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Presentation Outline

• Early examples and proposed approach

• Fasted vs. fed state model descriptions – where are we today?

• Case study: positive food effect predictions – input review

• Case study: negative food effect predictions – in vitro considerations

• Future directions and conclusions
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EARLY EXAMPLES AND PROPOSED APPROACHES
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BCS* Predicts Likelihood and Direction of 
Food Effect 60 – 70% of the Time

4

• 67% of Class I drugs had no food effect.

• 71% of Class II drugs had a positive effect.

• 61% of Class III drugs had a negative effect.

• 73% of Class IV drugs had a positive effect.
* Based on maximum absorbable dose (MAD), dose number, and logD(7.4)

Gu CH et al. Pharm Res. 24(6):1118 (2007) PBPK Symposium 2018 – April 4th, 2018



PO Midazolam: 15 mg w/ and w/o GFJPO Midazolam: 7.5, 15, 30 mg solution

First ACAT™ model simulations of gut and liver first pass extraction & grapefruit (GFJ) effect

Early Mechanistic ‘Food’ Predictions – Grapefruit Juice
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← Build/validate baseline 
models across several 
doses w/o GFJ

→ Predict PK w/ GFJ

Agoram B et al. Adv. Drug Del. Reviews 50:S41 (2001)



Jones H, Clin. Pharmacokinet. 45(12):1213 (2006)

Biorelevant Solubility Data – Inform Food Effect Predictions
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10 mg dose 50 mg dose
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1.5- to 2.4-fold increase in AUC under fed conditions due to increased 
solubility at higher bile salt concentrations



Mechanistic GI Physiology Changes to Predict Food Effects
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Proposed Flow Diagram for Simulation Studies in 
Quality by Design (QbD)

8 Zhang et al. AAPS J. 13(1) (2011)

Build/validate 
models under 

fasted
conditions

Predict 
absorption/PK 

exposure 
under fed
conditions
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FASTED VS. FED STATE MODEL DESCRIPTIONS –
WHERE ARE WE TODAY?
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MAM =
Mechanistic Absorption Model

What is ‘MAM’? What is ‘PBPK’?
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PBPK =
Physiologically-Based PharmacoKinetic Model

Physiological:
• pH gradients
• Dynamic fluid volumes
• Bile salt distributions
• Residence times
• Microvilli SAE
• Paracellular pore sizes
• Enzyme/transporter 

expressions

Drug Specific:
• pKa(s)
• Solubility vs. pH
• logD vs. pH
• Permeability
• Formulation properties

Tissue properties:
• Specific volume(s)

• Blood perfusion rate

• Enzyme/transporter expression levels

• Volume fractions of lipids & proteins

• Tissue:plasma partition coefficient (Kp)

Drug Specific:
• Clearance

• Uptake

• Plasma protein binding

• Blood:plasma ratio



Fed State – ACAT™ Model Changes
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Main changes between Fasted and Fed state (default = moderate-fat meal):
- Higher stomach volume
- Changes in pH (stomach and upper SI)
- Longer gastric emptying
- Higher bile salt concentrations
- Increased liver blood flows
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Fed State – Light and High-Fat/Caloric Meals

12

Gastric emptying is expected 
to vary between high-fat, 
high-caloric, and light meals The fat in high-fat meal may aid in 

dissolution of highly lipophilic compounds
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Food Effect Predictions – Select References

Evaluating impact of gastric pH, 
volume, and emptying of food effect

(Sutton et al., 2017)

Bottom-up + Top-down approaches to assess food effect
(Lu et al., 2017)

Applying PBPK modeling to inform clinical 
development and assess food effects

(Chung et al., 2015)

Identification of food effect for MR dosage forms
(Ilic et al., 2015)

13
PBPK Symposium 2018 – April 4th, 2018



POSITIVE FOOD EFFECT PREDICTIONS –
INPUT REVIEW
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Food Effect Modeling – Class II/IV Compound ‘X’
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• Compound X (BCS Class II/IV)

• Lipophilic (log P > 4) and moderate base (pKa 3.2 and 6.2)

• Low (0.001 mg/mL), pH dependent aqueous solubility

• Moderate intestinal permeability (1.48 x 10-4 cm/s)

• Estimated bioavailability of compound is ~30%

Are the different (fitted) 
precipitation and gastric 
emptying times under fasted & 
fed conditions masking 
something else in the model? 



Drug Log P Basic pKa Tmax (h)

4.69 10.0 27

4.7 10.1 16

3.81 8.52 15

4.46 9.65 7.8

4.39 9.82 7

5.11 9.86 6

Lysosomal Trapping of Lipophilic Cations

PBPK Symposium 2018 – April 4th, 2018Kazmi F., Drug Metab. Disp. 41(3):897 (2013)

Lipophilic 
Amines
LogP > 1
pKa > 6
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Compound ‘X’ – Fasted State Model Development

Absorption through enterocyte to 
portal vein is too fast predicting 
low Tmax even with precipitation.

Measured & ACAT™ Default Model Parameters

Dissolved

Absorbed Enterocyte

Portal Vein

Systemic Circulation

Optimized precipitation

• Precipitation can’t account for delayed onset alone
• Hence, need to optimize gastric emptying time

17 PBPK Symposium 2018 – April 4th, 2018

Default precipitation



Compound ‘X’ – PSA Around Fu, Enterocyte

Fu, Enterocyte ~3.6% necessary 
to predict observed Tmax

Baseline fasted state model 
w/optimized precipitation
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Compound X: MembranePlus™ Fu, Enterocyte Prediction

Mechanistic simulated Fu, 
Enterocyte = 3.47% matches close 
to the value determined from the 
GastroPlus™ PSA predictions PBPK Symposium 2018 – April 4th, 2018

Lysosome

Apical

Basolateral

Cell

Cytoplasm
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Compound ‘X’: GastroPlus™ Simulations with
MembranePlus™ Fu, Enterocyte = 3.47%

Dissolved

Absorbed Enterocyte

Portal Vein

Systemic Circulation

• The lag between absorption into enterocyte and basolateral clearance into portal 
vein captures the extended Tmax

• No changes to default GI physiology required

Optimized precipitation & 
simulated Fu, Enterocyte

20
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Compound ‘X’ – Food Effect Predictions Across Doses

• Optimized precipitation from low dose/fasted state PK data 
+ simulated MembranePlus™ Fu, Enterocyte input

• Default ACAT™ fasted/fed physiology parameters
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200 mg dose 400 mg dose



Mitigating Food Effect:
Design of Experiments (DoE) Approach
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• Is there an optimal combination of formulation parameters that allow us to 
reach our target endpoint (e.g., Fa%, Cmax, AUC)?

• Can we “design out” the food effect?
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3D Parameter Sensitivity Analysis (PSA)
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• Parameter sensitivity analysis was run across dose and particle size together

• API particle size reduction may be useful to mitigate the food effect
– But, only if nanoparticle formulations are options

Zhang et al. AAPS PharmSciTech 2014 January 17

Fasted Fed

23



Virtual BE Trial Simulation:
Fasted vs. Fed Crossover – 25 Subjects
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PBPK Population Simulation 
Approach:
1. Run ‘x’ subject 

population simulation 
applying systemic PK 
variability only

2. Load subjects from trial 
#1 and apply variability 
to fasted state ACAT™ 
model

3. Load subjects from trial 
#1 and apply variability 
to fed state ACAT™ 
model

4. Calculate virtual BE

200 mg IR capsules: 
d(50) PSD = 10 nm

Green = FED



NEGATIVE FOOD EFFECT PREDICTIONS –
IN VITRO CONSIDERATIONS
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Trospium HCl
– BCS Class III

– Hydrophilic (log P = -1.22)

– High (~700 mg/mL)

– Low intestinal permeability (0.07 x 10-4 cm/s)

– Not Metabolized

– Estimated bioavailability of compound is ~10%

PBPK Symposium 2018 – April 4th, 201826 Radwan et al. Biopharm. Drug Dispos. 33:403 (2012)

Food Effect Modeling – Class III Charged Compound



Trospium Solution Viscosity
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Trospium in vitro Dissolution
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Negative Food Effect – Predictions
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Model building steps:
1. Create virtual human physiology
2. Incorporate in silico/in vitro property data
3. Utilize in vitro dissolution data from ‘fasted’ method to fit 

Z-Factor
4. Build MAM/PBPK model under fasted conditions
5. Utilize in vitro dissolution data from ‘fed’ method (high 

viscosity) to fit Z-Factor
6. Apply baseline MAM/PBPK model to predict PK profiles 

under fed conditions

Model results:
1. Capture fasted state PK profile well
2. Predict trend, but not magnitude, of negative food effect



Heinen CA et al. Mol Pharm. 2013 Nov 4;10(11):3989-96 PBPK Symposium 2018 – April 4th, 201830



Novartis Negative Food Effect:
Caco-2 Experiment in FeSSIF Buffer
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FUTURE DIRECTIONS AND CONCLUSIONS
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Improved In Vitro Tools:
Example – Biphasic Dissolution Experiment
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Fitted Mechanistic Nucleation Model 
Parameters using DDDPlus™
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Parameter Value

Exp. Correction 0.152

Lindfors Param (um) 0.330

IVIVE for 
precipitation kinetics

In vivo fit for 
precipitation kinetics

Itraconazole

Clinical Data: Barone JA, Pharmacotherapy 1998; 18(2):295-301

Modeling: Szeto, Poster W5237 AAPS Annual Meeting Nov., 2015



Improved In Vitro Tools:
Example – Biorelevant Permeability
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TODAY: Attempt to create absorptive flux vs. Peff correlations
FUTURE: Allow for flux input into models (dependent on 
method that combines system + drug-specific parameters)

Heimbach et al.  M-CERSI Workshop, May 2017
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What About Non-Oral Administration Sites?

Midazolam SubQ Dosing

Default IVIVE

With 45% SubQ Blood Flow Increase

Experimental data from Pecking et al. Br J Clin Pharmacol 2002, 54:357



Conclusions & General Observations

• Mechanistic modeling and simulation approaches are predictive and play 
an important role in QbD for drug development and regulatory 
interactions

• Need to better understand impact of fruit juices/nutritional supplements 
on metabolic and transporter processes

• Focus on building baseline models under fasted conditions first
– Important to consider all mechanisms of your drug before predicting food effect

• Continued collaborations will lead to:
– Advanced understanding of GI (and other administration site) physiology

– Improved in vitro methods for defining model inputs (e.g., precipitation kinetics)
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Thank you for your kind attention!

Questions?
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