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What Do We  Mean When Describ ing PBPK Mode ling?

• Physiologically based pharmacokine tic  (PBPK) mode ls repre sent animals 
and humans virtually as a collection of organs and tissues, e ach de fined by 
a system of mathematical equations

• PBPK mode ls are  deve loped using quantitative  values (“parame te rs”) and 
equations that de scribe  characte ristics (e .g., body we ight, blood flow rate , 
physicochemical prope rtie s, formulation) and mechanisms (e .g., 
d issolution, precipitation, absorption, me tabolism)

• PBPK mode ls built  for animals can often be  extrapolated to humans – and, 
in a similar ve in, mode ls built  for healthy adults can often be  extrapolated 
to othe r populations (e .g., pediatrics, disease  state s)

27 April 2023
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Evolving Re lat ionship  Be tween PBPK Mode ling and 
Pharmaceut ical R&D

Mode l “supported” (first  questions 20  years ago):
• Will mode ling and simulation he lp?

Mode l “based” (questions 5 years ago):
• How can I maximize  the  value  of mode ling and simulation in my deve lopment program?

Mode l “informed” (questions today):
• How do I change  the  R&D process to re flec t the  availability of in silico tools and techniques?

27 April 2023
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PBPK Mode ling to Support  Regulatory Inte rac t ions: The  Push!

https:/ / www.fda.gov/ media
/ 142500 / download

https:/ / www.ema.europa.eu/ en/ document
s/ scientific-guide line / guide line-reporting-
physiologically-based-pharmacokine tic-

pbpk-modelling-simulation_en.pdf

https:/ / www.fda.gov/ media
/ 101469/ download

https:/ / www.pmda.go.jp/ file s/
000239317.pdf

27 April 2023
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PBPK Mode ling Submissions to the  FDA

27 April 2023
Zhang e t  al. J Clin Pharm 2020 Wu e t  al. AAPS J 2021
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Example s of Approved Drugs Supported  By PBPK Mode ling

27 April 2023

pH-dependent DDI
metabolic DDI drug product specifications / pH -

dependent DDIs

pH-dependent DDI
transporter DDI pH-dependent DDI

transporter DDIdrug product specifications drug product specifications

drug product specifications pediatric dose supportfood effect
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Common PBPK Mode ling Industrial Applicat ions

27 April 2023

FIH Exposure

Formulation Optimization

Metabolism-based DDIs

Drug Product Specifications

Special Populations

Food/pH-dependent DDI Effects

CMC Changes/Oral BE

CMC Changes/Complex BE

FIH dose  se lec tion and c linical 
deve lopment plans based on 
prec linical data

Support  for optimal formulation 
se lec tion based on prec linical 
data 

Predic tions of DDI liability; DDI study design 
support  and biowaive r plans

Deve lopment of 
biopredic tive  dissolution 
me thods and drug product 
spec ifications

Simulations to support  dose  
adjustments in spec ial 
populations and re lated 
product labe lling

Design studie s and 
biowaive r plans

Design of BE studie s and 
biowaive r plans for oral 
route  of administration

Design of BE studie s and 
biowaive r plan for complex 
products
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Cole  e t  al., 2008 – Asian ISSX Mee ting
Jones e t  al. 2011. Clin. Pharmacokinet. 50(5): 331 Mille r e t  al., (2019) Clin Pharmacokine t 58(6):727-746

PBPK Mode ling to Support  FIH Exposure  Predic t ions:
in Vitro-in Vivo Extrapolat ion (IVIVE)

27 April 2023
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Pharmaceut ical Risk Asse ssment  Strategy: 
Proposed by Roche  in 20 0 6

Key takeaways:

• Re levant formulation deve lopment activit ie s should include  additional PBPK mode ling step

• Meaningful deve lopment re sources can be  assigned one  year be fore  the  first-in-human study
Kuentz e t  al. Eur. J. Pharm. Sci. 2006. 27:91-99
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Pharmaceut ical Risk Asse ssment  Strategy:
BCS Class II Case  Study

• BCS assessment suggested solubility enhancement would improve  oral bioavailability

• Mechanistic  Parame te r Sensit ivity Analysis was pe rformed to assess the  impact of changes to partic le  size  and solubility:
• 0 .5 um ≤ particle size ≤ 50 um

• 0 .002 mg/ ml ≤ solubility ≤ 0 .2 mg/ ml

• Simulation re sults indicated that partic le  size  reduction or solubility enhancement by technological means may not lead to improved 
bioavailability

27 April 2023

Kuentz e t  al. Eur. J. Pharm. Sci. 2006. 27:91-99
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Pharmaceut ical Risk Asse ssment  Strategy:
BCS Class II Case  Study

• Based upon the  predic tions from GastroPlus®, in vivo dog PK studie s were  pe rformed using two diffe rent formulations
• “Best” formulation: Cremophor vehic le  solution
• “Worst” formulation: Pure  drug substance  in capsule

• While  variability is high, the re  is no significant diffe rence  in AUC be tween the  two formulations

27 April 2023

Kuentz e t  al. Eur. J. Pharm. Sci. 2006. 27:91-99.
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Formulat ion Screening and Dissolut ion Me thod Se lec t ion in 
Prec linical Spec ie s

27 April 2023

Base line  mode l deve lopment for 
lac idipine : rat  and dog IV and PO 

suspension studie s
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Wu e t  al. RSC Adv. (2015) 5;19844

Formulat ion Screening and Dissolut ion Me thod Se lec t ion in 
Prec linical Spec ie s

Dog PK data afte r PO administration of diffe rent table t  formulations was used to se lec t  the  biopredic tive in vitro 
dissolution expe riment

27 April 2023
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• Dog ACATΪ and PK mode l translated to human
• Data from biopredictive  in vitro dissolution 

expe riment used to successfully predic t human PK

Wu e t  al. RSC Adv. (2015) 5;19844

Formulat ion Screening and Dissolut ion Me thod Se lec t ion in 
Prec linical Spec ie s

27 April 2023
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Tistaert et al. (2018) 
40+ citations!

Miller et al. (2019) 
80+ citations!

Mitra et al. (2020) 26 
citations!

Heimbach et al. (2021) 
18 citations!

Naga et al. (2022) 
2300+ downloads!

Ren et al. (2022) 
780+ downloads!

LEAD SELECTION FIRST-IN-HUMAN FOOD EFFECTS pH-DEPENDENT DDI METABOLIC DDI BIOEQUIVALENCE

The  GastroPlus® PBPK Platform Is Validated Throughout  Your Drug 
Produc t’s Lifecyc le
(10 0 0 + pee r-reviewed journal art ic le s re fe rence  GastroPlus® applicat ions)
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Profe ssional Deve lopment:
What  a Great  Time  to be  a PBPK Mode le r
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PBPK Mode ling Saves Resource s in R&D and Regulatory Inte rac t ions

27 April 2023

Priorit ize  and 
make better 
investments

1
Integrate  data to 
tell a compelling 
story

2
Eliminate  
unnecessary 
animal/human 
studies

3
Improve  
productivity to be  
the  first to 
market

4
Reduce  
regulatory 
burden

5
Improve  patient 
lives

6



Oral Absorpt ion Risks and 
Mit igat ion Strategie s
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Solubility and Pe rmeability are  Key Unde rlying Mechanisms of 
Poor Oral Absorpt ion

27 April 2023

I

• Marke ted Products – 35%
• Candidate s – 5-10%

II

• Marke ted Products – 30%
• Candidate s – 60-70%

III

• Marke ted Products – 25%
• Candidate s – 5-10%

IV

• Marke ted Products – 10%
• Candidate s – 10-20%

Increasing Solubility
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Refe rence  1 – Rene  Holm (Lundbeck) 2010  Improving Solubility, Re fe rence  2 – Pharma A – Inte rnal Data;  2004  – 2008, Re fe rence  3 – M.E. Brewste r   3rd Annual Congress on Strategie s to 
Enhance  Solubility and Drug Absorption 2008, Re fe rence  4  – Pharma B – Inte rnal Data;  Oncology and AntiInfec tive s
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Solubility and Pe rmeability Depend on Drug Physicochemical 
Prope rt ie s and GI Physiology

Image  source : daviddarling.info

27 April 2023

Drug Properties Physiological Properties
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Potential oral exposure risks

Poor Solubility and Pe rmeability can Negat ive ly Impac t  in Vivo 
Oral Absorpt ion and Plasma Exposure
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Seve ral Formulat ion Strategie s Exist  for Mit igat ing Poor Oral 
Absorpt ion Through Solubility Enhancement

H.D. Williams e t  al. “Strategie s to Addre ss Low Solubility in Discove ry and Deve lopment,” Pharmacol Rev , 65(2013)315-499

Solid-State Alteration:
Form, Particle Size

Polymorphs

Amorphous solid  dispe rsions

Micronized drug

Nanocrystals

New crystalline compound

Co-crystals

Salts

Solvation, Complexation

Co-solvents

Lipids

Surfactants

Cyclodextrins

27 April 2023



Lonza PBPK Mode ling 
Se rvice s
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Lonza PBPK Mode ling Se rvice s Key Outputs for our Clients

1 Identify drug absorption risks

2 Recommend absorption risk mitigation 
strategies

3 Inform/De -risk preclinical/clinical study 
outcomes

e .g. solubility, dissolution rate , pe rmeability, food e ffect, pH-
dependent ARA e ffect

e .g. salt , cocrystal, amorphous solid dispe rsion

e .g. dose , formulation, food, pH-dependent ARA impacts on 
exposure

27 April 2023
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Established ADMET Predic tor® and 
GastroPlus® mode ling and simulation 

software†

An expansive  se t  of custom and off-the  
she lf in-vitro pe rformance  te sts

Vast expe rience  in API synthesis, solubility 
enhancement, & formulation 

deve lopment

Lonza PBPK Mode ling Se rvice s Key Components

†Simulations Plus, Lancaste r, CA (Simulat ions Plus | Mode ling & 
Simulat ion Software  (simulat ions-plus.com))

• > 10 ASDs deve loped that  have  
progressed to marke t

• > 20 patent familie s in ASD/ SDD 
space

• > 230 the rapie s in c linical 
deve lopment in 2022

• ~140 commercial scale small 
molecule projects supported in 
2022

27 April 2023

https://www.simulations-plus.com/
https://www.simulations-plus.com/
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• Dissolution rate

• Pre cipitat ion rate

• Spe ciation

• Impact of dissolve d spe cie s on 
diffusion

• Rate -limiting ste p to 
absorption

• Impact of dynamic  pH and 
transit  on dissolution 
pre c ipitat ion rate

• Amorphous “solubility”

• Pre cipitat ion risk 

Lonza’s Custom and Off-The -She lf in Vitro Biope rformance
Toolkit

Formulation and Deve lopment Strategies for Amorphous Solid Dispe rsion Drug Products  |  Confidential  | 3 September 2020

Amorphous solubility Dissolution Membrane flux Controlled transfer 
dissolution

27 April 2023
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Drug Substance

Drug Product

PBPK is Part  of a Suite  of Lonza Se rvice s that  Streamline  Drug 
Deve lopment

Solid Form Services PBPK Modeling Services

Phase 2Preclinical 

Phase 1Discovery 

IND

Particle Engineering

27 April 2023



Case  Study – Early API 
Absorpt ion Risk 
Asse ssment
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Early API Absorpt ion Risk Asse ssment  – Mode l Drug Posaconazole

Inputs

• API structure

• Crystalline  
solubility

• Amorphous 
solubility

Outputs

• Barrie rs to 
absorption

• Pe rcent dose  
absorbed

• Potential 
food/ acid-
reducing agent 
(ARA) e ffects

In house  
calculator

• Azole  antifungal agent

• Brand name  NOXAFIL®

• Oral dosages of 100  – 400  mg pe r 
administration†

Posaconazole

27 April 2023

† Multiple  daily dosing
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Posaconazole  is a Lipophilic  Weak Base  with Solubility-Limited  
Absorpt ion
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In vitro solubility

Aqueous
crystalline
solubility
6.7 mM bile salts

• pH-dependent solubility
• Potential for precipitation
• High extent of bile  salt  mice lle  partit ioning

27 April 2023

Deve lopability Classification System (DCS)

Ref: Butle r & Dressman J Pharm Sci, 2010
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Projec ted  Pe rcent  Dose  Absorbed in Fasted  Humans is Low and 
Sensit ive  to Key Variable s

NOXAFIL OS (crystalline  oral suspension)
bioavailability: ~8%–47%*
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Parameter sensitivity analyses
• Fasted human physiology
• IR table t
• 25 µm partic le  radius
• S+ Peff = 2 X 10 -4 cm/ s 100  mg

*Ref: Lipp, Mycoses. 2008
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Posaconazole  has Potent ial for pH-dependent  DDIs with ARAs 
and Food-Drug Inte rac t ions

Change  in % absorbed with ARA-induced 
physiology (100-mg dose )

Change  in % absorbed with fed-induced
physiology (100-mg dose )

Fasted
With acid reducing 

agent (e .g. ARA) 1.7 X
1.5 X

-12 X
0
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With gastric
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NOXAFIL OS: exposure  ↓ 30% w/ARA* NOXAFIL OS: exposure  ↑  2.5- to 3-fold with a meal**

*400  mg single  dose , re f: FDA labe l *100  mg, single  dose , re f: Krishna e t . al. Antimicrob. Age nts Che mothe r., 2012

27 April 2023
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Evaluat ing Amorphous Form of Posaconazole  to Mit igate  
Absorpt ion Risks

• Measure  posaconazole  amorphous solubility

Lonza custom in vitro solve nt shift  UV assay

27 April 2023
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Projec ted  Pe rcent  Dose  Absorbed is Improved for Amorphous 
Form Compared to Crystalline  Free  Base
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NOXAFIL delayed release (DR) tablet (amorphous):
• Exposure  ↑ 3-fold vs. NOXAFIL OS fasted*

• Exposure  1.1- to 1.5-fold with food*†
• Exposure  Λ with ARA**

*100 mg, single  dose , re f: Krishna e t. al, Antimicrob. Agents Chemothe r., 2012
†300  mg, single  doe , re f: Ke rsemaeke rs e t. al, Antimicrob. Agents Chemothe r., 2015

**400  mg, single  dose , re f: Kraft e t. al, Antimicrob. Agents Chemothe r., 2014
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Posaconazole  Projec ted  to be  a Favorable  ASD Candidate
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Posaconazole  ASD Table t  Outpe rforms Crystalline  Oral 
Suspension In Vitro

In vitro dissolution test
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ASD table t

NOXAFIL OS

Posaconazole ASD tablet

• 75/ 25 (w/ w) posaconazole / Eudragit® L100  ASD granulated with 
HPMCAS-H

• 25% drug loading in table t

• IR table t  (1-min disintegration)

• Physically stable  ASD

NOXAFIL® OS

• 40  mg pe r mL crystalline  posaconazole

• IR suspension

27 April 2023

• Non-sink dose  conce ntration
• 500   250  µg/ ml
• pH 2  pH 6.5 w/ 6.7 mM bile  salts
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Using PBPK Mode ling for Prec linical Study Design & Risk Mit igat ion

PBPK inputs

• API structure

• Crystalline  solubility

• Amorphous solubility

• In vitro dissolution

• Caco-2 Papp*

• In vivo data (IV 
bolus)**

Outputs

• Plasma exposure

• Amorphous 
enhancement

• Sensit ivity to 
physiological & 
formulation 
variable s

Lonza inte rnal 
calculator

Posaconazole
Drug product formulations

NOXAFIL OS

ASD table t

* Hens e t . al, Mol Pharm, 2017, **Nomier e t . al., Antimicrob. Agents Chemothe r., 2000Image : media.empr.com

27 April 2023
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ASD table t  projec ted  to outpe rform crystalline  suspension in 
fasted  dogs

PBPK model - GastroPlus® v9.6

• Fasted dog physiology
• 100  mg single  dose
• Bottom-up
• No optimization 1
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Gastric  pH =2

Mean prec ipitation time  = 15 s 
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ASD Table t  Achieves 2-Fold  Improvement  in AUC in Pentagastrin-
Treated  Dogs in Line  with PBPK Projec t ions

Treatment Cmax (µg/ml) AUC0-72 h (µg*h/ml) AUC p-value
(relative to crystalline) PBPK simulated range in AUC

ASD table t 2.7 82 0 .008 57-63

Crystalline  suspe nsion 1.3 37 n/ a 3.9 - 37
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ASD table t

Crystalline  
suspe nsion

• 100-mg (10  mg/ kg) dose , n=6

• Crossove r study, 1-we e k washout

Mudie  e t  al. Mol Pharm 2020, 17, 12

27 April 2023
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Conclusions
Posaconazole  Case  Study

27 April 2023

Successfully used PBPK mode ling and in house  in vitro tools to:

• Identify poor oral absorption of posaconazole

• Forecast amorphous form as viable  strategy to increase  
absorption and decrease  sensitivity to physiological variable s

• Deve lop robust posaconazole  ASD table t  formulation that 
outpe rforms crystalline  suspension

• Se t expectations for dog study by forecasting exposure  
enhancement of ASD table t  compared to NOXAFIL OS

Milligrams of API
~1 week

no in vivo data

Grams of API
~3 months

1 preclinical study



Case  Study – Prec linical 
Study De -risking
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Prec linical Study De -risking – Acalabrut inib  Case  Study

Images from www.Calquence .com (accessed June  8, 2021)

*Calquence  FDA labe l *Pepin e t  al. Eur J Pharm Biopharm. 2019 Sep;142

Crystalline
acalabrutinib*

Gastric  pH –
on ARAs

Gastric  pH -
fasting

Bruton tyrosine  kinase  inhibitor indicated for oncology

Plasma AUC reduced by 43% when taken with PPI*

Patients must avoid taking with PPIs or othe r ARAs

27 April 2023

http://www.calquence.com/
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Acalabrut inib  ASD Table t  Deve loped to Ove rcome  pH Effec t

In vivo study goalsASD tablet design

Mitigate  pH e ffect using ASD table t

Match plasma exposure  of fasted CALQUENCE® using ASD 
table t

Show pH e ffect with Calquence

50 / 50  acalabrutinib/ HPMCAS-H ASD in IR table t  

Good stability

60% smalle r than Calquence  capsule s

27 April 2023
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ASD Table ts Achieve  Pe rformance  Goals In Vitro

46

pH 2 or 6

100  mg dose
(1 mg/ ml dose  conc.)

pH 6.5 + ‘SIF’

15-min t1/ 2

Gastric Compartment, pH 2 Intestinal Compartment

Gastric Compartment, pH 6 Intestinal Compartment

Mudie  e t  al. Pharmaceutics 2021, 13(4), 557
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PBPK Predic t ions – Gain Confidence  in Formulat ion Ident ified  
From in Vitro Test ing

†Mudie  e t  al. Pharmaceutics 2021, 13, 1257, *Pepin e t  al. Eur J Pharm Biopharm. 2019 Sep;142, ** Podoll e t . al, Drug Metab Dispos, 47 2019

PBPK model - GastroPlus® v9.8

• Fasted dog physiology
• 100  mg single  dose
• Bottom-up
• No optimization

Model inputs†

• In vitro dissolution
• MDR1-MDCK Papp*
• In vivo data (oral solution)**

• API structure
• Crystalline  solubility
• Amorphous solubility
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 Mitigate  pH e ffect
 Match exposure  of Calquence  at  low pH

 Show Calquence  pH e ffect

Simulation results†
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In Vivo Data Matches Bottom – up PBPK Predic t ions for 
Successful Pre -Clinical Study  

* 6 µg/ kg subcutaneous pentagastrin, ** 40  mg oral famotidine Mudie  e t  al. Pharmaceutics 2021, 13(4 ), 557 & Mudie  e t  al. Pharmaceutics 2021, 13, 1257
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Overnight fast , n = 6, crossove r study, 
1 – wk washout100 mg dose
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AUC0-inf within 10% for ASD table t  at  low and high 
pH

Good predic tion accuracy (absolute  ave rage  fold  
e rror of AUC0-inf < 2)

Overcame  pH e ffect  on the  first  try using PBPK
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Overall Conc lusions

Absorption Risk Assessments

• 1 week assessment t ime

• 10  – 100  mg API

Root cause  analysis

• e .g. solubility, d issolution, 
pe rmeability limited

Mitigation strategie s

• e .g. ASD, salt , cocrystal, 
micronization

Reduce  the  need for re formulation 
and/ or repeated in vivo studie s
• ~0 .5-2.0M $ & 6-9 months for 

re formulation, c linical readiness 
and c linical supplie s

Small Scale and Early Informed Saving Time and 
Money
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