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Background: The major aim of this study was to develop a strategy for predictingAbstract
human pharmacokinetics using physiologically based pharmacokinetic (PBPK)
modelling. This was compared with allometry (of plasma concentration-time
profiles using the Dedrick approach), in order to determine the best approaches
and strategies for the prediction of human pharmacokinetics.
Methods: PBPK and Dedrick predictions were made for 19 F. Hoffmann-La
Roche compounds. A strategy for the prediction of human pharmacokinetics using
PBPK modelling was proposed in this study. Predicted values (pharmacokinetic
parameters, plasma concentrations) were compared with observed values obtained
after intravenous and oral administration in order to assess the accuracy of the
prediction methods.
Results: By following the proposed strategy for PBPK, a prediction would have
been made prospectively for approximately 70% of the compounds. The predic-
tion accuracy for these compounds in terms of the percentage of compounds with
an average-fold error of <2-fold was 83%, 50%, 75%, 67%, 92% and 100% for
apparent oral clearance (CL/F), apparent volume of distribution during terminal
phase after oral administration (Vz/F), terminal elimination half-life (t1/2), peak
plasma concentration (Cmax), area under the plasma concentration-time curve
(AUC) and time to reach Cmax (tmax), respectively. For the other 30% compounds,
unacceptable prediction accuracy was obtained in animals; therefore, a prospec-
tive prediction of human pharmacokinetics would not have been made using
PBPK. For these compounds, prediction accuracy was also poor using the Dedrick
approach. In the majority of cases, PBPK gave more accurate predictions of
pharmacokinetic parameters and plasma concentration-time profiles than the
Dedrick approach.
Conclusions: Based on the dataset evaluated in this study, PBPK gave reasonable
predictions of human pharmacokinetics using preclinical data and is the recom-
mended approach in the majority of cases. In addition, PBPK modelling is a useful
tool to gain insights into the properties of a compound. Thus, PBPK can guide
experimental efforts to obtain the relevant information necessary to understand
the compound’s properties before entry into human, ultimately resulting in a
higher level of prediction accuracy.
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Background tempts have been made to improve predictions in
these cases by applying corrections for protein bind-

During the drug discovery and development pro- ing, brain weight, maximum life span potential or in
cess, potential clinical candidates are screened for vitro hepatocyte intrinsic CL (CLint), with some
their absorption, distribution, metabolism and excre- degree of success.[3,9,13,14]

tion (ADME) properties. In order to avoid failures in Until recently, the use of PBPK models has been
the clinic related to poor ADME properties there has limited in drug discovery and development as a
been an increased demand to predict human result of the mathematical complexity of the models
pharmacokinetics as early as possible, thus helping and the labour intensive input data required; howev-
to select the best candidates for development and er, advances in the prediction of hepatic metabo-
rejecting those with a low probability of success. lism[15,16] and tissue distribution,[17-19] from in vitro
Predicting human pharmacokinetics can also assist

and in silico data, have made these models more
in (i) choosing the first dose for a clinical trial; (ii)

attractive. Methodologies available for predicting
testing the suitability of the compound for the in-

hepatic metabolism from in vitro systems (e.g.
tended dosage regimen; (iii) predicting any interac-

hepatocytes and microsomes) have been described
tions; and (iv) predicting the expected variability in

in detail by Houston[15] and have been validated
humans. Furthermore, predicting human

extensively in the rat.[20-22] With advances in the
pharmacokinetics prior to phase I studies has been

storage and availability of human tissue, these ap-
shown to result in significant time savings ranging

proaches have been used successfully to predict
from 1 to 6 months.[1] Although a large number of

human hepatic CL (CLH) in a number of
methodologies have been established for this pur-

cases.[16,23,24] Mechanistic equations have been de-pose, including allometric scaling[2,3] and physiolog-
veloped by Poulin and coworkers[17-19] for the pre-ically based pharmacokinetic (PBPK) modelling,[4,5]

diction of in vivo tissue : plasma partition coeffi-there is still no systematic approach to prediction,
cients (Kps) and hence distribution in rat, rabbit andwith many different companies and academic insti-
human. These equations have greatly extended thetutions using different approaches.
applicability of the PBPK approach to early com-Allometric scaling of in vivo preclinical data has
pound research and development by reducing thebeen the traditional approach used for the prediction
need for lengthy in vivo experiments. Overall, PBPKof human pharmacokinetics. Such techniques have
models provide the opportunity to integrate keybeen described in detail in the literature.[2,6,7] These
input parameters from different sources to not onlymethods assume that any differences across species
estimate pharmacokinetic parameters and predictare determined by body size alone. In this context
plasma and tissue concentration-time profiles, butthe main pharmacokinetics parameters (clearance
also to gain mechanistic insight into the properties[CL] and volume of distribution at steady state
of a compound. Although this approach shows much[Vss]), as well as plasma concentration-time profiles
promise, it has not been extensively validated, with(with Dedrick plots), are scaled across species as a
only a few reports of its application in the litera-power function of bodyweight. Although in some
ture,[5,25] mainly for marketed compounds.cases these methods give good predictions,[8-10] their

The purpose of this work was to propose andphysiological basis is questionable and inaccurate
evaluate a PBPK strategy for the prediction ofresults are frequently obtained, particularly when
human pharmacokinetics. Secondly, its predictivethere are large interspecies differences in
ability was compared retrospectively with allometrypharmacokinetic properties.[11,12] For example, this
(of plasma concentration-time profiles using the De-approach does not allow for species’ differences in
drick approach) for a series of F. Hoffmann-Lametabolic CL (except those due to differences in
Roche compounds that reached clinical develop-bodyweight), therefore reducing its predictive utility
ment between 1998 and 2002. The compounds se-when scaling this parameter across species. At-
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lected covered a wide range of physicochemical Physiologically Based Pharmacokinetic
(PBPK) Approachproperties and therapeutic areas. The ultimate aim

was to determine the best approaches and strategies
for the prediction of human pharmacokinetics and to Model Structure
make some recommendation on the input data re- The generic PBPK model used in this study was
quired for more reliable predictions. composed of 15 compartments, namely adipose tis-

sue, bone, brain, gut, heart, kidney, liver, lung, mus-
cle, rest of body, skin, spleen and testes, which wereMethods
linked together by the blood circulation (arterial and
venous). Perfusion rate-limited kinetics was as-
sumed; each tissue was represented by a single well-Compound Selection
stirred compartment, limited by blood flow. This
assumes that the drug distributes instantaneouslyThe original set of compounds included in this
into the whole tissue from the incoming blood flowanalysis represented all the compounds developed at
and that there are no concentration gradients within

F. Hoffmann-La Roche that went into clinical devel- the tissue. The liver and kidney were considered the
opment between 1998 and 2002. From this set, only sites of elimination. The mathematical model
biological compounds, prodrugs and compounds was written in the simulation software ModelMaker,
that were not intended to be absorbed were exclud- version 3.0.4 (Cherwell Scientific Ltd, Oxford Sci-
ed. The remaining compounds (n = 19) were used in ence Park, Oxford, UK). The following mass bal-

ance differential equations were used in the model.this analysis. Clinical data were available for these
For non-eliminating tissues (adipose, bone, brain,compounds at a range of doses after intravenous

heart, muscle, skin, spleen and testes) [equation 1]:infusion (infusion time 0.073–0.50 hours) or oral
administration. Summaries of the available in vitro,

vTTabTTT • CQ• CQdt/• dCV −=

physicochemical and pharmacokinetic data for all
(Eq. 1)19 compounds are shown in table I, table II and table

where Q is blood flow (L/h), C is concentration (mg/III. The compounds selected cover a wide range of
L), V is volume (L), T is tissues, ab is arterial blood,physicochemical and pharmacokinetic properties.
venous (v) tissue concentration (CvT) is CT/(KpT/

All compounds were lipophilic, with LogP values
b : p), b : p is blood to plasma ratio, and t is time.

ranging between 1.2 and 6.6, with a mean of 4. Five
For liver (equation 2):

compounds were acids with a dissociation constant
(pKa) <8, seven were bases with a pKa >6 and seven
were neutral or weakly ionised at physiological pH.

vSLSLvGUGUabHLILI

− QLI • CvLI − in vivo CLint,u • CvLI,u

• CQ • CQ• CQdt/• dCV ++=

Terminal elimination half-life (t1/2) in humans (Eq. 2)
ranged from short (0.50 hours) to long (>200 hours). where LI is liver, H is hepatic, GU is gut, SL is
Elimination pathways included hepatic metabolism, spleen; QLI = QH + QGU + QSL, CvLI,u is unbound
renal excretion, biliary excretion or a combination venous liver concentration, CLint,u is scaled, un-
of these. Plasma protein binding values ranged from bound in vivo CLint (L/h).
extensive to low (fraction unbound in plasma [fup] For kidney (equation 3):
from 0.00060 to 0.90). Distribution characteristics
consisted of both passive and active processes and
varied from limited to widespread. In the rat, the

VKI • dCKI/dt = QKI • Cab − QKI • CvKI
                          − CLR,u • CvKI,u

percentage absorbed ranged from 15% to 100%. (Eq. 3)
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Table I. Summary of the available preclinical pharmacokinetic data for the 19 compounds studied (all data held on file at Roche)

Compound ID Species CL (mL/min/kg) Vss (L/kg) t1/2 (h) F (%) CLR (%) ka (h–1)

CPD1 Rat 13 0.87 0.93 31 0 NA

Dog 2.3 0.79 4.5 76 0 3.1

Pig 6.9 0.82 1.8 47 0 0.65

Monkey 0.85 0.24 4.3 58 0 0.89

CPD2 Rat 4.5 10 26 58 0 2.0

Dog 20 21 41 33 0 4.5

Monkey 18 15 27 NA 0 NA

CPD3 Rat 6.0 12 23 69 0 0.66

Dog 3.7 10 42 48 0 NA

Monkey 19 11 12 51 0 NA

CPD4 Rat 28 0.42 0.30 197 0 NA

Dog 26 1.2 0.90 217 0 2.3

Monkey 15 0.66 2.1 64 0 4.0

CPD5 Rat 89 7.5 1.4 <2.0 0 2.2

Dog 45 11 3.4 15 0 NA

Monkey 30 9.5 4.5 6.0 0 1.6

CPD6 Rat 6.9 1.0 1.9 65 0 0.89

Dog 4.0 1.1 6.0 82 0 NA

Monkey 1.6 0.44 7.8 68 0 NA

CPD7 Rat 0.75 1.4 25 97 0 0.64

Dog 1.4 1.5 38 32 0 NA

CPD8 Rat 68 10 2.1 62 10 1.4

Dog 11 13 18 76 NA 1.5

Monkey 13 3.6 3.4 34 NA 0.84

CPD9 Mouse 93 33 5.7 NA NA NA

Rat 69 8.2 2.2 7.2 5.0–10 NA

Dog 13 43 53 57 NA NA

Pig 12 27 33 NA NA NA

Monkey 20 32 38 11 NA 0.69

CPD10 Mouse 90 56 7.2 18 NA NA

Rat 47 48 12 24 35 NA

Dog 14 27 23 74 30 3.3

Pig 17 42 29 NA NA NA

Monkey 17 26 17 34 NA NA

CPD11 Mouse 50 2.5 0.66 NA 0 NA

Rat 30 2.1 1.2 274 0 NA

Dog 5.4 3.7 9.4 101 0 0.67

Monkey 9.1 1.7 3.2 67 0 NA

CPD12 Mouse 33 2.5 NA 44 0 NA

Rat 15 4.2 NA 28 0 NA

Dog 1.2 0.38 3.9 78 0 1.3

Monkey 11 1.5 7.5 13 0 0.40

CPD13 Rat 44 3.6 1.1 14 50 1.2

Dog 9.2 1.5 2.0 80 41 0.83

Continued next page

 2006 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2006; 45 (5)



Prediction of Human Pharmacokinetics 515

Table I. Contd

Compound ID Species CL (mL/min/kg) Vss (L/kg) t1/2 (h) F (%) CLR (%) ka (h–1)

Pig 12 1.8 2.4 48 N/A 0.64

Monkey 13 3.2 3.8 69 42 0.51

CPD14 Mouse 6.9 0.72 3.5 65 0 NA

Rat 5.8 1.1 3.4 51 0 NA

Dog 1.2 0.37 4.6 81 0 1.7

Pig 0.28 0.18 8.5 92 0 1.9

Monkey 0.28 0.36 20 92 0 0.64

CPD15 Mouse 16 0.39 0.92 86 100 NA

Rat 6.4 0.21 1.6 14 100 NA

Dog 2.7 0.21 3.6 107 100 3.2

Monkey 4.2 0.12 1.6 24 100 5.2

CPD16 Mouse 110 3.1 3.5 NA 0 NA

Rat 5.3 0.75 2.8 62 0 1.1

Rabbit 27 2.0 4.6 NA 0 NA

Dog 11 1.1 1.9 81 0 NA

Pig 11 2.6 4.9 NA 0 NA

Monkey 13 1.7 8.8 57 0 3.7

CPD17 Mouse 5.3 0.50 2.4 NA 0 NA

Rat 26 1.0 0.53 83 0 NA

Dog 5.7 0.91 2.0 59 0 1.2

Pig 15 1.8 6.1 17 0 0.81

CPD18 Mouse 50 2.2 0.58 98 0 NA

Rat 21 1.4 1.1 29 0 2.1

Dog 54 2.6 0.99 11 0 3.9

Pig 11 8.2 16 42 0 NA

Monkey 3.1 2.1 10 53 0 0.30

CPD19 Mouse 87 6.7 1.2 19 0 1.2

Rat 41 2.7 1.6 25 0 6.5

Dog 22 4.2 5.3 84 0 0.92

Monkey 15 3.1 6.4 12 0 0.17
CL = clearance; CLR = renal clearance; F = bioavailability; ka = absorption rate constant; NA = not available; t1/2 = terminal elimination half-
life; Vss = volume of distribution at steady state.

where KI is kidney, CLR,u is unbound renal clear- where i is adipose, bone, brain, heart, kidney, liver,
ance (L/h). muscle, rest of body, skin and testes tissues, and KIV

is rate of intravenous infusion (mg/h).For lung (equation 4):
For gut (equation 7):vLULUvbLULULU • CQ• CQdt/• dCV −=

(Eq. 4) vGUGUabGUabsGUGU • CQ• CQRdt/• dCV −+=

where LU is lung and vb is venous blood. (Eq. 7)
For arterial blood (equation 5): where Rabs is rate of absorption (mg/h).

abLUvLULUabab • CQ• CQdt/ • dCV −= The  physiological data used in  the  rat  and
(Eq. 5) human PBPK model are summarised in table IV.

For venous blood (equation 6): The drug-specific parameters required for input into
the PBPK model include CLint and CLR (for elimi-IVvbLU

i
viivbvb K• CQ• CQdt/dC• V +−=∑

nation), Kp values (for distribution) and absorption
(Eq. 6) rate (for absorption). The strategy and methods used
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Table II.  Summary of the available in vitro and physicochemical data for the 19 compounds studied (all data held on file at Roche)

Compound MW pKa LogP Species fup b : p In vitro CLint Permeability Solubility Particle size
ID (µL/min/mg or (cm/s)a (mg/mL) (µ)

µL/min/106 cells)

CPD1 487 A 7.3 5.6 Human 0.0016 0.70 88 HLM 4.2 × 10–4 and 0.000020, 0.000020, 0.00036, 6.4
Rat 0.0016 0.69 360 RLM 0.18 × 10–4 at pH 0.0065 in aqueous buffer at pH
Dog 0.0018 0.66 5.5 and 7.4, 7, 8, 9 and 11, respectively,
Pig NA 1b respectively 0.011 and 0.012 in FeSSIF at pH
Monkey 0.0015 0.74 5.6 and pH 6.6, respectively

CPD2 566 B 4.1 6.5 Human 0.00095 0.65 2.0 HH 1.7 × 10–4 0.001 in buffer at pH 7.4 4.2
Rat 0.00071 0.68 3.1 RH 0.038 and 0.047 in FeSSIF at pH
Dog 0.00089 0.50 5.5 DH 5.5 and pH 6.5, respectively
Monkey NA 1b

CPD3 579 B 6.5, 6.5 Human 0.0033 0.69 2.1 HH 0.22 × 10–4 1.4 in FeSSIF at pH 6.6 2.8
>2.0 Rat 0.0031 0.77 1.8 RH

Dog 0.0022 0.77 2.6 DH
Monkey NA 1b 5.3 CH

CPD4 338 B 8.0, 1.6 Human 0.16 0.90 1.7 HH 3.3 × 10–4 7.0 in aqueous buffer at pH 7.0 30
0.29 Rat 0.03 0.80 9.0 RH

Dog 0.17 1b 9.0 DH
Monkey NA 1b

CPD5 295 B 10 3.0 Human 0.34 1.6 26 HH 1.5 × 10–4 59, 67, 18, 10, 6.0, 3.0 and 1.0 25
Rat 0.35 1.8 26 RH in aqueous buffer at pH 1.0, 3.0,
Dog 0.36 1.5 13 DH 5.0, 7.0, 9.0, 11 and 13,
Monkey NA 1b 21 CH respectively

CPD6 438 A 3.4 5.3 Human 0.0050 1b 0.18 HH 4.4 × 10–4 0.15 in aqueous buffer at pH 7 3.5
Rat 0.0050 1b 0.83 RH
Dog 0.0050 1b

Monkey 0.0050 1b

CPD7 632 B 4.2 6.6 Human 0.00070 0.60 0.75 HH 0.35 × 10–4 0.0013, 0.011, 0.051 in FaSSIF 1.2
Rat 0.0017 0.66 2.5 RH at pH 6.5, FeSSIF at pH 6.5 and
Dog 0.0029 0.61 high fat FeSSIF at pH 6.5,

respectively

CPD8 430 B 10 3.3 Human 0.15 1.3 1.1 HH 0.75 × 10–4 8.96 in water at pH 4.92 1.7
Rat 0.20 1.4 5.2 RH
Dog 0.32 1.4 0.24 DH
Monkey 0.19 1b

Continued next page
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Table II. Contd

Compound MW pKa LogP Species fup b : p In vitro CLint Permeability Solubility Particle size
ID (µL/min/mg or (cm/s)a (mg/mL) (µ)

µL/min/106 cells)

CPD9 424 B 9.4, 1.4 Human 0.89 1.5b 3.3 HLM 0.040 × 10–4 3.0 in aqueous buffer at pH 7.5 Solution
7.8 Mouse NA 1b 53 RLM

Rat 0.85 2.2 15 DLM
Dog 0.89 1.5 9.8 PLM
Pig NA 1b 53 CLM
Monkey NA 1b

CPD10 481 B 6.6, 2.5 Human 0.23 1b 3.4 HLM 0.67 × 10–4 29, 21, 9.0, 5.9, 3.0, 1.8, 1.2, Solution
8.5 Mouse NA 1b 5.9 RLM 1.1, 0.96, 0.87, 0.80, 0.80 in

Rat 0.66 1.6 17 DLM aqueous buffer at pH 6.4, 6.6,
Dog 0.52 0.9 36 PLM 7.1, 7.3, 7.7, 8.1, 8.6, 8.8, 9.0,
Pig 0.45 1b 17 CLM 9.5, 9.6, 10.2, respectively
Monkey NA 1b

CPD11 378 B 2.4 2.7 Human 0.018 0.69 NA 2.9 × 10–4 0.0020 in FaSSIF at pH 7.4 1.0–5.0
Mouse NA 1b

Rat 0.030 0.86
Dog 0.027 0.67
Monkey 0.018 0.75

CPD12 415 A 4.3 5.9 Human 0.0096 0.62 2.3 HH 0.58 × 10–4 0.035 in aqueous buffer at pH 1.0
Mouse 0.022 0.52 13 RLM 7.0
Rat 0.019 0.63 4.9 DLM
Dog 0.025 0.56 65 CLM
Monkey 0.010 0.52

CPD13 318 B 9.3, 1.2 Human 0.67 1b 1.2 HLM 0.32 × 10–4 22.5 in aqueous buffer at pH 7.0 10
8.1 Rat 0.75 1b 3.0 RLM

Dog NA 1b 1.9 DLM
Pig NA 1b 6.8 PLM
Monkey 0.64 1b 1.7 CLM

CPD14 451 A 2.9 5.8 Human 0.00057 1b 0.54 HH 0.98 × 10–4 0.000010, 0.016, 0.75 in 13
Mouse NA 1b 1.77 RH aqueous buffer at pH 1, 6.5 and
Rat 0.00056 0.60 7.5, respectively
Dog 0.00058 1b

Pig NA 1b

Monkey NA 1b

Continued next page
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Table II. Contd

Compound MW pKa LogP Species fup b : p In vitro CLint Permeability Solubility Particle size
ID (µL/min/mg or (cm/s)a (mg/mL) (µ)

µL/min/106 cells)

CPD15 399 A 12, 2.9 Human 0.016 0.65b No turnover 0.35 × 10–4 60 in water at pH 7.0 1.0
4.7 Mouse 0.043 0.65b

Rat 0.030 0.60
Dog 0.011 0.70
Monkey 0.034 0.65b

CPD16 371 N 1.9 Human 0.13 0.68b NA 8.3 × 10–4 0.035 in water at pH 7.0 10–60
Mouse 0.15 0.68b

Rat 0.12 0.67
Rabbit 0.12 0.68b

Dog 0.17 0.68b

Pig 0.14 0.68b

Monkey 0.21 0.68

CPD17 491 N 5.3 Human 0.0023 0.62 3.0 HH 2.2 × 10–4 0.0080 in water at pH 7.0 Solution
Mouse NA 0.61b 4.4 RH
Rat 0.0029 0.57 2.0 DH
Dog 0.0031 0.64
Pig NA 0.61

CPD18 338 B 3.0 2.8 Human 0.015 1b 0.99 HH 6.6 × 10–4 0.0060 in aqueous buffer at pH 5.0
Mouse 0.086 0.97 2.6 RH 7.0
Rat 0.044 0.79 1.8 DH
Dog 0.096 1 2.5 CH
Pig 0.015 1b

Monkey 0.046 0.87

CPD19 400 A 8.2 4.4 Human 0.020 1 610 HLM 1.1 × 10–4 0.22 in aqueous buffer at pH 7.0 56
Mouse 0.020 1.1 1030 MLM
Rat 0.030 0.86 4730 RLM
Dog 0.010 0.71 260 DLM
Monkey 0.020 0.95

a Permeability was measured using either a high throughput Parallel Artificial Membrane Permeation Assay[26] or using a caco-2 permeability assay[27] and converted to
effective human permeability using a correlation based on compounds reported in the literature.

b Assumed value.

A = acid; B = base; b : p = blood plasma ratio; CH = cynomolgous monkey hepatocytes; CLint = intrinsic clearance; CLM = cynomologus monkey liver microsomes; DH = dog
hepatocytes; DLM = dog liver microsomes; FaSSIF = fasted state simulated intestinal fluid; FeSSIF = fed state simulated intestinal fluid; fup = fraction unbound in plasma; HH =
human hepatocytes; HLM = human liver microsomes; MLM = mouse liver microsomes; MW = molecular weight; N = neutral; NA = not available; pKa = acid dissociation constant;
PLM = pig liver microsomes; RH = rat hepatocytes; RLM = rat liver microsomes.
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Table III. Summary of the clinical data available for the 19 compounds studied (all data held on file at Roche)

Compound Dose Route of CL or CL/F Vss orVz/F t1/2 Cmax AUC tmax Human PBPK prediction approach used
ID (mg) administration (mL/min/kg) (L/kg) (h) (ng/mL) (µg • h/L) (h)

CPD1 1 IV 5.1 0.40 1.5 NA 47 NA CL: physiological scaling of microsomal data (Vmax and Km)

1 PO 6.6 1.1 2.0 7.7 31 2.5 Vss: observed rat Kp,u values

3 PO 8.1 1.1 1.7 24 102 3.2

10 PO 7.7 1.4 2.5 88 456 2.3

20 PO 5.7 1.0 2.3 216 987 2.7

40 PO 7.2 1.0 1.8 334 1 234 1.8

80 PO 8.1 1.7 3.0 614 2 821 3.2

160 PO 8.6 1.7 2.6 1 265 5 065 2.2

CPD2 20 IV 6.0 13 63 NA 858 NA CL: physiological scaling of hepatocyte data

40 PO 44 26 8.5 45 234 3.1 Vss: tissue composition equations

CPD3 10 PO 11 14 16 8.8 233 5.8 CL: physiological scaling of hepatocyte data (Vmax and Km)

30 PO 7.6 17 29 36 995 5.8 Vss: tissue composition equations

100 PO 4.9 23 54 168 4 795 5.0

300 PO 3.0 12 48 747 25 232 5.0

450 PO 2.6 13 60 1 134 43 676 5.8

CPD4 10 PO 15 0.68 0.52 154 161 0.67 CL: physiological scaling of hepatocyte data

25 PO 14 0.75 0.63 396 449 0.67 Vss: tissue composition equations

50 PO 9.5 2.2 2.6 1 097 1 175 0.71

100 PO 8.6 1.8 2.5 1 910 2 859 0.83

200 PO 7.7 1.9 2.8 4 122 7 479 0.79

400 PO 6.6 1.2 2.1 8 165 14 830 0.67

CPD5 10 PO 3660 556 2.0 0.33 0.74 0.69 CL: physiological scaling of hepatocyte data (Vmax and Km)
Vss: tissue composition equations

CPD6 0.03 PO 0.37 0.22 7.1 3.7 21 1.0 CL: physiological scaling of hepatocyte data

0.1 PO 0.44 0.27 7.1 13 58 0.83 Vss: tissue composition equations

0.3 PO 0.50 0.30 6.7 27 161 1.7

1 PO 0.51 0.23 5.2 101 479 1.5

3 PO 0.44 0.23 6.3 303 1 725 2.2

10 PO 0.40 0.21 5.9 1 166 6 186 2.0

30 PO 0.38 0.19 5.8 3 620 20 615 1.6

CPD7 10 PO 3.7 23 73 28 726 3.3 CL: physiological scaling of hepatocyte data

20 PO 3.0 22 128 51 3 775 4.0 Vss: Vss,u and semi-empirical method

Continued next page
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Table III. Contd

Compound Dose Route of CL or CL/F Vss orVz/F t1/2 Cmax AUC tmax Human PBPK prediction approach used
ID (mg) administration (mL/min/kg) (L/kg) (h) (ng/mL) (µg • h/L) (h)

50 PO 4.2 29 82 109 3 121 3.5

100 PO 6.8 42 72 144 3 966 3.7

200 PO 8.1 45 68 192 6 366 4.3

CPD8 2.5 PO 12 21 20 2.1 49 2.6 CL: physiological scaling of hepatocyte data for CLH, and GFR

10 PO 9.5 14 17 14 291 3.7 ratio approach for CLR

25 PO 10 14 16 35 605 2.5 Vss: observed rat Kp,u values

75 PO 8.5 11 15 165 2 209 1.8

150 PO 7.3 10 17 348 4 771 1.9

300 PO 5.1 7.1 16 902 14 029 1.8

400 PO 5.9 9.8 21 868 16 359 3.0

CPD9 5 PO 312 494 25 0.24 5.6 3.8 CL: physiological scaling of microsomal data for CLH, and GFR

20 PO 171 1650 179 0.97 46 2.6 ratio approach for CLR

50 PO 147 2692 210 2.6 96 2.0 Vss: Vss,u and semi-empirical method

100 PO 100 2025 242 6.1 281 5.2

150 PO 91 1177 153 7.6 466 5.1

CPD10 10 PO 16 72 67 3.9 177 5.7 CL: physiological scaling of microsomal data for CLH, and GFR

50 PO 8.5 78 104 22 1 496 5.7 ratio approach for CLR

125 PO 7.5 63 98 91 4 152 3.8 Vss: observed rat Kp,u values

250 PO 6.5 55 99 332 9 901 4.0

375 PO 8.6 74 90 620 13 435 4.3

CPD11 100 PO 5.8 5.9 12 468 4 089 1.0 No PBPK prediction performed

200 PO 7.2 7.8 12 639 6 596 1.0

400 PO 5.6 6.8 14 1 157 16 891 1.0

CPD12 0.1 PO 4.8 0.85 2.1 0.99 4.0 1.7 CL: physiological scaling of hepatocyte data

0.5 PO 5.7 2.0 4.1 3.5 17 3.0 Vss: tissue composition equations

5 PO 5.0 6.1 14 30 222 4.2

25 PO 4.6 3.8 9.3 176 1 136 3.7

50 PO 5.8 7.5 14 309 1 802 3.5

CPD13 2.5 PO 6.5 1.8 3.2 18 95 1.8 CL: physiological scaling of microsomal data for CLH, and GFR

5 PO 6.1 2.2 4.3 33 201 1.7 ratio approach for CLR

7.5 PO 6.5 2.7 4.8 43 276 1.8 Vss: tissue composition equations

10 PO 6.2 2.4 4.5 57 387 1.9

Continued next page



Pred
iction of H

um
an Pharm

acokinetics
521


 2006 A

d
is D

a
ta

 In
fo

rm
a

tio
n

 BV
. A

ll rig
h

ts re
se

rve
d

.
C

lin
 P

h
a

rm
a

c
o

kin
e

t 2006; 45 (5)

Table III. Contd

Compound Dose Route of CL or CL/F Vss orVz/F t1/2 Cmax AUC tmax Human PBPK prediction approach used
ID (mg) administration (mL/min/kg) (L/kg) (h) (ng/mL) (µg • h/L) (h)

20 PO 6.1 3.1 5.9 131 795 2.0

30 PO 6.8 5.5 9.0 168 1 078 1.8

CPD14 10 PO 0.030 0.17 83 1 143 111 241 3.3 CL: physiological scaling of hepatocyte data

30 PO 0.020 0.18 96 3 528 367 975 3.8 Vss: tissue composition equations

100 PO 0.020 0.16 111 12 033 1 458 270 3.7

200 PO 0.020 0.17 103 21 500 2 468 856 3.3

300 PO 0.020 0.17 109 33 800 4 059 444 4.0

500 PO 0.020 0.17 116 65 017 7 971 174 4.0

CPD15 60 PO 3.1 2.0 7.8 2 622 4 968 0.75 CL: allometric scaling of CLR (data from four species available)

200 PO 3.7 0.54 1.7 8 315 13 187 1.3 Vss: tissue composition equations

600 PO 3.1 9.8 36 25 583 47 161 1.2

1 500 PO 3.0 3.5 13 68 572 129 306 0.92

3 000 PO 3.9 8.3 24 91 067 189 575 1.0

6 000 PO 3.3 4.4 14 208 149 489 965 1.3

CPD16 100 PO 7.7 5.1 8.0 660 3 300 1.5 No PBPK prediction performed

300 PO 7.0 5.2 6.6 1 730 10 400 1.6

1 000 PO 9.0 7.7 15 3 230 29 700 1.5

2 000 PO 9.7 10 12 4 690 52 000 1.8

4 000 PO 15 13 10 6 440 74 200 2.1

CPD17 0.0050 PO 1.6 1.5 13 0.060 0.90 4.2 CL: physiological scaling of hepatocyte data

0.020 PO 2.4 1.8 8.6 0.16 2.1 5.3 Vss: tissue composition equations

0.060 PO 2.1 1.7 9.5 0.54 7.4 4.7

0.180 PO 2.0 2.4 14 1.4 22 4.3

CPD18 25 PO 202 14 1.1 23 46 0.56 CL: physiological scaling of hepatocyte data

50 PO 189 20 2.6 91 204 0.71 Vss: tissue composition equations

150 PO 107 66 8.0 115 370 0.75

500 PO 235 161 14 388 1 495 0.88

CPD19 1 PO 26 19 8.4 1.0 13 4.3 CL: physiological scaling of microsomal data
Vss: tissue composition equations

AUC = area under the plasma concentration-time curve; CL = clearance; CL/F = apparent oral clearance; CLH = hepatic clearance; CLR = renal clearance; Cmax = peak plasma
concentration; GFR = glomerular filtration rate; IV = intravenous; Km = Michaelis-Menten constant; Kp,u = tissue : plasma partition coefficient of unbound drug; PBPK =
physiologically based pharmacokinetic; PO = oral; t1/2 = terminal elimination half-life; tmax = time to reach Cmax; Vss = volume of distribution at steady state; Vss,u = volume of
distribution of unbound drug at steady state; Vmax = maximum rate; Vz/F = apparent volume of distribution during terminal phase after non-intravenous administration.
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for estimating these parameters are described in the ratio approach’ if only minimal preclinical data were
following sections. available; and (ii) allometry if CLR information

from four or more animal species was available. The
‘GFR ratio approach’ was proposed by Lin.[35] InElimination
brief, he observed that the ratio of CLR,u (whenFor compounds cleared by hepatic metabolism,
expressed per kilogram of bodyweight) for a rangein vitro CLint values determined from hepatocyte or
of compounds is approximately equal to the ratio ofmicrosomal substrate depletion or kinetic assays
GFR between rat and human (4.8); therefore, withwere normalised for cell or microsomal protein con-
information on the CLR in the rat, the human CLRcentration to obtain CLint in units of µL/min/106

can be estimated (see equation 10).cells or µL/min/mg, and subsequently corrected for
any nonspecific binding to give CLint,u. Binding to

GFR ratio

CL
CL uR

humanu,R
 ,rat,

, =
microsomes was predicted using an equation pro-

(Eq. 10)posed by Austin et al.[31] In vitro CLint,u was scaled
to in vivo CLint,u using formal scaling procedures where the GFR ratio between rat and human = 4.8.
(equation 8), accounting for the microsomal recov- Units were converted to L/h for use in the PBPK
ery or hepatocellularity and liver weight as de- model.
scribed by Houston.[15] The strategy applied in this evaluation for the

prediction of elimination is shown in figure 1a. TheSF in vitroCL  in vivoCL  int,u int,u • =

prediction was always first evaluated in preclinical(Eq. 8)
species using the available in vitro or in vivo data.where SF represents the milligrams of microsomal
Providing this prediction was accurate, a predictionprotein or million cells/g of liver multiplied by the
to human was made under the same assumptions.grams of liver weight. Microsomal recovery (rat

60.1 mg/g; human 33–52.5 mg/g) and hepatocellu-
larity (rat 109 million cells/g; human 107–120 mil- Distribution
lion cells/g) scaling factors have been reported in the Vss was estimated using mechanistic tissue com-
literature for rat[32] and human.[16,33,34] Units were position equations developed by Poulin and cowork-
converted to L/h for use in the PBPK model. Non- ers.[17-19] A detailed explanation of the mechanistic
linear metabolic processes were incorporated into basis for these equations has been described previ-
the PBPK model when in vitro data were available, ously.[17] Briefly, these equations assume that the
by replacing equation 2 with equation 9. drug distributes homogenously into the tissue and

plasma by passive diffusion where two processes are
accounted for: (i) nonspecific binding to lipids esti-
mated from drug lipophilicity data (LogP and

VLI • dCLI/dt = QH • Cab + QGU • CvGU + QSL • CvSL
                          
− QLI • CvLI − • CvLI,uKmu + CvLI,u

Vmax • SF( )
LogD); and (ii) specific reversible binding to com-(Eq. 9)
mon proteins present in plasma and tissue estimatedwhere Vmax is the maximal velocity for metabolism
from fup. A generalised form of the equations pub-(mg/h/mg microsomal protein or 106 cells) and Kmu
lished by Poulin and coworkers[17-19] is shown inis the unbound Michaelis-Menten constant (mg/L).
equation 11.

In all cases hepatocyte data were used in prefer-
ence to microsomal data.

For renally cleared compounds, the prediction of
CLR assuming filtration (glomerular filtration rate

PHpNLpA/NA

PHTNLTA/NA

])V3.0[VP(

])V3.0[VP(
Kp •+•

•+•
=

T

p

PHpWp

PHTWT

fu

fu

])V7.0[V1(

])V7.0[V1(
•

•+•+

•+•+

[GFR] × fup) was initially evaluated in the rat;
(Eq. 11)however, under-predictions were obtained in all

cases. Therefore, two other scaling methods were where V is the fractional tissue volume content of
applied for renally cleared compounds: (i) the ‘GFR neutral lipids (NL), phospholipids (PH) and water
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(W), PNA/A is the n-octanol-buffer partition coeffi- therefore, a drug that is highly bound to albumin in
cient of the non-ionised species (anti-logged value) plasma would also bind to albumin in adipose tissue.
for a non-adipose tissue or is the olive oil : buffer For this reason, in this study the fuT value for the
partition coefficient for both the non-ionised and adipose tissue was calculated using equation 13,
ionised species at pH 7.4 (anti-logged value) for assuming a CRalb value equal to 0.15.
adipose tissue. The LogD in olive oil was calculated For those compounds where the tissue composi-
from the LogP using the Henderson-Hasselbalch tion equations gave poor predictions of Vss and
equations (accounting for the pKa values) and the profile shape in the rat, experimentally determined
following relationship: LogP olive oil = 1.115 × in vivo Kp values were used. This approach was used
LogP octanol – 1.35, as described by Poulin and for compounds CPD1, CPD8 and CPD10; the corre-
Theil.[18]

sponding rat Kp values are shown in table V. Kp
For hydrophilic acids that are ionised at physio- values in human were estimated by assuming

logical pH, penetration into cells is limited. For Kp,u,human is equal to Kp,u,rat (Kp,u = Kp/fup). For
these types of compounds, Poulin and cowork- comparison, Kp values in human were also estimat-
ers[17-19] proposed equation 12. ed by assuming that Kp,human is equal to Kp,rat. For

tissues where elimination was suspected (liver and
kidney), the experimentally determined Kp valueuT

up

ESp

EST f
fV

V
Kp •=

was corrected for elimination using equation 14.(Eq. 12)
where VES is the fractional volume content of ex- Experimental KpKp = 1 –  EX tracellular space in tissue (T) and plasma (p). This
equation assumes that under in vivo conditions the (Eq. 14)
Kp values are approximately equal to the ratio of the where EX is the extraction ratio for the particular
fractional volume content of the extracellular space tissue (calculated by dividing tissue blood CL by
between tissues and blood. tissue blood flow).

The parameter values used for VNLT, VNLp, A semi-empirical approach for estimation of dis-
VPHT, VPHp, VWT, VWp, VEST, and VESp have been tribution was used if: (i) the tissue composition
reported by Poulin and Theil.[18] The fuT value used equations did not provide accurate estimates of tis-
in equation 11 and equation 12 was estimated using sue distribution in the rat; (ii) experimental Kp val-
equation 13. ues were not available; (iii) the prediction of Vss in

all preclinical species was accurately predicted from
the other preclinical species; and (iv) in the rat this

albup

up
uT

CR/f

f1
1

1f
−

+

=

semi-empirical approach resulted in significant im-
(Eq. 13) provements compared with the tissue composition

where CRalb is the concentration ratio of albumin method. This semi-empirical method is based on an
between the tissue and plasma. This equation as- approach originally proposed by Arundel.[37] In
sumes that the number of binding sites and the brief, this approach allows the partitioning of a
affinity constant is similar in both the tissue and the compound into different tissues to be estimated from
plasma. For non-adipose tissues, CRalb was assumed the observed in vivo Vss, by assuming an empirical
to equal 0.5, as proposed by Poulin and cowork- relationship between this parameter and the disap-
ers.[17-19] The same investigators assumed binding in pearance rate constant (KT) for a particular tissue
the adipose tissue was negligible, i.e. fuT = 1; how- (except adipose). The KT for a particular tissue is
ever, for a number of lipophilic and highly protein- determined by QT and VT and the corresponding Kp
bound compounds, neglecting protein binding in of the compound (i.e. KT = QT/[VT × Kp/b : p]).
adipose tissue may not be valid. It has been reported Using ten compounds, it was observed that the prod-
that for adipose tissue, CRalb is equal to 0.15;[36] uct of KT and in vivo Vss (KT [h–1] × Vss (L) = KTi
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Table IV.  Physiological parameter values for tissue volumes and blood flows in rat and humana

Tissues Rat Human

blood flowb volumec blood flowb volumec

Adipose 0.0700 0.0760 0.0500 0.1196

Bone 0.1220 0.0415 0.0500 0.0856

Brain 0.0200 0.0057 0.1200 0.0200

Gut 0.1310 0.0270 0.1700 0.0171

Heart 0.0490 0.0033 0.0400 0.0047

Kidney 0.1410 0.0073 0.1900 0.0044

Liver 0.1750 0.0366 0.2500d 0.0257

Lung 1 0.0050 1 0.0076

Muscle 0.2780 0.4040 0.1700 0.4000

Skin 0.0580 0.1900 0.0500 0.0371

Spleen 0.0200 0.0020 0.0200e 0.0026

Testesf 0.0107 0.0100 0.0107 0.0100

Rest of body 0.0763 0.1100 0.0693 0.1885

Arterial blood 0.0272 0.0257

Venous blood 0.0544 0.0514

Plasma 0.0449 0.0424

Erythrocytes 0.0367 0.0347

a All tissue volumes (rat and human) and blood flow rates (rat) [except for testes] as a fraction of total bodyweight and cardiac output,
respectively, were those used by Poulin and Theil.[5,18] Human cardiac output and all human tissue blood flow rates (except for
spleen and testes) were obtained from Brown et al.[28]

b Fraction of cardiac output.

c Fraction of total body volume.

d The value reported for human liver blood flow (25% of the total cardiac output) corresponds to the summation of the portal vein flow
(15% gut + 2% spleen) and the hepatic artery flow (8%).

e The human spleen blood flow rate was obtained from Yokogawa et al.[29]

f The rat testes tissue volume and blood flow rate were obtained from Blakey et al.[30] The human fractional values were assumed
equal to the rat fractional values.

[L/h]) for each tissue was constant for a range of and human. These values are shown in table VI. For
subsequent compounds, KT values in human werecompounds in the rat. Based on this relationship, for
estimated by dividing the KTi value for the particu-subsequent compounds the KT for a certain tissue
lar tissue by the predicted Vss value (expressed in L)can be estimated by simply dividing the KTi value
for the compound. Vss in human was predicted byfor the particular tissue by the experimental Vss
assuming that the unbound Vss (Vss,u) was equalvalue (expressed in L) for the compound. In turn, the
across species (when expressed per kilogram ofKp can be calculated. For the purposes of this study,
bodyweight). Arundel[37] showed that this approachthis approach was adapted using a larger set of
was not accurate for adipose tissue; therefore the KTcompounds (midazolam, mibefrafil, mofaroten,
for this tissue was always calculated using the con-

diazepam, diltiazem, oxazepam, quinidine,
ventional approach, where the Kp was predicted

imipramine, propranolol, ethoxybenzamide, antipy- using the tissue composition equations.
rine, phenobarbital [phenobarbitone], nicotine,

Finally, regardless of the Kp prediction method,
cefazolin, and glycerrytinic acid). Mean KTi values Vss was calculated using equation 15, as described
were calculated for each rat tissue (except adipose). previously.[38]

They were also estimated for each human tissue, by
assuming that Kp,u,rat = Kp,u,human, and by cor-

( )  Vp)• E(V• KV Vss pEpTT ++=∑ :

recting for the differences in physiology between rat (Eq. 15)
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a

Biliary excretion

Do in vitro data predict CLH in 
preclinical species?

If this pathway is significant, do
not perform PBPK prediction in human

Use GFR × fup method
for prediction in human

Use Lin method (if CLR in ≤3 species available)
or allometry (if CLR in >3 species available)

Yes No

Hepatic metabolism Renal excretion

Does GFR × fup method predict 
CLR in preclinical species?

Based on preclinical data, what is the mechanism of elimination?

Consider extra-hepatic metabolism; nonlinearities; variability; binding issues

Yes No

Use in vitro data for
prediction in human

b

Are tissue distribution/QWBA data available? 
Do these give a reasonable prediction of distribution in rat?

Use tissue composition equations
for prediction in human

Is the prediction of distribution in rat reasonable1 using the tissue composition equations?

Yes No

Use tissue distribution data
for prediction in human

Yes No

Use predicted Vss,u and the semi-empirical method for prediction in human

If additional data are not
available do not perform

PBPK prediction in human

Yes No

Yes No

Is the Vss,u comparable
across species?

Does this, together with the semi-empirical 
method, describe the distribution in rat?

c

Perform a sensitivity analysis, is the problem caused by solubility and/or permeability? Do prediction in human

Do prediction in humans
using new parameters

If additional data are not available, do not perform PBPK prediction in human

Do prediction in humans
using new parameters

Is the prediction of absorption reasonable1 in rat, dog and/or monkey?

Permeability

Is there justification to optimise
the permeabililty value? If yes,

does this improve the predictions?

Solubility

Does simulated intestinal
fluid solubility improve

the predictions?

YesNo

Yes YesNo No

Additional quantitative data required
to describe these processes

Others, e.g. degradation,
P-gp efflux, intestinal metabolism

Fig. 1. Physiologically based pharmacokinetic (PBPK) prediction strategy for (a) elimination, (b) distribution and (c) absorption. 1 Within
3-fold error for observed and predicted parameters and plasma concentrations. CLH = hepatic clearance; CLR = renal clearance; fup =
fraction unbound in plasma; GFR = glomerular filtration rate; P-gp = P-glycoprotein; QWBA = quantitative whole body autoradiography;
Vss,u = volume of distribution of unbound drug at steady state.
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variety of in vitro and in silico input data such as
solubility, permeability, particle size, LogP, pKa
and dose, together with a series of differential equa-
tions to model the kinetics associated with each of
these processes. The generic LogD model provided
by Simulations Plus Inc. was used for all human
absorption simulations. This LogD model adjusts
absorption rate coefficients in each intestinal com-
partment according to pH and LogD to explain the
observed rate and extent of absorption for a training
set of drugs. For animal simulations the theoretical
absorption model provided by Simulations Plus Inc.
was used; this is based purely on physiological
parameters with no optimisation.

Table V. Rat tissue : plasma partition coefficient (Kp) values for
compounds CPD1, CPD8 and CPD10

Tissues Kp value

CPD1 CPD8 CPD10

Adipose 0.18 2.2 7

Bone 0.18 7.8 94

Brain 0.060 0.12 2

Gut 2.4 6.5 123

Heart 0.69 5.3 15

Kidney 0.92 20 72

Liver 3.3 16 114

Lung 0.47 28 39

Muscle 0.15 10 9

Skin 0.16 14 14

Spleen 0.39 9.6 216

Testes 0.41 3.4 9
The strategy applied in this evaluation for the

prediction of absorption is shown in figure 1c. The
where E is erythrocyte and E : p is the erythrocyte to prediction of absorption was always first evaluated
plasma ratio, which was estimated from b : p and the in preclinical species; providing this prediction was
haematocrit content in blood. accurate, a prediction to human was made using the

The strategy applied in this evaluation for the same in vitro absorption parameters and under the
prediction of distribution is shown in figure 1b. The same assumptions.
prediction was first evaluated in preclinical species

Summary of PBPK Prediction Strategyusing the available in vitro or in vivo data. Providing
The strategy for the prediction of humanthis prediction was accurate, a prediction to human

pharmacokinetics using PBPK modelling was aswas made under the same assumptions.
follows:

Oral Absorption
The simulation software GastroPlus 1 3.3.0

(Simulations Plus Inc., Lancaster, CA, USA) was
used to predict the rate and extent of oral absorption.
This was used as an input into the generic PBPK
model to predict the plasma and tissue concentra-
tion-time profiles after oral administration. The
model underlying GastroPlus is known as the
Advanced Compartmental Absorption and Transit
model (ACAT)[39] and is based on the original CAT
model described by Yu and Amidon.[40] In brief, this
ACAT model is a semi-physiologically based transit
model consisting of nine compartments correspond-
ing to different segments of the digestive tract,
which describes the release, dissolution, degrada-
tion, metabolism, uptake and absorption of a com-
pound as it transits through the different segments of
the digestive tract. The simulation software uses a

Table VI. Products (KTi) of the disappearance rate constants (KT)
and volume of distribution at steady state (Vss) estimated for rat
and human

Tissues KTi (L/h)a

rat human

Adipose NA NA

Bone 21 333

Brain 59 7947

Gut 27 4317

Heart 77 3442

Kidney 84 14624

Liver 19 3087

Lung 557 28646

Muscle 5.4 259

Skin 1.7 574

Spleen 59 3522

Testes 29 2285

a KTi [L/h] = KT [h–1] × Vss (L).

NA = not available.

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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1. validation and optimisation of the disposition Pharmacokinetic time was plotted against the
profile in rat; dose-normalised plasma concentration in each

animal species. These data were analysed using a2. validation and optimisation of the absorption pro-
one- or two-compartmental model in WinNonlinfile in rat, dog and monkey;
Professional version 3.1 (Pharsight Corporation,3. intravenous and oral prediction in human.
Mountain View, CA, USA). The predicted disposi-For five compounds (CPD6, CPD13, CPD14,
tion parameters were used, together with the meanCPD17 and CPD18), poor predictions of elimina-
absorption rate constant (ka) and bioavailability (F)tion, distribution and/or absorption were obtained in
determined in animals to simulate the human oralall preclinical species. In the absence of any addi-
plasma concentration-time profile using a one- ortional data to explain the poor simulation, a predic-
two-compartmental model with first order absorp-tion to human was performed using the generic
tion.approach (hepatic metabolism for elimination, tis-

sue composition equations for distribution and Gas-
Calculation of Pharmacokinetic ParameterstroPlus for absorption). In order to evaluate the

prediction strategy reported in this study, the predic- The observed and predicted (from the PBPK and
tion accuracy was assessed when these compounds Dedrick approaches) plasma concentration-time
were both included and excluded. For two com- profiles were analysed by noncompartmental analy-
pounds (CPD11 and CPD16), no PBPK predictions sis using WinNonlin Professional version 3.1. Area
could be performed as no quantitative in vitro me- under the plasma concentration-time curve from
tabolism data were available. time zero to infinity (AUC∞) was calculated using

the trapezoidal rule, and was then extrapolated to
time infinity using the apparent elimination rateDedrick Approach
constant (ke) [determined by log-linear regression of
the last three or four datapoints] and the predictedSuperposition of intravenous concentration-time
concentration at the last measurable timepoint. Peakprofiles using Dedrick plots was performed as origi-
plasma concentration (Cmax) and time to reach Cmaxnally described by Dedrick et al.,[8] and more recent-
(tmax) were determined directly from the plasmaly by Gabrielsson and Weiner.[41] Firstly, CL and
concentration-time profiles. The apparent t1/2 wasVss were scaled allometrically from preclinical spe-
calculated by dividing ln2 by ke. CL (or apparentcies as a power function of bodyweight. By default,
total oral clearance [CL/F]) was calculated as dose/elementary Dedrick plots were used, where pharma-
AUC∞. For intravenous data, Vss was calculated bycokinetic time was calculated using the CL exponent
multiplying CL and mean residence time. Volume(Z) as described in equation 16, and plasma concen-
of distribution for the terminal phase (Vz or Vz/F)tration values were normalised for dose.
was calculated as CL (or CL/F) divided by ke.

thuman = tanimal •    (BWhuman/BWanimal)
1− Z

Assessment of Prediction Accuracy(Eq. 16)
where BW is bodyweight. Predicted values for CL (or CL/F), Vss (or Vz/F),

In cases where the Vss exponent (Y) determined t1/2, AUC, Cmax, tmax and plasma concentration were
from allometric scaling was <0.90 or >1.10, com- assessed against the observed values using equation
plex Dedrick plots were used, where pharmacoki- 18, equation 19 and equation 20. The number of
netic time was calculated using both the CL and Vss doses used in the clinical study for a particular
exponents as described in equation 17, and plasma compound did not bias the prediction accuracy. An
concentration values were normalised for doseY. average-fold error was calculated for each com-

pound; these values were then used to calculate anthuman = tanimal •  (BWhuman/BWanimal)
Y− Z

(Eq. 17) average-fold error for all compounds.
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Prediction Accuracy of
Pharmacokinetic Parameters

A comparison of the observed and predicted
pharmacokinetic parameters for all compounds and











=

 if observed > predicted ,
predicted
observed

 if predicted > observed ,    
observed

predicted

Fold error

doses studied is shown in figure 3 and figure 4 for(Eq. 18)
the PBPK and Dedrick approaches, respectively.
The prediction accuracy for these parameters using

% within x-fold error =
% of compounds with a fold error ≤ x

 

the PBPK and Dedrick approaches is shown in table(Eq. 19)
VII and table VIII, respectively. The prediction ac-where x = 2, 3 or 5.
curacy for each pharmacokinetic parameter is de-
scribed in the following sections.( )





















∑ errorfoldlog
n

1

Average-fold error = 10
Clearance

(Eq. 20) The prediction accuracy reported in this section
refers to CL when intravenous data were available,This parameter uses the fold error (difference
and CL/F when oral data were available. The aver-between predicted and observed in vivo values) for
age-fold error for the PBPK and Dedrick approacheseach drug, and when expressed as the geometric
was 2.7- and 3.4-fold, respectively. In terms of themean provides a measure of accuracy with equal
percentage of compounds with an average-fold errorvalue to under- and over-predictions.
of less than 2-, 3- or 5-fold, PBPK was the most
accurate approach. When the five compounds thatResults
were judged unpredictable based on the strategy
described in the Methods section were excluded, the
average-fold error for PBPK improved to 1.7-fold,

Prediction Accuracy of
and the percentage of compounds with an average-

Plasma Concentrations
fold error of less than 2-, 3- or 5-fold also improved
(table VII).

The simulated plasma concentration-time The impact of the inclusion or exclusion of
profiles for each compound, using both the PBPK microsomal and plasma protein binding into the
and Dedrick approaches, are shown in figure 2, scaling of CLH was investigated for CPD1 and
together with the observed data. When the simulated CPD2 where clinical intravenous data were availa-
plasma concentrations were compared with the ble. The incorporation of both microsomal and plas-
mean observed concentrations, the average-fold er- ma binding values into the scaling of CLH resulted
ror for the PBPK and Dedrick approaches was 2.9- in more accurate predictions (fold error for CPD1
and 4.4-fold, respectively. In terms of the percent- and CPD2 was 1.2- and 1.4-fold, respectively) com-
age of compounds with an average-fold error of less pared with those achieved when binding was ig-
than 2-, 3- or 5-fold, PBPK was the most accurate nored (fold error for CPD1 and CPD2 was 2.2- and
approach, with 29%, 71% and 82% of compounds 2-fold, respectively).
falling within those categories, respectively. When

Volume of Distributionthe five compounds that were judged unpredictable
based on the strategy described in Methods section The prediction accuracy reported in this section
were excluded, the average-fold error for PBPK refers to Vss when intravenous data were available
improved to 2.4-fold, and the percentage of com- and Vz/F when oral data were available. The aver-
pounds with an average-fold error of less than 2-, 3- age-fold error for the PBPK and Dedrick approaches
or 5-fold changed to 25%, 83% and 92%, respec- was 2.8- and 3.4-fold, respectively. In terms of the
tively. percentage of compounds with an average-fold error
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Fig. 2. Prediction of plasma concentration-time profiles using physiologically based pharmacokinetic (PBPK) and Dedrick approaches for all
compounds: (a) CPD1; (b) CPD2; (c) CPD3; (d) CPD4; (e) CPD5; (f) CPD6; (g) CPD7; (h) CPD8; (i) CPD9; (j) CPD10; (k) CPD11; (l)
CPD12; (m) CPD13; (n) CPD14; (o) CPD15; (p) CPD16; (q) CPD17; (r) CPD18; (s) CPD19. Lowest dose selected in all cases. No PBPK
predictions are available for (k) and (p).
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Fig. 3. Prediction accuracy for the physiologically based pharmacokinetic approach in terms of (a) CL, (b) Vd, (c) t1/2, (d) AUC, (e) Cmax and
(f) tmax. AUC = area under the plasma concentration-time curve; Cmax = peak plasma concentration; CL = clearance; t1/2 = terminal
elimination half-life; tmax = time to reach Cmax; Vd = volume of distribution.
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Fig. 4. Prediction accuracy for the Dedrick method in terms of (a) CL, (b) Vd, (c) t1/2, (d) AUC, (e) Cmax and (f) tmax. AUC = area under the
plasma concentration-time curve; Cmax = peak plasma concentration; CL = clearance; t1/2 = terminal elimination half-life; tmax = time to reach
Cmax; Vd = volume of distribution.
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Table VII. Prediction accuracy for pharmacokinetic parameters using physiologically based pharmacokinetic (PBPK) modelling

Parameter Average-fold errora Within 2-fold error (%)a Within 3-fold error (%)a Within 5-fold error (%)a

CL or CL/Fb,c 2.7 (1.7) 71 (83) 76 (92) 76 (92)

Vss or Vz/Fb 2.8 (2.3) 41 (50) 65 (75) 76 (83)

t1/2 2.2 (1.9) 71 (75) 76 (83) 88 (92)

AUCc 2.6 (1.7) 76 (92) 76 (92) 82 (92)

Cmax 2.3 (1.9) 47 (67) 71 (83) 94 (100)

tmax 1.4 (1.2) 94 (100) 94 (100) 94 (100)

a Values in parentheses represent prediction accuracy only for those compounds that fulfilled the criteria outlined in the strategy.

b This prediction accuracy refers to CL and Vss when intravenous data were available, and CL/F and Vz/F when oral data were
available.

c The slight discrepancies in prediction accuracy between AUC and CL result from the fitting of the individual observed data
separately and meaning the parameters.

AUC = area under the plasma concentration-time curve; CL = clearance; CL/F = apparent oral clearance; Cmax = peak plasma
concentration; t1/2 = terminal elimination half-life; tmax = time to reach Cmax; Vss = volume of distribution at steady state; Vz/F = apparent
volume of distribution during terminal phase after non-intravenous administration.

of less than 2-, 3- or 5-fold, PBPK was the most tion) required an initial estimation of Vss, which was
accurate approach. When the five compounds that predicted by assuming that the Vss,u in human is
were judged unpredictable based on the strategy equal to the Vss,u in animal species. The validity of
described in the Methods section were excluded, the this method for estimation of Vss in human was
average-fold error for PBPK improved to 2.3-fold, difficult to assess as limited clinical intravenous data
and the percentage of compounds with an average- were available; therefore, its accuracy was assessed
fold error of less than 2-, 3- or 5-fold also improved using the rat as a predictor for dog and vice versa for
(table VII). The prediction accuracy of Vz/F must be all 19 compounds. The average-fold error for this
treated cautiously as the selection of the observed method was 1.9-fold; in terms of prediction accura-
and predicted plasma concentrations (for the termi- cy this was better than the tissue composition
nal phase) used in its estimation are largely depen- method (average-fold error of 3.2-fold; two com-
dent on the investigators’ choice, resulting in a high pounds in human; 19 compounds in rat).
degree of subjectivity. The effect of species’ differences in plasma bind-

The semi-empirical approach used in some cases ing was also investigated by comparing two differ-
for the estimation of distribution (see Methods sec- ent approaches for the estimation of Kp values in

Table VIII. Prediction accuracy for pharmacokinetic parameters using the Dedrick approach

Parameter Average-fold errora Within 2-fold error (%) Within 3-fold error (%) Within 5-fold error (%)

CL or CL/Fb,c 3.4 37 47 74

Vss or Vz/Fb 3.4 32 53 68

t1/2 2.4 53 68 79

AUC 3.3 37 47 84

Cmax 2.4 47 74 84

tmax 2.8 26 63 90

a Values in parentheses represent prediction accuracy only for those compounds that fulfilled the criteria outlined in the strategy.

b This prediction accuracy refers to CL and Vss when intravenous data were available, and CL/F and Vz/F when oral data were
available.

c The slight discrepancies in prediction accuracy between AUC and CL result from the fitting of the individual observed data
separately and meaning the parameters.

AUC = area under the plasma concentration-time curve; CL = clearance; CL/F = apparent oral clearance; Cmax = peak plasma
concentration; t1/2 = terminal elimination half-life; tmax = time to reach Cmax; Vss = volume of distribution at steady state; Vz/F = apparent
volume of distribution during terminal phase after non-intravenous administration.
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human: (i) assuming Kp,human is equal to Kp,rat; and
(ii) assuming Kp,u,human is equal to Kp,u,rat. These
results are summarised in table IX for Cmax and t1/2

(no observed value for Vss was available). Consider-
ation of binding differences had no impact on the
predictions for CPD1 (no species differences in fup)
and CPD8 (species differences in fup). For CPD10
(species differences in fup) the prediction of t1/2 was
better when differences in plasma binding were ig-

Table X. Effect of solubility measurements on the prediction of
peak plasma concentration (Cmax) and area under the plasma con-
centration-time curve (AUC) 

Compound Parameter Average-fold error

 ID simulated intestinal aqueous
media buffer

CPD1 Cmax 1.6 229

AUC 1.1 980

CPD2 Cmax 1.6 7.6

AUC 3.2 4.2

nored.
PBPK was the most accurate approach. When the

Terminal Elimination Half-Life five compounds that were judged unpredictable
The average-fold error for the PBPK and Dedrick based on the strategy described in the Methods

approaches for t1/2 was 2.2- and 2.4-fold, respective- section were excluded, the average-fold error for
ly. In terms of the percentage of compounds with an PBPK improved to 1.7-fold, and the percentage of
average-fold error of less than 2-, 3- or 5-fold, PBPK compounds with an average-fold error of less than
was the most accurate approach. When the five 2-, 3- or 5-fold was also improved (table VII).
compounds that were judged unpredictable based on

For several low-solubility compounds, poor pre-the strategy described in the Methods section were
dictions of absorption, and subsequently AUC, wereexcluded, the average-fold error for PBPK improved
observed when solubility values obtained fromto 1.9-fold, and the percentage of compounds with
aqueous media were used for oral simulations. Foran average-fold error of less than 2-, 3- or 5-fold also
these compounds, solubility values measured inimproved (table VII). The prediction accuracy of
simulated intestinal fluid resulted in better predic-this parameter must again be treated cautiously as
tions of oral plasma concentration-time profiles.the plasma concentrations used in its estimation are
This effect is demonstrated for CPD1 and CPD2largely dependent on the investigators’ choice, re-
(table X). In these cases, accurate predictions ofsulting in a high degree of subjectivity.
human plasma levels were achieved using simulated
human intestinal fluid data, whereas under-predic-Area Under the Plasma Concentration-Time Curve
tions of plasma levels were observed when an aque-The average-fold error for the PBPK and Dedrick
ous solubility value was used. This effect is shownapproaches for AUC was 2.6- and 3.3-fold, respec-
in figure 5 in terms of the oral plasma concentration-tively. In terms of the percentage of compounds with
time profile. The different solubility medium alsoan average-fold error of less than 2-, 3- or 5-fold,
effected the prediction of Cmax.

Figure 6 shows this trend more explicitly in the
rat. In this species, the extent of absorption was
under-predicted for all compounds with an aqueous
buffer solubility <1 µg/mL (figure 6a). The use of
data obtained from simulated intestinal fluid rather
than aqueous buffer resulted in an improvement in
the predictions of the oral plasma concentration-
time profile and absorption (figure 6b).

The use of solubility data simulating fasted- as
well as fed-state intestinal fluid was investigated for
CPD7 where clinical data were available in fed and
fasted conditions. Figure 7 shows how such data

Table IX. Effect of tissue : plasma partition coefficient (Kp) scaling
method from rat to human on peak plasma concentration (Cmax)
and terminal elimination half-life (t1/2) prediction error

Compound Parameter Average-fold error

ID Kp,rat = Kp,u,rat =
Kp,human Kp,u,human

CPD1 Cmax 1.6 1.6

t1/2 1.3 1.3

CPD8 Cmax 1.5 1.4

t1/2 1.4 1.8

CPD10 Cmax 1.8 1.9

t1/2 1.5 4.2

Kp,u = Kp of unbound drug (Kp,u = Kp/fup); fup = fraction unbound in
plasma.
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prediction accuracy of this parameter must again be
treated cautiously as its value is very dependent on
the timepoints selected in the clinical study.

Discussion

The use of PBPK models for the extrapolation of
pharmacokinetics has been limited, with only a few
reports of its use in the literature.[4,42-44] However, an
increasing acceptance of modelling within the phar-
maceutical industry, together with a need to make
more efficient and informed selection of com-
pounds, has led to an increase in its use.[5,25,45] In
contrast, allometric scaling has long been the domi-
nant method for interspecies’ scaling;[2,3,6,7] howev-
er, owing to its empirical nature and its failure to
account for differences in pharmacokinetics across
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Fig. 5. Effect of different solubility media on the simulated oral
plasma concentration-time profile for compound CPD1 (1mg oral
administration).

species, the use of this approach has come under
were used to accurately simulate a clinical food significant criticism.[46] A PBPK strategy (with an
effect. initial validation in animals before prediction to

human [see Methods section]) has been proposed
Peak Plasma Concentration (Cmax) and evaluated for the prediction of human
The average-fold error for the PBPK and Dedrick pharmacokinetics. Its predictive ability was subse-

approaches for Cmax was 2.3- and 2.4-fold, respec- quently compared retrospectively with allometry (of
tively. In terms of the percentage of compounds with plasma concentration-time profiles using the De-
an average-fold error of less than 2-, 3- or 5-fold, drick approach) using 19 F. Hoffmann-La Roche
PBPK and Dedrick approaches were similar. How- compounds.
ever, when the five compounds that were judged

Evaluations of different extrapolation approaches
unpredictable based on the PBPK strategy described

have been made by other investigators;[5,47-50] how-
in the Methods section were excluded, the average-

ever, to the best of our knowledge this represents the
fold error for PBPK improved to 1.9-fold, and the

first piece of work where an extensive evaluation
percentage of compounds with an average-fold error

including both empirical and physiologically based
of less than 2-, 3- or 5-fold also improved (table

methods has been made for the prediction of full
VII).

plasma concentration-time profiles (intravenous and
oral). It has been reported that marketed drugs, asTime to Reach Cmax

well as being extensively characterised, tend to haveThe average-fold error for the PBPK and Dedrick
different physicochemical properties to those com-approaches for tmax was 1.4- and 2.8-fold, respec-
pounds in development.[51] The dataset used for thistively. In terms of the percentage of compounds with
evaluation was made up of compounds currentlyan average-fold error of less than 2-, 3- or 5-fold,
entering development at F. Hoffmann-La Roche andPBPK was the most accurate approach. When the
may show properties distinct from those of marketedfive compounds that were judged unpredictable
drugs.based on the strategy described in the Methods

section were excluded, the average-fold error for By following the proposed strategy for PBPK, a
PBPK improved to 1.2-fold, and the percentage of prediction would have been made prospectively for
compounds with an average-fold error of less than approximately 70% of the compounds. The pro-
2-, 3- or 5-fold also improved (table VII). The posed strategy also highlighted the importance of
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initial validation in animals for a successful predic- PBPK Approach

tion to human. For the other 30% compounds, unac-
Assessment of Clearance

ceptable prediction accuracy was obtained in ani-
Elimination was a well predicted process using

mals; therefore, a prospective prediction would not PBPK. The prediction accuracy was high for those
have been made using PBPK. In support of this, the compounds that fulfilled the criteria outlined in the

strategy (83% predicted to within 2-fold error of theprediction accuracy for these compounds using
observed value), including an initial validation ofPBPK was very poor. Although a number of exam-
the predictions in animals.

ples in which time transformations (i.e. Dedrick Compounds that were cleared mainly by hepatic
approach) of preclinical data have been used to metabolism were predicted accurately using PBPK.

For example, CPD1, CPD3 and CPD19, three com-successfully predict the full plasma concentration-
pounds where hepatic metabolism was the maintime profiles in humans have been published,[52-54]

elimination process, were predicted well in terms of
the prediction accuracy achieved in this study for the

AUC (1.1-, 1.5- and 1.9-average-fold error, respec-
Dedrick approach was inferior when compared with tively) and Cmax (1.6-, 1.4- and 1.2-average-fold
the PBPK approach. error, respectively). This is in agreement with exam-
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Fig. 6. Effect of different solubility media on the prediction of fraction absorbed in the rat (a) aqueous buffer solubility for all compounds and
(b) simulated intestinal fluid solubility for compounds with an aqueous buffer solubility below 1 µg/mL. 
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processes. Successful correlations of biliary excre-
tion have been made in the rat between sandwich-
cultured hepatocytes and in vivo.[59] Such techniques
have not been validated with human tissue.

Intestinal metabolism represents a potential com-
plexity for cytochrome P450 (CYP) 3A4 substrates
that requires careful consideration. In this study the
compounds metabolised by CYP3A4 (e.g. CPD3,
CPD7 and CPD19) were predicted accurately when
only hepatic metabolism was incorporated in the
prediction, with no consideration of any intestinal
metabolism. These results indicate that for these
compounds the contribution of intestinal metabo-
lism may be low or may only have a small impact on
human pharmacokinetics; however, this is not the
case for all compounds. Paine et al.[60] could only
predict the CL/F of midazolam accurately by inte-
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Simulated fasted diet profile
Observed standard diet data
Observed fasted diet data
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Fig. 7. Observed and predicted plasma concentration-time profiles
for compound CPD7 after a standard and fasted diet.

grating human intestinal microsome data into the
prediction.ples in the literature where physiological approaches

Nonlinearity in metabolism represents anotherhave been successful in predicting in vivo CLH.[16,24]

issue with potential impact on the accuracy of ourPredictions for renally cleared compounds were ac-
predictions. For CPD3 and CPD5, substrate deple-curate using the ‘GFR ratio approach’[35] and/or
tion data obtained from incubations performed usingallometry. In support of this prediction accuracy
a range of initial substrate concentrations were fittedseveral investigators[35,55] have achieved good pre-
to the Michaelis-Menten model to estimate Kmap-dictions of CLR using these techniques. In general,
parent and Vmax. The prediction of CL for CPD3 andcompounds that were biliary cleared were predicted
CPD5 was improved using this information com-poorly using the PBPK approach as this elimination
pared with the accuracy achieved using data ob-pathway was ignored in all human predictions be-
tained from the typical 10 µmol/L substrate deple-cause no in vitro input parameters were available to
tion incubation (data not shown).describe this process. The error in AUC and Cmax

prediction was almost 100-fold and 10-fold, respec- The incorporation of both plasma and
tively, for CPD14, a compound cleared mainly by microsomal binding values into the scaling of CLH
biliary elimination of unchanged parent. There is an resulted in more accurate predictions compared with
established species-specific molecular weight (MW) those achieved when binding was ignored. This
threshold for biliary excretion (approximately 325 supports the unbound concentration hypothesis
for rats and dogs, and approximately 500 for where the unbound concentration in vitro is repre-
monkeys and humans);[56] therefore, for compounds sentative of the unbound concentration in plasma,
with a MW in this range, there may be large inter- which, assuming no active uptake/efflux processes,
species’ differences observed. Furthermore, species’ is equal to the unbound concentration at the enzyme
differences in hepatic blood flow and bile flow do site. These results confirm those previously obtained
not correlate well with the biliary excretion of com- by Obach,[24,61,62] where accurate predictions of CLH
pounds,[57,58] thus making the scaling of this parame- were obtained when both microsomal and plasma
ter across species difficult in the absence of quanti- binding were considered. Similar effects have been
tative in vitro information on active transport observed by other investigators.[21,22,31]
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Assessment of Distribution over- or under-predictions of Vss. For CPD6, where
For several compounds, the tissue composition active transport process into the liver were observed

equations gave accurate predictions of distribution in the rat, the tissue composition equations were not
in both rat and human, e.g. CPD2, CPD3, CPD4, predictive, with under-predictions when extracellu-
CPD5 and CPD12. However, the prediction accura- lar distribution was assumed and over-predictions
cy of these equations in this study was reduced (40% when homogenous distribution was assumed.
within 2-fold error; two compounds in human, 19

Based on the results obtained in this study forcompounds in rat) when compared with the accura-
CPD7 and CPD9, the semi-empirical method modi-cy originally observed by Poulin and Theil,[18]

fied from the approach originally proposed by Arun-where from a set of 123 marketed drugs, 80% of the
del[37] appears to give reasonable predictions; how-predictions (Vss values) were within 2-fold error of
ever, because of its empirical nature it should onlythe observed values.
be used when the tissue composition equations areAny discrepancies in the prediction of Vss in our
not predictive in the rat and when rat tissue distribu-study might be the result of a deviation from the
tion data are not available. A requirement for thismodel assumptions of flow-limited distribution by
approach is an initial estimate of Vss. In this study,passive diffusion. Thus, for certain compounds
this was estimated by assuming that Vss,u was equalthese equations gave poor predictions of distribution
across species; this assumption appeared to be validand profile shape in the rat, thus were not used for
for this compound dataset.the prediction in human, e.g. CPD1, CPD7, CPD8,

CPD9 and CPD10. In the rat, the observed Vss In cases where tissue distribution data are re-
values for CPD1 and CPD7 were much lower than quired for the prediction of Vss, the type of tissue
expected based on their physicochemistry and plas- distribution data used must be carefully considered.
ma protein binding, and were not predicted accu- For CPD1 and CPD10, quantitative whole body
rately using the tissue composition equations. In autoradiography data were used as steady-state tis-
contrast, the observed Vss values for CPD8, CPD9 sue distribution data were unavailable and poor pre-
and CPD10 were higher than the predicted values. dictions were achieved with the tissue composition
For CPD1 and CPD7, two very lipophilic com- models. These compounds were moderately cleared;
pounds, the over-prediction of tissue distribution therefore, the majority of radioactivity measured in
may have been due to a limitation in tissue diffusion

the experiment would have been representative of
(in vitro Caco-2 data suggested low permeability)

unchanged parent drug. However, for high CL com-
that was not captured within the model. In support of

pounds, caution should be taken as metabolites may
this, a decrease in brain tissue penetration for highly

represent a high proportion of the total radioactivitylipophilic compounds has been reported in the litera-
measured in tissues and plasma. This may have anture.[63,64] For CPD8, CPD9 and CPD10, three strong
impact on the prediction as the metabolite and par-bases, the under prediction of distribution may be
ent drug will have different physicochemicalexplained by the failure of these equations to ac-
properties, resulting in different tissue affinities andcount for the ionic binding of strong bases to
different distribution characteristics. In this study,charged lipids in the tissues (i.e. acidic phospho-
the correction for differences in binding across spe-lipids such as phosphatidylserine). Yata et al.[65]

cies when scaling Kp values resulted in poorer pre-demonstrated that ionic binding to phosphatidylser-
dictions compared to when binding differences wereine was a significant process involved in the tissue
ignored; however, the sample size was small (n = 3).distribution of three basic drugs (imipramine,
Sawada et al.[38] observed that correcting Kp valuespropranolol and quinidine). Advancements have re-
for differences in plasma binding across speciescently been made to incorporate such ionic binding
produced better predictions of tissue distributionin tissue distribution predictions.[66] In addition, the

presence of active transport processes may result in than when these differences were ignored.
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Assessment of Absorption al.[70] when simulated intestinal fluid data are not
The prediction of absorption was accurate for all available. This accounts for the enhanced solubility

Biopharmaceutical Classification Scheme (BCS) of poorly soluble drugs as a result of the presence of
Class I (high solubility and high permeability) com- bile salts in the intestinal fluids in vivo; however,
pounds. In this dataset, there was only one BCS this approach was not evaluated in this study.
Class III (high solubility and low permeability)

Variability and Uncertaintycompound (CPD9) and there were no BCS Class IV
As is apparent from the literature[34,71] and availa-(low solubility and low permeability) compounds;

ble clinical data for the compounds studied, there istherefore, the limiting effect of permeability could
a large degree of variability in the population, bothnot be assessed. For BCS Class II (low solubility
in terms of physiology (tissue volumes, blood flows,and high permeability) compounds, the availability
transit times, etc.) and biochemistry (plasma bind-of a solubility value in simulated intestinal fluid
ing, CYP expression and activity, etc.). In order torather than in aqueous buffer appeared imperative
produce predictions that are more realistic of thefor an accurate prediction of the oral plasma concen-
target population, this variability, together with anytration-time profiles. This was particularly evident
uncertainty (due to assumptions, hypotheses, han-for CPD1 and CPD2, two compounds that were
dling of system, etc.), should be accounted for. Thepoorly soluble in aqueous media. The use of an
incorporation of these factors can be translated intoaqueous solubility value resulted in an under-predic-
a measure of confidence in the prediction. Onetion of plasma levels, whereas the use of solubility
important step towards this is to try to minimisedata measured in simulated intestinal fluid resulted
uncertainty, thereby revealing the underlying varia-in an accurate prediction of plasma levels. Such in
bility in parameters that exist between individuals.vitro data offer a promising approach for the predic-
In this context, high-quality input parameters and ation of absorption for poorly soluble drugs, with the
thorough understanding of the pharmacokineticpotential to also predict observed food effects, e.g.
processes involved are required to reduce uncertain-for CPD7 in this study. In support of our findings,
ty in the prediction. Furthermore, the following areNicolaides et al.[67,68] demonstrated that biorelevant
minimum requirements with respect to input data:dissolution media could be used effectively to pre-
• physicochemical information (LogP, LogD, pKa,dict the absorption and food effects of poorly solu-

MW)ble lipophilic drugs.
• in vitro hepatocyte (or microsomal) metabolismA solubility value measured in simulated human

data (for hepatic metabolism)intestinal fluid may not always be relevant for simu-
• fup (for tissue distribution and hepatic metabo-lations in species other than human. For example,

lism)for CPD1, simulated human intestinal fluid was not
• b : p ratio (for tissue distribution and hepaticappropriate for the rat. Variations in the solubility of

metabolism)this compound between rat and human may occur
• solubility measurement (for absorption)because bile salt concentrations are known to vary
• permeability measurement (for absorption)between species.[69] In human, bile is stored in the
• animal intravenous and oral data (for validationgall bladder; release of bile on the sight, smell or

of models prior to human prediction)ingestion of food results in high concentrations of
bile salts. In the rat, the absence of a gall bladder • information on other elimination routes/uptake
means that the regular release of large amounts of processes.
bile does not occur. Nestorov et al.[72] showed that the incorporation

One way to overcome the poor predictions of in of variability and uncertainty into the prediction of
vivo solubility based on buffer measurements may rat CLH gave realistic predictions of the observed
be to correct low solubility values for bile salt con- data. Work is currently in progress to include these
centration using an equation proposed by Mithani et factors in the form of Monte Carlo simulations.
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Dedrick Approach urine, with pronounced interspecies’ differences in
its pharmacokinetics. In agreement with reports

Allometry has been used to scale pharmacokinet- from the literature,[8,10] poor predictions were
ic parameters and plasma concentration-time achieved for compounds with nonlinear processes,
profiles as a function of bodyweight by many inves- e.g. for CPD7 (a compound with nonlinear absorp-
tigators,[2,6,7] with some success. In the literature, tion) and CPD5 (a compound with nonlinear metab-
allometric scaling was shown to be successful for olism) the prediction of AUC (average-fold error
methotrexate, a renally cleared compound;[8] in con- was 2.2- and 4.6-fold, respectively) and Cmax (aver-
trast, unsuccessful predictions have been achieved age-fold error was 3- and 2.6-fold, respectively)
for other renally cleared compounds.[11] In this were inaccurate, and for compounds where protein
study, AUC and Cmax were predicted accurately for binding varies across species, e.g. the prediction
CPD15, a renally cleared compound (1.7- and accuracy for CPD4 in terms of AUC and Cmax was
1.2-average-fold error, respectively). However, for 3.6- and 2.6-average-fold errors, respectively.
compounds where both hepatic metabolism and re-
nal excretion were involved, the prediction accuracy Conclusion
was less accurate in terms of AUC (e.g. average-fold
error was 7.3- and 3-fold for CPD10 and CPD9, The strategy for PBPK proposed in this paper led
respectively) and Cmax (e.g. average-fold error was to successful predictions for approximately 70% of
1.7- and 10-fold for CPD10 and CPD9, respective- the compounds investigated. These successful pre-
ly). These poor predictions presumably are as a dictions were achieved mainly for compounds that
result of varying contributions of the different were cleared by hepatic metabolism or renal excre-
processes across species. Furthermore, predictions tion, and whose absorption and distribution were
of CLR may also be complicated by the different governed by passive processes. Significant mis-pre-
mechanisms of renal excretion across species. For dictions were achieved when other elimination
some low metabolically cleared compounds the pre- processes (e.g. biliary elimination) or active
diction accuracy in this study was good in terms of processes were involved, or when the assumptions
AUC (average-fold error was 1.3- and 1.6-fold for of flow-limited distribution and well mixed com-
CPD1 and CPD3, respectively) and Cmax (average- partments were not valid. These limitations could be
fold error was 1.1- and 1.5-fold for CPD1 and addressed by the addition of permeability barriers
CPD3, respectively). This is surprising because for for some tissues and by the incorporation of a more
many compounds, e.g. diazepam, the enzymes re- complex liver model that addresses active uptake
sponsible for its metabolism vary across species.[73] into the liver, active efflux into the bile, biliary

elimination and enterohepatic recirculation; howev-For compounds where active transport processes
er, this will require the availability of the appropriatewere hypothesised to be involved (based on tissue
input data for quantification of the various processesdistribution data and Caco-2 data), the prediction
involved as well as validation of the in vitro to inaccuracy was poor in terms of AUC (13- and 55-av-
vivo scaling approaches.erage-fold error for CPD6 and CPD14, respectively)

and Cmax (11- and 12-average-fold error for CPD6 A comparison of the PBPK strategy with allome-
and CPD14, respectively). The contribution of these try (using Dedrick plots) indicated a better accuracy
processes to the overall disposition of the compound for the PBPK approach; however, the potential of
may vary across species. Using PBPK, prediction PBPK modelling goes beyond predicting human
accuracy was also poor. According to the PBPK pharmacokinetics. PBPK modelling is a useful tool
strategy proposed, a prediction would not have been to gain insights into the properties of a compound
performed prospectively for these compounds. Lavé and to understand possible reasons for poor predic-
et al.[12] had similar poor results for napsagatran, a tions. It offers more potential in the early stages of
compound that is actively excreted into the bile and drug discovery, in that the plasma concentration-
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