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Abstract

To date, mechanistic modeling of oral drug absorption has been achieved via the use of physiologically based pharmacoki-
netic (PBPK) modeling, and more specifically, physiologically based biopharmaceutics model (PBBM). The concept of
finite absorption time (FAT) has been developed recently and the application of the relevant physiologically based finite
time pharmacokinetic (PBFTPK) models to experimental data provides explicit evidence that drug absorption terminates at
a specific time point. In this manuscript, we explored how PBBM and PBFTPK models compare when applied to the same
dataset. A set of six compounds with clinical data from immediate-release formulation were selected. Both models resulted
in absorption time estimates within the small intestinal transit time, with PBFTPK models generally providing shorter time
estimates. A clear relationship between the absorption rate and the product of permeability and luminal concentration was
observed, in concurrence with the fundamental assumptions of PBFTPK models. We propose that future research on the
synergy between the two modeling approaches can lead to both improvements in the initial parameterization of PBPK/
PBBM models but to also expand mechanistic oral absorption concepts to more traditional pharmacometrics applications.

Keywords correlation - finite absorption time - oral absorption - PBFTPK - PBPK modeling

Introduction

The physiologically based pharmacokinetic (PBPK)! mod-
eling work relies on detailed mechanistic representations,
which reduce the complex drug processes of the biological
systems. In this context, the PBPK models integrate both
drug-dependent parameters (physicochemical properties)
and drug-independent (species-specific anatomy, physiol-
ogy, and biochemistry) as well as combined, such as param-
eters related to biotransformation and excretion [1-3].
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One of the most important applications of PBPK mod-
eling is in oral drug absorption. Thus, hot themes in oral
drug absorption such as specific patient populations,
regional differences in the gastrointestinal tract, advanced
formulations, and food-drug interactions have been reviewed
recently [4]. In parallel, the concept of finite absorption time
(FAT) has been developed recently and the application of the
relevant physiologically based finite time pharmacokinetic
(PBFTPK) models to experimental data provides explicit
evidence that drug absorption terminates at a specific time
point, 7 [5-9]. In fact this is true because drug absorption
takes place under sink conditions for physicochemical and
physiological reasons. Thus, for BCS class II, III and IV
drugs with low solubility and/or low permeability drug con-
centration in the GI tract remains essentially constant; in
parallel, high blood flow in the vena cava, 20—40 cm/s [10]
imposes sink conditions for the drug transfer rate. For class I
drugs with high solubility and high permeability, absorption

I Abbreviations: AUC: area under the curve, BCS: biopharmaceu-
tics classification system, CMC: chemistry, manufacturing and con-
trols, FAT: finite absorption time, IVIVC: in vitro in vivo correlation,
PBBM: physiologically based biopharmaceutics model, PBFTPK:
physiologically based finite time pharmacokinetic, PBPK: physiologi-
cally based pharmacokinetic, PE: prediction error
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is very rapid and is completed in very short time. For one-
compartment model drugs with a one-input rate, the value
of 7 coincides with #,,, (the time corresponding to the maxi-
mum concentration, C,,,) [9]. In all other cases, simulations
show that 7 can be equal to or higher than 7., [9].

PBPK models of oral drug absorption utilize specific tran-
sit times in the compartments of the gastrointestinal tract and
often rely on the passive drug diffusion mechanism under
sink conditions since the blood on the basolateral side of
the membrane is regarded as an ideal sink [2]. The PBFTPK
models [5, 7-9] rely on the same principles: i) finite absorp-
tion time, 7 for drug absorption processes and ii) zero-order
drug input (single or multiple) or first-order [11-13] as a
result of the passive drug absorption under sink conditions.
This resemblance in the fundamental characteristics (transit
and rate of drug input) prompted us to couple the simulated
drug absorption profile derived from the PBPK models with
the analysis of the in vivo data based on PBFTPK models to
get a better understanding of the kinetics of drug absorption.
Furthermore, we explore the relationships, if any, between
physicochemical and pharmacokinetic parameters, e.g., rate
of drug input.

Materials and Methods
Compounds

Six compounds, including etoricoxib, gaboxadol, dipryrida-
mole, pioglitazone, compound C and losartan, were selected
in this study to explore the relationship between biophar-
maceutics and pharmacokinetic (PK) parameters. The key
physicochemical and PK parameters are included in Table I.
The selected compounds range from BCS I-III and are con-
sidered with a moderate to high fraction of absorption (Fa)
for oral formulations [14—17]; the compounds were selected
based on the availability of PO/IV data and PBPK models
that were needed for this analysis.

PBPK Modeling Development

PBPK models for six selected compounds were developed as
previously described [14—17]. The key physicochemical and
pharmacokinetic parameters used as model input for each
compound are summarized in Table I. When dissolution data
were used, dissolution profile input was either entered as is
or used a z-factor dissolution model [18] as input. Particle
size based simulations used the Hintz-Johnson model [19].
Given that many of the compounds in this work are highly
soluble in the stomach, the simulations are not very sensitive
to the dissolution model selected. For compounds where pre-
cipitation was not observed in vitro, precipitation time (i.e.
reciprocal of precipitation rate) was set to a high value as

@ Springer

not to impact the simulation. Most models estimated human
effective permeability from in vitro data which is a common
practice [20]. Pharmacokinetic parameters for systemic dis-
position were obtained from previous publications where
they were estimated by fitting intravenous PK data using
either Phoenix WinNonlin (Certara, Princeton, NJ) or with
the build-in PK-Plus module in GastroPlus™ (Simulations
Plus, Lancaster, CA). Specific model settings or optimized
parameters for model development were included in Table 1.
Since the purpose of this study is to use the estimates of in
vivo absorption for comparison to the PBFTPK models, and
the published models were within desired model acceptance
criteria in terms of describing the clinical data, no further
parameter optimization or change in the model setting was
conducted in this manuscript; Table I indicates whether the
original model was a bottom-up or middle-out approach,
sources of parameters and fitted parameters when applicable.

All simulations were conducted using GastroPlus® soft-
ware v9.8. The PBPK models used default fasted human
physiology settings unless otherwise stated in the Table I.
Opt logD model SA/V 6.1 was used as the absorption scale
factor (ASF) model.

PBFTPK Model Fittings

The model equations [9] were fitted to experimental PK
data [14-17]. The PBFTPK software used in all model fit-
tings relies on user-defined functions in Igor programming
environment. In this implementation, we adapted its versa-
tile built-in least-squares algorithm which allows, among
other features, restrictions to parameter values, the use of
statistical weights and data sub-sets, calculation of param-
eter covariance matrix, and easy graphical representation
of results. Due to the complex form of the model equations
and the convoluted shape of the resulting y? hypersurface
in parameter space with numerous local minima, the deter-
mination of initial trial parameter values was crucial and
required manual adjustments.

Exploring Relationships between Biopharmaceutics
Properties and Pharmacokinetic Parameters

The absorption kinetics can be described by the rate of pen-
etration [5, 7].

. F,D
Rate of Penetration = P 5 (SA) (CGI) = — €h)
T

where P, is the effective permeability of the drug expressed
in velocity units (length/time), SA is the surface area of the
membrane in (length)? units, Cg; is drug concentration in
the gastrointestinal (GI) lumen, F, is the fraction of dose
(D) absorbed and 7 is the duration of the absorption phase.
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Tablell Comparison of Test compounds  C c %PE* AUC,. AUC, %PE* R of PBFTPK
Observed and Predicted max_obs max_pred 0-t_obs 0-t_pred
S (ng/mL) (ng/mL) (ng-h/mL)  (ng-h/mL) model fitting**
Pharmacokinetic Parameters
(AUC, Cmax) for Tested Etoricoxib 1886.8 1853.9 1.74 39594 35829 9.51 0.994
Compounds and PBFTPK Gaboxadol 189.67 15990 157 30033  303.08 0916 0998
Fitting (R”) of Tested
Compounds Dipyridamole 1774.9 1679.8 5.36 4550.9 5615.9 234 0.923
Pioglitazone 1111.0 1189.8 7.09 14290 10605 25.8 0.998
Compound C 561.10 582.20 3.76 1683.2 1797.3 6.78 0.994
Losartan 147.00 152.98 4.08 556.58 551.05 0.997  0.992

*%prediction error (%PE) =[(Observed value — Predicted value)/ Observed value] x 100

#*R%: coefficient of determination. R?= 1-(sum of squares of residuals/total sum of squares)

The relationship between biopharmaceutics properties (e.g.,
P and solubility) and (AUC),._, for one zero-order input rate
was discussed previously [5, 7].

FD 1 1 —eHar
AUC = — -
( Jo—r T Viky <T kg > @

where F'is the bioavailable fraction of dose D, V,, is the volume
of distribution and k,, is the elimination rate constant. Time 7
denotes either the passage of the drug beyond the absorptive
sites or the completion of the absorption process since no more
dissolved drug is available for absorption. (AUC),,., is the area
under the curve from time O to 7.

(AUC),._, represents the exposure of the compound in a cer-
tain time period and is a combining consideration of absorp-
tion rate and elimination rate. By replacing the FD/z assuming
no first pass effect with Eq. 1, a relationship among (AUC),_,,
P_g, gastrointestinal concentration, and elimination parameters
is established. In this study, correlation analysis was conducted
between physicochemical properties such as Py, Cyypyep, and
pharmacokinetics parameters such as z, elimination rate, and
(AUC),_,. For compounds, such as gaboxadol and pioglitazone,
which require a second stage of zero-order kinetics, 7; and cor-
responding (AUC),_,; were used for analysis. In this manuscript,
the term “(AUC),_, “and “z”” were used for all the compounds.

All the selected compounds in this study are dissolved in
solution after dosing and remain supersaturated in the GI tract,
thus duodenum and jejunum lumen drug concentrations, esti-
mated from PBPK modeling [14—17], were used for correlation
analysis. Relevant PK parameters and absorption parameters
were generated from PBFTPK fitting including z, (AUC),_,
and elimination rate constant (k). Effective human permeability
(P values for tested compounds were gathered from previ-
ously published papers [14—17].

Results

PBPK Modeling

Detailed model development and validation can be found in
previous publications [14—17]. Overall, the developed models
can reasonably describe the observed pharmacokinetic profiles
for the tested compounds. The percentage of prediction errors
(%PE) for C,,,, and AUC are within the typically acceptable
criteria (%PE <25%), as shown in Table II. Observed versus
predicted plasma concentration-time profiles for each compound
are presented in Fig. 1. Hence, the models are considered valid

and robust, and suitable for further data analysis in this study.

Fittings of PBFTPK Models to In Vivo Data

A variety of models [9] were tested on the experimental data
of the six formulations. Fits were attempted with one or two
zero-order input stages for one or two compartment disposition
models. Figure 2 shows the best fit for each drug product. Details
and parameter values are also given in Fig. 2 for each drug.

Figure 3 shows a plot of the disposition parameters versus
the finite time absorption time 7 estimates for the six drugs
studied. All of them, except the borderline losartan, belong to
the very rapidly absorbed drug class [9].

Exploring Relationships between Biopharmaceutical
Properties and Pharmacokinetic Parameters

Physicochemical and PK parameters, including effective perme-
ability (P.g), maximum drug lumen concentration in duodenum
and jejunum, absorption termination time (z), AUC,_,, and elim-
ination rate (k,, or f5), for data analysis, are included in Table III.

@ Springer
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Fig.1 Observed (dot)

versus simulated (line) drug
plasma concentration versus
time from PBPK model
simulation for (A) Etoricoxib
[15,27] (B) Gaboxadol

[16] (C) Dipyridamole [17]
(D) Pioglitazone [14] (E)
Compound C [14] and (F)
Losartan [14] (figures modified
from references [14—17]).

Given the limited dataset, fully exploring relationships
between PBFTPK parameters and PBBM input/output is not
practical. Exploratory plots (data not shown) on, e.g., AUC
0.z VS P or Cs did not result in specific trends. We explore

two relationships below.

1) D/t vs Peff*max(c]umen)

@ Springer
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D/z which is used as a measure of absorption rate showed
a positive correlation with Py * G e USINg either the max-
imum luminal concentration in the jejunum or duodenum,
as shown in Fig. 4.
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Fig.2 Model fits to pharmacokinetic data for 6 oral formulations. Losartan and Compound C formulations are best described by a one-compart-
ment model with a single stage of zero-order input kinetics [Eqs. 29-30 in [9]]. Gaboxadol and pioglitazone require a second stage of zero-order
kinetics [Egs. 31-33 in [9]]. Etoricoxib and dipyridamole are best described by a two-compartment model with one stage of zero-order kinetics
[Egs. 38-40 in [9]]. Optimized parameters are shown in the insets of each graph along with X2 and R? for each fit. Note: Fits for gaboxadol and
pioglitazone were restricted to reduce parameter correlations. A solid triangle marks the end of any absorption stage, which in the cases pre-

sented happens to coincide with C ..

Values for k or f were generated from PBFTPK model
fitting, as shown in Fig. 2. Based on Eq. 2, elimination
parameters (k, clearance, ) are expected to exhibit a nega-
tive relationship with AUC,,_,. As shown in Fig. 5, a negative
correlation between k., (or f for etoricoxib) and AUC,_, was
observed.

Discussion
The two modeling approaches utilized in the present study

were based on PBPK and PBFTPK models. This allows
us, for the first time, to explore potential relationships

@ Springer
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3 . pioglitazone > | |
«Q w ' compound C v ! !
5 04— | losartan m | .
& ' ' )
0 | !
02 | l !

0 |

: |
HgH : '
0.0 T | T T N B

0 1 2 3 4 5 10 15 20 25 30
FAT 1 (h)

Fig.3 Grouping of formulations based on ranges of elimination rate
constants one-compartment model drugs (f rate constants for two-
compartment drugs) and FATs. Open symbols refer to two-compart-
ment models.

between the biopharmaceutics properties, solubility, and
permeability with the pharmacokinetic parameters. This is
so since the drug’s passive absorption under sink condi-
tions kinetics can be described by the rate of penetration
(Eq. 1) [5].

To the best of our knowledge, this is the first attempt to
explore PBPK (and more specifically PBBM) and PBFTPK
models for the same clinical datasets. The two modeling
approaches have currently distinct application and focus.
PBBM primarily focuses on simulation/prediction of oral
absorption for a diverse set of applications during discovery
and CMC activities (e.g., formulation development, dissolu-
tion specifications) and during clinical development (e.g.,
pH-dependent drug-drug interaction prediction, food effect
prediction) [21]. The outcome is dictated by the input param-
eters, while the observed data are used for model validation
as demonstrated in Table II. PBFTPK models on the other
hand focus on the characterization of oral absorption based
on the fitting of observed data. This difference in focus is
also reflected in the outcomes shown in the examples herein,
where the PBBM models show some deviations from the
clinical data and somewhat different estimations of, e.g.,
termination of absorption time compared to the PBFTPK
model.

Despite the currently different focus, we believe that
synergies exist for their application in oral absorption mod-
eling, derived from the common denominator that is the
finite absorption time concept. As is evident from Figs. 1
and 2 for all the compounds studied, absorption is essen-
tially complete within the small intestinal transit time as
estimated by either model. The estimates of absorption time
were generally shorter using the PBFTPK model compared
to the PBBM model. This is perhaps not surprising as the
PBBM models incorporate additional first-order processes
to simulate gastrointestinal transit resulting in absorption
curves that show curvature at ~80% of the maximum absorp-
tion point; for the earlier points, the absorption rate is very
close to zero-order as assumed in the PBFTPK models.

Based on Egs. 1 and 2, in this manuscript, we attempted
to explore the relationship between PBFTPK estimated
parameters and input parameters or outputs for PBBM
models. For such analysis to result in actionable correla-
tions to single physicochemical properties (e.g., P.g) it
will require significantly larger datasets, most likely of
compounds of similar class. Within the limited dataset
explored, a clear relationship between D/z and P Cjmen
using either the maximum duodenum or jejunum concen-
trations was observed (Fig. 4). This relationship (Eq. 1)
is fundamental and in accord with the basic principles of
PBFTPK [5]. According to the drug’s biopharmaceutics
properties, the rate-limiting property solubility or perme-
ability will control the rate of drug penetration. However,
the analysis of the data of this study demonstrates that
the product P_g*C\ymen 15 correlated with the rate of drug
input. This finding is in accord with the fundamental prin-
ciples of the absorption potential concept [22, 23] used
prior to the introduction of BCS for the biopharmaceutics
classification of drugs.

According to Eq. 2, (AUC),_, is increasing when k,
is decreasing. As shown in Fig. 5, this trend was indeed
observable. It should also be emphasized that the partial
area (AUC),_, is used today as an early exposure metric [24];
however, what it represents, under the prism of the finite
absorption time concept [7], is the fundamental extent of the

Table Il Biopharmaceutics Parameters (Dose, Cy,eq Peg) and PK Parameters (AUC, 7, D/, and k) for Data Analysis

Compounds Dose (mg) Py Max duodenum Max jejunum  t . 7 (h) AUC,,_, D/t (mg/h) kg (B) (1/h)
(cm/sx 107  lumen conc lumen conc (h pg/mL)
(mg/mL) (mg/mL)

Etoricoxib 120 4.48 0.69 0.12 1 0.61 0.67 197 0.018
Gaboxadol 10 5 0.095 0.014 0.5 0.29 0.016 34.5 0.66
Dipyridamole 50 2.5 0.34 0.074 0.6 0.62 0.50 80.7 0.036
Pioglitazone 30 4 0.23 0.056 1.5 0.43 1.1 69.8 0.069
Compound C 100 2.5 0.41 0.18 1 0.77 0.27 130 0.46
Losartan 50 1.15 0.42 0.12 2 1.68 0.16 29.8 0.40
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Fig.4 Correlation between

D/t and P * Cyypen- Open
circle: etoricoxib, open trian-
gle: gaboxadol, open square:
dipyridamole, open diamond:
pioglitazone, closed circle:
compound C, closed square:
losartan. For compounds, such
as gaboxadol and pioglitazone,
which require a second stage of
zero-order kinetics, t; was used
for analysis.

Fig.5 Correlation between
elimination parameter (k,; or f)
and AUC ,_.. Open circle: etori-
coxib, open triangle: gaboxadol,
open square: dipyridamole,
open diamond: pioglitazone,
closed circle: compound C,
closed square: losartan.

absorption metric since it is linearly related (Eq. 2) with the
dose (D) absorbed at time 7, namely, the end of the absorp-

tion processes.

Clumen*Peffvs D/t

y =331.03x + 1.6786
R?=0.9268

200 o

150

100

D/t (mg/h)

50

0 0.5 1 1.5 2 2.5

Clumen*Peff (mg.cm/mL/s)

k. (B) vs AUC, .

1.2

0.8

0.6

AUC,, (h.pg/mL)

0.4

0.2

0 01 02 03 0.4
ke (6) (1/h)

y =59.524x +22.309

R?=0.8472

0.5

B Peff*Max duodenum Clumen

B Peff*Max jejunum Clumen

y=-1.2261x + 0.7957
R?=0.6613

0.6 0.7

While the intent of this manuscript was to simply serve
as a starting point for exploring the relationship of PBPK

and PBFTPK models, we envision some broader areas for
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additional synergy of PBBM and PBFTPK models that
could be considered as areas of future research.

¢ PBFTPK models allow for the estimation of bioavailabil-
ity-corrected disposition parameters without the need for
IV data [7] at an individual level basis. Current PBBM
models are often developed either without IV data being
available or with IV data coming from an independent
study, thus introducing between-study variability uncer-
tainty. Especially for compounds where absorption is
close to complete and thus the bioavailability correction
only reflects first-pass metabolism, PBFTPK estimated
disposition parameters could facilitate the development
of PBBM models on an individual basis, allowing for
better capturing of the variability of absorption pro-
cesses, an important consideration, especially for virtual
bioequivalence applications.

e It has been reported in the literature that “default”
parameters for colonic permeability in PBPK models
may overestimate the contribution of colonic absorption
[15]. Given the ability of PBFTPK models to readily
estimate termination of absorption, this knowledge can
help parameterization of regional dependent absorption
for PBPK and IVIVC-PBPK models, especially for MR
formulations. This could be accomplished by estimating
7 from high dose arms of single ascending dose studies,
where for BCS II/IV compounds, absorption is likely not
to be complete.

e Estimation of different absorption time periods (i.e. 7,
and 7,) may also provide insights into in vivo processes
that are currently difficult to predict via in vitro data,
e.g., precipitation. Recent workshops have discussed
these challenges as well as the importance of the use
of biopredictive dissolution methods for PBPK models
[20, 25]. Thus, an early estimation of 7z, based on FIH
data could facilitate the development of such dissolution
methods.

e Currently, population pharmacokinetics (popPK) models
generally rely on an empirical simulation of absorption
using k,/f;,, Or transit compartment constructs without
the necessary consideration of physiological constraints
[26]. The potential of adoption of PBFTPK model struc-
ture for popPK applications may allow to better connect
findings from popPK models to mechanistic simulation
via PBPK/PBBM in related applications (e.g., characteri-
zation of DDI with acid-reducing agents).

Conclusion
For the first time we report the application of PBBM and

PBFTPK models on the same clinical datasets. Both mod-
els support the concept of finite absorption time, which has

@ Springer

been somewhat underappreciated in traditional pharma-
cokinetic/pharmacometrics applications. The estimates of
luminal concentration from PBPK model were correlated
to the absorption rate estimates from PBFTPK models. We
propose that additional synergies should be explored mov-
ing forward to bring a more mechanistic modeling of the
absorption process not only as part of core PBPK models,
but incorporate these principles also in modeling applica-
tions that currently largely rely on compartmental models.
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