIS ....ieeeieiiiiiiii ettt e e e et e e e e eeeeas 272
T T S0 0T o PSPPSR 272
IHOTIC GAEA ..ottt 273

[ ToT0] a0 (o L= o1 1 1Y/ 2 RSN 275

Y 1 ] T3l o o o PSPPSR 278
010 |V (=10 a0 T €= L (U= SN 280
Turnover of antipSyChotiC EffECTS ...viiiiiiii e 282
Conclusions about dose-response-time data MOdelNgG ... ....ccvvveiiiiieiiireiie e 283
Tolerance and ReDOUNT MOGEIS ........couiiiiiiiiii ittt 284
T T (0 0T o PSPPSR 284
SYSTEMS ANAIYSIS. ..ttt tttteeiie ettt ettt ettt e et e e e e e rres 288
Time dependent attenuation Of PAraMETErS .......c.oiiviiiii e 288
Antagonistic MEetabOolite MOTE! .........vieeiiiii e 291
Tolerance COmMPArtMENT MOTEI........viiieieiiiie e e e e e ee e e e e 292
CoUNtEraCting MECNANISIMS. ... vveeiiiie et ettt e e e e e ettt e e et e e e st e e e b e e s e e e snseeeennteeeanreeas 293
Feedback and rEIDOUNG ..........uiii e 294
Simple negative feedback ON tUMOVEN FALE........c.viieiire et 296
Negative feedback via @ MOAErator ........c.vvvviiieeii e 297
Negative feedback via a moderator and level Of reSPONSE .....vvvvveeviiiiiiiiieee e 301
Simulation of negative feedback via @ MOAErator ..........cciviiiiiiieeiiii e 302
Pool model = UnidireCtIoNal IOW.........c.vviiiiiieii e 304
Pool model — BidireCtioNal fIOW..........cuiiiiiiii e 307
Comparisons With Other MOGEIS.........iiiire e e e eeeas 309
Modeling Of EEG-HIME TaTA ......eciiiieiiiii it e e e e nae e 312
Some thoughts about tolerance and dependence MOTEIS...........civvvviiiireiiiiee i 316
BaSEliNE MOTEIS ..ot 317
Constant versus variable baseling MOTEIS ...........coiviiiiiiiiiii e 317
OSCIlAtING TUMOVET TAES ... vveeitiiee ettt e e e e et e e e st e e et e e e e teeeeantaaeennes 320
TranNSAUCTION MOTEIS ...ttt 323
Synergistic Effects Modeled by TUrNOVEr FUNCHIONS ... .o.vvviiiiireeiiie e 325
Synergistic Effects Modeled by Hyperbolic FUNCHONS .........ccvviiiiiiiiiiie e 327
LOGiStiC RESPONSE IMOTEIS ...ttt e e e e e e e e eees 329
PaYe [o [111o] gt | 1= o | T RSN 332
CHAPTER 4 — Modeling Strat@gies ..........coviiiiiiiiiiie et sae e 333
o = T3 £ 10 T PSPPI 333
Plot @Nd EXPIOIE DAt .....cceiiiiiiiieee ettt 334
Understand your experimental data better... ... 334
Pooling of data from MUIPIE SUDJECTS .......vveeeiieei e 335
Transformation fOr EXPIOTATION ... ...iieeer e e e e e e 337
TransformMation fOr fItING ....veeeee it 339

[N (ol 0= 74 e @ = L= PO 341
How Complicated @ MOEI? .......c.uvieiiiii e e e e nae e 342
HOW MaNY DAIAMIETEIST? .. et e ettt e e e e e e et e e et e e e et e e e s nteeeeneaeeanneeeans 342
How do we SPECIfy the MOTEI? ... ..eii et e e nae e 343



4.3.3
4.3.4
4.3.5
4.4
4.4.1
4.4.1
4.4.1
4.4.1
4.4.1
4.4.2
4.5
4.7
4.7.1
4.7.2
4.7.3
4.7.4
4.7.5
4.7.6
4.7.7
4.7.8
4.8
4.8.1
4.8.1
4.8.1
4.8.1
4.8.1
4.8.2
4.9
4.10

5.1

5.2

5.2.1
522
523
5.2.4
5.3

5.3.1
5.3.2
5.3.3
5.3.4
5.3.5
5.3.6
5.3.7

oW

NSV S

Combining several sources of data for @aNalYSIS .......covvveiiireeiiie e 347

Parameter identifialility .........oooiii e 348
ADIlity t0 €StIMAE PArAMETEIS ....viiiiii e 350
Obtaining INitial ESHMATES. ... vviiiiiie et e e et a et eesnaeeeenneeas 352
Graphical methods and lINEAr rEgrESSION .........ciiiiieiiee ettt sae e reeas 353
KINBTC AALA. ... et 353
Dynamic eqUIIDIUM AaEA .. ...ciiiiiiii e 355
Dynamic non-steady state data............cooviiiiiiiiii e 356
Dynamic repeated dOSE TaAtA ... ..uuviiiiiii it 360

WHEN @I BISE TAIIS ...t 363
[EEFATIONS ..ttt 365
AsSESSING the GOOANESS-OF-Fi .. viiiiiiiiie ettt e e s treeesareeennes 368
ANAIYZING T8 TESIAUAIS ... eee ettt et e e et e e e e e et a e e e e e nnneees 369
Graphical presentation Of reSIAUAIS. ........vuiiiiiee et 371
Pure error Versus 1aCk OF fi..... ..o 377
Parameter eSHMAES - ACCUIACY ...vvvviieiiiiiiiiii ettt e e e e e e e e e 379
Parameter estimates - PreCiSION........couuiiiiiiiiii e 380
Correlation between observed and predicted VaIUES ...........coiviieiiiiieiiiei e 381
Correlation DEIWEEN PArAMELEIS .....iiiiiiiee ittt e e e a e e snaeeenees 382
Some comments on the use of WRSS versus -2-Log Likelihood function ..............cccccevviveannnn.. 386
Discrimination Between RiVal MOGEIS .......cccuiiiiiiiiiie e 386
St e 387
BACKGIOUNG ...ttt e e e e e e e et e e e e 387

The ordinary E,,,, versus the sigmoid £,,,,, MOJEIS...........cceiiiiiiiiiiiiiiii i 388

The ordinary E,,,, versus the linear response MOodel............cccovviiiiiiiiiiiiiiii 388

The hepatic distributed versus parallel tube MOdEl ..........coovviiiiiiiiiiie 388
AKaike and SCRWAIZ CIEEIIA ... e 389
OULIIBIS .ttt h etk 390
A Checklist for Assessing GOANESS-0f-Fit ......iiiiiiiiiiiiee i e e 391
CHAPTER 5 - Elements of Experimental DeSsign..............cccccooiiiiiiiiiiiie e 393
o = T3 £ 10 T PSPPI 393
TOOIS for EXPErmMENtal DESIGN ....coiuviiirie ettt e et e e et e e e e e e e e e 394
Delta A TUNCHION. ..ot 394
Variance iNflatioN TACTON  ....ciiiiii e 396
Partial EMVATIVES ........coiiiiiii e 399
SENSIIVIEY BNAIYSIS. .. tttrieiiie ettt ettt e et e et e e et e e st e e et e e et a e et a e et eearees 404
Challenges in EXPerimental DESIGN .........eiuvrieiiieieiiee ettt e e saa e snaae e e sneaeeenneees 406
Bolus, infusion and firSt-0Order INPUL ...t 406
Concentration- and time-dependent KINETICS .........viiiireeiiiie e 410
Design of tOXICOKINEHC STUAIES .....vvvviieee i e e 412
ACULE VErSUS CRIOMIC AOSING ..vtvevtteeeseiiitit et e e e ettt e ettt e e e et e e e e e et e e e e e et reeeeeesnnnnees 415
SCHEAUIE AEPENTENCE ...ttt ettt et e et e e et a e e ant e e e nnneeeerees 418

A Strategy for increasing information to model building — individualization of dosing ................... 419
ACHVE METADONTES ...ttt 420

X



Pharmacokinetic and Pharmacodynamic Data Analysis

6.

6.1
6.1
6.3
6.4
6.5
6.6
6.7
6.8
6.9

PK1
PK2
PK3
PK4
PK5
PK6
PK7
PK8
PK9

PK10
PK11
PK12
PK13
PK14
PK15
PK16
PK17
PK18
PK19
PK20
PK21
PK22
PK23
PK24
PK25
PK26
PK27
PK28
PK29
PK30
PK31
PK32
PK33

XV

CHAPTER 6 — Pattern ReCOGNItION .............coiiiiiiiiiiii e e e e 423
o =T £ 10 T PSPPI 423
Single and multiple response-tiMe ProfileS ... ..uiiiiiriiie e 424
Single and multiple response-time ProfileS Il .. .....iiriiie e 429
Single and multiple response-time and concentration-response profiles lll............cccceeviieeeiiveeennnn. 437
Single and multiple response-time and concentration-response profiles IV ..........ccccceeviiveciiieeennen. 442
Single and multiple response-time ProfileS V........viiri i 447
Single and multiple concentration-time Profiles VI.........ccoviiiiiiiicece e 453
Single and multiple concentration-time, dose-concentration and parameter-time profiles VIL............ 461
Conclusions — Pharmacokinetic and Pharmacodynamic AppliCationS...........ccvvveeiieeeiiieeeiiie e 465

PharmacokKinetic APPHCAtIONS..........c..uiiiiiiii e 467
One-compartment iNtravenous DOIUS AOSING .. .vvvvervreeiiiiee e ea e ae e eeneeas 469
One-compartmMent Oral AOSING ... .vvveeiiieeeiiee et e s e e e e e st e e et e e et e e st e e e srsaeeasneeeeenees 476
One-compartment 15 and 0-0rdr INPUL .......cveiviieieiie ettt 483
One-compartment Oral AOSING ...vvveiviieeiiire ettt e e e e e e e e et e e et e e e s e e e sraeeeesneeeeeneeas 487
One-compartment intravenous Plasma/urNg | .....c...evivreeiiie e 494
One-compartment intravenous plasma/uring Il ..........cocveiiiireei e 500
Two-compartment intravenous POIUS AOSING ..vvvvveeiiiiiiiiie et e e 505
Two-compartment distribution MOTEIS .....c.vviiiiieee e 513
Modeling of fraction absorbed and nonlinear bioavailability across the liver:

Simultaneously fitting intravenous and oral data ............ccvvreeiiiieciiie e 518
Simultaneous fittiNg Of IV/PO AATA .....c.vvvieiiiie e e nees 525
Two-compartment repeated Oral OSING .......vvvvriiieee it e e e e e 528
INtravenouUs aNd OFal AOSING ...veeeieieiiiiit et e et e e e sttt e e e e e st a e e e s e et naeeeeeee e 532
Bolus plus constant rate iNfUSION .........iveeiiieee e 537
Multi-compartment MOdel OFral AOSING ......vveeeii it e e e e e e re e s 540
TOXICOKINETICS ...ttt ettt ettt e ettt e ettt e et et e e e e e e 546
Two-compartment intravenous PIASMA/UIMNE ......vviiiiiee e eie e e et e e ieeeasaeeeenes 549
Nonlinear KINEICS = CAPACIY | ...vvvviiiieeiiiiie ettt e et e e e e naaeesneaeaas 553
CapacCity Il = EthanOl KINBCS .. .eivvvieiiiii ettt e a e et e e e nnea e e neees 556
Capacity [l - Metabolite KINBLICS .. ...eivirieiiiieeciie et e e e e nees 563
Capacity IV - NONNNEAI KINBCS .. .vveiiiiieiiiie ettt a et ae e nneae e nees 570
Nonlinear Kinetics — HEteroiNAUCTION .........ociiiiiiiiiiicc e 575
Nonlinear KiNetiCs - AULOINAUCTION ......oiiuiiiiiiiii et 580
NONINEAr KINBTICS = FIOW L....oiiiiiiici e 586
NoNliNear KINBTICS = FIOW H1.....cciiiiiii e 590
Two-compartment plasma and urine analysis with rate and ARE PlOtS........ccoveviiiiiiiiieiiiiiiiceeees 596
Modelling of antibody kinetics after i.v. dOSES t0 MaN ......vvviiiieiei e 599
Target mediated drug ISPOSITION .....vvviiieeiiiiii et e e e e e e e e e 602
Allometry — Elementary DedriCK PIOT ......coiiiiiiie e 611
Allometry - Complex DEANCK PlOt........cviiiiiie ettt e e e e e e e snaeeenes 615
Turnover | — SC doSING Of NOMONE .....c.viiieiiie ettt e e saae e e 621
Turnover Il — Intravenous doSiNg Of NOMONE .......eiiiiiiiiiiee e 624
Turnover Il = NONNEAr ISPOSITION ....vvviieeiiiiiii ettt e e e e e e ee e e e e 629
Transdermal INPUL N KINETICS ......vviieiiieeic et e e e e e e e e e e 634



PK34
PK35
PK36
PK37
PK38
PK39
PK40
PK41
PK42
PK43
PK44
PK45
PK46
PK47
PK48
PK49
PK50
PK51
PK52
PK53

PD1
PD2
PD3
PD4
PD5
PD6
PD7
PD8

PD9

PD10
PD11
PD12
PD13
PD14
PD15
PD16
PD17
PD18
PD19
PD20
PD21
PD22
PD23

ReversibIe METaDONSIM .......vii e 638
Bayesian MOAEl = DIGOXIN ....vvveieiiiiiiiiiie ettt et e e e ettt e e e e e sttt e e e e e e e e e 641
Time controlled drug AEIIVETY ..ot e e e e e e e e e e 644
In Vitro/in Vivo eXIrapOIatioN | .. .. ..t 646
In Vitro/in vivo extrapOIation [l ... ...t 650
Two-compartment data — Experimental deSIgN ISSUES ......vvieiiiiiieiieieiiiiiiiiie et 653
ENteronepatic reCIrCUIRTION ... ....cie e e e e e e e e e e 658
Multiple intravenous infusions - NCA VEIrSUS rEQrESSION .....uvveeiuvreeiireeiiireesiireasiereasieeessneeeessneeees 661
Saturable abSOrPtioN Via traNSPOMEIS ......ivirieiiie ettt a e e e e nnrae e nees 665
MUILIPIE @DSOIPLION FOULES ...ttt et e e e e e e e e eeeees 670
Estimation of inhibitory CONSTaNT K| ..o 674
Reversible metabolism of drug A and its metabolite B ..o 677
Long infusion and Short NaIf-lIfE .........eeerie e 686
Plasma protein DINAING MOGEIING ..vvvviiieei e e e e eee e e 690
One-compartment Michaelis-Menten kinetics — Drug and metabolite in urine ...........cccccveevivveeennen. 694
Turnover IV - Factor Il data in healthy VOIUNTEEIS..........viviiiieic e 698
Analysis of multiple subjects concentration- and response-time profiles .........cccoovvvvveeiiiiiiineeennns 704
Multi-compartment drug/Mmetalbolite ........viiiiieeeiii e 711
Simulated impact of disease on r-NSOD KINETICS ....vvvviiviiiiiieee e 716
Linear antibody KINBTICS ... .vuvir i e e e e e e 721

Pharmacodynamic APPIICAtIONS .............ooiiiiiiiiiiii e e e 725
Receptor DINAING MOTEIS .....viieiiee et e e e e e e e e et eeeee e 725
One- and two-site reCeptOr DINAING ... .viei e e e e e e neeas 729
INNIDITONY [ MOTEL...ii 732
Turnover model 1 — INtravenous DOIUS AOSING ..vvvveeiiiiiiiiieeee e 742
Turnover model 2 - INtravenOUS INFUSIONS .......ciiiiiiiiiiice et 753
Turnover model 3 — Turnover versus effect compartment Modeling ..........vvvvveeiiiiiiiieeeiieeeee 758
Turnover MOdel 4 — IV INFUSIONS ......vviiiiii ettt 764
Analysis of concentration-glucose response-time data after repeated dosing:

Hill versus 10g-lNEar MOTEIS ........vieiiiee et ae e 770
Turnover model 1 — Repeated dOSING |...ceiiiiiiiiiieee i 777
Comparisons of turnover models 1 and 4 — Intravenous iNfUSIONS .....vvvveeieeeiiiee e 785
‘Sigmoidal’ concentration-reSPONSE MOTEIS ........vviviiiieeiiie et se e e e e e e e e sneeee e 7911
Modeling inhibition of enzyme activity by means of tUrnOVEr ... 797
Tolerance | — Repeated iNtravenous INFUSIONS .......ooiiiiiiiiieee et 805
Modeling functional adaptation of EEG data.........cc.eeeiiiieiiiiieiiec e 810
OSCHIAtING FESPONSE ..e.vveieeiiie ettt ettt e e e e e et e e st e e e s st e e e tbe e e et eeeansbeeennsaeeenneeeeenees 819
Turnover model - [IreVersibIE @CHION ........iiiiiiiii e 822
COMPOSItE MOEI | = /11y et e 825
COmMPOSItE MOTEI I = Ep iy / o +eveereeeeeeeeeieeiee ettt 828
ENantiomer INTEIraCTION .........viiiii e 832
Effect compartment | — INtravenous DOIUS ........vvvviiiiieiie e 836
Analysis and comparisons of link-, turnover- and receptor binding Models ..........ccccceveeiiiiiiieneeennns 840
Effect compartment Il — INtravenous INfUSION........vvviieeiiieee e 849
Tolerance development of SSRI-INAUCEd 5-HT tUMOVET .......covivieiiiieeiiie e 854



Pharmacokinetic and Pharmacodynamic Data Analysis

PD24
PD25
PD26
pD27
PD28
PD29
PD30
PD31
PD32
PD33
PD34
PD35
PD36
PD37
PD38
PD39
PD40
PD41
PD42
PD43
PD44
PD45
PD46
PD47
PD48
PD49
PD50
PD51
PD52

XVI

Hormone-Diomarker INTEIaCHON ..........coiiiiiii e 860
D0SE-reSPONSE-HIME @NAIYSIS | ..vviiiiiiiiiiiii e e e 864
Dose-response-time analySiS I oo 868
Dose-response-time analySiS Il ....oooiiei e 874
Dose-response-time analySiS IV oo 880
Synergy via hyperbolic fUNCHONS  ...viiiiiiiie et aa e e nreaes 884
TrunCated rESPONSE LA ..vvviiei ittt et e e e et e e e e e e e e e 887
Consecutive escalating infusions — Safety data  .........ccceeiiiiiiii e 891
Scaling PD and PK data — EfflCACY  vvvviiiiiieiiiii ettt a e 895
Turnover of antipSYCNOLIC FESPONSE .....viiieiiiiiiie e e e e e e 901
Agonist/antagonist INtEraction MOTE!  ......c.vvieiiiiieie e e e 907
Transduction modeling — Assessment of number of transit compartments ...........ccccceeviiiiinneeennns 910
Plasma protein binding changes the concentration-response relationship .......ooevvcivivieeeieiiiiiennnn. 915
Multiple DINAING SItE MOTEL ...t e e ee e s 920
Turnover model 1 - Repeated dOSING Il .o 922
Turnover model of SyNergistiC effECES ...ooiiiiiiiii 927
Dual action tUMOVEr MOTEI ... 932
Receptor ON/Off rat€ MOTE! .. ..cvvvieiiie et e e e e ae e 939
Pool model of antilipOIVEIC EffECT ..o 943
Analysis of a tissue growth/Kill MOTE! .....ccvviieiiii e 948
Exponential concentration-response model of normal and diseased animals  ........cccccoeevviiviennenn. 952
Analysis Of brain OCCUPANCY AALIA  ..vvviiiieiiiiiiie e e e e et re e e e e 956
Exercise on MRNA and Protein tUIMNOVET ........oiiiiiiiiiee e 959
Analysis of monophasic action potential duration MAPD ..........uvviiiiiiiiii e 968
Modeling of functional adaptation — NIAC and NEFA ... 972
Modeling tolerance and rebound after multiple intravenous iNfUSIONS .......cc.vvvvvreeee i 980
Pharmacodynamics of an LXR @QONIST .......ciiiiiiiiiie e 985
Modeling Acetylcholinesterase response in the brain after multiple intravenous infusions................. 990
Dose-response-time data analysis of I0COMOLOr aCtVILY ........ooveiiiiiiiiieeiii e 997
REFEIENCES ... oot 1003
Pharmacokinetics-pharmaCOayNaMICS .........uiiiiiiriii et e e e e 1003
[0 = U= T P= PSSP 1021
Symbols and their definitioNS ..............cooiiiii e 1023
INA@X e 1031





