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PBPK Model

PBPK Model

Fa%

Nonlinear kinetics (and DDI)

Formulation - Dose, 
dosage form, particle 

size,
release profile

Structure → 

ADMET Pred.

In vitro 

Experiments

Cp-time profile (and F% with PBPK)

Compound:

• logP/logD

• pKa(s)

• Solubility

• Permeability

• Fup

• B/P ratio

• CLint or Km & Vmax, renal CL

• DDI interaction constants (Ki & 
kinact, EC50 & Emax)

• …..

System/Physiology:

• Body height, weight, BMI

• Tissue sizes & blood flows

• Tissue compositions (water, 
lipid, protein, acidic 
phospholipids, etc.)

• Intestinal fluid volume and 
composition (pH, bile salts, 
etc.)

• Intestinal transit times

• Enzyme & transporter 
expression levels

• ....

PK in special populations

PBPK/PD models

Specific 
administration 
condition (i.e. 
exact type of 

food, etc)
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PBPK model applications in MIDD

N
H

O

OH

OCH
3

CH
3

CH
3

Discovery Preclinical Clinical

Discovery PK
• Combine in silico technologies to screen compound 

libraries in animals or humans

• Incorporate preclinical/in vitro data for First In Human 
(FIH) predictions/IVIVE

• Identify toxic dose levels in preclinical species

Pharmaceutical Development
• Assess various strategies during formulation development

• Assist with Quality by Design (QbD) implementation

• Develop mechanistic in vitro-in vivo correlations (IVIVCs)

• Understand food effects

• Establish drug product specifications and safe spaces

Clinical PK/Pharmacology
• Simulate population behaviors (e.g., pediatrics, 

disease)

• Build PBPK-PD models

• Predict Drug Drug Interactions (DDIs)
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PBPK Model
Perfusion-Limited Tissues Permeability-Limited Tissues

Liver – Biliary Secretion

Kidney – Renal Secretion
Lung – Mucociliary CL

General Tissue Models

Additional Tissue-Specific Mechanisms

Tissue:
-size
-blood flow
-composition
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Mechanisms: Distribution

• Partitioning into tissues

– binding

– lipid partitioning

– transport

– other??

• Measurable quantity

– Kpapp = Cttot / Cptot  at steady state
• non-eliminating tissue
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Traditional (Top-down) Compartmental PK

Traditional compartmental PK employs 
empirical models for one or more 
mathematical compartments. 

Peripheral compartments serve as reservoirs 
with different volumes and different 
rates of exchange of drug with the 
central compartment.

The data defines the model – the model is 
not defined from physiology.

The model is used to describe and 
interpolate the data rather than to 
predict or conduct what-if simulations.

Rowland, Balant, & Peck, AAPS Pharm Sci 2004 6 (1)

Central
Compartment

Peripheral
Compartment Peripheral

Compartment

Drug in Drug out

K12
K21

K13 K31
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“Top Down” Volume of Distribution

• What is the volume of fluid and 
rock in the beaker?

• Add 10 mg of Drug

• Measure Conc. = 12 mg/L

• Vd = Dose / C0

• Vd = 10 mg/ 12 mg/L = 0.83 L

• Vrock = 1 - 0.83 = 170 mL

1 L Beaker
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“Top Down” Volume of Distribution

• What is the volume of fluid and 
lump of charcoal in the beaker?

• Add 10 mg of Drug

• Measure Concn. = 0.12 mg/L

• Vd = Dose / C0

• Vd = 10 mg/ 0.12 mg/L = 83 L

• Vrock = 1 - 83 = -82 L

• Thus, the calculated Vd is not a real 
volume but rather an apparent Vol.

1 L Beaker
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Distribution vs. Partition Coefficient

Octanol

H2O

Hydrophobic phase

Hydrophilic phase

pH = 2
log D ~ log P = 2

Log P is defined for the 
unionized species only
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“Bottom-up” Volume of Distribution
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Combining In Silico Technologies

Structure-property predictions provide estimates for:
 pKa(s), logP, solubility, permeability, plasma protein binding, etc…

Kp’s estimated from: 
1. logP/logD(7.4)
2. pKa(s)
3. Plasma protein binding (fup)
4. Blood:plasma concentration ratio (Rbp)
5. and tissue properties

Cl

O

N

O

F

log P/logD(7.4)

pKa(s)

Aqueous and biorelevant solubility

Human permeability

Volume of distribution 

Plasma protein binding

Blood:plasma concentration ratio

. . . etc.

QSPR
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“Bottom-up” Volume of Distribution

Tissue/Plasma partition coefficient (Kp) depends on drug interaction with tissue 
components

Perfusion-Limited Tissues

Permeability-Limited Tissues
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Plasma: pH=7.4

Extracellular water: pH=7.4

Intracellular 

water: pH=7

B + H+BH+

BPr 

B + H+BH+

BPr 

B + H+BH+

BH+AP- NLB NPhB
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For permeability-limited tissues, Kp is used to calculate 
partitioning between plasma and extracellular space:

To describe partitioning only to 
extracellular space:

Poulin - Extracellular

For perfusion-limited tissues, Kp is used to calculate 
partitioning between plasma and entire tissue:
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Predicting Kps

𝑓𝑢𝑡 = 1 + 1 − 𝑓𝑢𝑝 /𝑓𝑢𝑝 ⋅ 𝑅𝐴𝑡𝑝

𝑅𝐴𝑡𝑝:  Albumin ratio tissue:plasma
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Predicting Kps
Poulin & Theil method

𝐾𝑝 =
𝐾 ⋅ 𝑉𝑛𝑙𝑡 + 0.3𝑉𝑝ℎ𝑡 + 𝑉𝑤𝑡 + 0.7𝑉𝑝ℎ𝑡

𝐾 ⋅ 𝑉𝑛𝑙𝑝 + 0.3𝑉𝑝ℎ𝑝 + 𝑉𝑤𝑝 + 0.7𝑉𝑝ℎ𝑝

⋅
𝑓𝑢𝑝

𝑓𝑢𝑡

1. Poulin, P. and Theil, F.P. (2002). "Prediction of pharmacokinetics prior to in vivo studies. 1. Mechanism-based prediction of volume of distribution." J 
Pharm Sci 91(1): 129-56. 

2. Poulin, P. and Theil, F.P. (2002). "Prediction of pharmacokinetics prior to in vivo studies. II. Generic physiologically based pharmacokinetic models of 
drug disposition." J Pharm Sci 91(5): 1358-70. 

3. Berezhkovskiy, L.M. (2004). "Volume of distribution at steady state for a linear pharmacokinetic system with peripheral elimination." J Pharm Sci 
93(6): 1628-40. 

adipose: 𝐾 = 𝐷𝑣𝑜:𝑤
∗

other: 𝐾 = 𝑃𝑜:𝑤

𝑓𝑢𝑡 = 1 + 1 − 𝑓𝑢𝑝 /𝑓𝑢𝑝 ⋅ 𝑅𝐴𝑡𝑝

𝑉𝑛𝑙𝑡 , 𝑉𝑝ℎ𝑡, 𝑉𝑤𝑡: Volume fraction of neutral lipids, phospholipids, water

𝑅𝐴𝑡𝑝:  Albumin ratio tissue:plasma

𝐾𝑝 =
𝐾 ⋅ 𝑉𝑛𝑙𝑡 + 0.3𝑉𝑝ℎ𝑡 + 𝑉𝑤𝑡/𝑓𝑢𝑡 + 0.7𝑉𝑝ℎ𝑡

𝐾 ⋅ 𝑉𝑛𝑙𝑝 + 0.3𝑉𝑝ℎ𝑝 + 𝑉𝑤𝑝/𝑓𝑢𝑝 + 0.7𝑉𝑝ℎ𝑝

Berezhkovskiy method
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Unbound tissue plasma partition coefficient, Kpu, is calculated differently for strong bases than for other drugs:

1. Strong bases and zwitterions with at least one base pKa > 7 – takes into consideration the unique interaction 
of bases with acidic phospolipids 

2. Acids, Neutrals, and weak bases – takes into account binding to lipoproteins (neutral drugs) or tissue albumin 
(acids and weak bases – ionized fractions)

Rodgers and Rowland method
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X[D] – fraction of neutral drug species in intracellular water (IW, pH=7) and plasma (P, pH=7.4)
K – vegetable oil/water partition coefficient for adipose tissue and 1-octanol/water partition 
coefficient for remaining tissues
fup-fraction unbound of drug in plasma, Ka – association constant of base with acidic 
phospholipids, [AP]T – tissue concentration of acidic phospholipids
RAt – tissue/plasma lipoprotein or albumin ratio

fupKpuKp *=

Predicting Kps

1.  Rodgers, T. and Rowland, M. (2005). "Physiologically based pharmacokinetic modelling 1: 
predicting the tissue distribution of moderate-to-strong bases" J Pharm Sci 94:1259-1276

2. Rodgers, T. and Rowland, M. (2006). "Physiologically based pharmacokinetic modelling 2: 
predicting the tissue distribution of acids, very weak bases, neutrals and zwitterions." J 
Pharm Sci 95(6): 1238-57
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Simulations Plus developed an alternative approach to calculating Kps according to Rodgers and Rowland:

• Single equation is being used for all compounds 
• The binding of drug to acidic phospholipids or plasma proteins is given by actual ionization of each drug at 

physiological pH 

Lukacova (i.e., Rodgers and Rowland – Single)

Predicting Kps
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V. Lukacova, N. Parrott, T. Lave, G. Fraczkiewicz, M. Bolger, W. Woltosz. Role of fraction unbound in plasma in calculation of tissue:plasma partition 
coefficients, AAPS National meeting, Atlanta, November 15-20, 2008
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Predicting Kps:
Rodgers vs. Lukacova (S+ Method)
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Schmitt Equation

Predicting Kps

Schmitt W. (2008) General approach for the calculation of tissue plasma partition coefficients. Toxicol in vitro 22: 457-467 

Unbound fraction in interstitium 
estimated from fup assuming the 
same protein fraction in interstitium 
and plasma ratio in all tissues

Unbound fraction in cells accounts 
for binding to membrane neutral 
lipids, neutral phospholipids, acidic 
phospholipids, and cellular protein

Affinity to acidic phospholipids is 
estimated from membrane affinity using 
empirically derived scaling factors

Includes additional mechanism for 
binding to cellular proteins
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Assmus et al. extended Rodgers and Rowland equation for strong bases to account for lysosomal trapping:

Assmus

Predicting Kps

Assmus F, Houston JB, Galetin A. (2017) “Incorpration of lysosomal sequestration in the mechanistic model for prediction of tissue distribution of basic drugs. Eur J Pharm Sci 109: 419-430

Original R&R equation

Equation extended for lysosomal trapping
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Lukacova with Lysosomal Trapping

Predicting Kps
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Accumulation in lysosomal 
water compartment

Binding to acidic 
phospholipids in lysosomes

Lukacova Kp method was extended to 
include lysosomal compartment
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Predicting Kps: Effect of Lysosomal Trapping on Vss

Samant – CPT: PSP 2017, 6, 315-321

Desipramine example (GastroPlus)

Previously published model – accurate Vss was obtained by 
artificially increasing B/P ratio for Kp calculation

Experimental B/P values are little bit higher than previously 
used in silico prediction, but still don’t capture the Vss 
accurately without the lysosomal trapping consideration

in silico B/P ratioIncreased B/P ratio

Increased B/P ratio

New equation with lysosomal trapping predicts distribution 
more accurately
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Adjusted Fup

Predicting Kps:

Assumptions:
1. logDo/w can be used as an estimate for the drug partitioning into plasma lipids
2. Experimental Fup is a measure of drug binding ONLY to plasma albumin

• Highly lipophilic drugs can exhibit significant binding to plasma lipids
• Binding to plasma lipids may not be captured by standard equilibrium dialysis 

measurement of Fup 
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Highly Lipophilic Compounds

Lukacova – AAPS Annual Meeting 2008
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Poulin – J Pharm Sci 2012

Highly Lipophilic Compounds
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Allometric Scaling vs. PBPK:
in vitro-in vivo extrapolation (IVIVE)

Cole et al., 2008 – Asian ISSX Meeting
Jones et al. 2011. Clin. Pharmacokinet. 50(5): 331
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Vss is Not Predicted Well – Now What?

Input error/uncertainty?

Method Selection?

Missing Mechanism?

Compound specific properties typically 
used as inputs (method-specific):
• pKa(s)
• logP or logD
• Fup
• B/P ratio
• Membrane affinity

• Tissue specific binding?
• Impact of transporters?
• Membrane Permeability limitation?
• Other?

• Methods consider different mechanisms
• All methods make assumptions

Poulin 
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What Impacts Tissue Partitioning for My Compound?

pKa = 9.7 (B)
logP = 2.15
B/P ratio = 1.52
Fup = 80%
Predicted Vss = 474.4L

pKa = 9.7 (B)
logP = 2.15 x 0.1
B/P ratio = 1.52
Fup = 80%
Predicted Vss = 472.2L

pKa = 9.7 (B)
logP = 2.15
B/P ratio = 1.52 x 0.8
Fup = 80%
Predicted Vss = 283.6L
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What Impacts Tissue Partitioning for My Compound?

28

pKa = 9.687 (B)
logP = 4.379
B/P ratio = 1.072
Fup = 12.33%
Predicted Vss = 378L

pKa = 9.687 (B)
logP = 4.379 x 1.1
B/P ratio = 1.072
Fup = 12.33%
Predicted Vss = 479L

pKa = 9.687 (B)
logP = 4.379
B/P ratio = 1.072 x 1.1
Fup = 12.33%
Predicted Vss = 446.2L
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What Impacts Tissue Partitioning for My Compound?

pKa = 6.95 (B), 3.01 (A)
logP = -1.935
B/P ratio = 0.7424
Fup = 77%
Predicted Vss = 27.29L

pKa = 6.95 (B), 3.01 (A)
logP = -1.935
B/P ratio = 0.7424 x 1.2
Fup = 77%
Predicted Vss = 36.13L

pKa = 6.95 (B), 3.01 (A)
logP = -1.935
B/P ratio = 0.7424
Fup = 77% x 0.8
Predicted Vss = 25.92L

arrows mark Kps with >30% change
(range +10 to +93%)

arrows mark Kps with >5% change
(range -16% to +7%)
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Fitting Observed Vss

Distribution Dashboard in GastroPlus
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Industrial decision tree for PBPK before 
FIH: Distribution

Miller et al. (2019) Clinical Pharmacokinetics.
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An Industry Defined FIH PBPK Strategy

Case study 2: Assessment of Vss – impact of B/P ratio
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An Industry Defined FIH PBPK Strategy

Case study 3: Impact of Distribution 
Mechanism
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• Mechanistic (semi-mechanistic) methods are available to predict tissue partitioning 
(Kp) and Vss from compound properties and tissue physiology.

• Prediction accuracy depends on reliable inputs and method assumptions that match 
the compound’s distribution mechanisms.

• When predictions miss observed Vss, investigate input uncertainty and missing 
mechanisms before making empirical adjustments.

• Sensitivity analysis can be used to evaluate which inputs drive Kp and Vss uncertainty 
for each compound.

Summary
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Questions and Contact Information

viera.lukacova@simulations-plus.com

https://www.simulations-plus.com/

mailto:viera.Lukacova@simulations-plus.com
mailto:viera.Lukacova@simulations-plus.com
mailto:viera.Lukacova@simulations-plus.com
https://www.simulations-plus.com/
https://www.simulations-plus.com/
https://www.simulations-plus.com/
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  f  u t =  [  ( 1 +  ( 1 − f  u p ) / f  u p ) ⋅ R  A  t p ]


  R  A  t p :  Albumin ratio tissue:plasma


  K p =    [ K ⋅  (  V  n l t + 0 . 3  V  p h t ) ] +  [  (  V  w t + 0 . 7  V  p h t ) ]   [ K ⋅  (  V  n l p + 0 . 3  V  p h p ) ] +  [  (  V  w p + 0 . 7  V  p h p ) ] ⋅   f  u p  f  u t


  adipose:  K =  D  v o : w ∗


  other:  K =  P  o : w


  f  u t =  [  ( 1 +  ( 1 − f  u p ) / f  u p ) ⋅ R  A  t p ]


   V  n l t ,  V  p h t ,  V  w t : Volume fraction of neutral lipids, phospholipids, water


  R  A  t p :  Albumin ratio tissue:plasma


  K p =    [ K ⋅  (  V  n l t + 0 . 3  V  p h t ) ] +  [  (  V  w t / f  u t + 0 . 7  V  p h t ) ]   [ K ⋅  (  V  n l p + 0 . 3  V  p h p ) ] +  [  (  V  w p / f  u p + 0 . 7  V  p h p ) ]

