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Abstract

The well-stirred tank (WST) has been the predominant flow-limited tissue compartment model in
physiologically-based pharmacokinetic (PBPK) modeling. Recently, we developed a two-region
asymptotically reduced (TAR) PBPK tissue compartment model through an asymptotic
approximation to a two-region vascular-extravascular system to incorporate more biophysical
detail than the WST model. To determine the relevance of the novel flow-limited approach (F-
TAR), 75 structurally diverse drugs are evaluated herein using a priori predicted tissue:plasma
partition coefficients along with hybrid and whole-body PBPK of eight rat tissues to determine the
impact of model selection on simulation and optimization. Simulations show the F-TAR model
significantly improves the ability to predict drug exposure, with hybrid and whole-body WST
model error approaching 50% for tissues with larger vascular volumes. When optimization is used
to fit F-TAR and WST models to pseudo data, WST-optimized drug partition coefficients more
appropriately represent curve-fitting parameters rather than biophysically meaningful partition
coefficients. Median F-TAR-optimized error ranged from -0.4 to 0.3%, while WST-optimized
median error ranged from -22.2 to 1.8%. These studies demonstrate the use of F-TAR represents a
more accurate, biophysically realistic PBPK tissue model for predicting tissue exposure to drug
and should be considered for use in drug development and regulatory review.
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INTRODUCTION

In contrast to classic compartmental pharmacokinetics, physiologically-based
pharmacokinetic (PBPK) model structure is rooted in anatomic (e.g. volumes and tissue
compartment connectivity) and physiologic (e.g. flows and clearance) attributes of the
species with consideration of the physicochemical nature of drug partitioning and binding,
composition of bodily tissues (e.g. lipids and water), and rates associated with metabolism
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Additional supporting information is available online. This supplementary material includes four supplementary tables. Table 1S lists
logPg:w and unbound fraction in plasma and tissue for each drug in the rat. Table 2S provides the tissue composition data used for the
calculation of drug partition coefficients in rat tissues. Table 3S contains a complete listing of the 75 a priori predicted partition
coefficients in the 8 rat tissues evaluated. PBPK model structure and equations for whole-body analysis are also found in the
supporting information.
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of drug by tissues®. Through this detailed, mechanism-based approach, simulations of drug
absorption, distribution, metabolism, and excretion (ADME) are constrained by the
biophysical characteristics of the system, allowing an understanding of pharmacodynamic
and/or adverse effects through evaluation of tissue exposure to a drug or toxin. For these
reasons, PBPK has found use in drug development and regulatory review, where large
numbers of new chemical entities/investigational new drugs must be evaluated, relying on
integration of many types of data2, such as from physicochemical (e.g. a priori predicted
tissue:plasma partition coefficients, Py.p), in vitro (e.g. rates of metabolism by hepatocytes),
and preclinical animal models, to assess dosing and risk in large, heterogeneous populations.
In addition to improving the ability to predict drug disposition and evaluate findings from
preclinical and clinical studies3, the development of physiological models to study drug
kinetics allows the translation of findings across species*, between normal and altered
physiologic and pathophysiologic states®, and between child and adult populations®. These
examples highlight the critical need to continue to develop and improve existing PBPK
models to better predict the disposition of drugs in human subjects.

A recently published’ two-region asymptotically reduced (TAR) PBPK tissue compartment
model was shown to theoretically improve upon the standard flow-limited tissue
compartment model. Herein, the potential influence and role of the TAR model in drug
development and risk assessment is evaluated with both hybrid and whole-body PBPK
modeling approaches in eight rat tissues using a group of 75 structurally-unrelated
compounds, thereby providing a feasible range of Py., and tissue vascular spaces over which
to assess tissue compartment models through simulation and optimization.

The building block of modeling drug distribution with PBPK is the tissue compartment
model. PBPK tissue compartment models are primarily described as being either flow-
limited or diffusion-limited. Application of a flow-limited tissue compartment model as a
general approach to PBPK modeling for drug discovery and development was presented by
Poulin, et al.3, and in the field of toxicology, the same flow-limited model is extensively
employed to study toxicokinetics®. The standard flow-limited (or perfusion-limited)
approach models the tissue as a single-compartment, well-stirred tank (WST), defined by the
mass balance differential equation

de F c

iV (C’” P,:p)’ @

where c is the concentration of drug in the well-stirred compartment, cjy is the input
concentration of drug, F is tissue blood flow, and V is the total volume of the tissue. The
tissue:plasma partition coefficient is abbreviated as Py.p and defined in the literature as the
ratio of the tissue concentration of drug to the arterial concentration of drug at equilibrium?.
Equation 1 is equivalently referred to as the WST model and the venous equilibrium model,
in which the venous outflow concentration, c,, is the concentration in the outflowing blood:

c

Cy= mﬂ/‘nuz. @)

For the rest of the presentation, the flow-limited model of Eq.(1) will be referred to as the
WST model.

The other PBPK tissue compartment model, though less commonly employed, is important
for use in tissues where mass transfer out of the vascular space (V1) and into the
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extravascular space (V) is limited by a permeability barrier and is therefore permeation or
diffusion-limited. Tissues possessing a permeability barrier, such as in the brain, may
require the tissue compartment to be modeled with two subcompartments, a vascular space
and extravascular space, dependent on drug lipophilicity%, Two ordinary differential
equations, with permeation between the vascular and extravascular spaces, define the
standard diffusion-limited model

—=—(cin—c)— - |c
Pt:p

dci F PS )
dt _V1 Vi ’

des PS( c )
—=+—|c1 — —|,
dt Vs Pz;p

where ¢4 is the concentration of drug in the vascular space, ¢ is the concentration of drug in
the extravascular space, V1 is the vascular volume, Vs is the extravascular volume, and PS is
the permeability-surface area product. Equation (3a,b) can be thought of as an extension of
the WST model, Eq.(1), with addition of permeation between two well-stirred
subcompartments. This model will be referred to as the permeability-limited two-
subcompartment model (PLT). Together, Egs.(1) and (3a,b) represent the vast majority of
PBPK tissue compartment models used in the literature! because they provide a framework
for analyzing physiologically-rich experimental data sets and predicting in vivo kinetics,
especially exposure of target tissue to drug.

Motivation for development of TAR model equations

In the WST model, a single compartment is assumed to instantaneously mix, and therefore,
drug concentration is homogeneous throughout the entire tissue compartment. Though the
WST model has been implemented in evaluating a range of drugs and toxins, it does not
account for potential regional variation in vascular-extravascular concentration as a result of
drug-specific physicochemical and tissue-specific properties. As a result, selection of the
most appropriate model may not simply depend on successful fitting of drug time courses
but rather on the basis of the model parameters possessing more biophysical, mechanistic
meaning. Analysis of the WST and TAR models reveals that the TAR formulation more
closely approximates the behavior of the PLT model in the flow-limited regime of PS/F —
oo and is therefore a first order improvement over the WST model’.

TAR model equations

Since the permeability-limited (P-TAR) and flow-limited TAR (F-TAR) PBPK models
agree with the PLT model over a wider range of physiological and physicochemical
parameter values than the WST model, TAR-based PBPK modeling has the potential to
enhance accuracy and interpretation compared to the WST model”. The set of equations
presented here are for non-eliminating tissues and are developed in detail in Thompson and
Beard’.

Permeability-limited TAR Model (P-TAR)

The TAR approach involves solving only one ordinary differential equation for each tissue
compartment model yet includes both vascular and extravascular regions. The humber of
state variables present in the PLT model is reduced from two to one using singular
perturbation theory. F-TAR and P-TAR models use the same number or fewer adjustable
parameters than their flow-limited (WST) and permeability-limited (PLT) counterparts,
respectively. Basic equations for the P-TAR case are
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and
dey, F [ PS/F 2
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dt  Vy\1+PS/F P., (4b)

For these expressions to be valid, the change in ¢c; must be slow (dc4/ dt = 0) compared to
the transit time of the drug. While the formulation of the permeability-limited equations, Eq.
(4a,b), is slightly more complex than the PLT model equations, Eq.(3a,b), it does not
introduce additional adjustable parameters. Since the P-TAR model invokes only one state
variable versus the two for the PLT model, while capturing the same permeability-limited
behavior, the P-TAR model will have a lower computational cost. Though this may not be a
meaningful increase in computational speed for typical PBPK settings, increases in
efficiency may be important in simultaneous evaluation of many drugs and/or metabolites in
whole-body PBPK based on high-throughput data.

Flow-limited TAR Model (F-TAR)

Approximating the P-TAR model as flow-limited, where PS is arbitrarily high and therefore
permeability is not limiting (PS / F — 00), the governing equations reduce to

(&)
cl=—
1 Pt:p (53)
and
dC2 _ F ) Cc2
a v\ P, (50)

The PLT, WST, F-TAR, and P-TAR models are diagrammatically represented in Figure 1.
PLT, P-TAR, and F-TAR models all have two subcompartments/regions but the F-TAR
model does not depend on the value of the permeability-surface area product.

Tissue outflow concentration in the TAR model

In whole-body PBPK, flow-weighted sums of tissue outflow concentrations provide the
input concentrations into the venous pool. The dynamic mass balance for an individual
organ is given by

dc dc
Flcin = cou)=V1—-4Va =", ©)
where cqyt (1) is the tissue outflow concentration. The expressions for P-TAR and F-TAR
outflow concentrations are more fully developed in Thompson and Beard’. For F-TAR, Cqyt
is computed
_ 0 > fout <0
Cour= { fout ’ fnut>0 (7)
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Evaluation of drugs

A priori pred

Because both WST and F-TAR models may be used to analyze many kinds of
pharmacokinetic data, model selection is a process of determining which model yields more
insight into a particular drug’s pharmacokinetics. In contrast to the WST model, the F-TAR
model distinguishes between the vascular and extravascular spaces, with this increased
biophysical realism becoming potentially important when using a priori predicted
tissue:plasma partition coefficients and flow-limited PBPK to study and predict in vivo
pharmacokinetics 311, To explore how the F-TAR model compares with the widely utilized
WST model, 75 well-characterized, structurally-unrelated drugs are evaluated, providing a
representative range of values of Py, to evaluate differences in model outputs. All
simulations and analyses are carried out in Matlab v.R2010a, (Mathworks, Natick, MA).

iction of tissue:plasma partition coefficients (Py.p)

Well-established methods!! for a priori prediction of Pt.p are based on physicochemical and
biological data, e.g. logPg.,, (octanol:water), protein binding, and tissue composition. Tissue
composition data are obtained from Poulin et al.? The values for logP,.,, are obtained from
two primary sources: 1) experimentally determined values in the EPI Suite databasel?; and
2) the published work of Poulin and Theill1. The published work of Blakey, et al.13, for a
homologous series of barbiturates, was a secondary source. For several drugs, estimated
logP,., values from EPI Suite were used. Utilizing the previously developed method of
Poulin and Theil, the unbound fraction of drug in plasma, fu ,, is used to compute the
unbound fraction of drug in the tissue, fu ; 11, where
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fu,=1/A+{[(1 - fup)/fup] x 0.5}). (13)

The fraction of unbound drug in plasma is obtained from the literature3-23. For each drug,
Pt.p is computed as detailed by Poulin and Theil'!

| Poo (Vo403 X Vo )| +[1 X (Vi #0.7 X VoD fu,

tp= X f (14)
[PO;W(V,,Z,p+O.3 X Vph,p)] +[1 X (Vi p+0.7 X Vpp p)] Uy

where Pg.,, is the octanol:water partition coefficient and tissue composition is described by
fractional volume, V, and where w is water, nl is neutral lipid, ph is phospholipid, t is tissue,
and p is plasma.

Determination of the physiological parameter space for rat tissues

PBPK physiological parameter values (Tab. 1) for eight rat tissues and organs (bone, brain,
heart, intestine, lung, muscle, skin, and spleen) are computed from values in the literature
based on a 250 g rat. Tissue volumes are based on tissue masses and densities2425, Rat
cardiac output is determined using an allometric scaling relationship between cardiac output
(CO) in L/min and bodyweight (BW) in kg?4

CO=aBW°7, (15)

where o = 0.235. Tissue flow values are based on fractional cardiac output received by each
given tissue324. Values for the vascular space (V1) are given as fractional blood volume
(FBV)2426 and the extravascular space (V») is computed as the difference between total
volume and vascular volume. Vascular transit time, given by V4/F, and tissue transit time,
given by (V1+ Vo)/F, are provided in Table 1 for each tissue.

Simulation of peak tissue concentration using hybrid PBPK models

The 75 drugs are evaluated using hybrid PBPK to simulate the impact of model selection on
peak drug concentration (Cp,5y) in rat tissues and organs (bone, brain, heart, intestine, lung,
muscle, skin, and spleen). Hybrid PBPK modeling2’ incorporates physiologically-based
compartment volumes and flows but relies on a forcing function to simulate model input
concentration (Cj,). Though the hybrid approach makes comparisons among a large number
of drugs tractable, it does not permit evaluation of the effects of downstream tissue outflow
concentrations on model inflow concentrations (cj,) in the closed circulation. Herein, the
forcing function is obtained by solving an ordinary differential equation that simulates
arterial concentration (cj,) of an orally administered drug:

dcgose

t
dt

= _ka Cdose (16)
kacdose - kelcin ’

where k, and kg are set to 0.001 sec! and 0.0005 sec™?, respectively. The dose, Cgge, Set
equal to 2, is in arbitrary units of concentration, a.u., and the selected rate constants yield a
concentration curve that spans a time domain of ~4 hours and reaches a peak arterial
concentration of ~1 a.u. at P.,=1 to allow for easy visualization of the impact of Py, and
FBV on model solutions (Fig. 2). A specific unit of concentration is avoided in analyzing the
75 drugs because each drug has specific pharmacokinetic parameters, formulation, and
dosing. As such, in employing the same forcing function for all drugs and respective tissues,
WST and F-TAR model outputs can be directly compared. Peak tissue drug concentration,

J Pharm Sci. Author manuscript; available in PMC 2013 January 1.
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Cmax 1S Used as a metric for comparing model solutions because peak tissue drug
concentrations are most sensitive to Py.p. Additionally, Cmay is an important indicator of
overall tissue drug exposure and therefore is linked to concentration-dependent
pharmacodynamic effects and treatment efficacy?8.

To fairly compare WST and F-TAR models, F-TAR model solutions are expressed as the
overall tissue concentration. This is sensible considering experimental measurements of drug
tissue concentration are obtained through homogenization of the whole tissue, i.e. the
vascular and extravascular spaces are mixed. For the F-TAR model, ¢;=C / Py, yielding

\4
FTAR (ﬁ+V2)
C =—0.
Vi+V,

a7

Analysis of hybrid PBPK F-TAR and WST model solutions

The WST model, Eq.(1), and the F-TAR model, Eq.(5a,b), are compared assuming that the
F-TAR model more closely captures true system structure and behavior’. Therefore, the

percentage error between C),>! and ¥ is defined as

max

WST FTAR
(Cma\' - Cmax )

% Error= X 100%. (18)

FTAR

max

Descriptive statistics (mean, median, minimum, and maximum values) are reported in
summary form in Table 2 for the percentage error between ST and 4R, along with

max !
descriptive statistics for a priori predicted Py, of the 75 drugs. All 75 drug-associated errors
are shown by tissue in Figure 3 with descriptive statistics given in Table 2. To aid in
selection of a flow-limited PBPK tissue compartment model for use in drug development
and regulatory review, error estimates, in lieu of dynamic simulations of peak concentration
using hybrid PBPK, can be explicitly defined in terms of a drug’s Py.p and the respective

tissue FBV:

FError=———"— x 100%, (19)
= — 1

From this equation, percentage error associated with prediction of ¢**7 is defined as a

max

function of the vascular space of the tissue and the propensity of the drug to partition
between it and the extravascular tissue space (Fig. 4).

Simulation of drug disposition using whole-body PBPK models

In contrast to analyzing hybrid PBPK tissue compartment models in isolation from the
system, whole-body PBPK allows evaluation of the impact of differences in tissue outflow
concentrations. A whole-body PBPK model is constructed to simulate peak concentration
error (Cpax % error) between WST and F-TAR. The WST and F-TAR whole-body models
consist of the 8 rat tissues and a remainder compartment, with the remainder being defined
as the volume and flow not accounted for by the other 8 tissues and constrained by total
volume and cardiac output for a 250 g rat. Venous concentration is determined as the flow-
weighted sums of tissue outflow concentrations from the 9 compartments. Arterial drug
concentration is computed as the lung outflow concentration. Drug input is via a slow
venous addition defined by

J Pharm Sci. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson and Beard

Page 8

Input; =k;, Dose * exp(—ki [t — taq]) (20)

where k;,=0.001 sec’l, Dose=100 a.u. of mass, and tjag=5 sec. Loss of drug is modeled by a
clearance term in the remainder compartment (0.05 ml sec'1). All simulations maintain the
remainder compartment at a partition coefficient of 1 so that models do not differ in how
drug is handled in this compartment. Simulations for each of 75 structurally-unrelated drugs
are carried out using a priori predicted Py in both WST and F-TAR models. Crax error (%)
in each tissue is shown as a column scatter plot in Figure 5 with descriptive statistics given
in Table 3.

Parameter optimization using whole-body PBPK models

RESULTS

Perspective

Previous simulations used a priori predicted Py, to compare the models. However,
optimization is another approach to determine partition coefficients from pharmacokinetic
time courses. To generate pseudo data, Gaussian noise (5%) is added to flow-limited (PS/F
=100) PLT model solutions simulated with each of the 75 sets of a priori predicted Py,
(sampling at 0, 10, 15, 20, 30, 40, 50, and 60 minutes and 1.5, 2, 2.5, 3, 3.5 and 4 hours).
Whole-body F-TAR and WST models are then fit to this noisy data and adjustable
parameters are optimized using a Monte Carlo method to arrive at estimates of partition
coefficients. Error between optimized Py., and the true value is given by

( P%;)del _ P[T;ue)

ToError=
PTrue
tp

x 100% (1)

For each of the 75 structurally-unrelated drugs, a priori predicted Py, values for each tissue
are compared with WST-optimized or F-TAR-optimized Py, values, with optimization-
associated percentage error between optimized values and the true values (i.e. a priori
predicted Py.p) given in Figure 6. In Table 4, the median a priori predicted Py., values for
each tissue (from Tab. 2) are compared to model optimized values.

AND DISCUSSION

Historically, the use of physiologically-based transport in biological systems is attributed to
Teorell in 19372930, but the field remained underdeveloped until the 1970’s and 80’s when
Bischoff and Dedrick3! and Anderson32 began building physiologically-based models to
investigate the kinetics of drugs and toxins. Since then, the mathematical expressions used in
PBPK modeling have become well-established, as reviewed33 more than 20 years ago and
recently3*. In Thompson and Beard”, the appropriateness of these equations, especially the
WST model, was investigated.

Though the WST model is the minimal PBPK tissue compartment model in the literature,
theoretically, there is a limited set of parameter values where the WST model is appropriate
(PS/F is large and Py.p ~ 1). Regardless, the flow-limited WST model has been the default
PBPK tissue compartment model for decades and would not have been widely utilized
unless it could fit experimental data sufficiently. However, the insight it provides may not be
on par with competing models having more parameters (PLT, P-TAR) or the same number
of parameters but with more biophysical detail (F-TAR).

J Pharm Sci. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thompson and Beard

Page 9

Evaluation of the parameter spaces for drug partition coefficients (Py.p) and rat tissues

A broad range of drugs are investigated to gauge the potential influence of a priori predicted
tissue:plasma partition coefficients and tissue fractional blood volumes on physiologically-
based pharmacokinetic model selection. The descriptive statistics for the 75 structurally-
unrelated drugs are given in Table 2. The lowest partition coefficient is 0.25 (in bone) and
the highest is 24.45 (in brain). Mean and median values for all tissues are above 1, with
median less than mean in all cases indicating a right-skewed distribution for P.,. The eight
rat tissues, all assumed to be non-eliminating for the analysis, possess values for flow and
volume that result in a sampling of vascular and tissue transit times over 3 orders of
magnitude (Tab.1).

Simulation and analysis of peak tissue concentration using hybrid PBPK models

The greatest difference between the WST and F-TAR tissue compartment models occurs
when Py, of a drug is significantly larger or smaller than 1 and when the FBV is relatively
high. FBV’s of lung, heart, and spleen are the highest among the tissues assessed and have
larger percentage errors for each respective drug than tissues with lower FBV’s (bone, brain,
intestine, muscle, and skin). Figure 2 plots overall tissue concentration versus time for
muscle and lung (low and high FBV tissues, respectively) for the input function described
by Eq.(16). For each tissue, the minimum, median, and maximum a priori predicted Py,
from the representative set of 75 compounds is used to simulate the time course. The WST
model underestimates F-TAR Cpax When a compound’s Py is lower than 1 and
overestimates F-TAR Cpax when a drug’s Py is higher, with the error in both cases
magnified by increases in FBV of the tissue.

The difference between WST and F-TAR model solutions is the result of outflow
concentration being computed differently between WST, Eq.(2), and F-TAR models, Egs.(7,
8, & 9). When V1 is small and Py is close to 1, Eq.(9) approximates WST outflow
concentration. However, when Py, is less than or greater than 1, the outflow concentrations
differ. Given the same inflow concentration, the masses residing in the compartment
predicted by the two models differs based on the mass conservation relation given by Eq.(6).
The difference can be either reduced or enhanced depending on the value of FBV.
Differences between WST and F-TAR model predictions for the 75 compounds are
illustrated in Figure 3 and summarized in Table 2. Figure 3 plots the percentage error in
Cmax as a function of Py., for eight tissue compartments. Results shown in Figure 3 and
Table 2 have potential implications for selection of a PBPK tissue compartment model to
accurately determine target tissue exposure to drug, as needed when carrying out
pharmacokinetic/pharmacodynamic modeling.

Accounting for introduction of error due to residual tissue blood

In performing a pharmacokinetic study in an animal and making measurements of drug
levels in isolated and homogenized tissues, residual blood volume can potentially result in
significant introduction of error. This effect was first theoretically described by Khor and
Mayersohn3®, with the suggestion of applying a correction factor to experimentally
determined partition coefficients. When Py, > 1, the drug is preferentially partitioned in the
extravascular space and the blood acts to dilute the actual tissue concentration when the
tissue is homogenized for measurement. When Py, < 1, the drug partitions more favorably
into the vascular space and the situation is reversed. Though Khor and Mayersohn3®
suggested a correction factor and Thompson and Beard’ account for partitioning in the
vascular space with a dynamic model, both approaches highlight the need to consider
models with increased biophysical detail-the vascular space. This effect is apparent in
Figure 3, where at drug Py, > 1, the error due to ignoring the vascular volume of a tissue is
magnified at relatively high tissue FBV, such as in the lung. The reverse is reflected by the

J Pharm Sci. Author manuscript; available in PMC 2013 January 1.
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negative percentage error in Cmay in Figure 3 for drugs with P.p < 1 and is again magnified
by a larger FBV.

Since Khor and Mayersohn proposed the correction for residual tissue blood in 1991, a
number of studies have furnished experimental data that is supportive of including more
biophysical detail, such as accounting for the vascular space on a tissue-by-tissue basis36-39.
In light of these findings, additional studies evaluating and comparing drug
pharmacokinetics analyzed by WST and F-TAR models is warranted. Since meaningful
error prediction will depend upon accurate determination of model inputs such as FBV,
residual blood in sampled tissue may need to be measured?® and accounted for to confirm
model error predictions. As a starting point, Eq.(19) can be used to predict the WST model
error for a given tissue and drug. The use of Eq.(19) is demonstrated in Figure 4, with WST
model error plotted as a function of FBV and Py.p,. Experiments can then be designed to
specifically test these model predictions.

Simulation of drug disposition using whole-body PBPK models

Simulating whole-body kinetics using a PBPK model allows us to evaluate the influence of
Pt.p values in the integrated system. Figure 5 plots the Cpyay error (computed as error in the
WST-based model compared to F-TAR) for each of the 75 compounds and eight tissues
using a ten compartment PBPK model and venous input modeled by Eq.(20), with results
summarized in Table 3. Figure 5 and Table 3 show that simulation with the whole-body
PBPK model using the a priori predicted Py, values results in Cyax error similar to that
predicted using hybrid modeling (Table 2), with hybrid and whole-body simulation
minimum and maximum values differing by no more than 1.5 and 2.2 %, respectively.
Hybrid and whole-body PBPK models, also referred to as open and closed loop, have been
used previously*0 as two distinct approaches to optimize partition coefficients. Herein, the
hybrid and whole-body modeling results show that F-TAR outperforms WST over a range
of drugs and tissues. Simulations show the F-TAR model significantly improves the ability
to predict drug exposure, with hybrid and whole-body WST model error approaching 50%
for tissues with larger vascular volumes. In summary, model solutions from F-TAR and
WST agree when 1) tissue FBV is lower; or 2) when Py, values are very close to 1 and FBV
is higher. When FBV is higher and Py.j is not close to 1, the F-TAR model should be used to
more accurately model drug transport.

Parameter optimization using whole-body PBPK models

As illustrated above, provided the same a priori predicted Py., value, the WST and F-TAR
tissue compartment models can produce markedly different pharmacokinetic predictions.
However, in addition to a priori prediction, there are two other generally employed methods
for determination of Py.,: 1) experimental measurement; and 2) parameter optimization.
Various methods have been proposed to evaluate Py., from measured drug concentrations in
plasma and tissue*L. As discussed in detail by Khor and Mayersohn3®, these measurements
contain bias because of residual blood volume and a correction may be warranted.
Experimental measurements also provide the raw data for carrying out large scale parameter
optimization in whole-body PBPK modeling. Employing the F-TAR tissue compartment
model during optimization would yield different parameter estimates compared to the use of
the WST model.

To investigate parameter optimization as an approach to obtaining Py, the whole-body
model is used to analyze noisy pseudo pharmacokinetic data generated with the
permeability-limited two-subcompartment (PLT) model (The PLT model is made flow-
limited by setting PS/F to an arbitrarily high value). Figure 6 plots the percentage error
between the WST or F-TAR model optimized partition coefficients and the actual
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coefficients used to generate the pseudo data for each of the 75 compounds and eight tissues
evaluated. Table 4 contains optimized partition coefficients and percentage error for the
median values of the partition coefficients that were evaluated. Following optimization,
WST-derived partition coefficients possess more error in tissues with greater FBV. Median
F-TAR-optimized error ranged from -0.4 to 0.3%, while WST-optimized median error
ranged from -22.2 to 1.8%. This analysis predicts use of the F-TAR tissue compartment
model in optimization will lead to more accurate estimation of simultaneously optimized
Pt.p parameter values than WST, especially in higher FBV tissues. As such, WST-optimized
Pt.p parameter values in some tissues may more appropriately represent curve-fitting
parameters rather than biophysically meaningful partition coefficients. Carrying out
optimization with the F-TAR model will lead to P, parameter values that are more
reflective of the actual biophysical partitioning of drug between tissue and plasma. Further
evaluation of parameter optimization with the WST and F-TAR models will be important in
determining what impact these different flow-limited PBPK tissue compartment models
have on optimized parameter sets.

The application of a well-stirred, flow-limited PBPK tissue compartment model (WST) to
predict tissue drug levels has been the predominant approach in PBPK modeling for
decades. However, a recently developed’ flow-limited PBPK tissue compartment model (F-
TAR), incorporating the biophysical detail of the vascular space, is a more appropriate
model than the WST model, especially when considering potential drug-specific properties
and tissues of interest. The studies presented herein suggest further evaluation of the TAR
model would be prudent to address the current need for PBPK modeling in drug
development and risk assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PBPK tissue compartment model diagrams

A) Permeability-limited two-subcompartment (PLT) model, Eq.(3a,b), and permeability-
limited two-region asymptotically reduced (P-TAR) model, Eq.(4a,b), both have vascular
(V) and extravascular (V,) spaces and have the same adjustable parameters, but the P-TAR
model requires one less state variable to solve; B) The well-stirred tank (WST) model, Eq.
(1), is represented by a single well-mixed tissue compartment; C) The flow-limited two-
region asymptotically reduced (F-TAR) model, Eq.(5a,b) has two regions but does not
require the PS term for permeation under the flow-limited regime. See text for further
definitions of model variables.

J Pharm Sci. Author manuscript; available in PMC 2013 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Thompson and Beard

Page 16
] A
> Muscle
(FBV=0.04)

’5:‘ 4= ptprnax= 5.31

= Prgmed = 1.65

[=] .

2. P = 0.49 N

< F-TAR- - -

e WST —

(o]

U

0 0.5 1 15 2 2.5 3 35 4
Time (hr)
12 B
107 Lung
(FBV=0.36)
3 8- Pigmax=11.06
= Pygmed = 2.99
£ o P = 054 I
|5 F-TAR - - -
§ WST—
(9

0 0.5 1 1.5 2 25 3 35 4
Time (hr)

Figure 2. Simulated concentration profiles in rat muscle and lung

Concentration profiles (shown overlapping) for rat muscle (A) and lung (B) at the minimum
(dark gray shaded), median (medium gray shaded), and maximum (light gray shaded) a
priori predicted Py for 75 structurally-unrelated drugs. A hybrid PBPK model is used as a
forcing function, Eq.(16), to generate inflow concentration in arbitrary units (a.u.). Tissue
concentrations are simulated using WST (solid black lines) and F-TAR models (dashed
black lines).
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Figure 3. Simulated peak concentration error between WST and F-TAR hybrid PBPK models
for 75 structurally-unrelated drugs

Predicted peak concentration (Cyhax) error, Eq.(18), for tissue drug concentration between
WST and F-TAR model simulations, shown for eight rat tissues (lung, heart, spleen, and
other-bone, brain, intestine, muscle, skin). Only rat tissues with larger fractional blood
volumes (FBV) show substantial Cy,5x % error for the 75 evaluated drugs possessing a range
of a priori predicted tissue:plasma partition coefficients (each plotted point is a unique Py
and its associated error). Lung (filled circle), heart (plus sign), spleen (filled triangle), bone
(point), brain (asterisk), intestine (empty circle), muscle (empty square), and skin (empty
triangle). Solid lines indicate the estimates for peak concentration error based on Eq.(19) for
FBV =0.36, 0.26, 0.22, and 0.04.
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Peak concentration error (Cpax % error) for tissue drug concentration between WST and F-
TAR models is estimated as a function of the drug partition coefficient and the respective

fractional blood volume (FBV) of the tissue of interest, Eq.(19).
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Figure 5. Simulated peak concentration error between WST and F-TAR in whole-body PBPK
models evaluating 75 structurally-unrelated drugs

Simulated peak concentration error (Cpax % error) between WST and F-TAR in whole-body
PBPK models comprised of 8 rat tissues and a remainder compartment. Each data point
(empty circle) in the column scatter plot for a given tissue represents the percentage error,
Eq.(18), associated with one of 75 structurally-unrelated drugs simulated in the whole-body
model using a priori predicted Py,
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Figure 6. Optimization-associated error in tissue:plasma partition coefficients for WST and F-
TAR in a whole-body PBPK model evaluating 75 structurally-unrelated drugs

WST or F-TAR optimization-associated percentage error relative to a priori predicted
tissue:plasma partition coefficients using a whole-body PBPK model comprised of 8 rat
tissues and a remainder compartment. Each data point (empty circle) in the column scatter
plot for a given tissue represents the mean percentage error (n=3 optimization runs) for one
of the 75 structurally-unrelated drugs in the specified tissue (Bn- Bone, Br-Brain, Ht-Heart,
In-Intestine, Lg-Lung, Mu-Muscle, Sk-Skin, Sp-Spleen) optimized with either the F-TAR or
WST whole-body models to fit pseudo data generated by the standard permeability-limited
two-subcompartment (PLT) model under a flow-limited regime. Median % error for the 75
drugs in each tissue is given by the black bar.
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