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The pharmaceutical R&D paradigm relies on 

indirect assessments 

http://www.damtp.cam.ac.uk/group/apde/people.html 

http://i.dailymail.co.uk/i/pix/2009/02/23/article-1152583-039B8A71000005DC-472_468x313.jpg 

Pathway? Target? Molecule? Dose? Patient? 
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Integration and holistic interpretation of 

information is a major challenge 

http://www.damtp.cam.ac.uk/group/apde/people.html 

http://i.dailymail.co.uk/i/pix/2009/02/23/article-1152583-039B8A71000005DC-472_468x313.jpg 

Based on models and extrapolation 

 

 

 

Distributed in a complex organization of highly specialized 

experts (time & space) 

Analytical and reductionist 

Generated data, information, understanding & knowledge is 

broadly spread across heads, IT infrastructure... 
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Output of Pharma R&D is a matter of debate 

for more than a decade 

http://www.damtp.cam.ac.uk/group/apde/people.html 

http://i.dailymail.co.uk/i/pix/2009/02/23/article-1152583-039B8A71000005DC-472_468x313.jpg 

Based on models and extrapolation 

 

 

 

Distributed in a complex organization of highly specialized 

experts (time & space) 

Analytical and reductionist 

Generated data, information, understanding & knowledge is 

broadly spread across heads, IT infrastructure... 

Fundamental Challenge: 

Understand and predict all consequences  

for clinical success! 

 Identify and contain risks early! 
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Output of Pharma R&D is a matter of debate 

for more than a decade 

http://www.damtp.cam.ac.uk/group/apde/people.html 

http://i.dailymail.co.uk/i/pix/2009/02/23/article-1152583-039B8A71000005DC-472_468x313.jpg 

Based on models and extrapolation 

 

 

 

Distributed in a complex organization of highly specialized 

experts (time & space) 

Analytical and reductionist 

Generated data, information, understanding & knowledge is 

broadly spread across heads, IT infrastructure... 

Lack of understanding (explicit & implicit ) 

and uncertainty translate into  

high development risks! 
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Output of Pharma R&D is a matter of debate 

for more than a decade 

http://www.damtp.cam.ac.uk/group/apde/people.html 
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How can PBPK modeling help? 



Why do we use PBPK? 
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1. PBPK provides the method for stringent integration of 

pharmacology relevant knowledge, assumptions and 

data – along the whole R&D process 

2. PBPK enables the identification of risks by revealing 

inconsistencies between different sources of 

information 

3. Based on a consistent representation of all information, 

directly drug related as well as independent prior 

information, PBPK allows prediction of most likely 

outcomes of future experiments and enables decision 

making and optimization of development strategies and 

study designs 
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Metabolism  
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The use of codeine by breastfeeding 

mothers has been a matter of debate due to 

the risk of opioid intoxication of the child  
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Explicit representation of all mass-balance 

information is a strength of PBPK and key to 

robust models  

Codeine Morphine 

M6G 

M3G C6G NC NM 

CYP2D6 

UGT2B7 

UGT2B4 CYP3A4 

urine 

CYP3A4 UGT2B7 

UGT2B7 

GF GF 

GF & TS 

~10% 

~5%        ~80%  

~5% 

~5% 

~5% 

0 - 15% 

75 - 90% 
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A systematic model validation requires 

comparison with all available data 
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Coupled models of codeine-morphine-M6G 

can be established to represent mother and 

child in a breastfeeding situation 

uptake via  

breastfeeding 
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The Toronto case – coupled PBPK models 

can be applied to simulate arbitrary scenario 

Maternal codeine dose: initially 

120 mg/d, 60 mg/d from day 2 on 
 

Neonatal codeine and morphine 

dose: calculated assuming a 

typical breast-feeding scenario 

Model shows neonatal morphine plasma concentration similar to the  

reported post-mortem level on day 13. 
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The systematic analysis of CYP3A4 related 

DDI and renal impairment are more common 

applications 

Study of combined influence of CYP3A4 inhibition, renal impairment and 
CYP2D6 genotype reveals strongest influence of kidney function on active 
opioid exposure after codeine administration 
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Fraction of Remaining Kidney Function 
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Active Transport 
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OATP1B1 (SLCO1B1) genotype drives 

statin exposure and myopathy risk 
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Transporters and their tissue-specific 

expression once integrated into PBPK 

models improve performance 
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Structural Pharmacological Knowledge Quantitative Expression Information 
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Models representing transporter information  

show optimal performance 



The pharmacogenomics of transporter can 

be simulated accurately  
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Event rates of relevant side effects in a 

small high risk subpopulations can be 

quantitatively predicted 
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Myopathy event rates by OATP1B1 genotype 
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(Off-)Target Interaction  
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Protein PK, target binding and target 

mediated processes are available in 

commercial standard PBPK models 
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Models for ADCs reflect all relevant 

properties and allow the simulation of 

complex scenarios such as nAb predosing 
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TENB2 - MMAE ADC data taken from  

Boswell et al., Br J Pharmacol. Jan 2013; 168(2): 445–457. 

Boswell et al., J Nucl Med. 2012 Sep;53(9):1454-61. 

PBPK-PD predictions for  

TENB2 - MMAE ADC PK and  

tumor growth 
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Organ Physiology 
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Standard PBPK models can be enhanced to 

represent organ function 
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The interaction between organ function and 

drugs can be studied mechanistically 
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The impact of mannitol on urine flow and concentration profile 
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How much biology can we capture with 

PBPK? 
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• Commercial state-of-the-art PBPK modeling platforms 

already provide implementations for all classical aspects of 

ADME, pharmacokinetics and pharmacogenomics 

• Within these platforms models can be extended to 

customized PBPK-PD-physiology models to represent 

specific aspects relevant for a project / application 

• PBPK is not constrained by modeling technology or feature 

lists of modeling tools but only by limits to our 

pharmacological understanding 

• When applied systematically, PBPK can provide clinically 

relevant insights clearly beyond the limits of PK 
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As a representation of information, data, and 

assumptions the PBPK model enables 

continuous explicit check of consistency 

Application 

Route 

Species 

IV PO 

Mouse 

Rat 

Dog 

Monkey 

Human A B 

1 3B 
2B 

2A 4 

3AB 

Primary Objective:  Achieve either consistency or understanding  

   in each step    

1 Distribution & Clearance 

 

A  Human IV Planned 

2A Human IV Prediction 

3AB Human PO Prediction 

 

B No Human IV Planned 

2B Animal PO Prediction 

3B Animal PO Adjustment 

4 Human PO Prediction 

Steps 
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We continuously integrate “all” information 

from preclinical discovery on and try to  

follow a structured approach to either 

• confirm consistency or  

• identify inconsistency and guide active 

learning and obtain a better 

understanding  



A systematic staggered approach minimizes 

uncertainty and risk 
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For specific extrapolation tasks such as 

support of development in special population, 

we have developed dedicated workflows 



Pediatric Scaling 
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The PBPK model for rivaroxaban integrates 

all existing ADME information 

Step 1: Development and validation of a Rivaroxaban PBPK Model for Adults 

Development using physico-chemical data, preclinical and clinical IV/PO data: 

Arterial Blood

Stomach

Venous Blood

Intestine

Portal Vein

Kidney

Muscle

Heart

Fat

Gonads

Skin

Bone

Lung

Gall Bladder

Liver

Arterial Blood

Stomach

Venous Blood

Intestine

Portal Vein

Kidney

Muscle

Heart

Fat

Gonads

Skin

Bone

Lung

Gall Bladder

Liver

Lipophilicity 2.275 
Plasma Protein Binding 5.1% 
Solubility  

solubility in FaSSIF  20 mg/L 
solubility in FeSSIF 80 mg/L 

Molecular Weight 435.89 g/mol 
Intestinal Permeability  

in the small intestine 4.74 x 10-6 cm/s 
in the large intestine 9.48 x 10-6 cm/s 
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The model represents PK in adults 

Step 1: Validation of a Rivaroxaban PBPK Model for Adults 

Validation: Comparison of PBPK model predictions with phase I study data 

10 mg IR tablet (fasted)          20 mg IR tablet (fasted) 

10 mg IR tablet (fed)          20 mg IR tablet (fed) 

Willmann et al., Clin. Pharmacokin. 2014 • PBPK in Drug Development • M-CERSI Workshop • May 2014 Page 36 



The scaling to children is based on prior 

knowledge about 1. growth 

Step 2: Scaling of the adult PBPK model to children using prior physiological 

information about growth and maturation of relevant processes 

Arterial Blood

Stomach

Venous Blood

Intestine

Portal Vein

Kidney

Muscle

Heart

Fat

Gonads

Skin

Bone

Lung

Gall Bladder

Liver

Arterial Blood

Stomach

Venous Blood

Intestine

Portal Vein

Kidney

Muscle

Heart

Fat

Gonads

Skin

Bone
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Gall Bladder

Liver

Inclusion of physiological/anatomical information vs. age 

Edginton et al., Clin. Pharmacokin. 2006 

www.cdc.gov/growthcharts 
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The scaling to children is based on prior 

knowledge about 2. maturation 

Step 2: Scaling of the adult PBPK model to children using prior physiological 

information about growth and maturation of relevant processes 
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The scaling to children is based on prior 
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The scaling to children is based on prior 

knowledge about 2. maturation 

Step 2: Scaling of the adult PBPK model to children using prior physiological 

information about growth and maturation of relevant processes 
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Inclusion of ontogeny information for relevant processes 
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Population simulations provide expectations 

about exposure in children 

Step 3: Prediction of Rivaroxaban pharmacokinetics in pediatric populations 

Cmax [µg/L]   AUCinf [µg h/L]   C24h [µg/L] 

Simulations of virtual pediatric populations according to study proposal 
- mixed gender (male:female = 50:50), fasted:fed state = 50:50 

- Rivaroxaban doses: 10 mg/70 kg and 20 mg/70 kg 

- influence of formulation needs to be considered (tablet vs. suspension) 
 

Results (dose = 20 mg/70 kg, pooled for gender and fasted/fed): 
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To match exposure to levels known to be 

efficacious and safe in adults dose adjusted 

are calculated 

Step 3: Prediction of Rivaroxaban pharmacokinetics in pediatric populations 

Result: Age and body weight adapted dosing table 
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Clinical Trial Simulations with PopPK based 

on PBPK simulations help to optimize 

sampling design in pediatric trials 
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Step 4:  

Sampling schemes 

are optimized for 

accurate 

determination of PK 

parameters with a 

minimum of 

samples 
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Evaluation of the sensitivities of simulated 

outcomes to model parameters is a 

mandatory risk assessment measure  

1. Determination of globally 

normalized sensitivities of all 

(independent) parameters 

2. Determination of cut-off using 

integral sensitivity threshold 

3. Detailed analysis and discussion 
of dominant “factors” using 
standard report format 

Check of understanding! 

Discussion of sensitivities is 
the natural step for an 
assessment of uncertainty, 
lack of understanding and 
resulting risks! 
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How do we apply it? 

1. Continuous integration of all information and on-going 

check of consistency at each development (project) step 

2. Consistent use of the same fully transparent base PBPK 

model across all therapeutic areas, projects and 

development stages from discovery to clinic 

3. Explicit formulation and documentation of all assumptions 

and evaluation of sensitivities of predictions to these 

 

4. Experiments should be designed to allow falsification of 

assumptions! 
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Full transparency and explicit formulation of 

assumptions is key to identify  

non-characterized development risks! 
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Existing information about anatomy and 

physiology of preterm neonates allows 

establishment of dedicated PBPK models 
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PK-Sim® Database Early 

gestation 

Mid gestation  Late 

gestation  

postnatal 

Oxidative enzymes         

Alcoholdehydrogenase         

ADH   31%*   45% 

Cytochrome P450 

system 

        

CYP 1A1   low or no expression*     

CYP 1A2   5%*   10% 

CYP 1B1   undetectable*   

CYP 2A6   low or no expression*     

CYP 2A13   undetectable*     

CYP 2B6   50%     

CYP 2C   0%*   3% 

CYP 2C9 0% 4-5% 10% 25% 

CYP 2C18   undetectable*   

CYP 2C19 0% 1% 10-20% 50% 

CYP 2D6 5% 5% 6% 9% 

CYP 2E1 0% 0% 0% 10% 

CYP 3A4   3%   13% 

CYP 3A5   is present, no change 

as function of age* 

    

CYP 3A7   500%*   130% 

FMO system         

FMO1 100% 50% 25% 0% 

FMO3 0% 0% 0% 50% 

Conjugation enzymes         

Epoxide hydrolase         

EPHX1 6% 10% 32% 50% 

Glutathione S-

transferases 

        

GSTM (GST1)   22%*   93% 

GSTA (GST2)   25%*   62% 

GSTP (GST3)   5300%*   2100% 
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Prediction of Therapeutic Drug Monitoring 

(TDM) data already shows promising 

performance but reveals current limitations 
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Paracetamol TDM (CYP2E1, SULT1A1, and 

UGT1A6) 
Amikacin TDM (glomerular filtration) 

Experimental data provided by Dr. Karel Allegaert, Leuven 
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The knowledge base is broad,  

our knowledge gaps are significant 

• Knowledge about anatomy, physiology and liver enzymes 
is already considerable  

• In other highly relevant areas (target, transporter 
proteins etc.) we often rely on assumptions such as  

 constant specific expression level is assumed 

 target protein maturation is assumed to be similar to 
known ontogeny of related protein (e.g. Pgp information 
used for BCRP)… 
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PBPK provides a means to systematically  

implement the Probe Study Concept to all trials 

in order to learn continuously 

and generalize knowledge 



MCMC-based  

Bayesian Analysis 
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De-convolution & 

Identification of 

Systems Parameters, 

MoA & Drug 

Parameters 



Application of Bayesian MCMC with PBPK 

to clinical data is feasible 
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PBPK-MCMC platform allows companies the 

continuous build-up of proprietary knowledge 

bases.  

Agencies could develop an across-industry 

knowledge base of priors for future data 

interpretation and predictions! 



What is still missing? 

Coordinated, state-of-the-art (Bayesian) exploitation of 

rapidly growing database of pediatric trial data and 

continuous improvement of all priors (anatomy, 

physiology,…) for PBPK modeling and simulation 
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Thank you! 

• PBPK in Drug Development • M-CERSI Workshop • May 2014 Page 53 


