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Reading material 

•  Rowland, Peck, Tucker. Physiologically 
based pharmacokinetics: Applications to 
Drug Development and Regulatory 
Sciences. Ann. Rev. Pharmacol. 
Toxicol. 51, 45-73, 2011 
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Stages	
  in	
  Drug	
  Development	
  

IND	
  

Phase	
  I	
   Phase	
  II	
   Phase	
  III	
  

NDA	
  
Exposure-­‐Response	
  (PK/PD)	
  

Pa3ents	
  

Pa8ent	
  
Popula8ons	
  

Therapy	
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PK	
  ques3ons	
  that	
  we	
  would	
  like	
  to	
  
have	
  answered.	
  

•  Can we reliably predict quantitatively events in 
humans from in vitro, animal and other 
information? FIH 

•  Can we explain differences across compounds? 
Candidate selection. 

•  Can we predict likely variability in target patient 
population under clinically realistic conditions. 
Clinical development, and therapeutic use. 

•  Why do we get the profiles we see?  
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Standard Approaches to defining PK  

Ø   An empirical equation 

Both approaches deal essentially only with the observations. That is, 
choose an equation or compartmental model that best describes the 
data.  
 
Limited mechanistic understanding and predictability, and poor in 
addressing the previous questions. 

Ø   Compartmental model 
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Solu3on:	
  Physiologically	
  based	
  PK	
  (PBPK)	
  
●  Physiological	
  Parameters	
  

Ø  Blood	
  flow,	
  3ssue	
  size	
  ,	
  	
  
	
  composi3on,	
  etc	
  

Ø  Enzyme,	
  transporter	
  ac3vity	
  
Ø  Gene3cs,	
  disease,	
  age,	
  sex,	
  etc	
  
Ø  Independent	
  of	
  drug	
  (system	
  proper3es)	
  

•  Compound	
  Specific	
  Parameters	
  (overlaid	
  
onto	
  system)	
  
Ø  Clearance,	
  3ssue	
  affinity.	
  	
  
Ø  Membrane	
  permeability,	
  transport	
  
Ø  Inhibitory	
  and	
  inducer	
  poten3al…	
  

•  The	
  model	
  structure:	
  common	
  to	
  all	
  
mammals.	
  Complexity	
  may	
  vary	
  
	
  

Francois	
  Bouzom	
  

Can	
  elaborate	
  on	
  any	
  3ssue	
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Terminology 

•  Compartmental and exponential models, 
which model the observed in vivo data, 
referred to as approaches. 

•  PBPK: , approach. 
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Stratagem	
  within	
  PBPK	
  approach	
  

v Drug	
  proper3es	
  reside	
  within	
  the	
  con3nuum	
  of	
  
chemical	
  and	
  biological	
  spaces	
  

v Sparse	
  data	
  on	
  a	
  drug	
  are	
  made	
  more	
  useful	
  by	
  
‘borrowing’	
  informa3on	
  from	
  biology	
  and	
  other	
  drugs.	
  	
  

v (In	
  POP-­‐PK	
  sparse	
  data	
  in	
  an	
  individual	
  can	
  made	
  more	
  
useful	
  by	
  ‘borrowing’	
  informa3on	
  from	
  other	
  subjects).	
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Biological	
  
space	
  

Chemical	
  	
  
space	
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With	
  Neal	
  Benowitz,	
  Ken	
  Melmon	
  

Ralph	
  Forsyth	
  Clin.	
  Pharm.	
  Therap.	
  1974	
  

Predic8on	
  

Control 

Hemorrhage 

Effect	
  of	
  hemorrhagic	
  shock	
  on	
  pharmacokine3cs	
  
	
  

PBPK	
  model,	
  helps	
  
address	
  the	
  why	
  of	
  PK.	
  

Lidocaine	
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PBPK	
  Publica3ons*	
  

Environmental	
  
chemicals	
  

*	
  PBPK	
  in	
  8tle	
  

♦  Rowland,	
  Peck,	
  Tucker.	
  Physiologically	
  based	
  pharmacokine8cs:	
  Applica8ons	
  to	
  Drug	
  
Development	
  and	
  Regulatory	
  Sciences.	
  Ann.	
  Rev.	
  Pharmacol.	
  Toxicol.	
  51,	
  45-­‐73,	
  2011	
  

	
  

“academic”	
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Factors	
  revolu3onizing	
  applica3on	
  of	
  PBPK	
  >	
  1985	
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Improved	
  molecular/mechanis3c	
  understanding	
  of	
  the	
  
processes:	
  elimina3on	
  and	
  absorp3on	
  
	
  
Physiologic	
  models	
  incorpora3ng	
  this	
  informa3on	
  coupled	
  with	
  
physicochemical	
  and	
  in	
  vitro	
  human	
  drug	
  data	
  permifng	
  
increasingly	
  accurate	
  in	
  vitro/in	
  vivo	
  extrapola3on	
  (IVIVE)	
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Tissue	
  Distribu3on:	
  a	
  cri3cal	
  factor	
  

Observed	
   conc-­‐3me	
   profile	
  
func3on	
   of	
   interac3on	
   of	
  
drug	
   as	
   it	
   passes	
   through	
  
each	
  3ssue	
  and	
  recircula3on	
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  predicted	
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and	
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True	
  profile	
  

Shape is important 

14 M	
  Rowland	
  All	
  rights	
  reserved	
  Rosa	
  Sept	
  2012	
  



Tissue	
  Weights,	
  	
  
Blood	
  Flow,	
  etc	
  

Plasma	
  
Protein	
  
Binding	
  

Enzyme,	
  
Transporter	
  
AcAvity	
  (CLint)	
  
Permeability	
  
PhysChem	
  Prop	
  

Tissue	
  
distribuAon	
  

Determined	
  
in	
  vitro	
  

Literature	
  

Conven3onally	
  –	
  
in	
  vivo	
  

Major	
  impediment	
  to	
  
implementa0on	
  of	
  
PBPK	
  approach	
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Lessons	
  learnt	
  from	
  series	
  

16 

Tissue	
  
Affinity	
  

β-­‐blockers	
  

Why	
  such	
  wide	
  variability	
  among	
  3ssues	
  in	
  affinity	
  
for	
  drugs,	
  and	
  between	
  drugs	
  for	
  a	
  3ssue?	
  

Nestorov et al. J. Pharmacokin. Biopharm. 

26, 521 (1998). 

Toon et al. J. Pharmacol. Exptl. Therap., 

 225, 752 (1983) 

Barbiturates 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Composi8on	
  helps	
  explain	
  the	
  why	
  of	
  8ssue	
  distribu8on?	
  	
  
	
  

Tissue	
  
Affinity	
  

β-­‐blockers	
  

Extracellular Space – pH 7.4 

Intracellular Water – pH 7 

Plasma – pH 7.4 B  +  H+                            BH+   

B  +  H+                            BH+   

AP- 

B  +  H+ 

+ 

BH+ AP- 

Neutral Lipid 

+ B 
PHOS 

+ B 

BH+ 

Concs of unionised  

base are equal 

B = unionised 

BH+ = ionised 

AP- = acidic phospholipid 

PHOS=neutral phospholipid 

NL = neutral lipid 

Cell 

Rodgers et al. J Pharm. Sci. 94:1259, 2005 

Wide	
  variability	
  among	
  3ssues	
  in	
  affinity	
  for	
  drugs	
  

Tissue	
  distribu3on	
  model	
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  predic3on	
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  3ssue	
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  from	
  
chemical	
  drug	
  proper3es	
  and	
  3ssue	
  composi3on.	
  	
  

Observed	
  

Predicted	
  

 Observed	
  

Predicted	
  
Individual Tissues (rat) 

Volume of Distribution 
(Human) 

Rodgers & Rowland. Pharm Res. May, 2007 

For	
  PBPK	
  model	
  

Transporters?	
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Quality	
  of	
  Data:	
  A	
  cri3cal	
  factor	
  

Predic3on	
  accuracy	
  cri3cally	
  
dependent	
  on	
  the	
  quality	
  of	
  relevant	
  
in	
  vitro	
  and	
  physicochemical	
  data	
  

Garbage	
  in:	
  garbage	
  out	
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u 	
  Powerful,	
  commercially	
  available	
  PBPK	
  	
  sonware	
  	
  
	
  plaoorms,	
  incorpora3ng	
  	
  all	
  physiological,	
  
	
  biochemical	
  and	
  other	
  data	
  relevant	
  to	
  needs	
  of	
  
	
  drug	
  developers	
  	
  

u 	
  Recep3vity	
  of	
  regulators	
  (IND,	
  NDA)	
  submissions)	
  	
  

Further	
  factors	
  accelera3ng	
  applica3on	
  
of	
  physiologically	
  based	
  PK	
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Entry	
  into	
  
human	
  

Clinical	
  	
  
Development	
  

Clinical	
  Use	
  

Adding	
  value	
  to	
  drug	
  selec3on,	
  
development,	
  and	
  use	
  

Candidate	
  	
  
Selec3on	
  

Predicting 
First in Human 

PK 
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Tissue	
  Weights,	
  Flow	
  

Protein	
  
Binding	
  

Enzyme	
  &	
  Transporter	
  
AcAvity,	
  permeability	
  etc	
  	
  
	
  

BLOOD	
  

ADIPOSE	
  

Qpul Qpul
Lung

Qca Qca
Heart

Qre Qre
Kidney d

d Qbo Qbo o

o Bone o

o Qmu Qmu l

l Muscle B

B Qsp
Qhv Qsp Spleen  l

s Liver Qha a

u Qgu Gut   Qgu i

o Metabolism r

n Qfa Qfa e

e Fat t

V Qsk Qsk r

Skin A

Qth Qth
Thymus

Tackling the problem of preclinical human prediction 

Tissue	
  

Affinity	
  

Rat	
  

Rat	
  

Human	
  

Human	
  

Qualifica3on	
  of	
  
methodology	
  
Predic3on	
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Some	
  companies	
  only	
  use	
  PBPK	
  
aner	
  verifica3on	
  in	
  animals	
  (rat)	
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Prediction of human kinetics by PBPK model 
Cyclosporin 
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  (	
  �	
  with	
  SD)	
  and	
  
PBPK	
  model	
  predicted	
  (solid	
  
line)	
  blood	
  concentra8ons	
  in	
  
renal	
  transplant	
  pa8ents	
  
during	
  oral	
  cyclosporine	
  A	
  
treatment	
  (1.5	
  mg/kg,	
  bid)	
  at	
  
steady-­‐state.	
  	
  	
  

E.Mueller	
  et	
  al.	
  Transplant.	
  57:	
  
1178-­‐1182	
  (1994)	
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Kawai	
  et	
  al	
  J.	
  Pharmacol.	
  
Expt.	
  Therap.	
  287:	
  457	
  (1998).	
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Valsartan: Human PBPK prediction 
(Nonmetabolised, transport dependent) 

24 

Intravenous	
   Oral	
  

Poirier et al. J Pharmacokin. Pharmacodyn. 
2009 
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Predic3on	
  of	
  first	
  in	
  human	
  PK	
  

Observed	
  

Predicted	
  

MW (g/mol) cLog P 

Dose (mg) 

431.4 3.0 25 

479.6 3.2 25 

637.5 8.8 125 

495.6 -0.17 60 

457.5 3.4 5 

444.4 4.0 160 

467.5 2.4 1 

380.4 3.9 3 

338.4 1.7 125 

458.5 4.2 120 

-­‐2	
  fold	
  

+2	
  fold	
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 AUC 

Gibson,	
  et	
  al.	
  Xenobio3ca	
  	
  
39:637-­‐48,	
  2009	
  	
  

Predic3on	
  based	
  only	
  on	
  
physicochemical	
  and	
  in	
  vitro	
  human	
  data	
  

M	
  Rowland	
  All	
  rights	
  reserved	
  Rosa	
  Sept	
  2012	
  



26 

Plasma Concentrations FIH Predictions 
Roche Experience 
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Volume of 
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a
4
=0.989 a

2
=0.754 

Exponen8al	
  or	
  
Compartmental	
  Models	
  

Rowland,	
  Peck,	
  Tucker	
  Ann.	
  Rev.	
  Pharmacol.	
  Toxicol.	
  51,	
  45,	
  2011	
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Allometry	
  

•  Cannot	
  predict	
  in	
  humans	
  influence	
  of	
  
– Age	
  
– Sex	
  
– Gene3cs	
  	
  
– Disease	
  	
  
– Drug	
  Interac3ons	
  
– ……	
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Current	
  PK	
  paradigm	
  in	
  Drug	
  Development	
  

28	
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IND	
  

Phase	
  I	
   Phase	
  II	
   Phase	
  III	
  

NDA	
  
Exposure-­‐Response	
  (PK/PD)	
  

Pa3ents	
  

Pa8ent	
  
Popula8ons	
  

Therapy	
  

PBPK 

Compartmental	
  
model	
  

Discontinuous flow of information 

Concerns:	
  	
  
• 	
  Lack	
  of	
  PBPK	
  Predictability	
  	
  

• Perceived	
  Complexity	
  of	
  PBPK	
  model	
  
• Incomplete	
  knowledge	
  

Gueorguieva et al J. Pharmacokin. Pharmacodyn 33:571-594 (2006) 
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Increasingly	
  common	
  PK	
  paradigm	
  in	
  Drug	
  Development	
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Bouom	
  up	
  
approach	
  based	
  
on	
  in	
  vitro	
  and	
  
physicochemical	
  
data	
  (Predic3on)	
  

Highly	
  mechanis3c	
  
but	
  may	
  not	
  be	
  
totally	
  predic3ve	
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Need	
  to	
  integrate	
  Phase	
  I/II	
  clinical	
  data	
  with	
  
preclinical	
  PBPK	
  model/data	
  	
  

Top Down 
Phase  I/II 

Observations 

Preclinical 
Model/Data 
Bottom up  

Use	
  both.	
  
“Middle	
  
Out”	
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Upda3ng	
  the	
  PBPK	
  model:	
  a	
  strategy	
  

Intravenous	
  
administra8on	
  

Distribu3on	
  &	
  	
  
Elimina3on	
  

Disposi8on	
  Kine8cs	
  

Oral	
  (extravascular)	
  
administra3on	
  

absorp3on	
   Disposi3on	
  
Kine3cs	
  

Need	
  to	
  separate	
  out	
  disposi3on	
  
kine3cs	
  to	
  characterise	
  rate	
  and	
  

extent	
  of	
  absorp3on	
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  Clin.	
  Pharmacokin.	
  50:	
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  2011	
  

Rosa	
  Sept	
  2012	
  



Intravenous	
  PK	
  

•  iv	
  Microdose	
  (	
  Subpharmacologic,	
  ≤	
  100	
  μg;	
  
Phase	
  0,	
  given	
  alone,	
  before	
  FIH),	
  or	
  

•  iv	
  ‘light’	
  (<	
  200	
  nC)	
  tracer	
  given	
  
simultaneously	
  with	
  oral	
  therapeu3c	
  dose.	
  

•  Most	
  cases,	
  PK	
  behaviour	
  virtually	
  iden3cal	
  
•  Also,	
  onen	
  oral	
  microdose	
  predicts	
  oral	
  
therapeu3c	
  dose	
  

32	
  

Rowland.	
  Microdosing	
  commentary,	
  J.	
  
Pharm.	
  Sc,	
  November	
  Issue,	
  2012	
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Model	
  Complexity:	
  Reduc3on	
  

33	
  

‘Minimammal’	
  model	
  of	
  Bischoff	
  &	
  
Brown,	
  1966	
  

Minimum	
  PBPK	
  Model	
  
Yeo	
  et	
  al	
  2010	
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‘Full’	
  PBPK	
  Model	
  

If	
  undertaken	
  model	
  reduc3on	
  (lumping)	
  
should	
  be	
  formally	
  approached.	
  

Gueorguieva,	
  et	
  al	
  J.	
  Pharmacokin.	
  Pharmacodyn.	
  33:	
  1	
  (2006).	
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Entry	
  into	
  
human	
  

Clinical	
  	
  
Development	
  

Clinical	
  Use	
  

Adding	
  value	
  to	
  drug	
  selec3on,	
  	
  

development,	
  and	
  use	
  

Candidate	
  	
  
Selec3on	
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•! Tissue weight, composition, 
blood flow  

•! Tissue enzyme activity 

•! Tissue transporter activity 

•! Renal and biliary function 

•! Gastrointestinal function 

Environment 

Diet/Nutrition 

Co-medication  

Smoking 

Pharmacokinetic 

variability 

Sex 

Disease Genetics 
Age 

Formulation 

Intrinsic Factors 

Extrinsic Factors 

PK	
  Variability	
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Simula3ng	
  	
  a	
  priori	
  PK	
  variability	
  
•  Much	
  now	
  known	
  about	
  what	
  
contributes	
  qualita3vely	
  and	
  
quan3ta3vely	
  to	
  PK	
  variability	
  

•  At	
  typical	
  doses	
  many	
  drugs	
  
reflect	
  (and	
  do	
  not	
  perturb)	
  the	
  
‘state’	
  of	
  an	
  individual	
  

•  So,	
  knowing	
  the	
  ‘state’	
  allows	
  
predic3on	
  of	
  an	
  individual’s	
  PK	
  

Rosa	
  Sept	
  2012	
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1985 

Generated	
  from	
  
Phase	
  I/II	
  data	
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Age	
  
(years)	
  

Diazepam	
  Half-­‐life	
  (hr)	
  

CYP2C19	
  Enzyme	
  
Development	
  

30	
   90	
  

Body	
  Weight	
  

CYP2C19	
  Allele	
  Frequency	
  

Drugs PK tend to reflect Independent Variables 

Cardiac	
  Output	
  

%	
  Func8on	
  
Remaining	
  

PK	
  of	
  new	
  CYP2C19	
  substrate?	
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Tissue Weights, Flow, 
composition, etc 

Protein 
Binding 

Enzyme & transporter 
Activity (CLint) 
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Tackling the problem of simulating likely PK variability 

Tissue 
Permeability 
and Affinity 

•  Age 
•  Disease 
•  Drugs 
•  Genetics 
•  Sex 
•  Food 
•  Formulation 
•  Environmental 

Drug 

Metabolite 

Dickinsen et al J Clin P’col 2007 

Dextromethorphan 

A bottom up 
approach 
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DDI Prediction : e.g. Diltiazem-Triazolam 
Interaction 

 

+ diltiazem 
(PBPK 
prediction) 

triazolam alone 
(PBPK prediction) 

Rowland-Yeo et al. Eur. J. Pharm. Sci. 39:298–309 
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Many	
  factors	
  highly	
  correlated.	
  Onen	
  too	
  complex	
  to	
  predict	
  
intui3vely	
  or	
  empirically.	
  Need	
  a	
  mechanis3c	
  model.	
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Jamel	
  et	
  al	
  Drug	
  
Metab.	
  
Pharmacokinet.	
  24	
  
(1):	
  53–75	
  (2009).	
  

?"
90+$yrs,$frail$

Mul/ple$diseases,$mul/ple$
drugs,$declining$weight,$

func/on$etc$
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Experimental	
  Design	
  

Simula3ons	
  of	
  situa3ons	
  of	
  interest	
  
help	
  in	
  the	
  subsequent	
  design	
  of	
  

informa3ve	
  trials	
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U8lity	
  of	
  a	
  physiologically-­‐based	
  
pharmacokine8c	
  (PBPK)	
  modeling	
  
approach	
  to	
  quan8ta8vely	
  predict	
  
a	
  complex	
  drug-­‐drug-­‐disease	
  
interac8on	
  scenario	
  for	
  rivaroxaban	
  
during	
  the	
  drug	
  review	
  process:	
  
implica8ons	
  for	
  clinical	
  prac8ce.	
  
Grillo	
  J	
  et	
  al.	
  	
  Biopharm	
  Drug	
  Dispos;	
  
2012	
  33	
  :99	
  	
  

U8lity	
  of	
  PB	
  absorp8on	
  modeling	
  
in	
  implemen8ng	
  Quality	
  by	
  Design	
  
in	
  drug	
  development.	
  Zhang	
  X,	
  et	
  al	
  
AAPS	
  J;	
  Mar	
  2011	
  

Applica8ons	
  of	
  PBPK	
  M&S	
  
During	
  Regulatory	
  Review.	
  
Ping	
  Zhao	
  et	
  al.	
  Clin.	
  Pharmac.	
  
Therap.	
  April.	
  2011	
  

Best	
  Prac8ce	
  in	
  the	
  use	
  of	
  PBPK	
  
M&S	
  to	
  address	
  clinical	
  
pharmacology	
  ques8ons.	
  Zhao	
  
P,	
  Rowland	
  M,	
  	
  Huang	
  S-­‐M	
  Clin.	
  
Pharmac.	
  Ther.	
  	
  92:	
  	
  July	
  2012	
  

The	
  role	
  of	
  PBPK	
  modeling	
  in	
  
regulatory	
  review.	
  	
  Huang	
  S-­‐
M;	
  Rowland	
  M.	
  Clin.	
  Pharmac.	
  
Ther.	
  	
  91:	
  	
  March	
  2012	
  

Regulatory	
  
Recep8vity	
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Ques3ons	
  addressed	
  by	
  PBPK:	
  FDA	
  Submissions	
  
June	
  2008	
  –	
  December	
  2011	
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Zhao,	
  Rowland,	
  Huang.	
  CPT	
  92:	
  17-­‐21,	
  2012	
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Some	
  considera3ons	
  
•  Verifica3on:	
  show	
  PBPK	
  model	
  able	
  to	
  predict	
  	
  
independent	
  data	
  than	
  used	
  in	
  ini3al	
  model	
  
development	
  eg	
  fit	
  adult	
  data,	
  including	
  DDI	
  etc,	
  
before	
  pediatric	
  applica3on	
  

•  Sensi3vity	
  analysis:	
  assess	
  which	
  parameters	
  of	
  
the	
  model	
  most	
  influence	
  outcome.	
  

•  Model	
  plausibility:	
  if	
  several,	
  explain	
  
consequences	
  of	
  each	
  in	
  addressing	
  ques3ons	
  

•  Transparency	
  of	
  modeling:	
  sonware,	
  version,	
  
drug	
  input	
  parameters	
  with	
  source,	
  etc	
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More	
  informed	
  labeling	
  
•  Applica3on	
  of	
  PBPK	
  to	
  make	
  
recommenda3ons	
  beyond	
  Phase	
  III	
  studies,	
  
(which	
  are	
  s3ll	
  limited),	
  e.g.,	
  
– Number	
  and	
  type	
  of	
  pa3ents	
  (many	
  exclusion	
  
criteria)	
  e.g.	
  the	
  very	
  elderly	
  frail,	
  spectrum	
  of	
  
pa3ent	
  characteris3cs	
  on	
  drug	
  post	
  marke3ng.	
  

– Condi3ons:	
  Pa3ents	
  on	
  2-­‐3	
  mild-­‐moderate	
  
inhibitors	
  of	
  elimina3on	
  pathways	
  of	
  drug,	
  with	
  
renal	
  impairment.	
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Learning	
  vs.	
  Confirming	
  
•  Learning	
  goal	
  =	
  making	
  predic8ons	
  

–  Individualized	
  doses,	
  outcome	
  probabili3es	
  
–  Efficient	
  and	
  effec3ve	
  trial	
  designs	
  
–  Requires	
  science	
  to	
  generalize/extrapolate	
  

•  Confirming	
  Goal	
  =	
  tes8ng	
  predic8ons	
  
–  Safe	
  (acceptable	
  toxicity)	
  and	
  
–  Effec3ve	
  (adequate	
  efficacy)	
  for	
  claimed	
  indica3on	
  
–  Requires	
  empiricism	
  to	
  be	
  believable	
  to	
  skep3cs	
  

From	
  Lewis	
  Sheiner’s	
  2004	
  Oscar	
  B	
  Hunter	
  Award	
  Lecture	
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First	
  in	
  
human	
  

Phase	
  I	
   Phase	
  II	
   Phase	
  III	
  

Regulatory	
  
Submission	
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Exposure-­‐Response	
  

Future	
  Vision	
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Learning 
finished? 

Personalised 

Medines 

Pa-ent’s age, 

weight, 

gene-cs, 

diseases, 

medica-ons 

Rowland,	
  Peck,	
  Tucker.	
  Ann.	
  Rev.	
  Pharmacol.	
  Toxicol.	
  51,	
  45-­‐73,	
  2011	
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Confirming 
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Concluding Remarks 
•  PBPK offers a mechanistic approach, with the 

potential for increased understanding and 
predictability during all phases of drug development 

•  Now increasingly possible with the availability of 
commercially supported software. 

•  In its early stages of industrial and regulatory 
application 

•  Room for improvement in the in vitro systems and 
some of the needed biologic information, including 
variability and correlation between covariates 
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PBPK:	
  It	
  can	
  only	
  get	
  beuer	
  

malcolm.rowland@manchester.ac.uk 
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