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ARTICLE INFO ABSTRACT

Keywords: The infinite time of oral drug absorption was conceived from the first day of the birth of pharmacokinetics when
Pharmacokinetics H. Dost introduced the term pharmacokinetics in his book published in 1953. He adopted the function developed
Oral drugs by H. Bateman back in 1908 for the decay of the nuclei isotopes to describe oral drug absorption as a first-order
g‘i';lat:a?lt; Sboi?t ;lon time process. We unveiled this false hypothesis relying on common wisdom i.e. drugs are absorbed in finite time. This

false assumption had dramatic effects on the evolution of oral pharmacokinetics but most importantly on the
bioavailability and bioequivalence concepts and metrics. This work focuses on the finite absorption time (FAT)
concept, the relevant Physiologically Based Finite Time (PBFTPK) models developed and their applications in
oral pharmacokinetics, bioavailability and bioequivalence. The crux of the matter is that drug absorption from
the gastrointestinal tract takes place under sink conditions because of the high blood flow rate in the vena cava.
The termination of oral, pulmonary and intranasal drug absorption at a specific time point, calls for regulatory
changes in bioavailability and bioequivalence studies in terms of the study design and metrics used for the

bioequivalence assessment.

1. Introduction

Although the view that “drugs are absorbed in finite time” relies on
common and scientific wisdom, pharmacokinetics since its inception
(Dost, 1953) has been built on the opposite concept, namely, that oral
drug absorption follows an infinite time pattern. In fact, this is like a
dogma in contemporary pharmacokinetics and software. Besides, FDA
founded the relevant fields of bioavailability and bioequivalence in
January 7, 1977 relying on the concept of infinite absorption time. In
this vein, the current FDA (FDA, 2017) and EMA (EMA, 2010) guidelines
utilize the gold standard metric for the extent of absorption, namely, the
area under the blood drug concentration, C time, t curve extrapolated to
infinite time [AUC|7, as a logical consequence of this dogma. This
parameter implies infinite time for absorption, which never happens in
the real world.

2. Drugs are absorbed in finite time: The Finite Absorption Time
(FAT) concept

Recently, the finite absorption time (FAT) concept was developed
(Macheras, 2019; Macheras and Chryssafidis, 2020; Chryssafidis et al.,

2020; Tsekouras and Macheras, 2021; Chryssafidis et al., 2022) and the
relevant physiologically based finite time (PBFTPK) models were suc-
cessfully fitted to experimental data; reliable estimates for FAT and the
other model parameters were derived (Chryssafidis et al., 2022). The
FAT concept causes a paradigm shift in oral drug absorption. This is
shown diagrammatically in a schematic for the underlying processes in
the gastrointestinal (GI) membrane/vena cava (V.C.) region which are
supportive of the FAT concept (Fig. 1a). Furthermore, panels b, ¢ and
d of Fig. 1 show the resulting variations of drug concentration in the
blood.

We consider Fig. 1a as a “Columbus egg” since the underlying
microscopic processes were not known at the beginning of pharmaco-
kinetics (Dost, 1953), but they have been very well known for several
decades now. However, it was only recently realized that the high blood
flow (20—40 cm/s) in vena cava ensures sink conditions for the drug
transfer (Chryssafidis et al., 2022; Iranpour et al., 2016). In fact, this
blood flow rate is five orders of magnitude higher than the usual drug
effective permeability estimates ~ 10~ %cm/sec. Hence, the rate of pre-
sentation of drug to the liver is the product of this blood flow and the
drug’s concentration in blood which changes linearly in accord with its
permeability expressed in velocity units (cm/s), Fig. 1a. Plausibly, this

* Corresponding author at: Pharmalnformatics Unit, Research Center ATHENA, Athens, Greece.

E-mail address: macheras@pharm.uoa.gr (P. Macheras).

https://doi.org/10.1016/j.€jps.2022.106265

Received 15 May 2022; Received in revised form 14 July 2022; Accepted 18 July 2022

Available online 19 July 2022

0928-0987/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:macheras@pharm.uoa.gr
www.sciencedirect.com/science/journal/09280987
https://www.elsevier.com/locate/ejps
https://doi.org/10.1016/j.ejps.2022.106265
https://doi.org/10.1016/j.ejps.2022.106265
https://doi.org/10.1016/j.ejps.2022.106265
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejps.2022.106265&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Macheras and A.A. Tsekouras

© (b)
— H c
V.C. to liver S absorption
g N e
= ination
e
Gl 8
(a) tax 1
permeation Time, ¢
o ot © © c, (d)
& : 5 .
= rption = soyption
= limination = limination
1% A 1% A
Q Q
c c
o o |
o o

" Time, t

Time, t

Fig. 1. A paradigm shift in oral drug absorption. (a) The passive transport of
drug molecules (vertical arrow) from the GI tract to blood in vena cava (V.C.)
always takes place under sink conditions, since the blood flow rate is very high,
20-40 cm/s (Inapour et al. 2016) (horizontal arrow), resulting in constant drug
input rate to the liver. (b) According to the established view, drug absorption
and elimination operate concurrently from zero time to infinity (Dost, 1953). (c,
d) According to the FAT concept (Macheras and Chryssafidis, 2020; Chryssafidis
et al., 2020; Tsekouras and Macheras, 2021; Chryssafidis et al., 2022), drug
absorption and elimination operate concurrently from zero to 7, while only
elimination continues to operate until infinity. Two different profiles can be
observed with (c) tyax = 7 and (d) tyax < 7. Such behavior has been observed in
a number of drugs (Chryssafidis et al., 2022) including paracetamol, cyclo-
sporine and in axitinib (Alimpertis et al., 2022) formulations, respectively.

constant drug input entry to the liver terminates, when either the drug
has been completely absorbed prior to its passage from the absorptive
sites in the intestines or the dissolved and undissolved drug species pass
beyond the absorptive sites; the latter, in the great majority of cases, are
located in the small intestines. Accordingly, beyond time t only drug
elimination is operating, Fig. 1c and d.

It should be noted that permeability estimates have been measured
for a large number of drugs since permeability is one of the two prop-
erties (together with solubility) used for biopharmaceutical classifica-
tion purposes in the relevant FDA (FDA, 2017) and EMA (EMA, 2010)
guidelines. For example, due to its permeability metoprolol is widely
reported in the literature as a high permeability model compound and
used as such by FDA.

All the work published so far on the FAT concept and PBFTPK models
has focused on passively absorbed drugs. Prompted by an insightful
comment of a reviewer, we consider briefly the application of the FAT
concept to drugs following carrier-mediated transport assuming one
compartment model disposition, first-order elimination kinetics and a
single input rate following Michaelis-Menten saturation kinetics oper-
ating for time 7. In such a case, it is not possible to arrive at an analytic
expression for the drug concentration in the blood as a function of time,
but the situation can be remedied with a numerical approach whose
main disadvantage is that it is not as elegant, but equally valid. As ex-
pected the general form of the resulting curve has the familiar form of a
rising and a falling part, with the details depending on the duration of
input stage and the values of the model parameters, namely, the
maximum transport velocity, the Michaelis constant for the drug
transport, and the elimination rate constant.

3. Bioavailability/bioequivalence implications

The results of the recent study (Chryssafidis et al., 2022) provide
conclusive evidence that in all experimental sets examined, drug ab-
sorption from the gastrointestinal tract takes place in finite time, 7.
Accordingly, the corresponding area (AUC)¢. and not (AUC)., is the
appropriate metric for a drug’s extent of absorption. This has been
theoretically explained on the basis of FAT concept (Chryssafidis et al.,
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2021) and it was verified (Tsekouras and Macheras, 2021) using digoxin
data from a bioavailability study carried out in 1973 (Sanches, 1973)
and a bioequivalence study analyzed by FDA (Center for Drug Evalua-
tion and Research, 2002). The termination of digoxin absorption in the
former study was estimated to be at 1 and 3 h under fasting and fed

conditions, respectively (Tsekouras and Macheras, 2021). Using the

W we found the same result (equal

bioavailability) with the results derived from the cumulative five day
urinary excretion of digoxin. Similarly, the duration of drug absorption
in the 1992 bioequivalence study under fasting and fed conditions was
found to be 1 and 1.5 h, respectively; the corresponding ratios

[(AUC),_, fasted,test] [(AUC),_, 5 fed test]
[(AUC),_, fasted reference] > [(AUC),_, 5 .fed reference]

sical comparison of AUCs calculated up to the very end of the sampling
scheme (144 h) and infinity, namely, (AUC)(_144 and (AUC)y., reported
in the FDA document.

The take home message from these findings is that (AUC)q., can
replace (AUC)p., in bioequivalence studies, as a more proper indicator
of the extent of absorption, while (AUC)y.,, can be maintained as an
exposure metric. Several aspects of the current FDA (FDA, 2017) and
EMA (EMA, 2010) guidelines concerning the sampling period of the
study for a reliable estimation of (AUC)y.,, are not in accord with the
FAT concept; e.g., the sampling schedule required to be long enough to
achieve (AUC)q.; covers at least 80% of (AUC)g.... Moreover, the rec-
ommended time limit of 72 h for the truncated AUC, namely, (AUC)¢.72
to be used as an alternative to (AUC)g., is much longer than the physi-
ological FAT limit of ~30 h (Macheras and Chryssafidis, 2021; Abu-
helwa et al., 2016) for immediate release formulations.

A long time ago an experimental study (Lovering et al., 1975) and
more recent simulation studies (Sugano, 2021; Sugano, 2012; Endrenyi
and Tothfalusi, 1997) focused on the wuse of truncated
concentration-time curves for bioequivalence assessment; albeit the
first-order character of gastrointestinal absorption was maintained, in
all cases (Lovering et al., 1975; Sugano, 2021; Sugano, 2012; Endrenyi
and Tothfalusi, 1997), the experimental and simulation results validated
the use of the truncated areas for bioequivalence assessment. In the same
vein, our work (Macheras and Chryssafidis, 2020; Chryssafidis et al.,
2020; Tsekouras and Macheras, 2021; Chryssafidis et al., 2022) not only
provides conclusive evidence that truncated concentration-time curves
can be used reliably for bioequivalence assessment, but also the ideal
metric is (AUC)g.; since time t denotes the termination of drug’s ab-
sorption, Fig. 1c and d.

Concern is also arising for Cpax (Fig. 1b) which is currently used as an
absorption rate metric. Under the FAT concept (Chryssafidis et al., 2021;
Tsekouras and Macheras, 2021; Chryssafidis et al., 2022), C; (Fig. 1c and
d) simply corresponds to blood drug concentration at the termination of
the drug absorption process at time 7. In this vein, the numerical value of
the observed maximum blood drug concentration equal to or greater
than C; (Chryssafidis et al., 2022) should be used as such; thus, the
magnitude of its difference between reference and test formulations in
bioequivalence studies should be specified on
pharmacological-pharmacodynamic basis for each one of the drugs
examined. For example, critical dose drugs with narrow therapeutic
index, e.g., cyclosporine, can have a smaller absolute difference and/or
an upper/lower boundary for the test and reference formulations.

pertinent AUC ratios, i.e.,

were quite similar with the clas-

4. Epilogue

We envisage applications of the FAT concept and the relevant
PBFTPK models in pulmonary and intranasal pharmacokinetic,
pharmacokinetic-pharmacodynamic (PK-PD) studies, which involve
drug absorption step(s). In the same vein, PBFTPK models can be applied
in oral pulmonary and intranasal population PK-PD studies. In parallel,
the obvious complementarity of PBPK (Sjogren et al., 2013; Sager et al.,
2015; Charalabidis et al., 2019) and PBFTPK models will enhance the
analytical power of modeling and simulation studies in oral drug
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absorption. Moreover, methodologies for the estimation of absolute
bioavailability from oral data exclusively (Chryssafidis et al., 2021) (a
fact, which is unthinkable today) can be expanded to two compartment
model drugs; this can lead to the abolishment of the invasive, laborious
and expensive microdosing studies (van Andel et al., 2018; Zajic et al.,
2016) at the early phases of drug development.
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